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Series Preface

Our nearly 1000-member team recognizes that all elements of sustainability
science and technology continue to advance as does our understanding of the
needs for energy, water, clean air, food, mobility, and health, and the relation of
every single aspect of this vast and interconnected body of knowledge to
climate change. Our Encyclopedia content is at a level for university students,
professors, engineers, and other practicing professionals. It is gratifying for our
team to note that our online First Edition has been heavily utilized as evidenced
by over 500,000 downloads which of course is in addition to scientists’
utilization of the Encyclopedia and individual “spin-off” volumes in print.

Now we are pleased to have a Living Reference on-line which assures the
sustainability community that we are providing the latest peer-reviewed con-
tent covering the science and technology of the sustainability of the earth. We
are also publishing the content as a Series of individual topical books for ease
use by those with an interest in particular subjects, and with expert oversight in
each field to ensure that the second edition presents the state-of-the-science
today. Our team covers the physical, chemical and biological processes that
underlie the earth system including pollution and remediation and climate
change, and we comprehensively cover every energy and environment tech-
nology as well as all types of food production, water, transportation and the
sustainable built environment.

Our team of 15 board members includes two Nobel Prize winners (Kroto
and Fischlin), two former Directors of the National Science Foundation (NSF)
(Colwell and Killeen), the former President of the Royal Society (Lord May),
and the Chief Scientist of the Rocky Mountain Institute (Amory Lovins). And
our more than 40 eminent section editors and now book editors, assure quality
of our selected authors and their review presentations.

The extent of our coverage clearly sets our project apart from other publi-
cations which now exist, both in extent and depth. In fact, current compendia
of the science and technology of several of these topics do not presently exist
and yet the content is crucial to any evaluation and planning for the sustain-
ability of the earth. It is important to note that the emphasis of our project is on
science and technology and not on policy and positions. Rather, policy makers
will use our presentations to evaluate sustainability options.

Vital scientific issues include: human and animal ecological support sys-
tems, energy supply and effects, the planet’s climate system, systems of
agriculture, industry, forestry, and fisheries and the ocean, fresh water and
human communities, waste disposal, transportation and the built environment
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in general and the various systems on which they depend, and the balance of all
of these with sustainability. In this context, sustainability is a characteristic of a
process or state that can be maintained at a certain level indefinitely even as
global population increases toward nine billion by 2050. The population
growth, and the hope for increase in wealth, implies something like a 50%
increase in food demand by as early as 2030. At the same time, the proportion
of the population that lives in an urban environment will go up from about 47%
to 60%. Global economic activity is expected to grow 500%, and global
energy and materials use is expected to increase by 300% over this period.
That means there are going to be some real problems for energy, agriculture,
and water, and it is increasingly clear that conflicting demands among biofuels,
food crops, and environmental protection will be difficult to reconcile. The
“green revolution” was heavily dependent on fertilizers which are
manufactured using increasingly expensive and diminishing reserves of fossil
fuels. In addition, about 70% of available freshwater is used for agriculture.
Clearly, many natural resources will either become depleted or scarce relative
to population.

Larkspur, CA, USA Robert A. Meyers, Ph.D.
October 2018 Editor-in-Chief
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Volume Preface

The rapid growth of urban population and economic development since the
middle of the nineteenth century has resulted in the annual generation of billions
of tons of urban wastes. Since antiquity, such wastes were disposed in landfills.
In modern time, this practice has become untenable because of the scarcity of
land near urban centers, the environmental impacts of large-scale landfilling, and
the need to conserve nonrenewable resources. Technology advances have made
possible the enormous increase in materials and energy consumption; technol-
ogy can also help mitigate the adverse effects of dealing with the discards of
society: The “wastes” generated by humanity can be transformed to useful
resources by means of recycling (materials recovery) or thermal processing
(energy recovery). This is the subject of this volume and is an essential part of
what has been defined by the United Nations as “sustainable development.”

An obvious example of what has been called the “ecological imperialism”
of humanity over all other species is the massive transformation of greenfields
and forests to landfills. In the past, landfills were located near population
centers. In recent times, cities, like New York, have run out of landfill space
and transport their wastes hundreds of kilometers away to mega-landfills. This
is made possible by waste transfer stations, diesel trucks, and other technolog-
ical equipment and also by the fact that cities are generally more affluent than
the communities where the new mega-landfills are created. Currently, the
global use of land for landfilling urban wastes is estimated at over one billion
tons per year. If all urban waste landfills were located at one place, they would
use up, each year and forever, a surface area of 100 km2, equivalent to the
surface area of metropolitan Paris.

The means available for managing the generated wastes can be divided into
two broad categories:

• Recycling, which includes the reuse of some products, recovery of mate-
rials (metals, paper, some plastics, glass), anaerobic digestion, and aerobic
composting of biogenic organics, such as food and “yard,” or “green,”
wastes. This is the subject of the essays in the first part of this volume.

• Post-recycling wastes are those remaining after all possible recycling has
been done. Over the millennia, the traditional way for post-recycling wastes
has been either to bury them or set them on fire in nonregulated waste dumps.

As the volume of urban wastes increased, the waste dumps of developed
regions were transformed to sanitary landfills. These were provided with
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impervious linings, which allowed collection and treatment of liquid effluents,
and landfill gas collection systems, which reduced substantially the amount of
methane escaping to the atmosphere. However, in the last 50 years, engineers
and scientists have developed an alternative to sanitary landfills: Waste-to-
energy (WTE) power plants are fueled by solid wastes and can be built within
or near cities. They transform the post-recycling residues of society to elec-
tricity, heat, and recyclable metals and minerals.

The environmental performance of waste management of a city or country
can be rated by comparing their recovery of materials (i.e., recycling and
composting) and energy (i.e., WTE) to the amount of MSW landfilled. This
comparison can be made by means of the “ladder of sustainable waste man-
agement,” which rates nations according to how little they landfill and how
much they recycle and combust with energy recovery.

In some parts of the world, there is a misconception that recycling andWTE
compete with each other. However, as discussed in this volume, many cities
strive to increase their recycling and composting rates as much as possible. As
the recycling rate levels off, the most advanced cities increase their WTE
capacity so as to attain “zero landfilling,” which has already been attained by
several environmentally advanced nations.

In this context, a very successful example is the European Union that has
directed its member nations to phase out landfilling by increasing their
recycling andWTE capacities. In contrast, the United States, despite its higher
economic level, recycles and composts about 30% of the urban waste, com-
busts another 7% in WTE power plants, and landfills 63%. In the developing
world, the leader in the waste-to-energy arena is China, who in the course of
the last decade has become the world’s major user of waste to energy. At this
point, it is abundantly clear that there are only two ways of managing post-
recycling wastes: sanitary landfills and WTE power plants. The latter are the
only sustainable option. The remaining obstacle for the universal use of WTE
is that it is costlier than for landfilling, when the “external” environmental
costs and benefits are excluded.

The harmonious coexistence of materials recovery (recycling) and energy
recovery (WTE) is exemplified in this volume on materials and energy recov-
ery from urban wastes. It is comprised of contributions by very knowledgeable
and prominent scientists and engineers in the area of integrated waste
management.

New York, USA Nickolas J. Themelis
January 2019 A. C. (Thanos) Bourtsalas
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Recovery of Materials and
Energy from Urban Waste,
Introduction

Nickolas J. Themelis
Earth and Environmental Engineering, Columbia
University, New York, NY, USA

Some of the “wastes” generated by humanity can be
transformed to useful resources by means of
recycling (materials recovery) or thermal pro-
cessing (energy recovery). The subject of resource
recovery from the discards of society is an essential
part of what has been defined by the United Nations
as “sustainable development” (Brundtland Com-
mission, 1983). Before the second half of the
twentieth century, the consumption of materials
and energy by humanity was a small fraction of
what it is today. An example of the rapid growth in
consumption is the use of copper, a metal that has
been known since the beginning of history:
A 1995 study by the author showed that more
copper was consumed between 1945 and 1995
than in the preceding six millennia. In 2016, the
author updated this graph by adding the copper
consumption by 2015 (Fig. 1). Consumption of
copper between 1995 and 2015 increased linearly
to 23 million tons. In fact, if it were not for the
increased rate of recycling, humanity would not
have enough copper to fill their needs.

A similar trend has been followed by all other
materials. Technology advances have made pos-
sible this rapid economic development and, also,
the accompanying degradation of the global envi-
ronment and the loss of innumerable species.
However, technology has also helped immeasur-
ably in mitigating the adverse effects of economic
development.

As noted by William Ophuls in Plato’s
Revenge (MIT Press 2011), there are similarities
between the present age and that of the

conquistadores: Scientists and engineers invent
ways for producing goods and arms that mer-
chants and soldiers use to dominate markets and
nations. A clear case of what has been called
“ecological imperialism” is the massive transfor-
mation of greenfields and forests to landfills. In
the past, landfills were located in, or near, popu-
lation centers, so there was a good reason for cities
to manage their wastes and try to conserve land. In
recent times, cities, like NewYork, have run out of
landfill space and transport their wastes hundreds
of kilometers away to mega-landfills. This is made
possible by waste transfer stations, diesel trucks,
and other technological equipment and also by the
fact that cities are generally more affluent than the
communities where the mega-landfills are created.
Currently, the global use of land for landfilling
urban wastes is estimated at over one billion tons
per year. If all municipal waste landfills were
located at one place, they would use up, each
year and forever, a surface area of 100 square
kilometers. This number is eight times larger
than the surface area of metropolitan Milan
(population, 8.1 million).

The “hierarchy of waste management” (Fig. 2)
is a graphical form of the preferred methods for
reducing or managing the amount of urban
wastes.

Reducing the generation of urban wastes is at
the very top of the hierarchy, and, to a certain
extent, it can be attained by “green engineering”
of products and packaging. However, waste gener-
ation depends on consumption and living standard
in a community. Therefore, it cannot be controlled
by the waste management agency of a municipal-
ity. The means available for managing the gener-
ated wastes can be divided in two broad categories:

• Recycling, which includes reuse of some prod-
ucts, recovery of materials (metals, paper,
some plastics, glass), anaerobic digestion, and
aerobic composting of biogenic organics, such
as food and “yard” (grass, leaves, branches).
This is the subject of the essays in the first part
of this volume.

# Springer Science+Business Media LLC, part of Springer Nature 2019
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• Post-recycling wastes are those remaining
after all possible recycling has been done.
Over the millennia, the traditional ways for
post-recycling wastes have been either to
bury them or set them on fire in nonregulated
waste dumps.

As the volume of urban wastes increased, the
waste dumps of developed regions were trans-
formed to sanitary landfills. These were provided
with impervious linings, which allowed collection
and treatment of liquid effluents, and landfill gas
collection systems, which reduced substantially
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the amount of methane escaping to the atmo-
sphere. In the last 50 years, engineers and scien-
tists have developed an alternative to sanitary
landfills: Waste-to-energy (WTE) power plants
are fueled by solid wastes and can be built within
or near cities. They transform the post-recycling
residues of society to electricity, heat, and recy-
clable metals. Closing the materials cycle in this
way is a good example of industrial ecology.WTE
is the subject of the essays in the second part of
this volume.

In the rest of this introductory essay, we will
summarize our own understanding of “sustainable
waste management” and waste to energy, as
derived from several dozens of studies and grad-
uate theses sponsored by the Earth Engineering
Center of Columbia University (EEC) and the

Global Waste-to-Energy Research and Technol-
ogy Council (GWC; www.wtert.org).

The environmental performance of waste man-
agement of a city or country can be rated by com-
paring their recovery of materials (i.e., recycling and
composting) and energy (i.e., WTE) to the amount
of MSW landfilled. This comparison can be made
by means of a graph, the “ladder of sustainable
waste management,” which rates nations according
to how little they landfill and howmuch they recycle
and combust with energy recovery.

In some parts of the world, there is a mis-
conception that recycling and WTE compete
with each other. However, Fig. 3, which was
based on data compiled in different countries,
shows the general pattern: Cities and countries
strive to increase their recycling and composting
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Recovery of Materials and Energy from Urban Waste, Introduction, Fig. 3 The “ladder” of sustainable waste
management. Some nations have already achieved “zero landfilling”
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rates as much as possible. As the recycling rate
levels off, the most advanced nations increased
their WTE capacity in order to attain “zero
landfilling”which, as shown in Fig. 3, has already
been attained by several environmentally
advanced nations.

In this context, a very successful example is the
European Union that has directed its member
nations to phase out landfilling by increasing
their recycling and WTE capacities. Figure 4 is
based on Eurostat data (August 2017) and shows
the progress made, between 1995 and 2015, in
reducing the European landfilling rate to 25.3%.
This was due to the increase in recycling plus
composting rates to 46.3% and the WTE rate to
28.4%.

In contrast, the USA, despite its higher eco-
nomic level, recycles and composts about 30% of
the urban waste, combusts another 7% in WTE
power plants, and landfills 63%. An emerging
leader in the WTE arena is China, where the
number of WTE power plants has increased
from 60 to about 250, in the last 15 years.

At present, there are nearly 1,000 WTE plants
in over 50 nations around the world. Sometimes,
the modern WTE power plants are confused with
the incinerators of the distant past which were
major emitters of toxic compounds, volatile
metals, and particulate matter. ModernWTE facil-
ities are amongst the cleanest sources of thermal
and electrical energy, both in developed and
developing nations. A successful example is
China, who in the course of the last decade has
become the world’s major user of waste to energy.
At this point, it is abundantly clear that there are
only two ways of managing post-recycling
wastes: Sanitary landfills or WTE power plants.
The latter are the only sustainable option. The
remaining obstacle for universal adoption of
WTE is that it is costlier than for landfilling,
when the “external costs,” of land use, and bene-
fits, of renewable energy, are excluded.

The harmonious coexistence of materials
recovery (Recycling) and energy recovery
(WTE) is exemplified in this volume on materials
and energy recovery from urban wastes. The
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editors have invited contributions from very
knowledgeable and prominent scientists and engi-
neers in the area of integrated waste management.
The order of presentation is as follows:

1. The Introduction to Materials and Energy
Recovery from Urban Wastes by one of the
editors is followed by essays on various
aspects of recycling.

2. Waste Types and Characterization by Anders
and Lisa discusses the generation and com-
position of various types of wastes generated
by human activities.

3. The essay Collection and Transport by Ever-
ett describes the first and very costly stage of
waste management.

4. The sorting of mixed recyclables to market-
able streams at materials recovery facilities is
described by Franchetti.

5. The technologies used for transforming recy-
clable wastes to recycling feedstocks are
discussed by Bonifazi and Serrati.

6. Resource recovery from used electronics is
the subject of the essay by Thompson.

7. Resource recovery from construction and
demolition wastes is discussed by Dyer,
Abdelrahman, and Cheng.

8. The use of non-recycled residues as alterna-
tive fuel in cement production is discussed by
Bourtsalas.

9. The beneficial use of WTE ash in Europe and
the prospects for global application are
discussed by Vehlow and Bourtsalas.

10. Rechberger shows how materials and energy
recovery decreases the entropy of solid
wastes and increases metal recycling.

11. The essay on Public Involvement and Educa-
tion by Franchetti applies to all efforts to
advance sustainable waste management.

This volume also includes the following essays
on the recovery of energy by means of thermal
processing of wastes in waste to energy power
plants:

1. Martin and Koralewska describe the Martin
technology of combustion with energy recov-
ery on a moving grate.

2. Kedrowski, Chromec, and Sevaioglu discuss
the Hitachi Zosen Inova moving grate and
anaerobic digestion technologies for sustain-
able waste management.

3. Reimann reviews the material and energy
balances in WTE facilities and the energy
production performance of European WTE
plants.

4. The transport and reaction phenomena on a
moving grate furnace are dealt with by
J. Swithenbank and V.N. Sharifi.

5. The circulating fluidized bed (CFB) combus-
tion technology, used extensively in China
and Austria, is discussed by Huang.

6. Themelis and Vardelle describe the applica-
tion of thermal plasma technology in combus-
tion or gasification processes.

7. The essay by Prof. Yoshikawa describes gas-
ification and pyrolysis processes used in
Japan.

8. The role of WTE facilities as power genera-
tors is discussed by van Berlo.

9. Bahor and Brunt examine how integrated
waste management can be part of the solution
to the emerging crisis of climate change.

10. Bernd Bilitewski and Christoph Wünsch
describe the essential role ofWTE in reducing
greenhouse gas emissions (GHG).

11. The use of the WTE “waste” stream for dis-
trict heating is discussed by Hindsgaul,
Tobiasen, and Kamuk.

12. An LCA comparison of the environmental
impacts of WTE and sanitary landfilling is
presented by Kaplan, DeCarolis, and Barlaz.

13. Brunner explains why thermal treatment of
wastes is a key element of sustainable waste
management.

The editors of this volume are grateful to all the
authors for their contributions.
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Glossary

Agricultural waste Plant and animal residues
from agricultural production. Straw, fruit-
stones, peels, manure are examples of agricul-
tural waste.

Construction and demolition waste Waste gen-
erated from the construction, reconstruction or
deconstruction of buildings, roads and other
infrastructure.

Disaster waste Waste generated from and arising
due to a disaster like a natural disaster as earth-
quakes, floods, tsunamis, hurricanes/typhoons/
cyclones, wildfires, winter storms, and volca-
noes or larger accidents caused by humans.

Industrial waste Solid wastes that are generated
during the manufacture of products. Material
spills, dusts, sludges, defect products, etc.,
belong to this group of wastes.

Municipal solid waste Household waste and
other waste under municipal responsibility,
e.g., street sweepings and waste from public
institutions.

Waste characterization To learn about the
intrinsic properties of waste materials and

how the materials will influence and be
influenced by different environments.

Waste That which cannot be sold, but the owner
wants to or is required to get rid of.

Definition of the Subject and Its
Importance

The generation of solid waste is the inevitable con-
sequence of all processes where materials are used.
Extraction of raw materials, manufacture of prod-
ucts, consumption, and waste management all gen-
erate wastes. The rate of material use today is so
large, both with regard to the total amounts and seen
as a per capita average, that the waste generated will
impact on the environmental quality and human
health worldwide if it is not managed properly.

A few centuries, or even decades ago, the solid
waste generated was a small fraction of what it is
today, the drivers of the generation are primarily
the increased availability of energy and secondly
the population growth.

Waste generation is also related to urbanization
and global trade. Archeologists derive informa-
tion of old times through the wastes that most old
cities are built on. From the subsurface strata, it is
possible to learn that waste generation has varied
much over time, increased when the economy was
flourishing, and decreased during poor times. This
reflects that the value of material resources has
fluctuated, and underpins the definition of waste
presented in the glossary above.

Any definition ofwaste is bound to be interpreted
differently, to begin with because it includes a deci-
sion by someone regarding the usefulness of some
material matter, and that which is worthless for one
may have a value for another. Thus one cannot
define any material properties which define waste,
but rather a situation where waste appears.

Within the European Union, a considerable
effort has gone into creating a definition of the
term waste, and it was formulated as: “Waste”
shall mean any substance or object which the
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holder discards or intends or is required to discard
[12]. The Basel convention on international
movement of hazardous waste has a similar defi-
nition, but related to national legislations;
“Wastes” are substances or objects which are dis-
posed of or are intended to be disposed of or are
required to be disposed of by the provisions of
national law [4]. The words “discard” and “dis-
pose” is another difference between these defini-
tions, the meaning of which has been disputed.
Later [13] the European Union added definitions
of “by-products” and criteria for when waste
ceased to be waste, “end of waste.” The theme
will probably be discussed for a long time yet.

The interest of the legislators in waste is not so
much related to its value as it is to the potential it
has to create problems, i.e., its negative value. The
link between human health and wastes was first
proved in the last part of the nineteenth century,
when it was discovered that bacteria could trans-
mit diseases. This led to a worldwide develop-
ment of city cleansing and sanitary
infrastructure, which has considerably increased
the life expectancy of those that enjoy its services.
Next, the impact of emissions from industry and
society was found to impact on the environment
on a local and regional scale, a perspective which
was established in the mid-twentieth century. At
present global impacts, such as global warming,
are on the agenda. Solid waste and its manage-
ment is a significant part of human impact on
health and environmental quality.

Introduction

Waste is generated in all processes. According to
the laws of thermodynamics, materials and energy
can be transformed but never destroyed. Even if
material is substantially transformed, all matter
which is introduced in any kind of process will
come out of the process in exactly the same num-
ber of kilograms, either as products, by-products,
or waste. Waste may be solid, liquid, or gaseous.
In many cases, gaseous waste is a dominating
outflow when processing solid matter. However,
the focus in this article is on solid waste.

Waste is often perceived as the remains from
consumption. However, the major part of all solid
waste is generated already by consumers’ demand
for products, i.e., before the products were con-
sumed and thrown away. In general, the extraction
of natural resources and industrial production pro-
cesses produce massively more solid waste than
the consumer products amount to, e.g., about
20 times according to European waste data
[14]. As material flows through society, waste is
formed in each step, as illustrated in Fig. 1. The
material wastes can either end up in landfills or
they can be dispersed in water, air, or soil. The
dispersion in liquid phases typically exits the mate-
rial from the waste management domain and turns
it into pollution, albeit solid wastes can also form
pollution, such as the floating plastic of the oceans.

Solidwastes are often categorized by their origin,
e.g.:

• Waste from mining and quarrying
• Commercial and industrial waste (including

agricultural waste)
• Construction and demolition waste
• Municipal solid waste

Alternatively, the properties or the possible
management may serve to classify materials, e.g.:

• Recyclables
• Combustible waste
• Biodegradable waste
• Wet waste (sludges)
• Residual waste

Consumption

Production

Extraction of
Raw material

Recycling

Landfilling

Pre-treatment

Dispersion

Solid Waste Generation and Characterization,
Fig. 1 Major waste generation steps in society
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The waste categories based on treatment alter-
natives are overlapping, since most wastes have
several treatment options. For example, paper can
be recycled in a paper mill, incinerated in a power
plant, or decomposed by biological treatment.
Another example is waste water treatment
sludges, which are biodegradable as well as burn-
able and the content of nutrients may be recycled
in agriculture.

Often waste management is governed by envi-
ronmental concerns which provide a base for
another classification used in legal terms such as:

• Hazardous waste
• Nonhazardous waste
• Inert waste

Although the origin of waste carries some
information on the nature of the material, addi-
tional information on the waste material is often
needed for its classification and management.
Waste characterization is a term that is broadly
used to denominate the actions undertaken to
learn about the intrinsic properties of a waste and
how these properties affect the environment
where the material is, and how the environment
affects the material. The aspects covered by a
characterization depend on the purpose of the
characterization and various limitations of time
and resources.

A common purpose of waste characterization
is for legal classification, e.g., as hazardous or
nonhazardous, which then forms the basis for
decisions on the further management of the mate-
rial in question. The legislation may require cer-
tain testing to be undertaken and advice criteria to
be used in such classification. Such testing typi-
cally relies on simple standardized routines that
yield results which can easily be evaluated, e.g.,
by comparison with some list of limit values for
some variables. Often the waste’s intrinsic prop-
erties are considered, such as its content of some
compounds or elements. Amajor path of pollution
from solid wastes is leaching, and in consequence
different leaching tests are frequently used in a
similar fashion as a composition analysis, i.e., the
leached amounts or concentrations are compared
with some limit values and the waste is classified
accordingly. There is a multitude of different
leaching tests applied around the world, the most
commonly used ones being batch tests where one
places a sample together with a solute in a con-
tainer and agitates it for a defined time before
separating the remaining solid material and the
solution (see the leftmost test of Fig. 2). One
often used batch test is the DIN S4 standard
leaching test [9] another is the Toxicity character-
istics leaching procedure [28]. All the types of
tests described in Fig. 2 except the physical land-
fill simulators are routinely used to classify wastes

Shaking
test

Sequential
leaching

Diffusion
test

Column
test

Physical
landfill simulator

Liquid/solid separation

Analysis of supernatant

Solid Waste Generation
and Characterization,
Fig. 2 Principal
approaches of leaching
tests. There are many
varieties of each test type,
e.g., different proportions
between solids and liquids,
different leaching
media, etc.
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in different countries, the effort involved to per-
form the tests roughly increases from left to right
in the figure, so the ones to the left are most
commonly used and prescribed for in different
regulations. Landfill simulators have the advan-
tage of a better representation of the actual
leaching environment for landfilled waste, but
are time consuming and expensive.

Other purposes of waste characterization may
be to choose a treatment method for a material,
judge its potential use for some purpose or to learn
about the process that generated the waste.
Depending on the information need, the charac-
terization can include a wide range of analyses
and tests, e.g., to elucidate the degradability, tox-
icity, compressibility, etc., of the material. Often
the knowledge on relevant factors may be incom-
plete, so experimental simulations may be needed.
An introduction to the art of waste characteriza-
tion is found in the textbook edited by Christensen
[7]. Different standardized tests are published by
national and international organizations and
authorities such as:

• The Swedish Institute for Standards, SIS [25]
• The International Organization for Standardi-

zation, ISO [17]
• The American Society of Testing andMaterials

[3]
• Deutsches Institut für Normung

(Standardization) e.V. [10]
• United States Environmental Agency, USEPA

[29]
• Nordtest [22]

All in all, there are still fairly few testing
methods that have been developed purely for
waste characterization. Often tests developed for
other types of materials are used, modified or not.

Thus, there is a great need of further develop-
ment within the area of waste characterization,
especially concerning the long-term behavior and
interaction of wastes with different environments.

Using the traditional grouping by origin, some
waste streams will be discussed in the following
sections.

Waste Flows

Industrial Waste
The generic rule that waste is that which cannot be
sold is especially fitting to industrial waste. In this
context, the term “industry” is understood as the
manufacture of material products excluding pri-
mary production from natural resources such as
mining and agriculture. With regard to the quality
and quantity of industrial waste, almost anything
is possible since the choice of materials, pro-
cesses, and the organization of global production
chains, as well as, e.g., the market for recycling of
materials in different locations will impact on the
waste flux leaving one specific industry. For
example, the production of one car may generate
wastes in half a dozen different countries, and,
depending on the market situation, almost all or
nothing of the wastes may be recycled. As an
example, the uneven distribution of industrial
waste generation in Japan due to the geographical
separation of different steps of production chains
was discussed by Kagawa et al. [19].

Waste Generation Commonly industrial
wastes are grouped after the nature of the indus-
trial activity and not necessarily by material
properties. One attempt to structure is the
European waste list [11]. The list is structured
according to a mixture of criteria regarding the
origin, material quality, and commercial sectors
generating the wastes (Table 1).

Most of the categories above could include
industrial wastes according to the definition used
here and give little advice with regard to the
management of waste. However, the waste list
forms the basis of a code system by which waste
is registered and statistics are generated from.

Due to the many affecting factors mentioned
above, it is difficult to estimate the amount of wastes
from a given industry or even from a sector or a
country. In Table 2, some aggregated data on waste
generation within the European Union are shown.

According to the Eurostat data, the 27 member
states of the European Union generated about three
billion tons of wastes in total in 2004 and 2006, i.e.,
about ten tons per person and year, the proportion of
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industrial wastes is mostly found under the heading
“Manufacturing industry,” and it accounts for about
12% of the total waste generation. The data quality
is at best questionable, but representative of the data
quality available. If one scales the industrial waste to
municipal solid waste,MSW (consumptionwastes),
the data suggest that the amounts of wastes gener-
ated from industrial production would range
between half to about 15 times the mass of MSW
among the different countries, i.e., a variation of
30 times. The average is about three times, which
is not that unreasonable, when considering global
production chains and the regions and the sectors
import of products and materials from other areas
and economic sectors.

Waste Characterization The properties of indus-
trial wastes depend on the materials used and the
processes applied. Thus it has to be assessed on an
individual case basis. The proportion of that which

is defined as hazardous wastes will vary accord-
ingly. In the Eurostat data, the average proportion
of hazardous industrial waste is about 1% of the
total, but variations are huge. Similarly as the
amounts, the composition and properties of wastes
from a given industry may also change much over
time as the production changes.

Outlook The amounts of industrial wastes vary
with the economic activity, as the economy grows,
the waste generation will increase and when it
shrinks it will diminish. For the industry, a con-
stant optimization of cost will tend toward more
and more efficient use of materials, which is a
likely undercurrent to the variations caused by
economic ups and downs. The variation caused
by shifts in demand will be balanced to some
degree by changes in the recycling markets. How-
ever, the amount of industrial wastes will be sig-
nificant in a foreseeable future. Further, the

Solid Waste Generation and Characterization, Table 1 Main chapters of European List of Waste (Commission
Decision 2000/532/EC)

01 Wastes resulting from exploration, mining, dressing, and further treatment of minerals and quarry

02 Wastes from agricultural, horticultural, hunting, fishing, and aquacultural primary production, food preparation,
and processing

03 Wastes from wood processing and the production of paper, cardboard, pulp, panels, and furniture

04 Wastes from the leather, fur, and textile industries

05 Wastes from petroleum refining, natural gas purification, and pyrolytic treatment of coal

06 Wastes from inorganic chemical processes

07 Wastes from organic chemical processes

08 Wastes from the manufacture, formulation, supply and use (MFSU) of coatings (paints, varnishes, and vitreous
enamels), adhesives, sealants, and printing inks

09 Wastes from the photographic industry

10 Inorganic wastes from thermal processes

11 Inorganic metal-containing wastes from metal treatment and the coating of metals, and nonferrous
hydrometallurgy

12 Wastes from shaping and surface treatment of metals and plastics

13 Oil wastes (except edible oils, 05 and 12)

14 Wastes from organic substances used as solvents (except 07 and 08)

15 Waste packaging; absorbents, wiping cloths, filter materials, and protective clothing not otherwise specified

16 Wastes not otherwise specified in the list

17 Construction and demolition wastes (including road construction)

18 Wastes from human or animal health care and/or related research (except kitchen and restaurant wastes not arising
from immediate health care)

19 Wastes from waste treatment facilities, off-site waste water treatment plants, and the water industry

20 Municipal wastes and similar commercial, industrial, and institutional wastes including separately collected
fractions

Solid Waste Generation and Characterization 11
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development of more complex products will make
recycling more challenging and costly.

Agricultural Waste
Agricultural waste is a mix of natural and
manufactured products. By far the dominating
fluxes are vegetable and animal residues such as
straw, peels, stones, andmanure. Slaughter waste is
a smaller part of the waste stream, but it requires
special attention due to its composition and hazard
as a disease vector. With a more industrialized
agriculture, the amounts of manufactured products
are growing, e.g., different containers and wrap-
pings and other consumables. The latter type of
wastes may be included in other waste streams
such as commercial or industrial wastes. Often
the natural wastes are taken care of on site, through
burning, biogas production, depositing, or reuse,
e.g., as fertilizer, on the own farm. In the more
industrialized food production, also the natural
wastes may need to be taken care of externally.

Waste Generation There are no reliable data on
the production of agricultural wastes. The gener-
ation depends on the type of production, the effi-
ciency of the production and the recycling of
materials. The total world production of grain in
2008/2009 was about 2.2 billion metric tons
according to the USDA [27]. The grain is only a
few percent of the mass of the plant, and a sub-
stantial, but highly variable, portion of the
harvested grain will be wasted in the following
processes leading up to the consumption. FAO,
the food and agriculture organization of the
United Nations [16], is another source of informa-
tion on agricultural production, but little data are
available on waste.

Waste Characterization In contrast to produc-
tion and consumption wastes, the character of
agricultural wastes remains fairly constant. The
large volume of plant materials consists mainly
of carbohydrates and lignins, with minor contri-
butions of fats, inorganics, and proteins. The main
elements are carbon and oxygen, which each typ-
ically range from about 30% to 50%. Hydrogen
may vary around 5% and the nitrogen content
ranges from a fraction of a percent to about 5%.
Other elements usually total up to 5% combined.

Manure has a similar composition, but typically a
higher nitrogen content. Slaughter waste contains
considerably higher amounts of nitrogen. Some
wastes such as peach stones [2] may contain fairly
high phosphorus content, and depending on plant
and soil conditions, various elements may appear
in higher concentrations, e.g., some plants are
known to accumulate particular metals. Most of
the agricultural wastes are prone to biodegrada-
tion and may cause oxygen depletion in streams
and lakes as well as foul smells. The energy can
also be beneficially used, e.g., through biogas
production or in thermal conversion processes.
A high lignin content will hamper biogas produc-
tion, as may also a high nitrogen content. The
heating value of the plant residues is commonly
in the range of 10–20 MJ/kg of DS, and animal
wastes have a somewhat higher energy content.

Outlook According to the FAO [16], a billion
people live in chronic hunger today. The reason
is not just the lacking production, but the distri-
bution of food. At the same time, the competition
for agricultural land is getting fiercer due to the
increased demand for energy crops. This is
already an established conflict. In the coming
years, it is likely that waste from agriculture and
forestry will become much more in demand as
energy carriers and the integration of the agricul-
ture with the energy supply chain will develop on
a global scale. A great portion of the agricultural
waste may become a commodity in the process.

Construction and Demolition Waste
Waste Generation Construction and demolition
(C D) wastes are generated from the construction,
reconstruction, or deconstruction of buildings,
roads, and other infrastructure. Thus the waste
generation rate is a direct consequence of the
rate of construction activities. Waste generation
per produced unit may change substantially only
if construction methods are radically changed,
e.g., by off-site construction of buildings.

A waste index and equation for prediction of
waste mass from construction of houses has been
presented by Lipsmeier [21]; see examples of
potential waste masses per m2 gross floor space
in Table 3.
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Demolition waste is predetermined to contain
the mass and characteristics of the materials
which were used when the construction was
built. According to a Danish study, demolition
of modern houses contributes to about
1,600–1,800 kg waste per m2 floor space
demolished [7].

Roads and pavements represent large amounts
of material. During construction typically 8–15
tons of materials are used per meter of a road
lane. The main part of the waste generated during
road construction is what appears from clearing
the site, i.e., excavated soil, green (garden) waste,
and demolition waste if the site was a built-up
area. Demolition of paved areas is rare, but main-
tenance of roads usually involves regular intervals
of renewing the wearing course. Asphalt may be
landfilled, but asphalt is more and more often
recycled and reused as asphalt, sometimes directly
on-site [7].

Waste Characterization The construction
waste materials typically include soils, gravel,
concrete, bricks, glass, wood, plasterboard, asbes-
tos, metals and plastics. One attempt to classify
construction and demolition waste is the
European waste list, Chap. 17, which can be
seen in Table 4.

Construction waste will contain both non-
hazardous and hazardous materials, which is a
distinction important from management, cost and
environmental perspectives. The majority of the
nonhazardous materials in construction and
demolition waste can be easily recycled, whereas
hazardous materials will require further treatment.
Excavated contaminated soils and asphalt

containing polycyclic aromatic hydrocarbons
(PAH) represent a large part of the hazardous
materials in construction wastes.

Solid Waste Generation and Characterization,
Table 3 Potential construction waste mass per m2 gross
floor space (GFS) in constructed building

Type of building
Construction
waste

Office building (low–high equipment
standard)

57–67 kg/m2

GFS

Apartment building (low–high
equipment standard)

47–61 kg/m2

GFS

Source: Lipsmeier [21]

Solid Waste Generation and Characterization,
Table 4 Chapter 17 of European waste list

17 Construction and demolition wastes (including road
construction)

17 01 Concrete, bricks, tiles, ceramics, and gypsum-
based materials

17 01 01 Concrete

17 01 02 Bricks

17 01 03 Tiles and ceramics

17 01 04 Gypsum-based construction materials

17 01 05 Asbestos-based construction materials

17 02 Wood, glass, and plastic

17 02 01 Wood

17 02 02 Glass

17 02 03 Plastic

17 03 Asphalt, tar, and tarred products

17 03 01 Asphalt containing tar

17 03 02 Asphalt not containing tar

17 03 03 Tar and tar products

17 04 Metals (including their alloys)

17 04 01 Copper, bronze, brass

17 04 02 Aluminium

17 04 03 Lead

17 04 04 Zinc

17 04 05 Iron and steel

17 04 06 Tin

17 04 07 Mixed metals

17 04 08 Cables

17 05 Soil and dredging spoil

17 05 03a Soil and stones containing dangerous
substances

17 05 04 Soil and stones other than those mentioned in
17 05 03

17 05 05a Dredging spoil containing dangerous substances

17 05 06 Dredging spoil other than those mentioned in
17 05 05

17 06 Insulation materials

17 06 01a Insulation materials containing asbestos

17 06 02 Other insulation materials

17 07 Mixed construction and demolition waste

17 07 02a Mixed construction and demolition waste or
separated fractions containing dangerous substances

17 07 03 Mixed construction and demolition waste other
than those mentioned in 17 07

Source: European Commission [11]
aHazardous waste
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Outlook There are considerable opportunities
for improvements in the resource efficiency of
construction and demolition waste management.
The waste stream contains a high proportion of
inert materials that are relatively simple to process
and that can be used for various secondary appli-
cations instead of being disposed. It also contains
many valuable components with high embodied
environmental impacts in terms of the investment
that has gone into producing them. Reusing or
recycling these can avoid the need for further
investment in primary production.

Municipal Solid Waste
Waste Generation The waste category munici-
pal solid waste consists predominantly of house-
hold waste. Other wastes under municipal
responsibility are, e.g., street sweepings, waste
from public institutions, litter collected in public
litterbins, and green waste from tending public
parks. In addition, the municipal waste manage-
ment system commonly cares for waste from
small businesses and commercial establishments.

Household waste is a generic term including a
number of different types of consumption wastes
originating from activities in private homes. Sim-
ilar waste from, e.g., institutions is sometimes
included as “household waste,” and sometimes
not. There is no standardized or common defini-
tion of household waste, which has led to numer-
ous locally defined terms and definitions.
Common main categories of household waste
are listed in Table 5.

The generation rate and composition of house-
hold solid waste depend onmany factors related to
lifestyle and behavior. A general influential factor
is economic development, i.e., the rate of produc-
tion and consumption of goods, which conse-
quently is reflected in waste generation [5]. The
waste composition is decided by product and
packaging design, and householders’ choice of
products.

The collected amount and composition of
household waste in bins and bags may also be
affected by householders’ waste handling, e.g.,
the use of garbage grinders, home composting,
and separate collection of recyclables, where the

material flow is redistributed but the total waste
generation is unchanged.

Waste Characterization All products and mate-
rials introduced into society will end up some-
where. Hence, life cycle thinking is an important
basis for the analysis of waste management sys-
tems. Household waste generation may be pre-
dicted based on production data for materials
and products put on the market. In such predic-
tions, adjustments need to be made for the lifetime
of products, imports and exports, and for diver-
sions from the waste stream. However, statistical
information on imported and exported goods is
only available at a national level and because of
the varying product turnover times such waste
generation prediction will be very general
[24]. Instead a common method for household
waste component studies is manual sorting of
waste samples, where the results are presented as
weight percent of different materials found in the
waste samples. In waste component studies, a
limited number of primary sorting categories is
recommended, based as far as possible on physi-
cal material (Table 6, [8]). In most cases, food
waste is the decidedly dominating material in
household waste (by wet-weight).

Outlook Sanitary concerns will remain the pri-
mary reason why household waste management is
regulated by law and cared for by the authorities in
most countries.

Solid Waste Generation and Characterization,
Table 5 Household waste categories

Residual household waste (mingled waste mainly from
the kitchen area in households, containing materials that
have not been sorted out and sent for reprocessing, with
waste components small enough to fit in ordinary waste
bins and bags)

Separated food waste

Separated recyclables (paper, plastic, metal, glass)

Waste electric and electronic equipment (WEEE)

Garden waste

Bulky waste (e.g., furniture, private home repair and
construction waste, private workshop/garage waste)

Hazardous waste

Infrequent special waste, e.g., vehicles, dead pets
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Concerns about natural resource depletion and
sustainability arguments are other reasons why
household waste management is regulated. House-
hold waste sorting and recycling schemes are
developing in most parts of the world, at different
levels. As mentioned above the major part of all
solid waste is generated during the production of
consumer products, which might have occurred in
another country before the products were shipped
to consumption and later thrown away as house-
hold waste. Therefore, a global perspective and
systems thinking are needed to understand the
waste generation due to consumption.

In the foreseeable future, the lack of interna-
tional waste characterization standards and reliable
waste flow data will continue to obstruct evaluation
and benchmarking of waste policy measures.

Disaster Waste
Waste Generation An irregular but relevant
form of waste generation is that occurring during
major disasters such as strong earthquakes, storms,
fires, floods or major oil spills, nuclear accidents,
etc. The regular waste management is also affected
by such events, e.g., through the blockage of roads,

and indirect hazards associated with the manage-
ment of ordinary municipal waste can occur, e.g.,
water pollution and other sanitary problems.

The amounts of waste that can be generated
through disasters of different kinds are staggering,
as is exemplified in Table 7 which shows statistics
on the amounts of collapsed buildings during an
earthquake in China and the composition of such
waste. Another example is the Tsunami of 2004
which has been estimated to generate a quarter of
a million tons of waste in Sri Lanka alone [20], the
disposal of which undoubtedly caused numerous
problems. The hurricane Katrina that struck New
Orleans in 2006 has been estimated to generate
more than five million tons of waste brought to
emergency landfills in the period 2006–2008 as
well as an increase of a similar amount that was
brought to existing landfills. Most of the waste
was building remains which, while containing
potentially useful material, for the most part was
landfilled due to a lacking infrastructure [1]. Fur-
ther data on disaster waste management can be
found in Brown et al. [6].

Waste statistics often contain large errors and
reflect a number of site specific characteristics,

Solid Waste Generation and Characterization, Table 6 Main components of household waste in bins and bags

Primary category Examples

1. Biowaste Food waste

Garden waste

2. Paper Newsprint, magazines, paper packaging, writing paper

3. Plastic Plastic bags and plastic film

Foam plastic

Dense plastic packaging

Other plastic

4. Glass Glass packaging

Other glass

5. Metal Metal packaging

Other metal

6. Other
inorganics

Ash, cat sand, ceramics

Hazardous waste E.g., paint residues, solvents, chemicals, pharmaceuticals, mineral oil

WEEE Waste electronic and electrical equipment

Miscellaneous Wood

Textiles

Diapers, sanitary napkins

Everything else that does not belong to any other category (e.g., leather, shoes, soap, complex
products)
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such as the efficiency of waste collection and the
monitoring of waste fluxes, which is highly vari-
able. For disaster waste, it is likely that the margin
of error is considerably larger than in regular waste
statistics, but it is safe to assume that the quantities
are substantial and out of the range of normal waste
management capacity even in highly developed
countries.

Waste Characterization Disaster waste will vary
in character as well as in amounts. Basically all
material resources which have accumulated in soci-
ety will form disaster waste, and since a good part of
the mass of urban environments is buildings, the
materials used in construction will often be domi-
nating. These wastes are typically not poisonous or
prone to spread diseases, but materials mixed into
the building remains may cause such problems. In
some instances, the wastes generated will have a
direct impact on the environment and human health,
e.g., oil spills or radioactivemasses, but typically the
problem is more the overload on the waste manage-
ment system, as well as the quick fixes applied that
may cause problems. For example, when organic
wastes must be destroyed quickly and there is a lack
of suitable facilities, a common method is putting it
to fire, with the associated smoke problems.

The stored amounts of toxic wastes have been
identified as a major factor worsening the impact
of natural disasters [23]. In order to assess the
existence of hazardous materials in the disaster
waste, it is a necessary precaution to routinely
perform a mapping of materials used in different
processes, buildings, and storage facilities to
enable a rough risk assessment when disaster
strikes. The on-site assessment may be too time
consuming, so backup storage facilities for the
rubble is an essential resource in order to buy
time for testing and treating the wastes

Outlook With an increasing world population,
and an increasing concentration of people in
urban areas, and an increased dependency on trans-
ports and infrastructure, it would seem likely that
disasters will strike harder and generatemorewaste
in the future. The UNISDR [26] global assessment
report points out that a small portion of the world’s
surface carries a large concentration of disaster
risks, e.g., areas such as tropical cyclone prone
coastal cities. In spite of efforts to reduce the
impacts of disasters in such areas, the increase of
exposure due to population growth in these areas is
said to outweigh the countermeasures, thus
increasing the impact of future disasters.

Today waste issues are found to be off focus for
most agencies involved in disaster management
planning [20], in spite of its large importance for
the post disaster health and environmental situa-
tion. Countermeasures in the form of planning and
provision of back-up storage and treatment
schemes will undoubtedly be necessary as a matter
of routine, andmay limit the impact on catastrophic
events where applied. Where such measures are
not applied, the impact on health and environment
from disaster waste will add considerably to the
direct impact of catastrophic events. There is and
will be a need for the environmental engineering
equivalency to Medicins Sans Frontiers.

Monitoring Waste Generation
Waste generation data are preferably measured
and presented in comparable units, e.g., tons per
year or tons per produced unit in industry and
kg/capita per year or kg/household per week in
household waste management.

Important questions to answer when monitor-
ing waste flows are (a) what do we measure and
why and (b) what is the magnitude of errors in the

Solid Waste Generation
and Characterization,
Table 7 Breakdown of
construction wastes
generated by an earthquake
in Wenchuan, China, in
May 2008

Materials Amount (tons) Proportion (%)

Concrete 2.08665 � 108 54.5

Bricks 1.52156 � 108 39.8

Steel 0.08431 � 108 2.2

Timber 0.12564 � 108 3.3

Other 0.00616 � 108 0.2

Total 3.82432 � 108 100

Source: Jian-Zhuang et al. [18]
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measurements. The lack of standardized collec-
tion data, and the general lack of metadata (i.e.,
data about data), affects all evaluations and com-
parisons of waste generation data. No method of
evaluation or statistical processing of data can
produce results of better quality than the quality
of input data.

Sources of errors and uncertainties in waste
generation data are numerous.

Examples:

• The waste categories are not clearly defined
and/or understood.

• Data are not comparable over time because of
radical changes in the outline of collections
systems and definition of waste categories.

• Variations in local waste management organi-
zation and administration lead to different rou-
tines for data compilation.

• Waste flow data have undefined data gaps due
to waste not dealt with in the normal waste
management system, e.g., illegally dumped
waste, secondary markets, waste flushed into
the sewage system.

• Data concerning waste collection at drop-off
points (intended for a specific waste category)
include an unknown amount of wrongly dis-
posed materials.

• Recycling is defined in various ways, which
makes the key indicator “recycling ratio”
ambiguous.

An example of unclear definitions of “recycling”
is the production of wood chips from secondary
wood. When used as a solid fuel in thermal power
stations it might be classified as waste incineration
or as recycling of biofuel. Note the term recycling is
sometimes used in the sense “make use of,” how-
ever complete recycling of wood should include not
only energy recovery but also bringing the nutrients
(ashes) back to the forest.

The uncertainties and unclear definitions in
waste generation data call for caution when drawing
conclusions about factors influencing waste genera-
tion and recycling rates, e.g., declared regional dif-
ferences may be differences in monitoring methods
only, not in actual waste generation.

Future Directions

Waste is the unwanted result of all material conver-
sion processes, or life, or development of material
wealth in the world. During the last decades, the
economic development of the world has accelerated
and its driver has been the availability of cheap
energy, mainly in the form of fossil fuels. Oil con-
sumption is fairly proportional to economic wealth,
and also to some degree to waste generation.

The use of fossil fuels is certainly still climbing
and there are no signs that it should stabilize or be
reduced in the next decades. The increased energy
demand of large populations such as India and
China seem to outweigh the reductions of some
industrialized countries massively.

So it may be expected that the amounts of waste
will grow at about present rates, i.e., a few percent
per year. The increased population, urbanization,
and energy consumption all speaks for this trend.
Thus, the demand for waste collection, treatment,
disposal, and recovery and recycling will also
increase. Considering the state of these activities
today, the expansion of the waste management sec-
tor will need to increase more than the economy in
general in order to catch up.Wastemanagementmay
be more crucial for the development of human soci-
ety than is commonly recognized, both directly as it
deals with environmental and health hazards, but
also indirectly as it reduces the deterioration of envi-
ronmental quality on a local and global scale. The
dispersion of material from society does change the
quality of all recipients globally and will in the end
be limiting for our use of soil, water, and air, as well
as it will impact on all other living creatures. Ulti-
mately, the harmless reintroduction of waste mate-
rials into natural cycles is the goal of waste
management. Recycling and reuse of materials is
of course beneficial as it reduces the stress on all
recipients, and leaner and more efficient production
processes will act in the same direction, but as long
as there is an uncontrolled, long-term increase of the
background concentrations of various compounds
due to emissions from human activities, we have
not achieved the goal of waste management.

The growing amount of wastes is one challenge
for waste management and a second is the distri-
bution of the wastes. Regions with heavy industry
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and raw material extraction will have the bulk of
the waste to deal with and service based economies
will have little more than consumption and con-
struction and demolition wastes. The long distance
transfer of wastes may be one result of this unbal-
ance, and it may cause severe problems as has
already been seen, e.g., with electronic waste in
some regions of western Africa.

A third problem is an increasing waste com-
plexity, which results in a need of more elaborate
waste management practices. Products with flame
retardants will not burn, mixtures of polymers will
not recycle as easily and so on. The present devel-
opment within nanotechnology is already adding
to the complexity of products and will increase to
do so, and new challenges are likely to emerge in
the waste management sector.

A developed waste management is a sign of an
advanced culture. It has been developed as a part of
government and is expressed by laws. At present,
waste management is lacking in many aspects. To
begin with, the data on waste generation are ranging
from unprecise to absurdly poor and the understand-
ing of waste characterization needs to be much
improved among those that work with waste man-
agement or make decisions about it. The conse-
quences of these shortcomings are suboptimal
practices and a waste of resources, human as well
as natural. Coming to terms with these fundamental
issues, the long-term challenge remains: to fit the
output of society into the material cycles of nature
without damaging the recipients. It does not suffice
to talk about the weather, now it is time to do
something about it.
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Glossary

Collection vehicle Vehicle designed to collect
waste.

Collection Obtaining materials from the curb-
side or drop-off centers and bringing that mate-
rial to an unloading point.

Curbside collection Collecting materials from
each household, at the front curb or back alley.

Drop-off center A centrally located facility, with
large containers for each type of material, from
which material is collected.

Generation The act of creating a waste.
Material recovery facility Special type of trans-

fer station, where recyclables are processed
before transport.

Participation rate The fraction of households
that regularly present materials properly.

Presentation Placing waste materials in the
proper location for collection by the municipal
waste collection program.

Processing Changing the properties of a waste
material, e.g., compacting cans.

Residual waste Materials remaining as waste
after reuse, recycling, or processing.

Separation Placing different waste materials in
different containers.

Setout rate The fraction of households that pre-
sent materials on the collection day.

Source activities Actions that take place at the
waste generation point that result in the proper
presentation of the waste to the waste collection
system.

Storage Keeping waste materials at the genera-
tion point until they can be collected.

Transfer station Facility at which transfer is
performed.

Transfer Moving wastes from a collection vehi-
cle to a transport vehicle.

Transport vehicle Vehicle designed to move
waste long distances.

Transport Moving wastes long distances for
treatment, disposal, or recycling.

Definition of the Subject and Its
Importance

Solid wastes must be collected from generation
points and moved to a transfer station, or treatment,
disposal, or recycling facility. Source activities are
carried out at generation points. They include gen-
eration, processing, storage, and presentation to the
collection system. Collection involves moving the
waste from the presentation point to an unloading
point, i.e., a transfer station, etc.Wastes are taken to
a transfer station when the ultimate destination is
far away. Environmental impacts from collection
and transport arise primarily from the operation of
collection and transport vehicles.

Introduction

The functional elements of an integrated solid waste
management system include generation, source
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activities, collection, processing, transfer and trans-
port, treatment, and disposal [1]. Generation is the
creation of waste, when an item becomes unwanted.
Source activities are things that must be done to the
waste at the generation point to deliver it to the
collection system, e.g., storage in a recycling or
waste container that is placed at the curb on the
collection day. Collection involves obtaining the
waste from the presentation point and bringing it
to the unloading point of the collection vehicle.
Processing is anything that must be done before
transfer, transport, or disposal. Transfer moves the
waste from the collection vehicle to a transport
vehicle, perhaps via a processing facility. Transport
involves moving waste significant distances from a
transfer location to processing, treatment, or dis-
posal facilities. Treatment facilities reduce the vol-
ume, mass, or toxic nature of a waste. Treatment
facilities include composting facilities and incinera-
tors with energy recovery. Disposal facilities store
wastes, e.g., landfills. All landfills combine aspects
of treatment and disposal, with bioreactor landfills
tending more toward treatment than traditional
landfills.

The purpose of this entry is to describe the
collection and transport of waste, with emphasis
on associated environmental impacts. The func-
tional elements most related are source activities,
collection, transfer, and transport.

Source Activities

Source activities take place at the point of waste
generation, i.e., residences; commercial, indus-
trial, and institutional establishments; and

outdoors (picnics, camping, travel, etc.). Source
activities must be carried out properly if waste is
to be properly delivered to the solid waste collec-
tion system. Source activities include separation,
storage, processing, and presentation. For the col-
lection of recyclables and compostables, the par-
ticipation rate of the community is also very
important. The environmental impacts of source
activities are relatively small and have not yet
been subjected to analysis or estimation. The dis-
cussion here is focused on their description.

Separation
Separation requirements can vary depending on
the solid waste management system. If no
recycling or composting is included in the system,
no separation is required; all wastes can be placed
in a single container. A single container can also
be used if a centralized facility is used to separate
recyclable or compostable materials from residual
waste. In many solid waste management systems,
waste must be separated into two or more frac-
tions. Common residential separation schemes are
shown in Table 1.

The separations used at industrial and institu-
tional establishments will depend on the waste
characteristics of a particular facility. Very spe-
cific separations may be justified, depending on
the predominance of a particular type of waste,
e.g., grocery stores may separate corrugated
boxes, offices may separate white paper, and caf-
eterias may separate food waste.

Storage
A two-step storage process is often followed in
residences. Small containers are kept in the

Waste Collection and Transport, Table 1 Common residential separation schemes

Scheme Description

Wet/dry/residual The wet stream is composted while the dry stream is incinerated. Residual wastes are landfilled.
Recyclables are often separated from the residual wastes via a drop-off center program

Single-stream
recycling

All recyclables (paper, bottles, cans) are separated into a single stream, which is further separated
at a central processing facility. Residual wastes are also separated. Compostable wastes may be
separated from residuals

Two-stream
recycling

Paper and cardboard are separated into one stream, while bottles and cans are separated into
another. The bottle and can stream typically consisted of plastic, glass, aluminum, and steel.
Residual wastes are also separated. Compostable wastes may be separated from residuals
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kitchen (under the sink or in a cabinet) or in a
laundry or utility room. When these small con-
tainers become full, they are emptied into larger
containers kept outside the living area. At single-
family dwellings, the containers are often kept
next to the house, along an alley if present, or
next to or in a garage or outbuilding. In the case
of compostables, materials may be stored for a
brief time in the home and then moved to an
outside storage container or a home
composting unit.

At multistory apartment complexes, garbage
chutes may be available in the hallways. In some
cases, these chutes can accept multiple fractions.
A switch is used to identify the fraction about to
be placed in the chute, and a carousel rotates the
proper container under the chute. Alternatively,
convenience areas may be located outside the
apartment building. Convenience areas may con-
tain one container (for the entire waste stream) or
multiple containers for recyclables, compostables,
and residual waste. An apartment complex conve-
nience center in Börlange, Sweden, contains sep-
arate containers for batteries, compostables (wet),
combustibles (dry), residual waste, colored glass,
and clear glass.

Storage at industrial or institutional establish-
ments may also be two-stage. For example, at an
office facility, small containers may be located in
offices and/or public areas. These containers will
be periodically emptied into larger containers in
utility areas or outside.

A relatively small number of municipal solid
waste (MSW) systems are pneumatic. In this case,
containers may be located inside or near build-
ings. These containers are periodically emptied by
suction and the materials moved through pneu-
matic tubes to larger containers for longer-term
storage.

Processing
Home composting is a relatively common process
employed at residences. Composting is controlled
aerobic or anaerobic biodegradation in which
microbes consume the more biodegradable por-
tions of a waste, though worms can also be used.
Backyard composters can range from a simple
enclosure of wire fence to a container that is

rotated to mix and aerate. In worm composters,
fresh waste is deposited in a top tray, causing
worms to move out of composted material in a
lower tray, leaving it worm free and ready to be
removed. Yard and food waste are the most com-
mon materials composted at home. Maximum
savings to communities are realized from home
composting, since a portion of the waste stream is
treated at zero cost to the municipality. Even more
convenient is the “let it lie” process, in which
leaves or cut grass are allowed to remain in the
yard and degrade naturally.

Most processing at the source is carried out to
make it easier to store waste. Some items must be
cleaned before placement in a recycling container,
such as a mayonnaise jar. Other items may be
crushed by hand to increase density and store
more items before a container must be emptied.
In some houses, an appliance is used to compact
residual waste, to minimize the frequency with
which it must be taken to the outside storage
container.

Processing may be required at industrial or
institutional establishments, e.g., at a grocery
store, corrugated boxes may be compacted to
optimize storage.

Presentation
The last activity at the source is “presenting” the
waste to the collection system. If curbside collec-
tion is employed, a collection vehicle passes each
single-family residence. In some cases, the collec-
tion crew may walk onto the property to retrieve
container(s). The crew may even return the con-
tainer to its storage location. In this case, the
resident does not need to do anything other than
fill the container. More commonly, residents move
their containers to the curb or alley on the collec-
tion day and/or return them to the storage location
after collection.

When a large centralized container is located
near an apartment complex or industrial or insti-
tutional establishment, no special presentation is
required. Simply storing the waste puts it in the
proper place for presentation to the municipal
solid waste system.

In communities that employ drop-off centers,
large centralized containers are located at a
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relatively small number of centrally located public
areas, e.g., along streets or at grocery stores, gov-
ernment buildings, transfer stations, or landfills.
Residents are responsible for bringing materials to
these drop-off centers, where they are stored tem-
porarily before collection. For the residents of the
Börlange apartment complex mentioned above,
additional materials were presented to the MSW
system at a nearby grocery store. Containers
included in-store storage for deposit/refund bev-
erage containers (glass, plastic, and aluminum)
and storage containers in the parking lot for pack-
aging (paper, plastic, and metal). While drop-off
centers are less expensive to operate for the
municipality, locations should be picked so that
users can walk or, if driving is required, use com-
bined trips. Otherwise, the economic and environ-
mental costs incurred by the generators may
exceed any municipal savings.

According to Belton et al. [2], drop-off centers
should be within 500 m if an individual is walking
or 0.5–2.5 km if the person is driving.

Valeo et al. [3] used geographical information
systems (GIS) to locate drop-off centers for recycla-
bles in a community of 22,000 in Southern Ontario,
Canada. Location-allocation modeling was used.
Shopping centers, municipal parking lots, and road-
side sites were considered. Five hundred potential
sites were identified. If people were assumed to
walk to drop-off centers, 35 centers were needed to
adequately serve 99% of the population.

Aremu and Sule [4] simulated the impact of
placing one to ten waste bins at optimal locations
in Ilorin, North Central Nigeria, a community of
800,000 covering 89 km2. They used a built-in
solver for p-median problems (TransCAD v. 5.0,
Caliper). Service coverage and public satisfaction
improved as the number of waste bins increased
from one to five. When six or more waste bins
were used, 100% service coverage and public
satisfaction were attained, but some bins were
underused. Environmental impacts increased
with each additional bin.

Bacha et al. [5] developed a model predicting
the collected amount of waste paper based on
649 Austrian municipalities using drop-off centers.
Municipalities with a higher number of overnight
hotel stays per person and year had higher

quantities of collected waste paper, attributed to
the increased waste potential of municipalities in
tourist regions. The index of purchasing power per
capita (the sum of net income per year) showed a
strong effect on the amount of waste paper col-
lected. Municipalities with a higher percentage of
households in which one member works in the
home for no pay showed a significantly lower
amount of waste paper per person. Higher amounts
of waste paper were collected in municipalities
with a higher percentage of employees in busi-
nesses and industry as well as in the service sector.
A higher number of agricultural firms were associ-
ated with a smaller amount of collected paper. The
density of collection sites positively influenced the
amount of collected waste paper, probably due to
increased convenience.

Surveys can be used to improve the operation of
drop-off centers. Williams and Taylor [6] adminis-
tered two surveys in order to better understand how
to maximize the use of 26 drop-off centers in
Lancashire, UK. A telephone survey was carried
out among the drop-off center attendants to identify
the effects of recent site improvements and obtain
their opinions regarding overall customer satisfac-
tion. An on-site questionnaire survey was
conducted among customers at five drop-off cen-
ters, over three seasons, on weekends and week-
days. Customers were asked their opinion of the
drop-off centers and were asked to identify
methods that would maximize recycling. Site
attendants stated that they actively encouraged cus-
tomers to segregate waste more efficiently and that
a bonus scheme had provided incentive regarding
this effort. Site attendants had a key role in effec-
tive use of the drop-off centers. Lancashire drop-
off center customers were mostly male, used pri-
vate cars, and showed high levels of customer
satisfaction. Practical changes to encourage more
recycling at drop-off centers included longer open-
ing hours and the provision of boxes to enable pre-
separation of waste.

Participation
The participation rate in collection programs is the
fraction of residences that present all or most of
their waste materials (residual, recyclable, or com-
postable) to the collection system. Typically,
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100% of residences present residual waste,
because municipal collection is the most conve-
nient way to get rid of materials that otherwise
will cause odors and attract flies. A smaller frac-
tion of residences participate in municipal recy-
clables or compostables collection programs,
because it is more convenient to leave them in
the residual fraction.

The setout rate is the fraction of homes that set
out materials on a given collection day. Setout
rates are lower than participation rates because
some participating households do not set out
materials on every collection day. Setout rates
for residual waste programs are also close to
100%, while setout rates for recycling programs
vary greatly. According to Canadian researchers,
setout rates for recycling programs have been
reported to range from less than 20% to more
than 70% [7].

Considering that it is more convenient for peo-
ple to leave recyclables and compostables in the
residual waste, it is useful to investigate reasons
why significant numbers of people participate in
recyclables and compostables collection pro-
grams. Recycling and composting programs
have been described as individual-level

environmental collective actions (IECAs).
According to Everett [8], IECAs involve the wide-
spread adoption of particular individual behaviors
to produce environmental collective goods. Col-
lective goods are defined as any good “such that,
if any person Xi in a group X1, X2,. . ., Xi,. . .,Xn

consumes it, it cannot be feasibly withheld from
others in the group” [9]. Some collective goods
have what is called “jointness of supply,” i.e.,
when the consumption of the collective good by
one member of the group in no way reduces the
ability of other members to enjoy it. The classic
example is the lighthouse. Once one is built, any
ship passing by benefits (a collection good), while
the benefit of one ship does not reduce the benefit
for other ships (jointness of supply).

Collection programs are IECAs because they
require individuals to adopt behaviors concerning
municipal solid waste management in order to
produce environmental collective goods such as
cleaner air, water, and soil. Of course, not all of the
goods provided by collection programs are col-
lective in nature, e.g., resulting in lower MSW
management bills.

Figure 1 can be used to understand the factors
leading to participation in IECAs in general and

Waste Collection and
Transport,
Fig. 1 Conditions to
participate in recycling
programs [8]
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recycling and composting programs in particular
[8]; it is a flowchart that describes the various
scenarios under which various assessment ratio-
nales and incentives are effective. In the discus-
sion that follows, this figure is interpreted for
recycling programs, but the discussion can easily
be applied to composting programs.

The first condition is knowledge of the
recycling program. People who do not know that
a recycling collection program exists will not par-
ticipate. Furthermore, while it is unlikely that a
curbside collection program can remain unknown
for a long time, residents may not learn how to
participate. With regard to drop-off programs,
residents may remain ignorant of the existence
of a program, especially when drop-off centers
are located in places rarely visited for purposes
other than recycling.

Once a resident has knowledge of the recycling
program, participation requires sufficient incen-
tives. Incentives can be described by two dimen-
sions, separation and selectivity. “Separate”
incentives do not depend on ideological agree-
ment with the goals of the recycling program,
e.g., monetary incentives. “Not-separate” incen-
tives are related to the goals of the recycling
program, e.g., saving natural resources or reduc-
ing waste management costs. “Selective” incen-
tives are contingent on participation, e.g., awards
or avoiding punishment. “Nonselective” incen-
tives are the collective goods provided by the
IECA. Anyone in the group receives them,
whether or not they participate.

There are four combinations of these two
dimensions: selective-separate (e.g., monetary
rewards), selective-not-separate (e.g., awards),
nonselective-not-separate (collective goods
directly related to the goals), and nonselective-
separate (collective goods supplied by the
recycling program but not related to the goals).
The last combination is rarely encountered.

The effectiveness of each type of incentive
depends on ideological agreement, assessment
rationale, and belief in efficacy. Individuals in
ideological agreement with a recycling program
believe that its goals are valid. Only selective-
separate incentives work for individuals not in
ideological agreement.

For those that agree with the goals of an IECA,
their perception of individual efficacy and their
assessment rationale jointly determine what
incentives will have influence. With many collec-
tive actions “. . .no single individual's contribution
makes a perceptible difference to the group as a
whole, or the burden or benefit of any single
member of the group,” i.e., individual efficacy is
negligible [8]. For IECAs, even though an indi-
vidual’s contribution to the overall collective
good may be small, it exists, and its production
is directly linked to participation. As each individ-
ual’s ability to produce the collective good,
though small, is approximately the same, each
individual has about the same effectiveness.
Some individuals focus on the direct relationship
between their participation and production of the
collective good and end up believing in their own
efficacy. Others focus on the small amount of
collective good their participation produces and
believe that they are not efficacious.

Two assessment rationales can be employed,
individual and group. An individual assessment
rationale is based only on personal gain from
participation. Collective goods, the receipt of
which does not depend on participation, enter
into individual assessments only if the increase
in an individual’s share of a collective good con-
sequent to participation is greater than the cost of
participation. Such an individual, by Olson’s ter-
minology [9], is “privileged.” It is difficult to
imagine such a person with respect to collection
programs. If greater profit – personal benefit
minus personal cost – is gained from not partici-
pating, nonparticipation will be the choice of
action of individuals operating under an individ-
ual assessment rationale. This is the logic behind
“free riders.”

Individuals following a group assessment
rational consider group benefits. Some employing
the group assessment rationale will participate any
time the group benefits outweigh their personal
cost. Since the small improvement in environmen-
tal quality from recycling a single item is shared
by all living beings on the planet, it is very likely
that the group benefit will outweigh the individual
cost. Others employing the group assessment
rationale may not be so altruistic; they will
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participate as long as their benefits outweigh their
personal costs. They differ from people
employing the individual assessment rationale
because they may participate when non-
participation would increase their personal net
benefit. Figure 1 identifies the types of incentives
that influence people falling into the four combi-
nations of efficacy and assessment rationale.

At least five major factors are related to partici-
pation in collection programs: market incentives,
coercive incentive, convenience strategies, promo-
tional efforts, and demographic and attitudinal vari-
ables [8]. Market incentives are selective and
separate. They consist of direct payments, deposit
programs, and pay-as-you-throw (PAYT) schemes.
In communities using PAYT, residents pay different
rates for different volumes or mass of waste collec-
tion. Pay-as-you-throw programs are an effective
method for encouraging source reduction and
recycling. The US EPA [10] estimated that each
person participating in a PAYT program reduced
his/her annual greenhouse gas (GHG) emissions
by an average of 0.085 MTCE. An MTCE (metric
ton carbon equivalent) is the amount of greenhouse
gases (e.g., CO2, methane, water vapor, nitrogen
oxide) with the greenhouse potential equivalent to
one metric ton of carbon dioxide.

Coercive incentives use the force of law to
produce desired behaviors. A nationwide study in
theUSA found thatmandatory programs collecting
newspaper, glass, and aluminum collected almost
60% more materials than voluntary programs
collecting the same materials [11]. Though numer-
ous programs have rules requiring participation,
and even punishments specified in ordinances and
codes, enforcement is rare.

Though separating wastes into additional frac-
tions for recycling or composting can never be
more convenient than placing everything in one
container, convenience strategies can be
employed to reduce that additional cost as much
as possible. Convenience strategies can employ
delivery methods, separation requirements, con-
tainer provision, collection frequency, and pro-
gram reliability [11, 12].

Promotion efforts give people knowledge of a
program, describing where, when, what, and how
to recycle. They can also affect ideological

agreement and efficacy, e.g., by advertising
recycling benefits and describing the positive out-
comes of an individual’s recycling behavior. Pro-
motions can also change people’s perceptions of
all types of incentives, e.g., lowering personal cost
perceptions by describing the convenience of a
particular program. Promotions should be tailored
for each program, highlighting its particular ben-
efits and conveniences and minimizing its costs.

The explanatory power of demographic and
attitudinal variables can be related to recycling
activity [8]. Demographic variables such as higher
education, higher income, neighborhood stability
and networks, type of building, and age group have
all been associated with recycling behavior. So
have attitudinal variables such as a sense of being
in control of one’s life, a sense of personal respon-
sibility for environmental problems, and frugality.

Collection

Collection is needed to move wastes from widely
distributed generation points to a transfer station or
treatment/disposal facility. In the case of residual
wastes, collection frequency has an upper limit
based on the breeding cycle of pests, such as mag-
gots and flies. For example, it takes 9–11 days for
flies to multiply in residual waste at typical temper-
atures [1]; hence residual wastes are generally col-
lected at least once a week. While recyclables can
typically be stored for at least 2 weeks, the once-per-
week collection frequency is often used, as it is
easier to remember to collect every Wednesday,
e.g., rather than every other Wednesday.

Collection programs can be privately or pub-
licly operated. García-Sánchez [13] examined
street cleaning and waste collection services in
Spanish municipalities to identify factors
influencing service efficiency. Information from
38 of 113 towns with populations over 50,000 was
obtained. Measures of success included tonnage
collected, number of collection points, collection
point density, and length of streets washed. They
found no significant difference in the efficiency of
street cleaning and waste collection services
between towns with private versus public
programs.
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Collection containers can be divided into two
major types, hauled and stationary. Full hauled
containers are carried by the collection vehicle to
the unloading point. Once emptied, they are
returned to their next collection point.
A common use for hauled containers is at con-
struction and demolition sites. Stationary con-
tainers are permanently located at a particular
site. When full, or at regular intervals, the station-
ary container is emptied into the collection vehicle
and immediately returned to its location.

Stationary containers range from relatively
small containers used in curbside collection pro-
grams to specialty containers and dumpsters. In
curbside collection programs, vehicles drive by
each setting out household or business and collect
materials. Curbside programs most commonly
collect from neighborhoods of one- and two-
family residences or districts of small businesses.
Typical curbside containers in the USA range
from 32 to 96 gallons (121–363 L). Figure 2 is
used to demonstrate the typical activities of a
collection vehicle collecting two routes per work-
day. The vehicle is stored in a parking facility. At
the start of the workday, the truck is driven to the
first route and collection begins. When the route is
finished, the truck drives to the unloading facility,
unloads, and travels to the second collection route.
Once the second route is finished, the truck again
travels to the unloading facility, unloads, and
returns to the parking facility. Unloading facilities

can be processing centers, transfer stations, land-
fills, or waste-to-energy (WTE) power plants.

Dumpsters and specialty containers are located
at large generation sites (e.g., apartment com-
plexes and businesses) or at drop-off centers. In
communities that rely on drop-off centers, house-
holders must take recyclables or compostables
and, in some cases, residual wastes to containers
located at public access points, e.g., along streets
in urban areas, shopping center parking lots,
municipal facilities, transfer stations, or landfills.
Specialty containers are often used at drop-off
centers, e.g., containers with openings designed
to accommodate different recyclable items. Col-
lection vehicles periodically empty the containers.

The collection of residual or compostable
waste is most often done in compaction vehicles.
By compacting waste during the collection pro-
cess, more waste can be collected before the vehi-
cle must be unloaded. Compaction can be used
with recyclables, but care must be exercised to
avoid breaking glass. Vehicle loading can be man-
ual, semiautomatic, or automatic. Manual loading
requires the collection crew to push or pull con-
tainers to the collection vehicle and lift them to
empty. Semiautomatic loading still requires a
crew member to push or pull the container to the
collection vehicle, but a pneumatic lifting system
is used to empty the container into the truck. In
automatic collection, the driver of the truck
maneuvers close to a container, “grabs” it with a

Waste Collection and
Transport,
Fig. 2 Collection truck
activities (residual waste,
recyclables, or
compostables)
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crane- or “forklift”-type device, and automatically
empties it. Automatic systems use the crane with
curbside collection and the “forklift”-type device
with dumpsters. Single compartment trucks are
the norm for residual waste collection. The col-
lection of recyclables can be done in single- or
multi-compartment trucks.

Manual and semiautomatic collection can result
in health issues for crew members. Rogers et al.
[14] administered a survey to municipal solid
waste (MSW) collectors and their supervisors/
safety officers in both public and private compa-
nies to evaluate occupational risks to FloridaMSW
workers. Data were obtained for 251 workers.
Results of the survey indicated high rates of lacer-
ations, contusions, strain/sprains, and illness.
Seventy-five percent of the collectors reported hav-
ing been injured in the previous 12 months.

According to Medina [15], many cities in
developing countries spend 20–50% of municipal
revenues onMSWwhile collecting only a fraction
of MSW generated, in many cases less than 50%.
In Mexico, informal private collectors often pro-
vide collection in low-income areas, where no
official collection is provided. While informal
refuse collection is illegal in Mexico, response
varies from city to city, including repression,
neglect, collusion, and even encouragement.
Medina argues that informal refuse collection
can be a valid part of solid waste management
where a regulatory and policy framework is in
place that encourages self-help, private invest-
ment, and entrepreneurship. Many cities in devel-
oping countries are simply unable to provide
complete collection coverage, especially in low-
income areas. Informal refuse collection can fill
the gap, providing an important service and
improving the quality of life.

Factors Influencing Collection Efficiency
WRAP [16], a nonprofit-based organization in the
UK, completed an analysis of three types of curb-
side collection systems for recyclables: curbside
sort, single stream comingled, and two stream
partially comingled. In curbside sort systems,
materials are sorted by type at the curbside and
collected in different compartments of a multi-
compartment vehicle. In single-stream comingled

systems, materials are placed at the curb in one bin
and collected in a single compartment vehicle,
with the sorting of the materials occurring at a
Materials Recovery Facility (MRF). In two stream
partially comingled systems, residents separate
materials into two categories, usually fibers
(paper and cardboard) and containers (glass,
cans, and plastic bottles), which are collected in
a two-compartment vehicle. Each comingled
stream is handled separately at the MRF.

The following general observations were made
after investigating programs in the UK:

• Curbside sort schemes had lower costs than
single-stream comingled schemes, when the
income from material sales was considered.

• The net costs of curbside sort schemes are
strongly affected by income from the sale of
materials.

• The net costs of comingled schemes are
strongly affected by MRF fees.

• Two-stream comingled collection schemes
keeping paper separate from containers have
similar net costs to curbside sort schemes.

• There is little variation in material yields
between the three main curbside schemes.

• Programs that collect glass and/or have alter-
nate weekly collection of refuse exhibit the
greatest diversion rates.

• Recycling collections are maximized when
more or larger containers are provided and/or
recyclable materials are collected weekly.

• The best scheme does not appear to be
impacted by the “urban” or “rural” nature of
the area served.

Wilson and Batz [7] developed a derived prob-
ability model to estimate vehicle and labor
requirements for municipal solid waste collection
systems. The setout distribution was modeled
using the binomial distribution, leading to the
application of the geometric distribution to stop-
to-stop distance. The total loading time and delay
time were modeled using the normal distribution.
The number of households a truck passes before
filling was modeled using the negative binomial
distribution. The model was used to explore three
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scenarios: route size when the collection vehicle is
constrained by time, route time when the vehicle
is constrained by capacity, and the effect of vehi-
cle capacity on costs [17]. Parameters included
route size (the number of houses served before
the truck became full or runs out of time), setout
rate (the fraction of houses setting out materials on
a given day), average loading time (time to load
materials on the vehicle at a given stop), and
average stop spacing (the distance between setting
out houses).

In routes constrained by time, route size is
sensitive to setout rate, e.g., the same vehicle on
a route with a 20% setout rate could serve more
than twice as many households as on a route with
a setout rate of 80% [17]. Route size was also
sensitive to average loading time, e.g., a change
in loading time from 10 to 20 s/stop required a
reduction in route size of almost 40%. Route size
was somewhat less dependent on average stop
spacing, with an increase in average stop spacing
from 10 to 25 m resulting in an approximately
20% reduction in route size.

Constraining routes by vehicle capacity results
in relatively little variance in route time, because
the number of stops will be constant [17]. This
suggests that trucks of similar capacity, starting
routes at similar times, will finish those routes at
about the same time, resulting in long lines at
unloading locations. When comparing trucks of
15, 20, and 25 yd3 capacity (11.5, 15.3, and
19.1 m3), the medium-sized truck was rarely the
lowest-cost option. Large vehicles run up against
a time constraint before filling to capacity,
whereas small vehicles fill well before the end of
the collection day. In most cases, either situation
was preferred to that of a medium-sized vehicle
that meets both constraints at approximately the
same point.

Dahlén et al. [18] investigated the effect of
different collection systems on recycling in six
municipalities in Sweden. PAYT schemes are
based on weight-reduced residual household
waste collection by 50%; however, preliminary
results indicated a relatively high rate of impuri-
ties (12% in 2004), i.e., wrongly sorted materials,
in the biowaste fraction. Curbside collection pro-
grams recycled more metal, plastic, and paper

packaging and then drop-off programs. When
separate collection of biodegradables was
included in the curbside system, the overall
sorting of dry recyclables increased. It appeared
that the handling of biodegradables facilitated
sorting dry recyclables.

In Sweden, a producer responsibility ordinance
mandates that producers, i.e., plastic manufac-
turers, collect and recycle packaging materials.
Hage and Soderholm [19] investigated the relation-
ship between collection rates of household plastic
packaging waste and various factors for 252 Swed-
ish municipalities. The results of a regression anal-
ysis indicate that local policies, geographic/
demographic variables, socioeconomic factors,
and environmental preferences provide some
explanation of inter-municipality collection rates.
The collection rate was positively affected by
increases in the unemployment rate, the fraction
of private houses, and the presence of immigrants
(unless newly arrived) in the municipality. Dis-
tance to recycling industry, urbanization rate, and
population density were not significantly related to
collection rate. Municipalities with weight-based
waste management fees typically experienced
higher collection rates than those municipalities
in which flat and/or volume-based fees were used.

Gomes et al. [20] simulated the costs of
compostables collection using a fixed container sys-
tem and a transfer station, for a municipality with a
population of 28,000 inhabitants. The main goal
was to compare three scenarios: traditional, unsorted
collection, separate collection of compostables, and
separate collection of compostables from urban
communities with home composting elsewhere.
Input data from 2001 were used, including waste
quantities, travel times, work crew composition,
crew time shifts, vehicles, and containers. Separate
collection of compostables resulted in comparable
collection costs to traditional, unsorted collection.
When only urban compostables were collected and
nonurban compostables were home composted, the
costs were lower than traditional, unsorted method.
This emphasizes the importance of home
composting.

McLeod and Cherrett [21] assessed the effects
of three domestic waste collection methods using
data from three Hampshire, UK authorities:
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cooperation between neighboring waste collec-
tion authorities and vehicles based at waste dis-
posal sites. Cooperation could reduce vehicle
mileage by 5.9% if vehicles were optimally
reallocated to depots. Vehicle mileage was
reduced by 13.5% when vehicles were based at
the two waste disposal sites rather than existing
depots. This work identified some basic methods
for optimizing waste collection.

Optimization
Numerous optimization studies have been applied
to MSW collection, often identifying significant
saving opportunities. According to Tavares et al.
[22], the collection of MSW can be more than 70%
of the total waste management budget. Fuel costs
can be a major portion of the collection cost. Opti-
mization of the routing network used for waste
collection and transportation can be used to mini-
mize fuel costs. GIS optimization models can take
into account the effects of road inclination and
vehicle weight on fuel consumption. Tavares
et al. optimized routes in two different ways, min-
imizing the travel distance and optimizing the fuel
consumption. For the Praia city region (Cape
Verde), optimizing for fuel consumption used 8%
less fuel than optimizing for route distance. When
the model was applied to a waste transport prob-
lem, a 12% fuel reduction was obtained. The
results indicated the importance of designing
routes to minimize uphill climbs to reduce fuel
consumption. Reducing fuel consumption will
also reduce greenhouse gas (GHG) emissions.

Chang et al. [23] used “compromise” program-
ming within a GIS framework to optimize waste
collection in Kaohsiung City, the second largest
city in Southern Taiwan. Compromise program-
ming was used to optimize multiple objectives:
shortest collection distance, lowest collection
cost, and shortest collection time. Optimization
was performed on the current management districts
and new proposed districts. The model was able to
significantly reduce the number of collection points
and collection distance and time. The number of
collection points was reduced from 1788 to
617, collection distance was reduced from 80,528
to 51,176 m, and collection time was reduced from
1629 to 1521 min. Furthermore, the average

distance residents had to walk to collection points
was also reduced, as was the average service fre-
quency of the collection vehicles.

Kardimas et al. [24] used the ant colony system
(ACS) algorithm, within a GIS environmental to
monitor, simulate, and optimize solid waste col-
lection in a portion of Athens that produced an
amount of waste equivalent to the vehicle capac-
ity. The program was able to reduce travel time by
approximately 25%, resulting in an overall reduc-
tion in collection time (travel plus loading) of
approximately 9%. Filipiak et al. [25] used the
Chinese postman problem algorithm to optimize
MSW collection costs in the Township of
Millburn, NJ. They were able to develop a set of
optimal collection routes that reduced the distance
traveled by approximately 10%. Nuortioa et al.
[26] optimized vehicle routes and schedules for
collecting municipal solid waste in Eastern Fin-
land using a guided variable neighborhood
thresholding metaheuristic. The method was able
to optimize three routes by an average of 46%.

Kima et al. [27] presented algorithms for col-
lection vehicle routing problems that consider
multiple unloading trips per day and driver’s
lunch breaks. This scenario is most appropriate
for commercial waste collection, in which each
vehicle can make many unloading trips per day.
The algorithms were successfully implemented
and used by the Waste Management, Inc. In one
case study, a collection scenario requiring ten
9-h routes with productivity of 57.06 yd3/h
(43.63 m3/h) was improved to nine 9-h routes
and 63.40 yd3/h (48.47 m3/h). This reduced the
annual number of routes by 984, resulting in a
savings of $18 million.

Greenhouse Gas Emissions and Other
Environmental Impacts
The collection of municipal solid waste generates
some pollution, e.g., vehicle emissions. For iso-
lated communities, the pollution generated by
long transport distances required to bring recycla-
bles to processing or manufacturing centers may
outweigh the benefits of avoided extraction and
processing of virgin materials. A number of
researchers have studied the environmental
impacts of collection.
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Batool and Chuadhry [28] estimated green-
house gas (GHG) emissions from solid waste
management for the Data Ganj Bukhsh Town
(DGBT) in Lahore, Pakistan, using the life cycle
assessment (LCA) methodology; there were 1.6
million people living in 232,000 dwellings, with
an average per capita MSW generation rate of
0.84 kg/day. Solid waste management options
considered included the collection and transporta-
tion of waste, composting, biogasification, collec-
tion of recyclables with single and mixed material
bank container systems, and landfilling. CO2

equivalents, emitted and avoided, were based on
electricity consumption and production, fuel con-
sumption, and emissions.

The baseline scenario was the current MSW
system, collection of waste for landfilling without
energy recovery [28]. In scenario 1, 70% of
biowaste was collected at the curb for composting.
In scenario 2, the biowaste was collected for
biogasification. Scenarios 3 and 4 involved drop-
off systems for recyclables. Scenario 5 was a
combination of scenarios 1 and 3. Scenario 6 com-
bined scenario 5 with energy recovery at the land-
fill. LCA results showed that the baseline scenario
produced 838,116 tons of CO2 equivalents annu-
ally. Scenarios 1, 2, and 5 resulted in reductions
ranging from 58% to 75%. The recycling-only
options, scenarios 3 and 4, resulted in little sav-
ings, primarily because of the low percentage of
materials available for recycling (26%). Scenario
6 was a carbon sink, with 33,773 tons stored each
year. The authors’ calculations indicate that GHG
emissions associated with collection are less than
reductions associated with recycling.

Solano et al. [29] developed an integrated solid
waste management optimization and life cycle
assessment (LCA) model that considers cost,
energy, and environmental releases. They applied
the model to a number of scenarios using a hypo-
thetical, but realistic, case study representing an
urban region of medium size [30]. Both cost and
GHG emission minimization could be determined
by the model.

A minimum-cost MSW management system
was identified in which residential and multi-
family sectors were served by a recyclable mate-
rial drop-off center [30]. Approximately 5% of the

waste of these two sectors was recovered. The
remaining 95% was collected as mixed MSW
and disposed of in a landfill. Approximately
26% of commercial sector waste was collected
as presorted recyclable material, while the rest
was collected as mixed MSW and disposed of in
a landfill. Collection and landfill costs constituted
83% of the net cost. The drop-off option for recy-
clables was incorporated into the minimum-cost
MSW system because it costs very little and was
easily offset by the revenue generated from the
recyclable materials. According to Solano et al.
[30], the majority of MSW management environ-
mental impacts are associated with collection and
landfill activities. Collection uses significant
amounts of energy, while landfills emit significant
amounts of GHG. This assumes that landfill gases
are not captured or are flared.

In the minimum GHG emission scenario, the
model selected recycling for some combustible
and noncombustible items [30]. Recycling of
combustible items was favored when recycling
was more beneficial than combustion with energy
recovery. This was the case for paper and
plastic. Recycling of noncombustible items was
favored when emission savings at the
remanufacturing facility were greater than the
emissions associated with recyclables recovery
activities. This was the case for metal and glass.
A costly mixed waste MRF was selected to
recover those recyclables not separated by the
residents, emphasizing the GHG emission benefit
of recyclable recovery. Almost the entire commer-
cial waste stream was combusted.

Though not adequately described in the paper,
it appeared that the only traditional landfilling
option considered was one without energy recov-
ery [30]. Other authors have concluded that
landfilling with highly efficient gas capture and
energy recovery is an optimal solution for mini-
mizing GHG emissions. This points to the impor-
tance of base assumptions in LCA analyses.

Iriarte et al. [31] estimated the environmental
impacts of three collection systems using an LCA
model. Estimates were made for a scenario in
which 1500 tons a month of MSWwere generated
in a European urban locality with a density of
5000 inhabitants/km2. In the multi-container
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system, citizens placed materials in permanent
containers located in two areas of the street. The
organic and residual fractions were placed in con-
tainers at the curb at a maximum distance of 50 m
from each household. Containers for glass, paper,
and packaging were located at a maximum dis-
tance of 300 m.

In the door-to-door system, citizens left each
fraction outside their house, according to a pre-
established collection schedule. The organic frac-
tion was placed at the curb in a community bin.
Paper, packaging, and residual waste was left in
plastic bags. Glass was collected in permanent
containers situated at a maximum distance of
300 m from the citizens.

The mobile pneumatic system used a network of
pipes and pneumatic suction trucks. Citizens
dropped each fraction of waste through doors
located in the street into underground tanks. The
tanks were emptied into suction truck via a network
of underground pipes connected to suction points
situated in the street. Organic, paper, packaging, and
residual fractions were collected pneumatically at
preset times. Glass was stored in the underground
containers but was collected by top loader trucks.

Three stages of the collection system were
explored separately: storage, urban transport, and
intercity transport [31]. Storage included containers
and, for the pneumatic system, the tanks and under-
ground pipes. Urban transport included loading and
transport from collection points to the locality bor-
der. The storage and urban transport stages were
together called the urban stages. Intercity transport
included transporting the materials from the locality
borders to the recycling, processing, or disposal
facilities and unloading. Collection vehicles were
used for urban and intercity transport.

For the urban stages, the multi-container sys-
tem had the least environmental impact of all
systems [31]. The mobile pneumatic system had
greatest environmental impact for global
warming, fresh water aquatic ecotoxicity, terres-
trial ecotoxicity, acidification, and eutrophication.
The door-to-door system had the greatest environ-
mental impact for abiotic depletion, ozone layer
depletion, and human toxicity. The intercity trans-
port stage was very important. For intercity dis-
tance of 11 km and upward, this stage contributed

the most global warming impact and energy
demand, for all the systems. This points to the
importance of using transfer stations to transfer
materials to more efficient transport vehicles.

Di Nino and Baetz [32] examined the link
between air emissions from vehicles involved in
the collection and transport of recyclable and
residual materials and the urban form, i.e., popu-
lation density, land use mix, land use pattern, and
scale of development. Two hypothetical cities
were evaluated, representing extremes of urban
form. The “spread” city was comprised of large
single-family homes and homogeneous land use
development with 6.3 units/ha. The “nodal” city
contained compact developments at higher densi-
ties and intermixed land use, with 18.01 units/ha.
As expected, the “spread” city resulted in signif-
icantly more air emissions associated with recy-
clables and residuals collection. This was true for
all of the air pollutants evaluated, including
hydrocarbons, carbon monoxide, carbon dioxide,
oxides of nitrogen, and particulates. For many of
the pollutants, the “spread” city resulted in more
than twice the emissions of the “nodal” city.

Maimoun et al. [33] evaluated life cycle emis-
sions, cost, fuel, and energy consumption for a
range of fossil and biofuel technologies. Natural
gas waste collection vehicles fueled with gas from
North America had 6–10% higher well-to-wheel
greenhouse gas emissions than diesel-fueled vehi-
cles. Vehicles powered with landfill gas produced
80% fewer emissions compared to diesel. Biodie-
sel benefits varied greatly depending on the source
and blend, with emissions ranging from 12 to 75%
less than diesel. Using 2011 prices, natural gas
had the lowest costs.

Sandhu et al. [34] used a portable emission
measurement system to measure the fuel con-
sumption and emissions of six side-loader waste
collection vehicles during 550 miles of travel and
the collection of 4200 cans and 50 tons of waste
material. The average fuel consumption rate was
1.1 km/l (2.6 mpg). Between 70 and 80% of fuel
consumption and emissions occurred during col-
lection. Catalytic converters reduce NOx emis-
sions by over 90%. Similarly, particulate filters
reduced particle emission by over 90%. Loaded
trucks obtained 18% lower fuel economy than
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unloaded vehicles, while NOx and PM emissions
were higher by 65% and 16%, respectively.

Jaunich et al. [35] studied a variety of waste
collection routes in three cities in the USA. They
provide operational data for life cycle models for
cities with similar collection systems. The fuel
economy for similar diesel collection vehicles
was 0.6–1.4 km/L for residual waste and
0.8–1 km/L for recyclables in neighborhood
consisting primarily of single-family homes. The
average time to collect at each residence using
automated collection was 11–12 s and 13–17 s,
respectively, while the average time between
stops was 11–12 s and 10–13 s, respectively.

Special Collection Programs
Collection programs for household hazardous waste
are common. Though some programs employ curb-
side collection, drop-off centers are much more
common. In some cases, the drop-off centers are
not active all the time. Some drop-off centers only
collect materials once a month or four times a year.
Common materials collected are paints, pesticides,
cleansers, oil, electronics, and batteries.

Some communities have separate collection
programs for batteries [36]. In some jurisdictions,
only household batteries are considered a non-
hazardous waste. In such cases, non-household
batteries are often excluded to avoid hazardous
waste regulations. Collected batteries can be dis-
posed of at hazardous waste facilities or recycled.
Collection programs range from drop-off to curb-
side collection programs. Some drop-off pro-
grams have used widely distributed battery
collection boxes (Fig. 3). Curbside collection
can be with nonhazardous recyclables or hazard-
ous waste. Program costs can be high, especially
for curbside collection programs. In Spokane,
WA, curbside collection with recycling cost
$2260 per ton, while curbside collection with
landfill disposal cost $1822 per ton [36].

Transfer and Transport

Transfer stations are an important part of munici-
pal solid waste management systems. The loca-
tion of transfer stations has traditionally been

driven by a desire to minimize transport costs.
Transfer stations are used to combine many
small loads from collection vehicles into a few
large loads in transport vehicles. Transfer stations
are typically located close to population centers
because it is cheaper to transport large amounts of
waste over long distances in large loads than in
small ones. Material recovery facilities are a spe-
cial type of transfer station, used to process recy-
clables or compostables before transferring them
to long-haul vehicles.

A simple transfer station is shown in Fig. 4. Not
shown in the figure is a scale, commonly used to
determine the amount of material brought by each
vehicle. Collection vehicles empty in the tipping
area. This can be onto the tipping floor, into a pit, or
directly onto a transfer mechanism. Transfer mech-
anisms include front-end loader, conveyor, and
crane. The transport vehicle is often located at a
lower level than the tipping floor, allowing transfer
by pushing material horizontally.

Wilson and Vincent [37] used onboard global
positioning system (GPS) recorders to collect field
data on the movement of solid waste collection
vehicles at transfer stations. Five vehicles using
four transfer stations were compared for 1 year.
Spatial data were analyzed using geofences, deter-
mining the time each truck spent on four

Waste Collection and Transport, Fig. 3 Battery col-
lection box, Sweden
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activities: queuing at the scale, weighing, queuing
at the tipping floor, and unloading waste. The
authors were able to identify and measure queuing
delays. The average total time was 16.4 min per
visit, with a standard deviation of 14.3 min. Time
per visit ranged from 2 to 111 min per visit. The
distribution was positively skewed. Multi-
compartment vehicles (co-collection and
recycling trucks) spent more time at the unloading
facilities than single compartment vehicles. At
one facility, the longest delays were encountered
queuing at the scale; at two facilities, trucks expe-
rienced delays queuing at the tipping floor, while
at the fourth facility, no significant delays
developed.

Collection vehicles are designed for collection,
while transport vehicles are designed for long-
distance hauling. If the final destination for the
collected materials is far away, costs and environ-
mental impacts can be reduced by transferring
materials to more efficient transport vehicles,
which include tractor trailers, trains, and ships.

Optimization
Numerous authors have developed algorithms for
optimizing transfer and transport. Komilis [38]
presented two conceptual mixed integer linear
optimization models to optimize the transfer and
transport of municipal solid waste (MSW) prior to
landfilling. One model was based on minimizing
time. The other was based on minimizing total

cost. Both models identified an optimum route to
haul MSW from generation points to landfills via
transfer stations. The models assumed that the
locations of generation, transfer, and landfills
were fixed. The basic input data were distances,
average vehicle speeds, haul costs, equipment and
facilities’ operating and investment cost, labor
cost, and tipping fees.

A case study at the Municipality of Athens was
used to illustrate the models [39]. The time-based
optimization model is simpler, as it is primarily
based on the distances among generation points,
transfer stations, and landfills; however, it is best
used when no transfer stations are included in the
system, as it is difficult to interpret the effect of the
average speeds of the collection and transport
vehicles. The cost optimization model is more
appropriate for systems with transfer stations.
For the baseline scenario – 100 tons/day MSW,
transfer station location 15 km from generation
point, and queue times of 0.5 h – the use of the
transfer station was warranted when the distance
to the landfill was at least 65 km. This is referred
to as the threshold distance. Increasing the tons/
day to 500 reduced the threshold distance to
56 km. The minimum threshold distance, for any
amount of waste, was 54 km. Increasing the queu-
ing time at the landfill to 1 h decreased the thresh-
old distance to 56 km for the baseline scenario.
Similarly, moving the transfer station location to
5 km reduced the threshold distance to 48 km.

Waste Collection and
Transport, Fig. 4 Simple
transfer station schematic
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Chatzouridis and Komilis [39] used an optimi-
zation model with a nonlinear objective function
and binary decision variables to select waste trans-
fer sites (WTS) to minimize collection and trans-
portation costs (and landfill tipping fees) in a
region with 53 municipalities and 2 landfills.
Forty-seven WTS were considered. The low-cost
solution reduced costs by 19.2% compared to a
system with no WTS. Six municipalities were
directed to transport waste directly to a landfill.
The rest used 12WTS. Optional costs were appor-
tioned by percent as fuel (52.5), labor (21), capital
(15.5), and maintenance (11).

Greenhouse Gas Emissions and Other
Environmental Impacts
Transfer stations can negatively impact the envi-
ronment. Bovea et al. [40] compared the environ-
mental impact of taking municipal wastes directly
to the nearest waste treatment facility with waste
management systems that include a transfer sta-
tion. They applied a life cycle methodology to the
Plana region of Castellón, Spain. They found that
reductions in environmental impact from incorpo-
rating a transfer station ranged from 14.0 to
20.7%, depending upon the LCA method used.

Eshet et al. [41] estimated the economic value
of externalities related to Israeli waste transfer sta-
tions. Most externalities were associated with
impacts on residents living near transfer stations,
such as noise, odor, litter, vermin, visual intrusion,

and perceived discomfort. After mapping active
transfer stations in Israel, problem sites near resi-
dential areas were identified, and four were
selected for further study. The hedonic pricing
method was used to examine the impact on prop-
erty values. The maximum spatial impact occurred
within 2.8 km of a transfer station. There was an
increase of approximately $5000 in housing price
for each additional kilometer away from the site.
There also was a 0.06% rise in the price of the
average house for each 1% increase in average
distance from the local transfer station. Transfer
stations create externalities that should be taken
into account during the siting process and when
considering compensation for nearby residents.

Eisted et al. [42] reviewed electricity and fuel
consumption associated with the collection, transfer,
and transport of waste and quantified the associated
greenhouse gas (GHG) emissions. Emission factors
were assigned a global warming potential and
aggregated into global warming factors (GWFs)
that can be used to estimate the contribution to
global warming from collecting, transporting, and
transferring 1 metric ton of wet waste. Not consid-
ered were GHG emissions related to production,
maintenance, and disposal of vehicles, equipment,
infrastructure, and buildings. The estimated GWFs
varied from 9.4 to 368 kg CO2-equivalent
(kg CO2-eq.) per metric ton of waste, depending
on method of collection, capacity, and choice of
transport equipment and travel distances. Six sce-
narios are described in Table 2. GHG emissions can

Waste Collection and Transport, Table 2 Global warming factors (GWFs) for six scenarios

Scenario Collection Transfer Transport Total

Residual waste with 20 km of transport by truck, urban apartment
blocks with pneumatic system

43–46 – 4–11 47–57

Residual waste with 20 km of transport by truck, urban apartment
blocks with dumpsters

5.0–5.5 – 4–11 9–17

Residual waste with 150 km of transport by truck, single-family
homes, transfer station

10–11 0.05–4.5 14–28 24–44

Recyclable paper with 2000 km of transport by truck, drop-off
centers, transfer station

6–11 0.05–4.5 182–380 189–396

Recyclable paper with 3000 km of transport by diesel train,
drop-off centers, transfer station

6–11 0.05–4.5 6–174 13–190

Recyclable materials with 10,000 km of transport by ship, private
car brings materials to transfer station, 100 km to port

100–300 0.10–8.9 29–59 129–368
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be reduced by avoiding the use of private cars and
by optimizing long-distance transport, i.e., using
trains and ships. As also found by Iriarte et al.
[32], the environmental impact of pneumatic collec-
tion was very high.

Chunping et al. [43] measured environmental
quality at five MSW transfer stations in Beijing
from 2001 to 2006. Wastewater, air, and noise
were monitored during wet and dry seasons.
Levels of total suspended particles, odor, noise,
ammonium nitrogen, chemical oxygen demand,
biochemical oxygen demand, suspended solid,
and fecal coliform were all above the criteria
limit in China on numerous occasions. Poor envi-
ronmental quality was measured at each transfer
station in at least 5 of the 7 years evaluated.

Modern waste management in Western Europe
has resulted in a remarkable increase in waste trans-
portation. Salhofer et al. [44] investigated the eco-
logical significance of increased waste transport for
recycling refrigerators, paper, polyethylene films,
and expanded polystyrene. Specifically, they exam-
ined the point at which increasing transportation
distance drove the overall environmental impacts
associated with recycling over that of disposal.
Only in the case of expanded polystyrene were
disposal impacts lower than recycling within the
upper range of practical transportation distances.
For other materials, disposal impacts were higher

for all practical distances, indicating that efforts
should focus on increasing recovery, e.g., through
curbside recycling.

Case Studies

Two case studies further point to the importance
of collection, transfer, and transport. The first,
Beijing, China, describes a modern waste man-
agement system with little recycling. The second,
Toronto, Canada, has significant recycling.

Current Situation: Beijing, China
Beijing had an urban population of approximately
13.33 million in 2006 [45]. The average genera-
tion rate of MSW in 2006 was 0.85 kg/capita/day.
MSW generation in Beijing City increased from
1.04 million tons in 1978 to 4.134 million tons in
2006. Waste was predominately food waste
(63.39%), followed by paper (11.07%), plastics
(12.7%), and dust (5.78%), with all other wastes
(tiles, textiles, glass, metals, and wood) account-
ing for less than 3%. In 2009, 90% of MSW
generated in Beijing was landfilled, 8% inciner-
ated, and 2% composted. Figure 5 is a schematic
of the waste management system. Separate collec-
tion was available as a demonstration project to
approximately 4.7 million people until 2007.

Waste Collection and Transport, Fig. 5 Beijing MSW system. Adapted from Zhen-Shan [45]
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Important MSW characteristics included moisture
(61%), combustible waste (92%), recyclable
waste (25%), compostable waste (77%), and low
calorific value (4600 kJ/kg). Though the fraction
of the combustible waste is high, the low calorific
value and high moisture content indicate that
incineration would be ineffective without fuel
addition or diversion of wet materials.

In 2006, Beijing City expended approximately
$243 million on MSW management. Staffing
accounted for $108 million, followed by waste
collection-transportation ($47 million), treatment
($33million), street sweeping ($32million), equip-
ment maintenance and repair ($18 million), and
other costs ($6 million). There were six transfer
stations in Beijing, where waste was compressed
and transferred to more efficient vehicles for trans-
port to landfills or incineration/composting facili-
ties. At two transfer stations, waste was separated
for recycling. There were 13 landfill sites and
4 incineration/composting plants, with a total
designed capacity of 10,350 tons/day. At the end
of 2005, there were 1242 formal recycling sites in
Beijing City, including 704 community-based sites
and 538 floating sites. Approximately 1.6 million
tons of materials were recycled in 2006, 7.3%
higher than in 2005, including 0.36 million tons
of paper, 0.87 million tons of metal, 0.17 million
tons of plastic, and 0.08million tons of glass. There
were approximately 300,000 people living off the
proceeds of waste recycling. Materials recycled by
waste pickers were worth $0.44 million. The waste
management system is shown in Fig. 5.

Aeration was the most popular method for odor
control in separation workshops. Sprinklers are
used to control dust. Approximately 50 tons of
wastewater (including leachate and sewage) were
generated each day at the transfer station with
recyclables recovery. Leachate was mainly from
waste compression and dust control water. An
anaerobic-anoxic-aerobic reactor followed by a
membrane filtration was used to treat the leachate.

Asuwei was the oldest and biggest landfill site,
with a design capacity of 2000 tons/day. Approxi-
mately 5000m3 of landfill gas was generated every
day in 2006. Before 2001, landfill gas was
discharged. As of 2009, it is used to generate
electricity.

Future Simulations: Toronto, Canada
Diaz and Warith [46] applied the Waste Analysis
Software Tool for Environmental Decisions
(WASTED) model – which provides a compre-
hensive view of the environmental impacts of
MSW management systems – to Toronto,
Canada. The model includes waste collection,
material recovery, composting, energy recovery,
and landfilling. WASTED uses compensatory sys-
tems to account for avoided environmental
impacts. Upstream compensation incorporates
the effects of processes that precede the waste
management system (e.g., raw material extrac-
tion), while downstream compensation incorpo-
rates environmental effects of processes that take
place after the waste management (e.g., avoided
fossil fuel consumption from energy recovery
from waste).

Diaz and Warith [46] applied the WASTED
model to the city of Toronto, Canada, from 2001
to 2021. The model determined that collection
was responsible for a majority of the energy con-
sumption and significant portions of GHG emis-
sions and other gas emissions and water
pollutants. The authors also compared the results
to the outcomes from two previous models, the
Integrated Waste Management Model (IWM) for
municipalities and the Waste Reduction Model
(WARM). While the models were in general
agreement, fairly large differences were reported,
indicating the importance of the underlying
assumptions in the LCA models.

Future Directions

Waste collection and transport need to be made
more efficient to conserve more natural resources
and emit fewer pollutants, including greenhouse
gases. One way this can be done is to use the many
optimization algorithms already developed, in
conjunction with geographical information and
global positioning systems, to design more effi-
cient routes. Improvements can also be made to
collection and transport vehicles, reducing fuel
consumptions and pollution emissions. Greater
use of trains and ships for transport, where appro-
priate, should also be pursued. Waste collection
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improvements will include the spread of recycling
to more communities in more countries, through
curbside and drop-off collection programs. This
will require more material recovery facilities. As
landfills become larger and, on average, more
distant from waste generation points, the use of
efficient transport vehicles becomes more
important.
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Glossary

Source reduction Source reduction is the reduc-
tion of materials coming into the system. The US
Environmental Protection Agency (EPA) defines
source reduction as “activities designed to reduce
the volume or toxicity ofwaste generated, includ-
ing the design and manufacture of products with
minimum toxic content, minimum volume of
material, and/or a longer useful life.” The two
interesting components of this definition are vol-
ume and toxicity. Thismeans that an organization
does not have to solely focus on reducing vol-
umes for source reduction initiatives but could
focus efforts on reducing the negative impacts on
the environment of those same volumes. This

may mean a reduction of pallets entering a build-
ing or of flash being generated from a mold.

Reuse Reuse is the actual reuse of a material in
its present form. Some examples are printing
draft copies on the backside of previously used
paper, using incoming pallets as outgoing pal-
lets, or using incoming boxes as collection
containers for recyclables.

Recycling Recycling is a type of reuse which
involves changing the composition or properties
of the material in one way or another. For exam-
ple, this can be accomplished bymelting it down,
chipping, or grinding the materials. A broad def-
inition of recycling is taking a product or material
at the end of its useful life and turning it into a
usable raw material to make another product.
There are three types of recycling, as discussed
in the hierarchy of waste management:
in-process, on-site, and off-site.

Pollution prevention Pollution prevention is the
broadest and most difficult term to concisely
define. In essence, it is the overall process of
reducing waste and preventing pollution from
entering the environment through the air,
water, or ground. It encompasses both the
aspects of source reduction and waste reduc-
tion. The EPA has defined pollution prevention
as follows: pollution prevention means source
reduction, as defined under the Pollution Pre-
vention Act, and other practices that reduce or
eliminate the creation of pollutants through
increased efficiency in the use of rawmaterials,
energy, water, or other resources or protection
of natural resources under conservation.

Definition of the Subject and Its
Importance

A broad definition of recycling is taking a product
or material at the end of its useful life and trans-
forming it into a usable raw material to make
another product. Recycling collection and material
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separation are concerned with the infrastructure,
resources, and processes required for gathering,
transporting, separating, and consolidating mate-
rials for the recycling process. Recycling collection
and material separation are critical components of
solid waste minimization and aid in conserving
natural resources, maintaining healthier environ-
ments, and reducing greenhouse gas emissions. In
addition, many organizations can achieve eco-
nomic benefits and public image enhancements
by developing strong recycling programs.

Benefits from Recycling

The purpose of a project, plan, or initiative (solid
waste minimization or otherwise) is to achieve
measurable results that can be tied into the origi-
nal goal. These results or benefits are often critical
in determining the feasibility or acceptance of a
project proposal. These benefits are also the key
selling points used when promoting solid waste
minimization to stakeholders and decision-
makers. The benefits of solid waste minimization
and recycling can be separated into four areas:

• Environmental
• Economic
• Corporate image
• Personal and social

Ideally, an organization would like to create a
situation where multiple benefits can be realized
from a single project. This synergistic approach
allows for the creation of win-win situations when
applied appropriately using the system approach
discussed in this book. Specifically, the company
will realize cost benefits and enhanced public
image, the environment will be protected, and
the stakeholders of the organization (including
employees) often gain a sense of well-being and
harmony with the environment as the organization
is protecting the greater good for society. This
entry discusses in greater detail these benefits
and includes examples that may be used to pro-
mote solid waste minimization to decision-
makers.

Environmental Benefits
Waste minimization efforts are a big step forward
in moving toward a sustainable environment. The
results are clear: cleaner air and water, less pollu-
tion, more forested land and open space, and
reduced greenhouse gases. It is obvious that
recycling translates into less trash entering land-
fills. But the greatest environmental benefits of
recycling are not related to landfills but to the
conservation of energy and natural resources and
the prevention of pollution when a recycled mate-
rial, rather than a raw material, is used to make a
new product. Since recycled materials have been
refined and processed once, manufacturing the sec-
ond time around is much cleaner and less energy
intensive than the first. The following list summa-
rizes the key benefits to the environment that can
be derived from solid waste minimization:

• Conservation of natural resources (water, trees,
energy, and land)

• Healthier environment via landfill emission
reductions (carbon dioxide, methane, and
leachate)

• Global warming reduction
• Conservation of habitats

The primary environmental benefit of solid
waste minimization is resource conservation. The
Medical University of South Carolina (MUSC)
reports that the college recycled 1151 metric tons
(1269 US tons) of paper, metals, organics, and other
materials in 2003. Based on the school’s calcula-
tions, this saved a total of about 14,513 kJ (13,756
BTU) of energy, enough energy to power nearly
137 homes for 1 year. In addition, products made
using recovered rather than virgin or raw materials
use significantly less energy. Less energy used
means less burning of fossil fuels such as coal, oil,
and natural gas. When burned, these fuels release
pollutants, such as sulfur dioxide, nitrogen oxide,
and carbon monoxide, into the air. By using
recycled materials instead of trees, metal ores, min-
erals, oil, and other rawmaterials harvested from the
earth, recycling-based manufacturing conserves the
world’s scarce natural resources. This conservation
reduces pressure to expand forest cutting and min-
ing operations.
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Recycling and composting in the United States
diverted nearly 63.5 million metric tons (70 million
US tons) of material away from landfills and incin-
erators in 2000 as reported by the National
Recycling Coalition. This total is up from 31million
metric tons (34 million US tons) in 1990, which is
doubling in just 10 years. Below are some interest-
ing facts about the relationship between recycling
and resource conservation. These facts can have
great emotional appeal when promoting waste min-
imization and can serve as part of a comprehensive
strategy to promote recycling.

• Every US ton of paper that is recycled saves
17 trees.

• The energy that is saved when one glass bottle
is recycled is enough to light a light bulb for
4 h.

• Recycling benefits the air and water by creat-
ing a net reduction in ten major categories of
air pollutants and eight major categories of
water pollutants.

• In the USA, processing minerals contributes
almost half of all reported toxic emissions from
industry, sending 1.4 million metric tons of pol-
lution into the air and water each year. Recycling
can significantly reduce these emissions.

• It is important to reduce our reliance on foreign
oil. Recycling helps the nation accomplish this
by saving energy.

• Manufacturing with recycled materials, with
very few exceptions, saves energy and water
and produces less air and water pollution than
manufacturing with virgin materials.

• It takes 95% less energy to recycle aluminum
than it does to make it from raw materials.
Making recycled steel saves 60%, recycled
newspaper 40%, recycled plastics 70%, and
recycled glass 40%. These savings far out-
weigh the energy created as by-products of
incineration and landfilling.

• In 2000, recycling resulted in an annual energy
savings equal to the amount of energy used in
sixmillion homes (over 696 trillion kJ [660 tril-
lion BTU]). In 2005, recycling is conserva-
tively projected to save the amount of energy
used in nine million homes (950 trillion kJ [900
trillion BTU]).

• A national recycling rate of 30% reduces
greenhouse gas emissions as much as remov-
ing nearly 25 million cars from the road.

• Recycling conserves natural resources, such as
timber, water, and minerals.

• Every bit of recycling makes a difference. For
example, 1 year of recycling on just 1 college
campus, Stanford University, saved the equiva-
lent of 33,913 trees and the need for 577 metric
tons (636 US tons) of iron ore, coal, and
limestone.

• When one US ton of steel is recycled, 1134 kg
(2500 pounds) of iron ore, 635 kg (1400
pounds) of coal, and 54.4 kg (120 pounds) of
limestone are conserved.

• Brutal wars over natural resources, including
timber and minerals, have killed or displaced
more than 20 million people and are raising at
least $12 billion a year for rebels, warlords, and
repressive governments. Recycling eases the
demand for the resources.

• Mining is the world’s most deadly occupation.
On average, 40 mine workers are killed on the
job each day, and many more are injured.
Recycling reduces the need for mining.

• Tree farms and reclaimed mines are not eco-
logically equivalent to natural forests and
ecosystems.

• Recycling prevents habitat destruction, loss of
biodiversity, and soil erosion associated with
logging and mining.

Solid waste minimization also aids in creating
a healthier environment by reducing landfill emis-
sions. As discussed in the environmental concerns
section of this entry, landfills emit a liquid called
leachate. Leachate is a liquid that is generated
from a landfill that is created from decomposing
waste, created after rainwater mixes with the
chemical waste in a landfill or liquids present in
the landfill. Once it enters the environment, the
leachate is at risk for mixing with groundwater
near the site which can have very negative effects.
This liquid can be treated in a similar manner to
sewage, and the treated water can then be safely
released into the environment. One study reports
that landfills are responsible for 3.8% of the global
warming damage from human sources in the
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United States. Municipal solid waste landfills are
the largest source of human-related methane emis-
sions in the United States, accounting for about
25% of these emissions in 2004 [1]. This gas
consists of about 50%methane (CH4), the primary
component of natural gas, about 50% carbon
dioxide (CO2), and a small amount of nonmethane
organic compounds. In 2003, US landfills gener-
ated 131.2 teragrams methane in terms of carbon
dioxide (CO2) equivalents (where a teragram is
1 million metric tons). Reducing the amounts of
solid waste disposed in landfills would reduce
methane generation and subsequently reduce
global warming. Although it is difficult to accu-
rately quantify habitat loss, many animal species
are displaced by the creation of landfills and the
effects of deforestation. By minimizing solid
waste levels and increasing recycling, available
habitats for animals will not be disrupted by the
development or expansion of landfills and the
effects of deforestation to acquire virgin raw
materials.

The Medical University of South Carolina
reported that in 2003, recycling reduced overall
air emissions by 22.6 metric tons (24.9 US tons)
(excluding carbon dioxide and methane) and
reduced waterborne waste by 3.8 metric tons
(4.2 US tons). By reducing air and water pollution
and saving energy, recycling offers an important
environmental benefit: it reduces emissions of
greenhouse gases, such as carbon dioxide, meth-
ane, nitrous oxide, and chlorofluorocarbons, that
contribute to global climate change. Recycling
and composting reduce greenhouse gas by:

• Decreasing the energy needed to make prod-
ucts from raw materials

• Reducing emissions from incinerators and
landfills, which are the largest source of meth-
ane gas emissions in the United States

• Slowing the harvest of trees, thereby
maintaining the carbon dioxide storage benefit
provided by forests

Recycling prevents the emission of many
greenhouse gases and water pollutants, saves
energy, supplies valuable raw materials to indus-
try, creates jobs, stimulates the development of

greener technologies, conserves resources for
our children’s future, and reduces the need for
new landfills and combustors.

Recycling also helps reduce greenhouse gas
emissions that affect global climate. In 1996,
recycling of solid waste in the United States
prevented the release of 30 million metric tons
(33 million US tons) of carbon into the air –
roughly the amount emitted annually by 25 mil-
lion cars. The number of landfills in the United
States is steadily decreasing – from 8000 in
1988 to 1754 in 2006. The capacity, however,
has remained relatively constant. New landfills
are much larger than in the past.

Economic Benefits
The economic benefits of waste minimization are
often one of the key selling points when promoting
environmentally conscious initiatives to businesses.
Other than regulatory compliance, the cost benefits
from waste minimization can turn an “environmen-
tal decision” into a wise business decision that will
increase an organization’s financial statements.
Oftentimes, when promoting a solid waste minimi-
zation program to the decision-makers of an organi-
zation, the most influential benefits are the cost
savings and potential revenue generated from the
program. Often, when the creation of a recycling
program is first discussedwithmanagement, the first
response is “we do not have a budget for recycling.”
This is far from the truth; the budget does exist, and
the starting point is the funds that the company is
currently paying for waste hauling and removal. The
systems approach to solid waste minimization
explores for cost-effective methods to better utilize
these funds and protect the environment. The three
areas for cost benefits are usually derived from:

• Cost avoidance in solid waste hauling and
disposal

• Cost savings in material purchases due to reuse
and reduction

• Revenue generation from the sale of recyclable
material

Many organizations are surprised to learn that
recycling and waste minimization can make strong
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business sense. A common environmental adage is
“become green to make green.” The Business
Waste Reduction Assistance Program at the Uni-
versity of Toledo has identified over $3.1 million in
annual savings for Northwest Ohio businesses in
the 70 waste assessments that the program has
completed. For example, at a plastic manufacturer
with 100 employees, approximately $16,000 in
annual cost benefits were identified via increased
plastic, paper, and cardboard recycling. The waste
stream amounts and revenues also cost justified the
purchase of a baling system.

In the state of Pennsylvania, recycling adds sig-
nificant value to the state’s economy. In the state,
collection and processing, the first step in the
recycling process, involves sorting and aggregating
recyclable materials. It includes municipal and pri-
vate collectors, material recovery and composting
facilities, and recyclable material wholesalers.
These activities employ nearly 10,000 people in
Pennsylvania, with a payroll of $284 million and
annual sales of $2.3 billion. Recycling manufactur-
ing involves the actual conversion of recyclables
into products. The primary recycling manufacturers
in Pennsylvania in order of magnitude are steel
mills, plastic converters, paper and paperboard
mills, and nonferrous metal manufacturers.
Recyclingmanufacturing employs over 64,000 peo-
ple with a payroll of almost $2.5 billion and annual
sales of over $15.5 billion. Reuse and
remanufacturing focus on the refurbishing and
repair of products to be reused in their original
form. The largest activities are retail sales of used
merchandise and reuse of used motor vehicle parts.
The amount of value that can be added via this
process is limited because of competition from
new products. Nevertheless, reuse and manufactur-
ing contribute over 7000 jobs, a payroll of $115
million, and sales of over half a billion dollars.

On a national scale, the recycling industry con-
tinues to grow at a rate greater than that of the
economy as a whole. According to the Institute for
Local Self-Reliance, total employment in the
recycling industry from 1967 to 2000 grew by
8.3% annually, while total US employment during
the same period grew by only 2.1% annually. The
recycling industry also outperformed several
major industrial sectors in regard to gross annual

sales as its sales rose by 12.7% annually during
this period. Furthermore, the number of recycling
industries in the United States increased from
8000 in 1967 to 56,000 in 2000. These facilities
employ 1.1 million people across the country.

For many items, recycling can be more cost-
effective versus disposal. The list below provides
a summary of select construction materials based
on survey results of 63 companies:

• Average cost to recycle
• Asphalt debris: $5.70 per US ton
• Concrete rubble: $4.85 per US ton
• Used bricks and blocks: $5.49 per US ton
• Trees and stumps: $37.69 per US ton
• Wood scrap: $46.43 per US ton

• Average cost of disposal
• Over $75.00 per US ton and can be as high

as $98.00 per US ton

Recycling saves money for manufacturers by
reducing energy costs. In 2001, New Jersey’s
recycling efforts saved a total of 135 kJ (128 trillion
BTU) of energy, equal to nearly 17.2% of all energy
used by industry in the state, with a value of $570
million.

The sale of recycled products is an increasingly
important component of the retail sector and com-
merce in general. There are over 1000 different
types of recycled products on the market, and due
to changes in technology and increased demand,
today’s recycled products meet the highest quality
standards. Recycled products are also more read-
ily available than ever before and are affordable.
By purchasing recycled products, consumers are
helping to create long-term stable markets for the
recyclable materials that are collected from New
Jersey homes, businesses, and institutions.

The economic value of clean air, water, and
land is significant but difficult to quantify. Since
recycling plays an important role in protecting
these natural resources, it must be attributed an
economic value in this context as well.

Corporate Image Benefits
Corporate imaging and product branding play a
critical role in the profitability of any organiza-
tion. Successfully maintaining and strengthening
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these concepts are one of the chief duties of any
marketing department, and environmental initia-
tives can go a long way to bolster them. Specifi-
cally, by focusing on solid waste minimization
and publicizing these efforts, an organization can:

• Increase sales by attracting environmentally
conscious consumers.

• Improve the recruitment of employees that
share similar values.

• Attract environmentally conscious partners.
• Attain free corporate publicity.
• Increase employee involvement gateway to

other programs (heart and mind).
• Maintain cleaner facilities.

Personal and Social Benefits
Solid waste minimization also offers personal and
social benefits. Although many of these benefits
are somewhat intangible and difficult to measure,
they are worth mentioning. They are worth men-
tioning because they can be selling points when
promoting an environmental program. Below is a
list of some of these benefits:

• Personal satisfaction for helping the
environment

• Sustainable environment for future generations
• Cleaner facilities
• Buy-in at work programs (employee

involvement)
• Healthier environments and a higher standard

of living
• Generation of money to assist local programs

such as the sale of aluminum cans to benefit a
children’s burn unit at a hospital

Fundamentals of Recycling Processes

An understanding of the recycling industry and
the related processes can be very beneficial when
evaluating recycling system options. In addition, a
basic understanding can aid managers and engi-
neers in making better decisions in regard to
recycling and disposal options. The following is
a brief summary of some of these benefits:

1. Gaining a better understanding of recycling
options and the different roles that materials
recovery facilities, processors, and material
brokers play in the process

2. Gaining an understanding of the recycling pro-
cess and the process flow for materials as they
leave a facility

3. Gaining an understanding of the material sep-
aration needs based on the recycling process
for each material type

4. Gaining an understanding of the recycling pro-
cess to design better processes and products to
reduce the environmental impact

5. Learning more about the LCA process and
developing more accurate inventory audits

This section provides an overview of the
recycling industry which includes brief discus-
sions of the business entities operating in the
field. In addition, overviews of the recycling pro-
cesses for major waste items are also provided.
The intent of this section is to expose the reader to
basic terms and processes in the field, not to
provide a detailed or comprehensive analysis.

Recycling Industry Overview
The recycling industry is comprised of five pri-
mary entities that work together to get recyclable
materials from the point of generation as a
by-product or waste to the stage where they can
be used again as raw materials.

These entities are:

• Haulers – these companies transport materials
between entities, including the generation
facility, consolidation points, and processing
facilities. Oftentimes, these companies will
lease a semitruck trailer to the generating facil-
ities to consolidate and store recyclable mate-
rials before transportation to a consolidator or
depot.

• Materials recovery facilities (MRF) – an MRF
is a specialized plant that receives, separates,
and prepares recyclable materials for market-
ing to end-user manufacturers [2]. There are
two types of MRFs: clean and dirty MRFs.
A cleanMRF accepts recyclable materials that
have been collected as commingled wastes
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from curbside collection or drop-off sites
(Fig. 1). The most common clean MRF is a
two-stream MRF, where source-separated
recyclables are delivered in the form of a
mixed commingled container stream
(typically glass, ferrous metal, aluminum and
other nonferrous metals, PET [No. 1] and

HDPE [No. 2] plastics) and a mixed paper
stream. A dirty MRF accepts a mixed
(recyclable and nonrecyclable) solid waste
stream and then proceeds to separate recycla-
ble materials via a combination of manual and
mechanical sorting [2] (Fig. 2). The sorted
recyclable materials may undergo further
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processing required to meet technical specifi-
cations established by end markets, while the
balance of the mixed waste stream is sent to a
disposal facility such as a landfill [2].

• Consolidators and depots – a consolidator or
depot is similar to an MRF, but it does not
perform any sorting operations. These entities
hold or store materials until a specified batch
size is reached or when a recycling processing
facility is ready to process the material.

• Material brokers – material brokers buy recycla-
ble materials from cities, businesses, depots, or
MRFs and sell the materials to a processing
facility.

• Processing facilities – these facilities perform
the actual processes to recycle materials. Many
different processing facilities exist for different
materials, such as metals, glass, and papers.

Common Problems and the Human
Factors of Recycling

There are many common problems involved in
creating a successful recycling program. The two
biggest problems found in the duration of this
research were material misplacement and hin-
drances inherent in the company itself.

Material Misplacement
One problem often encountered when companies
attempt to separate out recyclables is employee
involvement. At most sites surveyed, containers
dedicated to certain materials were found to con-
tain other materials as well. This often results in
higher costs for the companies. For instance, at
one company, recyclable material was found in a
dumpster dedicated for hazardous wastes and
therefore costs more to dispose. However, wood,
old corrugated containers (OCC), and other recy-
clables were finding their way into this dumpster.

At another company, recyclables were found in
the landfilled trash stream even though there were
recycling containers nearby. One such example
was in a warehouse. The warehouse had recycling
containers for shrink-wrap and clean cullet (broken
glass) positioned throughout the aisles, and yet the
shrink-wrap, glass, and wood were all found in the

garbage cans which were also throughout the
aisles. In addition, there were aluminum collection
barrels containing glass, glass collection barrels
containing aluminum, and other miscellaneous
trash mixed into the bins labeled for recyclables.

A third company, a heavy manufacturer and
assembly plant, also encountered this problem of
material misplacement. Upon a preliminary tour of
the plant, it was noted that in clearly marked
recycling containers, other materials such as
expanded polystyrene cups, paper, and mixed trash
were found. Similarly, in a large office building with
over 600 employees, the paper collection boxes also
contained film plastic, OCC, and mixed trash.

These observations raised several serious ques-
tions. First, why do people place the wrong mate-
rials into collection containers or place recyclables
into a landfill stream even when the appropriate
container is located within close proximity? What
is the motivation which causes some people to
obey the recycling policies, and what is the moti-
vation that causes others not to? What can be done
to improve involvement and deter carelessness in
regard to recycling?What human factors come into
play in determining the signs which should be used
to mark collection containers and in the placement
of containers? Finally, what motivational ideas
work best in regard to recycling, trash separation,
and waste minimization?

It has been noted that when recycling containers
are distinctive according to acceptable material, the
employees are much more likely to place the
proper material in the container. This may involve
a difference in the type of container used, the color
of the recycling container, or the size and shape of
the opening or of the container itself. For instance,
some companies use large wire bins which are
always for recyclables only. Others used colored
containers to designate the end point of the mate-
rials. Still others use containers of different shapes
and sizes for each different material. Often, the
same types of similar containers are used with
only a difference in size and shape of the opening
for each material.

It is also obvious that when there are clear signs
designating the acceptable materials for each con-
tainer, accidental wrong placement of materials is
much less likely. These signs usually work better if

48 Recycling Collection and Material Separation



they are in color, have pictures, and are placed in
easy sight. The signsmust be easily recognizable and
distinguishable in order to facilitate employee
involvement. People do not like to be bothered by
extra time and energy needed in order to recycle. If it
requires extra effort, people will often not participate.

In a similar venue, the collection containers
must be properly placed, or people will not bother
to find them. Individuals who have a personal
interest in recycling will hold on to recyclables
until they can be properly disposed of or placed in
the proper container. Such people have often been
found to do such things as take aluminum cans
home from work if the company does not recycle
them. These people will take the added time and
energy necessary to get the materials in their
proper containers. However, if one does not have
such personal convictions, then in fast-paced soci-
ety, taking the extra time and effort to find the
proper recycling container is often too time-
consuming and problematic to bother with.

If there is a motivation to recycle, the outcome
is much better. There is not one cure-all for moti-
vating employees, but there are some highly suc-
cessful motivation factors. These include money,
fun, and free time. The three motivation factors
can be utilized in a variety of ways. One option is
to keep track of recycling by department and then
to award the best department(s) with cash, a party,
or a paid afternoon off. There are countless other
creative options available. The feasibility of these
options depends on the particular company and its
schedule, policies, and recycling revenue.

According to human nature, there will always
be some people who are too careless, apathetic, or
lazy to obey recycling mandates. However, the
proper use of human factors and motivation can
minimize the number of such people and in turn
minimize the incidents of contamination of recy-
clables and recycling collection containers.

Observed Common Hindrances
There are many common hindrances to recycling
which occur on a higher level than employee
involvement. These include management percep-
tions, company policies, union rules and regula-
tions, poor past performance in recycling attempts,
and many other reasons. These hindrances must be

overcome, or successful recycling will be impossi-
ble. It is often very difficult to overcome these
hindrances. Very often, they are due to a misunder-
standing or wrong perceptions. This makes it vitally
important for the assessment team to understand the
hindrances and how to combat them.

Though it may seem impossible to overcome
policies or company rules, recommendations may
still be made which do not conform to the prob-
lematic rules. The recommendations can be pro-
vided as win-win situations and may go a long
way to adjusting the policies inhibiting recycling
practices. The most important issue is that the
economically and ecologically best scenario is
chosen. This can always be accomplished with
win-win situations if those participating are will-
ing to be creative. In short, the assessment team
cannot direct the company to change its policies
but can present alternatives which allow the com-
pany, management, or union to see the downfall in
the policy and the benefits of alterations.

Solid Waste and Recycling Assessments

The process used for the assessment was expanded
from a waste assessment manual provided by the
US EPA [3]. This EPA manual was also used by
Petek to reduce wastewater emissions by 24% at a
textile facility in Slovenia [4]. To initiate the waste
audit process, the company was given a pre-
assessment questionnaire to complete. This is done
to allow the researchers the opportunity to have a
general understanding of the company before gath-
ering data on the walk-through. The questionnaire
gives the researchers an opportunity to investigate
the processes beforehand if needed. Figure 3 sum-
marizes the nine-step waste assessment process.

Recycling Collection Systems and
Methods

Advances in technology, changes in recycling
laws, trends in recycling markets, and other vari-
ables have had a large impact on recycling collec-
tion systems and methods. The public and
businesses now have more options to aid them in
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increasing recycling levels. So, it is important for
organizations to periodically evaluate their
recycling collection system to determine if it is
the most cost-effective and efficient program.
Several widely used programs include:

• Curbside programs (single-stream, multi-
stream, and pay-as-you-throw)

• Automated collection
• Drop-off centers
• Incentive programs

Curbside Recycling
Curbside recycling now serves half of the US
population, providing the most convenient
means for households to recycle a variety of mate-
rials [5]. While individual curbside programs dif-
fer, the most commonly collected materials are
“The Big Five,” which includes aluminum cans,
glass bottles, paper, plastic, and steel/tin cans.
Curbside recycling exists in several ways
[5]. They include:

• Dual-stream recycling
• Single-stream recycling
• Pay-as-you-throw

Dual-stream recycling is probably the most
popular form of curbside recycling in the United
States [6]. Used containers (plastics and metals)
are placed into one bin, and papers (such as news-
paper, magazines, and direct mail) go in another
bin. Both bins are set out on the curb on pickup
day. Most communities that offer this service use
special trucks divided into two compartments so
workers can sort at the truck.

Single-stream recycling is a method that is
growing but somewhat controversial. It provides
one cart (65 or 94 gal) where materials are
commingled [7]. Households do not have to sep-
arate any materials. Haulers favor single-stream
because it involves less trucks and pickups
[7]. Evidence suggests that single-stream
increases the quantity of household recyclables,
and many cities have implemented single-stream
programs as a result [7].

Pay-as-you-throw (PAYT) is a trash collection
program that encourages curbside recycling
[8]. Residents are charged per trash bag, and curb-
side recycling is offered at no or a reduced cost.
There are several benefits to PAYT programs as
discussed by the EPA [8]:

• Decreases waste: The US EPA says municipal-
ities often see 25–35% less nonrecyclable
waste.

• Increases recycling: If residents can pay for
trash or recycle for “free,” they are much
more watchful about what gets trashed; one
California PAYT program saw recycling vol-
umes triple, literally overnight.

• Control of waste costs: Residents have a direct
effect on what they spend on disposal.

• More information about who supports PAYT is
available from the US EPA. Over 5000 com-
munities across the country currently have a
PAYT program.

Automated Collection
Many communities are moving toward automated
collection using a specialized vehicle that lifts,
empties, and returns a cart to the curb. The driver
controls the entire process from the cab of the vehi-
cle and does not leave the vehicle [5]. This can
reduce labor costs and on-the-job injuries, thereby
reducing worker’s compensation claims [5]. Auto-
mated systems utilize specialized trucks equipped
with mechanical extensions that automatically lift
and empty trash and recycling containers without
the driver leaving the vehicle. This is a system
designed to improve the efficiency and makes the
task of putting out garbage easier and cleaner for the
residents [5].

Drop-Off Centers
Drop-off centers can be a cost-effective way for
smaller or rural communities to collect recycla-
bles [5]. It can also be effective for urban commu-
nities to offer businesses, apartment buildings,
and condominiums access to recycling [5]. In
most cases, drop-off centers have lower operating
costs versus curbside collection due to lower
resource requirements in terms of labor and fuel.
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Drop-off centers, like curbside programs, can
offer full source separation (multiple bins),
commingled materials (fewer bins), or a single-
stream (fully commingled) approach for
collecting recyclables [5].

Dual-Stream Versus Single-Stream Collection
Single-stream recycling collection: “Single-
stream” recycling collection (fully commingled)
programs allow participants to put all recyclable
materials (e.g., paper, bottles, cans) into one col-
lection container. In the case of paper, all grades
are mixed together along with cardboard and
rinsed food containers at the curb and/or bin at a
municipal transfer station.

The fully commingled recyclable materials are
then transferred to a central point such as a materials
recovery facility (MRF) where the recyclables are
separated using handpicking and/or automation.
Paper collected in single-stream systems may be
further separated into various paper grades (e.g.,
high-grade white paper, newsprint, cardboard). For
single-stream recycling to work, the processing
facility must sort the recyclable materials properly
and thoroughly to meet market specifications [9].

Single-stream collection has become popular
for the following reasons:

• Many residents find it convenient, since no
sortation is required by them.

• The convenience has resulted in higher
recycling participation rates [2].

• New materials can be added to the collection
system with minimal change to the collection
system and process.

• It is found to increase the amount of recycla-
bles collected [2].

• Reduces the number of collection trucks
needed because single-stream programs usu-
ally lead to changing to automated or semi-
automated curbside collection [2].

Dual-stream or multi-stream recycling collection
programs require participants to place each recycla-
ble material in the appropriate collection bin when
they first discard the item. Separate containers col-
lect glass, metal, plastic, newsprint, and magazines.

Recovered paper can be collected separately by
grade (e.g., white office paper, newspapers, mag-
azines, and corrugated cardboard boxes) or, more
commonly, collected as mixed paper separated
from other recyclable materials. If different grades
of paper are commingled, they are sorted at a
central point, such as a materials recovery facility
(MRF). If paper is separated at the source, the
different grades of paper can be marketed sepa-
rately for the highest return.

Benefits of dual- or multi-stream (sorted) col-
lection include [2]:

• Lower levels of contamination at the source.
• Higher-quality materials.
• Materials are more valuable and may result in

higher financial returns.
• Lower costs to process the recovered paper.

Single-stream recycling collection allows resi-
dents to “fully commingle” all their recyclables
(mixed paper and mixed food containers together)
at the curb, transfer station, or recycling center
[5]. The materials are separated during pro-
cessing, at a resource recovery or materials recov-
ery facility, and prepared for recycling markets
[5]. Single-stream curbside collection programs
are most often implemented with automated or
semiautomated collection [5].

Incentive Programs
The following is a list of several incentive pro-
grams that have been implemented to increase
recycling levels for communities:

• Recycle man rewards residents with grocery
gift cards [5]

Polk County, Florida – Officials recently
conducted a 6-week recycling incentive pro-
gram. Each recycling day, the county recycling
coordinator, also known as “the Recycle Man,”
and his supervisor canvassed local communi-
ties with low recycling rates to encourage res-
idents to recycle. For each bin they observed
that was properly prepared, they awarded the
resident with a $20 gift card to their local
grocery store. While full results are pending,
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the county did receive a notable increase in
calls for bins as a result, and their MRF
reported an increase in recycling volume [5].

• Recyclebank [5]
Recyclebank provides coupons to residents

that participate in curbside recycling programs.
Recyclebank calculates and records quantity
(weight) of recyclables collected at the curb
(requires automated collection using bar code
on recycling container) in exchange for cou-
pons for products and services for local busi-
nesses. In 2008, the City of Hartford, CT
implemented a 1-year pilot program that
included using Recyclebank [5].

• Door prizes encourage participation at county
drop-off center [5]

Hanover, Pennsylvania – Hanover, Penn-
sylvania, was ordered by the PA Department
of Environmental Protection to make curbside
recycling mandatory for all residents in the
summer of 2004. The city immediately began
looking for ways to track and promote
recycling participation [5].

One method officials used was to issue a
card with a bar code to each resident sub-
scribed to the recycling service. Residents
swipe the card when they take recyclables to
the recycling center. The cards help the bor-
ough keep track of residents’ participation in
the recycling program [5].

To create incentive for residents to continue
dropping off recycled materials at the center,
the borough began issuing door prizes at ran-
dom to people using the recycling center
starting in May 2006. More than 800 cards
were swiped at the recycling center during the
first 2 weeks of March [5].

Separation Methods and Equipment by
Material

A materials recovery facility (MRF) or materials
reclamation is a specialized plant that receives,
separates, and prepares recyclable materials for
marketing to end-user manufacturers. As previ-
ously discussed, there are two different types –
clean and dirty MRFs.

The percentage of residuals (unrecoverable
recyclable or nonprogram materials) from a prop-
erly operated clean MRF supported by an effective
public outreach and education program should not
exceed 10% by weight of the total delivered
stream, and in many cases, it can be significantly
below 5% [2]. A dirty MRF recovers between 5%
and 45% of the incoming material as recyclables
[2]; then, the remainder is landfilled or otherwise
disposed. A dirty MRF can be capable of higher
recovery rates than a clean MRF, since it ensures
that 100% of the waste stream is subjected to the
sorting process and can target a greater number of
materials for recovery than can usually be accom-
modated by sorting at the source [2]. However, the
dirty MRF process is necessarily labor intensive,
and a facility that accepts mixed solid waste is
usually more challenging and more expensive to
site [2]. The following sections provide additional
details regarding the recycling processes for com-
mon materials.

Newspaper
The generalized process for newspaper collection
involves:

• Newspaper is collected and consolidated from
drop-off sites, curbside collection, or business
collection.

• The material is baled at a materials recovery
facility.

• The baled material is sold to a paper mill.
• The paper mill recycles the newspaper and

creates raw material to be used as newspapers
or other products.

Old newspaper is an essential material in the
paper remanufacturing process; as the paper mills
are concerned about both quality (cleanliness, type
of paper) and quantity of the supply, they usually
issue purchasing contracts to dealers rather than
buy small amounts of paper from the public [10].

The equipment and recycling process is sum-
marized in the following paragraph:

At the paper mill, de-inking facilities separate
ink from the newspaper fibers through a chemical
washing process. A slusher turns the old paper
into pulp, and detergent dissolves and carries the
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ink away. Next, screens remove contaminants like
bits of tape or dirt. The remaining pulp is bleached
and mixed with additional pulp from wood chips
to strengthen it. The watery mixture is poured
onto a wire, a continuously moving belt screen
which allows excess moisture to drain through.
By the time the mixtures gets to the end of the belt,
it’s solid enough to be lifted off and fed through
steam-heated rollers which further dry and flatten
it into a continuous sheet of paper. This paper
machine produces finished newsprint at the rate
of 915 m (3,000 ft) per minute [10].

Cardboard
The generalized process for cardboard or old cor-
rugated container (OCC) recycling is very similar
to newspaper recycling. The equipment and
recycling process is summarized in the following
paragraph:

While some corrugated cardboard is recycled at
curbside, the bulk of it comes from commercial
rather than residential sources. At the paper mill,
the corrugated containers are pulped and blended
with additional pulp from wood chips. Old fibers,
which are broken, shorter, and weaker, as com-
pared to new fibers, are blended with the new
pulp. Recycled paper fibers and new pulp are
then blended to make linerboard. Next, the liner-
boards are shipped to a boxboard plant, where the
manufacturing process is finished. The paper is
corrugated by specially geared machines, the liner-
boards are glued on, and the resulting flat pieces,
calledmats, are trimmed to size and creased along a
pattern of folds. The mats are shipped flat to cus-
tomers who set them up into boxes. Then the boxes
are used to package products for shipping [10].

Glass
The generalized process for glass recycling also
involves collection and consolidation. Glass
recycling poses additional challenges over other
materials because it is fragile and breaks easily
during transportation and consolidation. This can
cause safety and separation issues for transporta-
tion and hauling companies. The equipment and
recycling process is summarized in the following
paragraph:

At the plant, a mechanical processing system
breaks the glass into small pieces called cullet. Mag-
nets, screens, and vacuum systems separate out
metals, labels, bits of plastic, metal rings, and caps.
The cullet then is blended inmeasured amounts with
silica sand, soda ash, and limestone and placed in a
furnace which melts it into molten glass [5].

Steel (Tin) Cans
The equipment and recycling process is summa-
rized in the following paragraphs:

After the cans are collected, the volume of cans
collected and type of transportation arrangements
available will determine whether the load will go
through a dealer or directly to a de-tinning plant.
At the plant, a chemical de-tinning solution flows
into and drains the cans more easily, which results
in better recovery of the tin during the reclaiming
process. The process consists of a series of chem-
ical and electrical steps which separate, purify,
and recover the steel and tin. In the batch process
of de-tinning, the cans first are loaded into perfo-
rated steel drums and dipped into a caustic chem-
ical solution which dissolves the tin from the steel.
The de-tinned steel cans are drained, rinsed, and
baled into 14”�14”�30” 181 kg (400 pound)
blocks. Then they are sold to steel mills to be
made into new products [5].

Meanwhile, the liquid with the tin, a salt solu-
tion called sodium stannate, is filtered to remove
scraps of paper and garbage. Then it’s chemically
treated to eliminate other metals. Next, the solu-
tion is transferred to an electrolysis bath. When
electricity is applied, tin forms on one of the plates
in the solution. After the plate is covered, the tin is
melted off and cast into ingots. The ingots are at
least 99.98% pure tin and are used in the chemical
and pharmaceutical industries. Pure tin also is
alloyed with other metals to make solder, babbitt,
pewter, and bronze products [5].

Aluminum
The equipment and recycling process is summa-
rized in the following paragraph:

After the aluminum is collected and consoli-
dated, it is transported to a smelter, where it may
be shredded or ground into small chips before
being melted and cast into ingots. The ingots are
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sent on to manufacturing plants where they are
rolled into sheets of aluminum and used to man-
ufacture end products ranging from cans to cast-
ings to car bodies. The major markets for
shredded aluminum are exports (comprising a
variety of end users) and domestic smelters [5].

Financial Analysis

If this section were to be reduced into one key idea,
it would be the application of the three Rs and the
two Es as they apply to solid waste minimization.
From a technical and regulatory standpoint, the
hierarch mentioned in the previous section is excel-
lent, but it does not hit home with the leadership of
many organizations and does not promote the full
benefits of solid waste minimization [11]. In terms
of communicating and promoting solid waste min-
imization, the three Rs and the two Es have served
as a very effective tool. The three Rs are:

• Reduce
• Reuse
• Recycle

The three Rs are a summary of the hierarchy
discussed in the previous section. In terms of the
hierarchy, the first item discussed, “source reduc-
tion,” has been separated into two components,
“reduce” and “reuse.” Reuse has been added to
emphasize the fact that many items that are being
disposed of at a landfill by organizations could have
been reused, such as cardboard containers, plastic
caps, or rubber bands [11]. Finally, all recycling
methods, in-process, on-site, and off-site, have
been lumped into one category for simplicity.

And the two Es are:

• Environment
• Economics

The concept is to apply the three Rs at an
organization to help the two Es. The three Rs
provide the solutions to the solid waste problem
based on the hierarchy of solid waste manage-
ment. The two Es communicate the goals of
these efforts: to lessen the environmental impact

of an organization and improve an organization’s
economics or bottom line. This simple phrase is
easy to understand and has served as a great “tag
line” or “catch phrase” to promote solid waste
reduction. By emphasizing economic benefits,
solid waste reduction and minimization benefits
are much easier to sell to the decision-makers
because the efforts are placing attention on the
financial health of the organization as well.
A plant manager of a battery manufacturing firm
located in Toledo, Ohio, bluntly summarized this
concept when he stated that his company “is in the
business of producing and selling batteries, not
recycling” [11]. It is easy to get caught up in the
good feelings associated with helping the envi-
ronment, but unless there is a financial incentive,
many organizations may give environmental con-
cerns only “lip service” [11]. A buzzword that is
now emerging is “greenwashing,” which is a sit-
uation in which a company publicly and verbally
promotes their environmental efforts to bolster
corporate images but falls short of the actions
associated with the public statements. The goal
of emphasizing the three Rs and two Es is to
bridge the gap between public statements and
corporate actions by demonstrating that environ-
mental concerns make business sense.

A common misconception of organizations is
that they do not have funds in their budgets for
recycling or environmental initiatives. The fallacy
in this thinking is that virtually all companies have a
starting point or a “budget” for recycling and waste
reduction: the annual expenses for trash removal and
janitorial efforts [11]. The paradigm shift requires
considering the amount ofmoney expended per year
as the “environmental” or “recycling” budget and
devising creative methods and processes to mini-
mize impacts to the environment. Many organiza-
tional leaders are surprised to learn the potential cost
avoidance or revenue generated from becoming
more environmentally conscious. A financial case
study is discussed later in this section highlighting
some of the typical benefits.

Economic benefits from solid waste analysis
and minimization can be achieved in a variety of
ways. The most common economic benefits
derived from solid waste minimization are listed
below [11]:
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• Cost avoidance – Organizations can save
money by diverting solid waste streams from
the landfill to back within the company in
terms of reuse or off-site to a recycler. The
monetary savings are derived from no longer
paying a waste hauler to remove the trash and
dispose of it at the landfill.

• Recycling revenue – Substantial additional
revenue can be earned by selling recyclables
to third-party processors or recycling commod-
ity brokers. For example, one US ton of baled
cardboard sells for $100–$180 on the market.

• Reduced raw material costs –When an organiza-
tion is able to utilize in-process or on-site
recycling, they reduce their raw material needs
directly by replacing virgin material purchases
with in-house scrap, rework, or process
by-products.

• Reduced energy costs – By reducing the
amount of materials within a facility through
reduction and reuse, material handling costs
can be minimized.

• Increased sales – Many consumers and busi-
nesses look favorably on organizations that are
environmentally conscious and purchase prod-
ucts or services from them.

• Increased productivity – As workers are
engaged in efforts that they see as meaningful,
many of them take pride and put additional
efforts into their work. In addition, absentee-
ism may reduce as well.

The case study discussed in the following sec-
tion highlights the financial aspects of a decision
by the Lucas County Solid Waste Management
District to build and operate a government-owned
materials recovery facility.

Case Study

Solid waste minimization and recycling goals for
municipalities are achievable through the installa-
tion of materials recovery facilities (MRFs), and in
certain solid waste management systems,
government-owned and government-operated
MRFs are feasible and cost justified. This section
demonstrates a process to evaluate and determine

the operational and economic feasibly of a
government-owned MRF [12]. A case study from
Lucas County, Ohio, is provided that demonstrated
this analysis process. The key findings from the case
study indicate that the municipality will achieve a
payback period of approximately 4 years, and a
10-year internal rate of return of 20.5%, versus the
current system of outsourcing [12].

In 2007, the Lucas County Solid Waste Man-
agement District (District) purchased a materials
recovery facility (MRF) to sort and sell nearly
9000 metric tons (10,000 US tons) of recyclable
materials that were collected per year from its
municipal recycling programs. Currently, the
county recycles two classes of materials,
commingled fiber and commingled used beverage
containers. In 2006, the District recycled 9755 US
tons of materials [12]: 7280 US tons were
commingled fiber (mixed office paper, newspaper,
and OCC) and 2475 were commingled used bever-
age containers (plastic bottles and aluminum cans).

The first phase of the analysis process involved
estimating the current recycling levels in terms of
materials compositions and volumes (annual ton-
nages). These data were collected from District
records from the 2006 fiscal year and included oper-
ating cost and revenue data [12]. Once combined,
this information provided a complete baseline of the
operations of the current system utilizing outsourced
processing. This baseline was used to compare the
cost structure of acquiring a county-owned and
county-operated MRF. The baseline data all annu-
alized costs and revenues associated with the drop-
off recycling program, specifically [12]:

• Revenue paid from third-party processors for
recyclable materials

• Third-party processing fees
• Labor costs
• Administrative costs
• Vehicle costs (fuel, maintenance, repair)
• Drop-off container and material costs

The second phase involved identifying potential
MRF sites. A local business realtor was contacted
for assistance. Upon the identification of the MRF
site, a complete annual cost and revenue projection
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were conducted to operate the MRF over a 20-year
period [12]. This analysis included the following
annualized costs and revenues:

• Revenue paid from third-party recycling mate-
rial commodity brokers

• Building purchase cost (including realtor fees)
• Building modification and renovation costs
• Equipment and inspection/repair costs
• Labor costs (including driver and processors)
• Administrative costs
• Utility costs
• Vehicle costs (fuel, maintenance, repair)
• Drop-off container and material costs

This financial projection of the proposed MRF
was compared with the current system baseline. In
essence, the analysis answered the question whether
the additional revenue earned from the sale of the
processed recyclable materials will outweigh the
additional capital and operating costs over the pro-
jected 20-year life of the project at a 15% minimum
attractive rate of return [12]. To accomplish this
analysis, a net present worth (NPW)was conducted.
The NPW is the difference between the present
worth of all cash inflows and outflows of a project.
Since all cash flows are discounted to the present,
the NPW method is also known as the discounted
cash flow technique. This method allows not only
the selection of a single project based on the NPW
value but also a selection of the most economical
project from a list of more than one alternative
project, in the case of this research, the existing
system of outsourcing versus purchasing and oper-
ating a government-owned MRF.

This section demonstrated the process for
municipalities to economically justify the pur-
chase and operation of a government-owned
MRF. Key findings from this research revolve
around a case study from the 2007 purchase of a
government-owned MRF in Toledo, Ohio, USA
[12]. The key findings were demonstrated through
a complete financial analysis. Specifically, the
financial analysis indicated that the municipality
will achieve a payback period of approximately
4 years and a 10-year internal rate of return of
20.5% [12]. The consequences of these findings,

stemming from the economic and operational jus-
tification, led to the actual purchase of the MRF
site and subsequent operation in 2007 through
early 2008. This research may serve as an exam-
ple or model for other local governments consid-
ering the implementation of such a system [12].

Industrial Ecology and Solid Waste
Exchanges

Industrial ecology is the field of research that
studies waste generation from a macrolevel for
entire industries. From a solid waste standpoint,
industrial ecology is concerned with the conver-
sion or reuse of undesirable materials into some-
thing useful for another company or industry, in
other words, waste exchanges and material effi-
ciency. Material efficiency is defined as the per-
centage of process by-products that are recycled
or reused divided by the total by-product genera-
tion for a company or industry. Industrial ecology
and waste exchanges examine the material effi-
ciency and methods to improve that efficiency.
Whereas waste audits examine an individual
company’s ability to reduce, reuse, or recycle,
waste exchanges examine an entire industry’s or
region’s ability to reduce, reuse, or recycle. In
essence, waste exchanges examine methods for
one company to use another company’s
by-products as a raw material, diverting this mate-
rial from entering a landfill. Waste exchanges are a
great tool that can enhance a company’s recycling
levels and generate economic benefits as part of
the solid waste auditing process. Waste streams
identified during a solid waste audit that the com-
pany cannot reduce or reuse could be sent to
another company using one of many solid waste
exchanges operating around the world.

With increased pressures on companies to
improve profitability and reduce environmental
impacts, waste exchanges are more popular than
ever. Many companies and nonprofit organiza-
tions are turning to these exchanges to bolster
corporate images and reduce costs. The Internet
has simplified, streamlined, and reduced the costs
associated with the administration of waste
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exchanges as well. Information is available in real
time, 24 h/day, which makes such systems more
accurate and user-friendly, while allowing the
exchanges to reach a larger client base.

History and Background
Waste commodity exchange is defined as the abil-
ity of a company or organization to use another
company’s waste as its raw material. As the old
adage goes, “One person’s trash is another per-
son’s treasure.” Instead of sending seemingly
worthless items or process by-products away to a
landfill, the goal of the waste commodity
exchange is to find a company that may get more
use out of the product.

A good household example of this is garage
sales, which are an excellent way to reuse prod-
ucts. Another alternative is to find different ways
to reuse items. Baby food jars, for example, can be
reused to store miscellaneous nuts, bolts, and
washers in a workshop.

Waste exchanges have been around for over
60 years [13]. The British Government
established the earliest documented industrial
waste exchange, called the National Industrial
Materials Recovery Association, in 1942
[13]. This waste exchange was created to conserve
materials for the war effort during World War
II. The first North American waste exchange was
started in Canada in 1974 for hazardous waste
[13]. The National Industrial Materials Recovery
Association is no longer active as it disbanded
after the war. The Canadian waste exchange is
still active as the Canadian Waste Materials
Exchange (CWME).

Waste commodity exchanges are reuse and
recycling services that help these types of material
exchanges occur on a much larger scale for busi-
nesses. These services help businesses save
money as well as help the environment by divert-
ing waste into usable raw materials.

Waste Commodity Exchanges in North
America
Over 200 waste commodity exchanges are cur-
rently operating in North America. These
exchanges differ in terms of the service area,

materials exchanged, exchange processes, and
fee structures [14]. Many of these exchanges are
coordinated by state and local governments, while
others are for-profit businesses. The US Environ-
mental Protection Agency (Washington) provides
an excellent reference list of waste exchanges and
contact information [14].

More than 35 national and 150 state-specific
waste exchanges exist in the United States, and
Canada has more than 7 national waste exchanges
[14]. The majority of the waste exchanges are
specific to certain regions or states. The drawback
to regional or state-specific exchanges is that they
expose the available materials to fewer potential
companies. The benefits of regional exchanges,
though, are that they significantly reduce trans-
portation costs, especially for heavy or bulky
items and large quantities.

Regional exchanges are appealing to compa-
nies that may continually exchange waste items
over an extended period of time due to long-
standing process by-products. An example of
this is plastic scrap from a manufacturing process.
Another company may be able to grind the scrap,
use it as a raw material, and establish dedicated
routes to transport the material. On the other hand,
national exchanges expose materials to a much
larger number of companies, but transportation
fees may make some options infeasible.

The material and waste focus of the various
exchanges differs significantly. Some are very
broad and deal with a wide variety of materials.
For example, in terms of the national exchanges,
Recycler’sWorld (www.recycle.net) and the Reuse
Development Organization (www.redo.org) handle
any waste that users post on the Website.

Alternatively, some exchanges are very nar-
rowly focused. Good national examples of this
are the American Plastics Exchange (www.apexq.
com), which deals solely with plastics, and Planet
Salvage (www.planetsalvage.com), which deals
only with used automobile parts. Overall, any
material that is available from one business and
wanted by another can become an exchange item,
and a waste exchange most likely exists for it.

Materials that are available for exchange are
generated from a variety of sources, which
include:
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• By-products
• Damaged materials
• Expired products
• Obsolete and off-specification goods
• Overstock virgin products
• Surplus

Common materials that are available and
wanted for exchange include categories such as:

• Acids
• Agricultural by-products
• Alkalis
• Ash and combustion by-products
• Chemicals
• Computers and electronics
• Construction and demolition debris
• Durables and furniture
• Glass
• Metals
• Miscellaneous
• Oils and waxes
• Paints and coatings
• Paper
• Plastics
• Refractory material
• Rubber
• Sand
• Services
• Shipping materials
• Solvents
• Textiles and leather
• Wood

Waste exchanges are used by a variety of orga-
nizations, including private sector waste genera-
tors, government agencies, solid waste district
staff, recycling organizations, and material bro-
kers. Materials exchange users can be anyone
who handles surplus or unwanted materials, such
as architects, administrative assistants, buyers,
engineers, residents, consultants, custodians,
environmental managers, government employees,
procurement specialists, purchasing representa-
tives, recycling brokers, shipping clerks, and
storeroom managers.

Differences in the business models and pro-
cesses for the waste commodity exchanges are

also evident. Many of these exchanges serve as a
meeting place for companies that would like to list
materials and potential respondents, who then
work out the details of payment and transportation
and storage themselves to facilitate exchanges.
Some exchanges have an eBay-type Web posting
system, whereas others produce printed periodi-
cals. Some handle requests via the phone or fax;
however, most utilize the Internet.

According to the EPA materials exchange,
“Typically, the exchanges allow subscribers to
post materials available or wanted on a Web
page listing. Organizations interested in trading
posted commodities then contact each other
directly. As more and more individuals recognize
the power of this unique tool, the number of
Internet-accessible materials exchanges continues
to grow, particularly in the area of national
commodity-specific exchanges” [15].

Finally, the major difference among the
exchanges dealt with the fee structures. Most
exchanges are no cost, but some charge periodic
membership fees or fees per transaction. Overall,
waste exchanges have very minimal fees – just
enough to cover the administrative costs. TheAmer-
ican Plastics Exchange, for example, is the most
expensive waste exchange, with a $360-per-year
membership fee and $0 per exchange – still, a very
cost-effective exchange. The typical per exchange
fee, for those that did charge, was $5–$10 [15].

Success Stories
Waste exchanges have played an important role in
assisting companies to identify and implement
recycling and reuse opportunities. These efforts
result in lower operating costs, reduced purchasing
costs, reduced storage costs, enhanced corporate
images, diminished demand for landfill space and
incinerator capacity, and, ultimately, a cleaner
environment.

“It is estimated that, by promoting the reuse
and recycling of industrial materials through
waste exchanges, the industry currently saves
$27 million in raw material and disposal costs
and the energy equivalent of more than 100,000
barrels of oil annually,” as determined by the
National Materials Exchange Network operating
in Silver Spring, Maryland [16]. These savings
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often translate directly to the companies’ bottom
lines with stronger financial performance [16].

In 1998, its first year of operation, the Ohio
Materials Exchange (Columbus, Ohio) exceeded
initial expectations by exchanging over 2600 US
tons of waste and saving Ohio businesses
$103,000 in disposable costs [17]. According to
Dale Gallion, manager of quality assurance at
Diamond Products (Elyria, Ohio), the company
used to pay to have leftover metal powder
scrapped [17]. After joining the waste exchange
program, Diamond Products sold 8000 pounds of
metal powder for $14/pound. Additionally, the
company accumulates about 1000 pounds of
metal powder each month and plans to continue
using the exchange [17].

Another good example is the Massachusetts
Materials Exchange [18]. “In the past 4 years,
the Massachusetts Materials Exchange has
moved over 2,000 US tons of materials, saving
participants more than $100,000 in avoided dis-
posal and purchasing costs” [18].

Waste exchanges are a cost-effective means of
helping businesses save money, as well as helping
to divert waste into usable raw materials.
Advances in information technology over the
past decade have served as a catalyst to promote
the exchanges and further allow exchanges to
provide current information on both the materials
available for use and the materials wanted, which
helps business make better environmental and
financial decisions [15].

These exchanges also play an important role in
assisting waste generators in identifying and
implementing recycling and reuse opportunities.
For example, since the inception of the Ohio Mate-
rials Exchange, businesses using the service
reported savings of over $13.5 million in disposal
costs and diverted over 308,000 metric tons
(340,000 US tons) from landfills [17]. These efforts
result in lower operating costs and diminished
demand for landfill space and burning capacity,
which all lead to a cleaner environment. Natural
resources are limited, and resources need to be
conserved as much as possible [17]. The fewer
raw materials used, the greater the supply for future
generations, and waste exchanges are helping
achieve this goal.

Future Directions

The current trends within recycling collection and
separation revolve around discovering more cost-
effectivemethods andways to enhance participation.
Automated collection systems are gaining a great
deal of popularity and will continue to proliferate as
many organizations seek to reduce long-term costs.
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Glossary

Ceramic glass Transparent ceramic products
characterized by an appearance similar to those

of glass. They are characterized by an amor-
phous phase and one or more crystalline phases.

Classification Set of mechanical actions carried
out in dry or wet conditions, addressed to
perform a “classification” of particles systems
according to their morphometrical (e.g.,size-
shape) attributes.

Comminution Set of mechanical actions specif-
ically carried out to perform a reduction of
waste materials in particles of suitable size
and shape to be properly handled and processed
in order to liberate/remove contaminants.

Cullet Particulate solid product resulting from
collection-comminution of waste glasses.

De-inking Mechanical processfinalized to remove
“ink-particles” and “stickies” from waste paper.

Ferrous metal Magnetic metals mainly com-
posed of iron.

Flotation Mechanical process finalized to per-
form a selective separation of hydrophobic
from hydrophilic materials. Hydrophobic mate-
rials are forced to adhere to bubbles and float.

Fluff Fine fractions resulting from automotive
shredder residue (ASR). Fluff is constituted
by materials characterized by intrinsic low spe-
cific gravity (e.g., plastics,rubber, synthetic
foams, textiles).

Municipal Solid Waste (MSW) All the non-
hazardous waste resulting from the collection
of household, commercial, and institutional
waste materials.

Non-ferrous Metal Metals which contain no
iron (e.g., aluminum, copper, brass, bronze)
Separation – Set of mechanical actions carried
out in dry or wet conditions, addressed
toperform a “separation” of particles systems
according to their physical attributes (e.g., den-
sity, surface properties, electrostatic properties,
magnetic properties, color)

Sorting Waste particles separation usually car-
ried out adopting optical-electronic recogni-
tion devices and logics.
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Definition of the Subject and Its
Importance

Concise Definition of the Subject and Its
Importance with Brief Historical Background
Recycling technologies can be defined as the
whole of procedures finalized to set up physical-
chemical actions, at industrial scale, to perform
the recovery of materials and end-use products, as
they result from the collection of household or
industrial wastes. Materials to recover and to recy-
cle, obviously, influence both processing technol-
ogies and plant layouts. In this section an in-depth
analysis of the problems arising when suitable
recycling technologies have to be designed,
implemented, and set up is presented with partic-
ular reference to paper, glass, metals, plastics, and
textiles (not organics or Construction and Demo-
lition, C&D, waste). Recycling technologies have
to be approached in a processing perspective, that
is, defining a sequence of steps and actions where
the waste flow stream feed, and the different prod-
ucts resulting from the different sequential pro-
cessing steps are handled in order to produce one
or more outputs of materials to reuse. Further-
more, materials and/or process/materials quality
check have to be also applied in order to perform a
full recycling monitoring control in respect of
recovered product attributes. Obviously, pro-
cessing strategies and equipment, both for pro-
cessing and for materials control, have to be
selected in both low environmental impact and
positive economic perspectives. Dealing with
waste often means to deal with complex products,
that is, products constituted by one or more mate-
rials of interest but also from several polluting
ones. The economic value, per unit of weight, of
the materials to recover is usually low: recycling
technologies have thus to assure high productions,
minimizing, at the same time, plant investments
and management costs. In this perspective, a full
characterization of the input waste streams and a
full control of the different phases of the recycling
process represent a key issue when recycling tech-
nologies have to be selected and applied. In this
section, for each of the different materials, meth-
odologies, procedures, and logics are presented to
preliminarily identify and quantitatively assess

recycling technologies, according to the charac-
teristics of the materials to recover.

Recycling Technologies: Paper Fiber

Paper is usually made from wood fibers that are
“cooked” with chemicals (e.g., lye) that are added
to enhance and accelerate softening. The pulp is
then “screened,” and water is drained off and/or
evaporated. The fibers are then pressed for further
water removal in order to obtain the “paper sheet.”
The quality and arrangement of the fibers affect
the overall quality of the final manufactured paper
material [1]. With this in mind, recycling technol-
ogies applied to waste paper are primarily aimed
at maximizing recovery of the fibers.

Paper production dates back to the ancient
Egyptians (e.g., papyrus paper). Around
200 BCE Cai Lun, a Chinese court official,
made paper from tree bark and old fish netting.
Its production was considered as a remarkable
secret, and only 500 years later were the Japanese
able to acquire the secret. Papermaking spread to
the West when some Chinese papermakers were
captured by Arabs after the defeat of the Tang
troops in the Battle of Talas River (751 AD).
The first European paper mill was built at Jativa
(Valencia, Spain) around 1150. From that time to
the fifteenth century, paper mills were located
mainly in Italy, France, Germany, and England;
by the end of the sixteenth century, they were
located all over Europe. In 1719, Rene de Reau-
mur, a French scientist, observed wasps chewing
slivers of wood and building their nest starting
from such a fiber paste. The use of wood fibers
for papermaking started from this observation.

One of the key points in papermaking is the
appropriate handling of the interconnected fibers.
They can come from a number of sources includ-
ing cloth rags and cellulose fibers from plants and
trees. The use of cloth in papermaking has always
produced high-quality paper. The presence of cot-
ton and linen fibers in the mix creates papers for
special uses. From this perspective, cotton and
linen rags can be profitably reutilized for fine-
grade papermaking (e.g., bank notes, certificates,
letterhead, resume paper, etc.). Rags are usually
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cuttings and wastes from textile and garment
mills. Also, the paper itself can be profitably
recycled. The constituting fibers can be reused
five to seven times before they become too short
and brittle. Many paper-based products can be
manufactured from recycled waste paper: fruit
trays, corrugated cardboard, egg cartons, ceiling
tiles, plasterboard, sound insulation panels,
etc. Waste paper collection and recycling produce
a number of positive environmental effects:

• Less timber is used for wood pulp production,
which has a positive impact on biodiversity.

• Reduction of waste to be disposed.
• Energy and water savings, as there is no need

for pulping to turn wood into paper. Such a
saving depends on paper grade, processing,
mill operation, and proximity to a waste paper
source and market.

• Considerable reduction of emissions to the air
and water.

• Lower greenhouse gas emissions.

The main problems faced in waste paper
recycling are:

• Collection criteria addressed to simplify waste
paper handling and further processing

• Identification of polluting elements and suit-
able processing strategies to remove them

• Quantity and quality of pollutants (e.g., efflu-
ents) discharged to water

Waste Paper Characteristics

Waste paper consists of different types of paper:

• Newspapers, magazines, telephone directories,
and pamphlets

• Cardboard
• Mixed or colored paper
• White office paper
• Computer print-out paper

Waste paper is usually subjected to sorting
according to its origin and characteristics. Such
characteristics have been quantified in Europe

with the definition of the European List of Stan-
dard Grades of Recovered Paper and Board [2].
Waste-graded papers are then pressed and handled
as bales. Bales can be thus assumed as the second-
ary raw materials fed to waste paper recycling
plants.

Different waste paper processing strategies are
needed, according to the presence of contami-
nants; the paper grades are sorted out to collected
paper grade and to their final reuse. Waste papers
contaminants are usually constituted by:

• Materials and/or products not directly utilized
in paper manufacturing, such as metals (e.g.,
nuts, screws, foil, cans), plastics (e.g., films,
bags, envelopes), cloth, yard waste, leather,
and dirt

• Materials and/or products directly utilized in
paper manufacturing, such as:
– Inks and toners.
– “Stickies” (e.g., adhesives, coatings, pitch,

resins, etc.): these tend to deposit inside
paper manufacturing equipment (e.g., wires,
press felts, dryer fabrics, calendar rolls, etc.)
causing problems, mainly machine down-
time. Furthermore, they are difficult to
remove due to their neutral density and
resulting particles flow characteristics.

– Coatings: these are usually constituted by
inorganic fillers (e.g., CaCO3, TiO2, clay,
etc.) and polymeric binders. Fillers have to
be removed from the pulp and lower the
overall yield of the recycling process. The
presence of wax-treated papers (e.g., card-
board) negatively affects recycled paper
quality in terms of weak and slippery prop-
erties. Furthermore, wax tends to deposit on
equipment.

– Fillers (e.g., CaCO3, TiO2, clay, etc.): their
removal is compulsory when specific paper
products, as tissue paper, have to be
produced.

– Papermaking additives (e.g., starch, gums,
dyes, etc.): among the most difficult to han-
dle are dyes. Their incorrect removal can
affect new coloring of recycled paper. In
some cases, wet strength additives can prej-
udice the further waste paper reuse.
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High-quality grades (e.g., paper mill produc-
tion scrap and office waste) require simpler pro-
cessing and can be profitably applied as a primary
paper pulp substitute in applications such as paper
printing and tissues. Waste paper of intermediate
grades (e.g., newspapers) must be subjected to a
stronger processing, mainly for deinking, and can
be used again by the newspaper industry. Finally,
waste paper of lower grade is utilized for packag-
ing and board.

Waste Paper Recycling Technologies

In the recycling of waste paper, the selection and
the sequence of the processing units are strongly
influenced by the characteristics of the waste
paper (e.g., grade) and the presence and quantities
of contaminants [3]. The latter influences the pro-
cess by their composition and also their chemical-
physical attributes (e.g., size, shape, density, sur-
face properties, solubility, strength, etc.). In the
following sections, the main units, related actions,
and/or potential problems are described with ref-
erence to waste paper processing:

• Repulping, “to pulp” waste paper
• Screening, for fine contaminant removal
• Cleaning, for contaminant removal
• Deinking
• Water and solid waste treatment

Repulping
The repulping operation is the first and one of the
most important processing stages in paper
recycling. Correct repulping is a pre-requirement
for efficient downstream operations (e.g.,
cleaning, screening, flotation, etc.). Incorrect
repulping can damage fibers, preventing their
“correct” reuse [4]. A repulper is thus a device
that converts recovered paper into a slurry of
well-separated fibers and other waste paper com-
ponents by performing mechanical, chemical,
and thermal actions [5]. In order to fulfill this
goal, a repulper has to satisfy specific conditions,
that is:

• Contaminant detachment from fibers, without
performing comminution (the larger the con-
taminant, the easier its removal)

• Correct mixing between waste paper, H2O, and
chemicals to liberate fibers, limiting at the
same time their cutting

• Contribution to large debris removal

Repulping can be carried out in batch or contin-
uous conditions. In batch conditions waste paper,
H2O, and chemicals are all charged at the begin-
ning of the process and are removed, all at once, at
the end of the process, then the process starts again.
In continuous conditions waste paper, H2O, and
chemicals are continuously added to the pulper,
as the pulped product is continuously removed.

Screening
Screening is done by forcing the pulp to pass
through a sieving surface characterized by holes
and slots of different sizes and shapes. The main
goal of this phase is removing contaminants (e.g.,
bits of plastic, glue globs, etc.) and at the same
time, to realize a first separation of “short” fibers.
Screening performances are influenced by many
variables, the most important being:

• Feed pulp characteristics: fiber size and shape
and quantity and quality of debris

• Screening device characteristics and operative
conditions: screen surface (e.g., flat or cylin-
drical), screen hole size and shape, screen sur-
face cleaning mechanism, fed pulp flow rate,
solid-water ratio, stock temperature, etc.

Cleaning
Cleaning is mainly applied to remove heavy con-
taminants. Separation is usually based on centrif-
ugal forces, frequently using hydrocyclones.
These devices are constituted by a cone-shaped
(e.g., tapered) cylinder. Pulp is fed under pressure
to the device, the rotational movement produces,
and inside the hydrocyclone, two vortexes create
the separation: heavier particles are thus recov-
ered in the bottom part and the lighter ones in the
upper part. During this stage, metals, inks, sand,
and dirt are usually removed. The cleaning stage
is influenced by many variables, including:
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• Fiber and contaminant characteristics (e.g.,
size, shape, density, and quantity)

• Selected device architecture and setting: cylin-
der/cone size, inlet and/or outlet geometrical
characteristics, vortex finder diameter and
length, cylindrical section height, cone angle,
feeding pressure, pulp dilution, etc.

Deinking
Pulp deinking removes printing ink and “stickies”
(sticky materials like glue residue and adhesives).
Deinking is usually performed in two steps:
(1) washing and (2) flotation. Small particles of
ink are thus preliminarily rinsed from the pulp
with water by washing, then large particles and
“stickies” are removed with the help of chemicals
and air bubbles by flotation.

Froth flotation technology has been developed
and used for many decades in the mineral pro-
cessing industry before the technology was
adopted by the pulp and paper industry for the
deinking of waste papers at the beginning of
the 1960s [6]. A flotation process is based on the
surface properties of particulate solids systems
when suspended in a fluid. Particles according to
their, natural or caused, hydrophobic or hydro-
philic characteristic tend to adhere to bubbles
and float. During flotation deinking, pulp is thus
fed to one or to a bank of flotation cells, where air
(e.g., bubbles) and chemicals (e.g., surfactants)
are also present. The surfactants cause flotation
of the ink and sticky materials. Air bubbles carry
the ink particles to the top of the cell/s, where the
foam is continuously removed, realizing the
required pulp deinking.

The most significant differences between
deinking flotation and mineral flotation are spe-
cifically linked to the particular characteristics of
waste paper pulp suspensions [6], that is:

• The large size class distribution and shape of
the particles to float (e.g., ink particles), as well
as their surface properties. Ink particles, in fact,
can vary from about 1 mm to 1 mm; they are
generally hydrophobic, except for water-based
inks. Large particles are usually flat-shaped,
and other techniques, as previously outlined,
such as screening, with slots down to 0.1 mm

and centrifugal cleaning, are also used to
remove the various impurities of waste paper
pulp suspensions (e.g., pressure-sensitive
adhesives, hot-melt glues, plastic films, etc.).

• The low density of the particles to be removed
from the deinking pulp: polymeric particles with
specific gravity close to that of the water.Mineral
particles (e.g., fillers, kaolin, and CaCO3, utilized
for paper coating), in the size range of about
1 mm, should generally not be removed.

• The presence of flocs or networks (e.g., cellu-
lose fibers typically of 1–3 mm in length and
10–30 mm in diameter according to wood
essences originally utilized) that tend to floc-
culate up to constitute about 1% of the volume,
in the separation zone of deinking cells, as the
turbulence level is decreased.

• The need to add chemicals to the repulped
waste papers, both to realize a better release
of the ink particles from the fibers, at the same
time enhancing the flotation process (e.g., cal-
cium soap and caustic soda or other deinking
chemicals to be used under alkaline or neutral
conditions) and the various chemicals intro-
duced with the waste papers (e.g., surfactants
used in the coating color).

After flotation, if necessary, pulp is further
beaten, or “refined,” in order to separate, as much
as possible, fibers, avoiding fiber bundles. When
white recycled paper is required, pulp is bleached
with hydrogen peroxide or chlorine dioxide.

Water and Solid Waste Treatment
Production of both virgin and recycled paper
gives rise to pollutants that are discharged to
water (e.g., effluents). Studies providing compre-
hensive comparative evaluation of the environ-
mental impact linked to the effluents generated
from recycling plants and those from paper mills
demonstrated the environmental impact of the
former and are lower than that of the latter. In
any case, environmental problems related to
paper waste recycling are, with reference to the
other recycling technologies, further described in
this chapter, those presenting a higher impact [3].
The different waste paper processing stages, and
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related utilized technologies, are, in fact, always
carried out in wet conditions and with large quan-
tities of water and chemicals.

Water. Four key parameters have to be fully
monitored in the wastewater resulting from
waste paper processing: total suspended solids
(TSS), biological oxygen demand (BOD), chem-
ical oxygen demand (COD), and chlorinated
organic compounds (AOX). Deinking is the
main cause of TSS and BOD, and sometimes
these parameters are comparable with the same
produced processing virgin pulp. On the other
hand, COD and AOX are always lower in efflu-
ents resulting from waste paper processing.
Wastewater must be properly processed before
it can be reutilized or before release in the envi-
ronment. The significant decrease, in recent
years, of Cu, Cr, Pb, Ni, and Cd in printing inks
dramatically contributed to reduce heavy metal
presence in wastewater, sludge, and final
recycled paper-based products.

Solid wastes. The sludge resulting from waste
paper processing contains a solid fraction ranging
between 30% and 50%. It is mainly constituted by
short fibers, fillers, and ink from the deinking
process. Their relative proportion depends on
waste paper source characteristics and processing
strategies applied to obtain a final product of the
required characteristics. Usually the wastes are
sent to dumps. In recent years, different attempts
have been made to further process and/or reuse
them: composting [7] and removal of clay [8] and
other fillers [3] for reuse or their utilization for
energy production [9].

Emissions to air. Direct emissions from the
process of making recycled paper itself are mini-
mal and considered to be relatively insignificant,
although little research has been done in this field.
Gaseous and particulate emissions to air are pro-
duced when the thermal utilization of sludge gen-
erated by the pulp and papermaking processes is
carried out. Combustion presents many advan-
tages [9], including reduction of the disposed
solid mass and volume leading to lower disposal
costs, destruction or reduction of the organic mat-
ter present in the sludge, and energy recovery.
Critical points related to the adoption of this
solution are:

• The low heating value (LHV) characterizing
wet sludge, requiring preliminary dewatering
and/or drying treatments to bring solid content
above 30–35% in order to enable a self-
sustained combustion

• The presence of potentially hazardous ele-
ments (e.g., sulfur, chlorine, cadmium, and
fluorine), which requires a complete gas
cleaning

At the end of all the above-described processing
stages, recycled pulp fiber finally enters the
machine for manufacturing recycled paper sheets.
Waste paper-recovered fibers can be used alone or
blended with virgin ones to achieve better strength,
or smoothness, of the final paper product.

Recycling Technologies: Glass

Glass is made of three relatively simple raw mate-
rials, silica sand, limestone, and sodium carbonate,
which are melted together at high temperatures
(about 1,500 �C). Additives can be included to
modify some properties, such as color, refractive
index, durability, etc. [10].

Examples of glass manufactured goods can be
found from several thousand years BCE, when such
material was used for ornaments. In the Renaissance
period, glass use increased. Vessels, bottles, and
other glass containers started to be produced and
utilized for both decorative and everyday use. At
that time glass manufactured goods were expensive
to produce. Large-scale production started with the
Industrial Revolution, and mass production of glass
containers began at the onset of the twentieth cen-
tury. Together with the increase in production and
larger use came the problem of handling glass
waste. Glass manufacturers produce a large quantity
of products of different characteristics that are
addressed to different uses. Glass’ physical proper-
ties, at high temperature, are close to that of a
viscous fluid, and as a consequence, it can be
worked, by craftsmen or on an industrial scale, to
obtain final products of practically nearly infinite
number of shapes and characteristics. For this reason
glass can be found in, according to its composition
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and use, several products, ranging from those com-
monly used at home (e.g., bottles, vases, jars, mir-
rors, etc.), to those utilized in the automotive sectors
(e.g., windscreen) and in industry (e.g., fiberglass
for the production of glass-reinforced plastics
(GRP), glass-reinforced cement (GRC), special ther-
mal and/or acoustic insulating panels, X-ray and
cathode tubes, etc.). It is thus easy to understand
that waste glass production, and its recycling to
produce mainly “new” glass containers, assumes
great importance.

Glass is one of the materials that is most often
recycled. It presents a series of positive characteris-
tics: it is nonabsorbent and does not confer flavors
and odors; it resists high temperatures, such as those
required for cleaning after its use; and its strength
and mechanical resistance are indispensable for
multiple fillings and reuse. These characteristics
make glass containers suitable to be used over and
over again. Selective waste glass collection and
recycling provide great benefits:

• Reduction of environmental impact related to
its disposal

• Conservation of the nonrenewable raw mate-
rials (quartz sands) required for its production

• Energy savings
• Reduction in the quantity of solid urban waste

The problems to face in glass recycling can be
summarized as follows:

• The definition of collecting criteria able to
simplify the further processing

• The identification of polluting materials and
the setup of suitable processing strategies to
remove them

• The separation of “broken glasses” (cullet)
according to their color and/or Pb content

Recycled glass mainly comes from the selective
collection of solid urban waste (bottles, jars, vari-
ous containers, etc.), usually done by citizens, and
only partially from the refuse of glass goods
manufacturing and/or glass-based products at the
end of their life cycle. As a consequence, waste
glass collection represents one of the most critical
steps of the entire recycling process, and the

following recycling technologies and separation
strategies are strongly conditioned by the criteria
and the methods followed during collection. The
quality of the collected materials can be quite dif-
ferent, according to the level of knowledge and,
more generally, the “education” of the people
involved. As a matter of fact, the quality of the
glass collected for recycling can strongly differ
from region to region or, in the same city, from
district to district. Furthermore, the quantity and
the quality of the collected glass can be also dra-
matically influenced by season and meteorological
conditions.

The following discussion is based on urban
waste collection as the source of the glass. It is
important to consider the final destination of the
recycled glass, which can be identified by the clas-
sical market categories where glass in commonly
utilized, that is: (1) container production, (2) con-
struction industry, (3) special concrete production
(e.g., partial substitution of aggregates by glasses),
(4) road pavement (e.g., special asphalt where the
coarse fraction is partially substituted by glass),
(5) abrasive products, (6) wool glass, etc.

The recycling technologies described for
glass recycling will be primarily addressed to
producing an economically valuable cullet to
use to make new containers. Recycled glass is
not equally reutilized in all the abovementioned
market sectors. Only a small fraction is, in fact,
reutilized in fiberglass, bricks, concrete, and
asphalt production. This is mainly for two rea-
sons: (1) cullet quality sometimes does not fit
well with the quality standards required in some
of the these sectors, and (2) the glass container
industry is the most interested in waste glass
reuse (due to the high cost of primary raw mate-
rials and the production, energy-related costs
versus the relatively low value of each single
produced glass container).

Cullet characteristics must satisfy strict condi-
tions to be reutilized for container production.
These characteristics are primarily related to
both presence of polluting elements and color of
the fragments. Furthermore cullet size class distri-
bution is another important parameter to control.
Usually particles around 1 or 2 cm are preferred
both for handling and quality control purposes.
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In recent years, thanks to enhanced quality
control equipment, the accepted dimensional
limit of glass fragments decreased to 5 mm. Con-
taminant removal and cullet sorting, according to
color, are the main goals in processing recycled
glass. Furthermore, these goals must be reached
without producing too fine particles.

Cullet Contaminants

There are two classes of contaminants: materials
not constituted by glass (e.g., ceramics, stones,
masonry, organics, and heavy metals) and
glass fragments of the wrong color, that is, cullets
whose color characteristics are different from that
of the class they belong to (cross-contamination).
In recent years, special attention is addressed
to the identification and removal of glass
containing Pb.

Non-glass materials. Ceramics and stones,
which have melting points higher than that of the
glass, remain unmelted inside the vitrified matter
and as a consequence, even if present in a small
amounts, degrade the mechanical characteristics
(resistance) of the manufactured products (bottles,
jars, etc.). Furthermore, they can seriously dam-
age glass processing equipment, increasing main-
tenance costs. Lead and heavy metals, according
to their high volume weight, settle on the bottom
of the fusion crucibles and have a corrosive effect
on the refractory material, causing, in some con-
ditions, the perforation of the refractory material
itself. Optical sorting devices are commonly used
to identify and automatically remove non-glass
materials. Among polluting materials special
attention has been addressed, in recent years, to
ceramic glass. This material rapidly increased its
presence in waste glass products, mainly due to
the introduction on the market of a large amount
of ceramic glass manufactured goods, such as
dishware, cookware, etc. [11]. Such material,
even if seems quite similar to classic glass, is
characterized by a different behavior (i.e., higher
fusion point) when melted inside glass furnaces,
where cullets are usually fed together with natural
raw materials (quartz sands) [12]. As a conse-
quence, the presence of ceramic glass reduces

the production rates of the furnace, which needs
to be shut down to be cleaned more frequently,
and sometimes causes damage that requires the
furnace to be rebuilt or replaced. Classical optical
sorting devices are practically “blind” to ceramic
glass, as its physical-chemical characteristics are
similar to those of glasses.

Cullet cross-contamination by color. Glass
has, according to its color, a different destination
of use and, as a consequence, different market
value. The use affects the value of the glass con-
tainers; as a consequence, white glasses have
higher value than the so-called half-white or col-
ored glass (brown, yellow, green). Cullets that are
collected without distinction of color can be pri-
marily used for the production of green glass and
only in part for the production of yellow glass.
The production of white glass requires that only
the cullet of that color be employed. Cross-
contamination can thus represent a problem
because it always contributes to depreciate the
cullet’s value. For this reason cullet optical sorting
by color is extensively utilized.

Pb glass cullets. This material is considered as
polluting one inside “classical” cullets recovered
products, due to the presence of Pb and to the
possibility to produce contamination actions neg-
atively affecting the environment and/or the
human health. When recovered Pb glass cullets
(according to Pb content) can be recycled follow-
ing two different approaches: a closed-loop or an
open-loop recycling. In closed-loop recycling,
this material is utilized to manufacture the same
product originating the Pb glass waste. In open-
loop recycling, the recovered Pb glass cullets are
utilized to generate new products/materials as
glass ceramics brick, cement mortar paste, and
concrete, etc. All these products/materials have
to be characterized by a manufacturing cycle,
products performance, leaching characteristics,
lead fate, etc., compliant with environmental con-
straints and human safety issues.

Cullet Recycling Technologies

On the basis of the previously mentioned washing
goals, specific processing layouts have to be
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defined. Each of them will be constituted by one
or more units, in series and/or in parallel, and each
one specialized to perform a specific action. In the
following the main units, and related actions, are
reported and described with reference to waste
glass fragments (cullet) processing:

• Hoppers and conveyor belts, to perform cullet
handling

• Manual sorting of macro-contaminants (e.g.,
ceramics, metals, plastics, stones, etc.)

• Crushing and screening, to reduce glass frag-
ments in two or three size fractions, avoiding
the production of fines, for a better handling of
the glass waste, and to perform, in some cases,
also a separation of contaminants

• Ferrous and nonferrous metal separation,
respectively, by electromagnets and eddy-current
separators, for metals and nonmetals not man-
ually sorted

• Light contaminant (e.g., paper and plastic)
removal

• Cullet fine contaminants (i.e., not glass and Pb
glass fragments) and color sorting by magnetic
and/or optical devices, to define different cullet
quality classes according to market
specifications

Hoppers and Conveyor Belts
Storage-feeding and conveying equipment consti-
tutes the skeleton of the plant providing glass
waste transportation for the action performed.
Conveyors thus assume an important role because
they have to operate continuously to assure a
constant feed to the different units of the recycling
plant. Cullets are strongly abrasive, so conveying,
and related mechanical devices, is subject to
strong abrasive actions. Furthermore, cullet han-
dling produces fine particles and dusts. These
aspects, if not fully controlled (e.g., sealed bear-
ings, enclosed gear boxes and other moving parts
protection, suction units for dusts collection) can
produce severe damage to conveying units, as
well as severe environmental working conditions
in the plant. Table 1 are details some of the char-
acteristics that a conveyor belt has to satisfy to be
correctly utilized inside a glass recycling plant.

Manual Sorting of Macro-Contaminants
Human-based sorting continues to be commonly
applied on the coarser fraction. Manual sorting
allows removing the larger pieces of contami-
nants, easily detectable and removable by trained
personnel. Today, this phase is often performed by
automatic sorting equipment, utilizing different
principles, mainly optical, for contaminant detec-
tion. Among macro-contaminants, in recent years,
ceramic glass has become a problem as well as the
presence of Pb glass fragments characterized by a
Pb content higher than few percent.

Crushing
Waste glass comminution, usually performed by
crushing equipment, is carried out to reduce the
collected waste glass materials to particles of suit-
able size and shape in order to be properly handled

Recycling Technologies, Table 1 Conveyor belt design
principles and/or maintenance good practices with refer-
ence to waste glasses handling

Cleats Conveyors without cleats are
preferred, because they can
represent an obstacle to conveyor
surface cleaning by scrapper bar.
Their presence is negative if
moisture is present

Bearings Bearings and other revolving
parts (e.g., pulleys) have to be
regularly cleaned or, better,
should be sealed

Drivers Drivers should be selected in
order to assure flexibility
according to end market’s
variability

Surface Belt constituting materials have to
be selected taking into account
cullets’ abrasive characteristics
and related wear effects. Rubber
belts are the most commonly
utilized but wearing effects are
severe; for this reason vibratory
conveyors are more and more
utilized. They are less subject to
wearing but can represent a
further source of pollution (e.g.,
presence of fine metallic parts in
the final cullet concentrate)

Moisture and/or
organic residues

Moisture can severely affect
cullet handling, especially with
reference to sorting operations
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and processed to remove contaminants and to
separate glass into suitable classes of colors to
produce new containers or other products. After
crushing a sieving stage is usually carried out.
Cullets are thus “sorted” according to their size.

Glass, different from aggregates, when sub-
jected to comminution (e.g., crushing) tends to
produce, for its chemical-physical characteristics,
a lot of fines (pieces smaller than 1–2 mm); such a
behavior increases if comminution equipment is
not properly selected, that is, if the comminution
unit and its operative conditions do not take into
account glass mechanical characteristics. For
these reasons, also related to the strong develop-
ment of sensing/sorting units, today comminution
action of glass waste is less utilized. A comminu-
tion unit usually develops its action through the
application of four forces on the materials: impact,
shear, abrasion, and compression. The quantita-
tive relationships among them, in terms of cause-
effect, strongly differ according to the equipment.
For glass comminution, impact forces are those to
be primarily applied, allowing a low production of
fines. The production of fines causes several prob-
lems: (1) loss of product (e.g., recycled glass

fragments below 2–3 mm are usually rejected
from the market), (2) a double loss of money
(e.g., unsold material and rejected fines have to
be disposed of), and (3) higher costs for commi-
nution equipment maintenance. Glass fines are
extremely abrasive; they can enter the gears and
bearings of traditional comminution equipment
and cause serious damage. Furthermore, the pres-
ence of fines produces the same mechanical prob-
lems in the other equipment constituting the
processing layout. When selecting a comminution
unit, it is thus important to evaluate not only the
capacity but also the degree of flexibility charac-
terizing the crusher, that is, the ability to vary
power and speed. These two parameters can be
modified according to changes in required
crushed glass characteristics in respect of the ini-
tial feed and possible requirements of the end
market. Table 2 describes some of the impact
crushing equipment most commonly used to per-
form waste glass comminution.

Screening and Air Classification
Screening and air classification are usually
performed for two purposes: (1) particle size

Recycling Technologies, Table 2 Characteristics of the comminution units mainly utilized to perform waste glass
crushing

Comminution units Characteristics

Hammer mills (HM) Movable hammers mounted on a rotating shaft hit and/or throw glass against the mill
chamber or other glass. As a result comminution is realized. Cullets are recycled inside the
hammer until they do not reach a size lower than the aperture of a grid installed at the exit of
the mill chamber. Comminution is efficient, that is, a relatively small size glass grain can be
achieved in just one comminution stage. The wear rate of the hammer is high

Rotating drums (RD) A spinning rotor with bars attached to the outside is responsible for the comminution. Glass
particle breakage is mainly due to (1) the impact of the rotating bars on glass and (2) the glass
projection against “special plates” installed on the inside the chamber. Crushed material is
finally discharged when particles size is lower than the space, adjustable, between the rotating
bar and the plates. The wear rate is lower in comparison to hammer mills

Vertical shaft
impactor (VSI)

Crushing is performed by a revolving vertical rotor. The material is fed from the top. The
mechanical actions resulting for the interaction of the revolving rotor with the glass and with
the chamber walls produce the requested glass size reduction. A screening system, in a closed
loop with the impactor, allows obtaining the desired cullet size. VSI allows obtaining large
productions, but a pre-broken feedstock, usually obtained utilizing as primary crusher and
HM, is required. The wear rate is minimized; the resulting cullets are round-shaped

Impact crusher (IC) IC utilizes a continuous breaker bar which is mounted horizontally in the rotor. Glass is fed
and blown against adjustable aprons. Replaceable liners are installed inside the unit. The
broken product passes through an open discharge. As for VSI, IC allows to efficiently handle
a large volume of throughput of product below 10 mm.Cullets, according to IC comminution
actions, are characterized by an angular or subangular shape
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control and (2) contamination removal. The
proper use of screening and air classification is
to cut cullets into particles belonging to different
size class ranges. Such a division can be
performed both to facilitate cullets’ further pro-
cessing and to obtain final marketable products
characterized by a population of specific and well-
defined particle size. Screens and air classifiers
can be profitably utilized as “separators” when
polluting elements (e.g., wood, paper, iron, steel,
aluminum, plastics, etc.) are characterized by a
size and/or a shape different from the cullet pop-
ulation to classify. In this case, the setting of a
“threshold,” for the geometrical attributes, allows
separating pollutants from glass. Furthermore,
when air classifiers are used, the different densi-
ties of the polluting materials, compared to those
of glass, represent an important factor in
performing an improper “air classifier-based sep-
aration.” In both cases, moisture is a restricting
factor for both classification and separation
efficiency.

In the selection of screening and/or air classi-
fication devices, some important factors have to

be taken into account: (1) particle size distribution
of the feed, (2) particle size distribution after the
different classification stages, and (3) market tol-
erance, that is, precision required with respect to
end-user tolerance versus possible presence of
under-/oversize in the final classified product.
Table 3 describes some of the screening and air
classification devices commonly utilized in the
waste glass recycling sector.

Ferrous and Nonferrous Metal Separation
Ferrous (e.g., metals containing iron) and nonfer-
rous metals (e.g., aluminum, copper, lead, zinc,
tin) are among the most common contaminants in
waste glass. Their origin can be related to the
presence of caps, lids, special labels, bottle neck
wrap, etc. The presence of these materials even at
low level can produce severe damage to the pro-
duction process (e.g., deposits and chemical reac-
tions in the furnaces, presence of hot spots,
clogging or jamming of the injection devices,
etc.) and can compromise the final product
(container) mechanical characteristics and quality.

Recycling Technologies, Table 3 Characteristics of the classification units mainly utilized in the waste glass recycling
sector

Classification
units Characteristics

Trommel (TRO) ATRO is a rotating cylinder whose surface is characterized by apertures of a specific size and
shape where cullets can pass through according to their size. For its characteristics TRO can play
both as a classifier and a separation unit. Contaminants as plastic bottles or bags are not able to
pass through trommel surface apertures and can thus be easily removed. A trommel can be
designed to fit practically any size glass processing operation. In some cases hot air is blown to
facilitate waste glass feed drying, helping the screening and the following processing stages

Vibratory screens
(VS)

VS usually work in a closed loop with crushing unit. As for TRO cullets can pass through, or not,
the sieving surface, according to their size; usually larger particles are fed again (closed loop) to
the comminution unit (crusher) or rejected if recognized as pollutants. According to the requested
cullets’ size class characteristics, vibratory screens can allow to classify particles population up to
�75 mm.When such dimensional grades are requested, obviously throughputs are lower. Usually
multi-deck VS, up to five, are utilized when the final cullet product has to be divided in several
dimensional classes

Air classifiers
(AC)

These types of classifiers are based on the utilization of airflow to classify particles. Different
from sieving, particles are thus classified/separated according to their size, shape, and density. An
AC is a vessel where an airflow is generated. Wastes are usually fed from the top; coarse (larger or
heavier) and fine (smaller or light) particles follow a different path according to flow
characteristics, which can be set to achieve the required classification/separation. Classification/
separation can be achieved simply utilizing gravity or/and free or forced vortex generated by
static vanes or a dynamic classifier wheel. The equilibrium between the forces determines the “cut
point.”ACs represent a good alternative to screening, especially when the materials to classify are
characterized by the presence of a large fraction of fines (particles below 250 mm). When a well-
classified coarse fraction is requested, air classifiers are utilized prior to screening
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Ferrous contaminants are easily removed by
magnetic separation. Usually magnetic separation
is performed in two stages: a first stage, at the
beginning of the recycling process, in order to
remove ferrous contaminant before the further pro-
cessing stages (comminution, classification,
sorting by color, etc.), and a later stage, where
usually it is applied to remove the finer particles
of metals not separated during the previous pro-
cessing stages. The selection of a magnetic separa-
tor is strongly influenced by (1) waste feed rate,
(2) amount of ferrous contaminants, (3) cullet
stream depth, (4) contaminants size, and (5) value
of the magnetic field to apply to perform separa-
tion. Nonferrous metal contaminants are not
affected by the presence of a magnetic field; for
this reason eddy current separators are usually uti-
lized for their collection [13, 14]. Eddy current
separation devices and related separation strategies
are strongly influenced by nonferrous metal parti-
cles size, shape, and conductivity. In this latter case,
different from magnetic separation, particles’ attri-
butes play a preeminent role. Table 4 details the
equipment commonly utilized to perform ferrous
and nonferrous metal separation.

Light Contaminant Removal
Light contaminants such as plastic, paper, wood,
corks, etc., do not constitute, at least in principle, a
problem in glass recycling. They burn and
volatize at the temperatures of the glass furnaces.
Today, new applications requiring granular prod-
ucts are sensitive even to the presence of small
amounts of “organics”; for this reason the
recycling processes have to take into account the
removal of these kinds of contaminants. Such a
goal is easily reached by simple screening or by
air screening, that is, creating a sort of fluidized
bed where heavier particles, cullet, remain on the
site, and lighter or finer particles can be easily
removed by airflow.

Fine Contaminants and Color
Originally cullet optical sorting was performed
following an optical-based analogical approach.
It was developed and implemented to perform
control separation actions:

• To remove all contaminants not removed in
the previous physical processing stages

Recycling Technologies, Table 4 Characteristics of the separation units commonly utilized to perform ferrous and
nonferrous contaminant separation in the waste glass recycling sector

Separation units Characteristics

Overhead/crossbelt
magnets (O/CBM)

The magnet is usually installed above the glass waste flow stream (e.g., conveyor belt).
The overhead magnetic field has a belt moving across its surface at approximately a 90�

angle to the material flow. Metals particles are thus attracted, removed from cullets, and
discharged as the moving belt of the separator turns away from the magnetic field the
metals particles. Sometimes, especially when O/CBM strategy is applied to control the
possible presence of ferrous particles in the final product, “simple” high-intensity
magnets are utilized. Collected particles are thus discontinuously removed

Magnetic head pulleys
(MHPs)

MHP is usually installed at the end of a conveyor belt, beneath the belt. Ferrous particles
are thus held to the belt, while cullets can be discharged. With the decrease of the
magnetic field, ferrous particles leave the belt and can be properly recovered

Magnetic drums (MD) MD are commonly installed inside feeder chutes, between chutes and conveyors. Their
behavior is similar to MHP. Glass waste stream passes over the magnetic drum; ferrous
metals are held by the drum, as nonmagnetic materials continue their flow. Ferrous
materials hold to the drum until a divider provides to its discharge

Eddy current separator
(ECS)

ECS is realized by spinning a magnetic rotor with alternating polarity at high speed. The
magnetic drum of the ECS induces electric currents (eddy currents) within the volume
of each particle flowing in the proximity of the drum. The effect is that nonferrous
metals passing over the drum are subjected to an ejecting force that throws away
nonferrous metal pollutants from the waste glass stream. The main difference from
ordinary magnetic separation is that the magnetization of particles is not induced by the
alignment of the internal magnetic domain with the external field. The efficiency of the
eddy current separation process is highly dependent on the size of the feed particles
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(e.g., venting, classification, eddy current sep-
aration, magnetic separation, etc.)

• To perform a separation of cullet by color
• To identify Pb glass fragments by hyper-

spectral imaging techniques in the UV region

Normally, ceramics, stones, and opaque parti-
cles are sorted before color sorting is applied. In
recent years, the increasing presence, inside waste
glass, of ceramic glass, which is almost impossi-
ble to separate via classical recycling technolo-
gies, has resulted in research related to optical
sorting to solve this problem with a new class of
devices based on X-rays and/or hyperspectral
imaging (HSI) technology.

Sorting was originally performed manually.
Such an approach is labor-intensive. Being based
on human senses, it is strongly affected by human
sorter experience, by the size of the materials to
sort, and by time: the level of attention of the
worker is strongly affected by time. With techno-
logical developments, cullet sorting was, and in
some cases continues to be, adopted as detection
unit, laser beam technology-based devices, and
scan line cameras. Table 5 describes the devices,
and related architectures, commonly utilized to
perform cullets sorting.

Sorting device characteristics. These are
related to the optic detector/s’ size and

arrangement. The final sensing architectures, in
fact, are influenced by optical information acqui-
sition and its further handling: both factors dra-
matically influence the sorting architectures,
usually based on a pneumatic blast, enabling the
modification of the cullet’s, and/or polluting parti-
cle’s, trajectory, after recognition. Furthermore,
flow characteristics can influence the selection.
To realize an optical sorting (Table 5), the flow
has to be, at least in principle, constituted by
particles forming a monolayer (e.g., cullet fed to
the color-sorting unit by a vibrating conveyor belt,
which keeps the glass in a thin layer). In these
conditions glass fragments can be analyzed by the
laser beams. Recent equipments are so fast that
they can test, according to its dimension, the same
cullet several times. As a consequence the larger
the glass fragment, the better its control can be
carried out. The influence of the “anomalies” can
be thus reduced when each cullet is analyzed by
more than one detector and more than one time.
This is not possible with smaller pieces: they can
pass, for their dimension and for the flowing con-
ditions, unsorted, or diffraction/refraction effects
(e.g., presence of marked cleavage or surface
anomalies) can be so strong that detectors are
practically unable to analyze them. As a conse-
quence, such a technique cannot be profitably
used with the entire size range of cullets. Materials

Recycling Technologies, Table 5 Characteristics of the detectors, and related logics, commonly utilized to perform
cullet sorting

Sorting units Characteristics

Laser beam
technology-based (LBTB)

Detection is based on the evaluation of the “characteristics” of the energy, and the
spectra received by a detector after the cullets, and/or polluting particles, were crossed
by a suitable laser beam light. Such an approach presents two technological limits,
related to (1) the constructive characteristics of the equipment and (2) the material
characteristics. The sorting logic is mainly analogical. An on-off logic is applied

Image analyzers (IA) IA allows to perform sorting on the basis of the cullets’ detected colors. CCD (charged
coupled device) scan line cameras are utilized. They present the advantage, in
comparison with LBTB, that practically do not have any detection limitation in terms of
geometrical resolution, being the investigated scan line dimension is the only function
of the lens. Furthermore, colors are better detected

Hyperspectral imaging
(HSI)

HSI allows to perform recognition/sorting of cullets’ hyperspectral attributes in
different wavelength ranges. UV (200–390 nm), VIS (400–700 nm), VIS-NIR
(400–1000 nm), NIR (1000–1700 nm), and SWIR (1000–2500 nm). CCD scan line
cameras coupled with a prism-grating-prism (PGP) optical unit perform the collected
light signal diffraction and spectral analysis. HSI has the advantage, as IA, to be utilized,
at least in principle, at different resolutions. Furthermore, the collected spectral
information are intimately linked to sample surface chemical-physical attributes
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of smaller dimensions, less than 2 mm, resulting
from the processing-cleaning stages, not being
correctly investigated, are usually disposed of,
with the resulting financial loss and negative envi-
ronmental impact. For this reason, in recent years,
a new class of sorting devices based on classical
(IA) and/or hyperspectral (HSI) imaging has been
developed and implemented (Table 5). Imaging
allows breaking down the investigation limits,
with detection resolution linked to array detector
resolution and optics magnification. Obviously
the geometrical constraints, linked to the presence
of the pneumatic devices, for particle removal
remain; however, the imaging approach consti-
tutes a big step forward allowing (1) a better
detection and (2) the potential to perform online
recycling process control and/or products
certification.

Material characteristics versus their optical
recognition. Cullet attributes, surface status (e.g.,
dirty or clean), and characteristics (e.g., fragments
of bottle neck or jar with or without thread, bottle
or jar bottom, etc.) can strongly interfere with the
measurements. Measurements are, in fact, based
on the evaluation of the transmitted energy
received by a detector after the cullets are crossed
by an energizing source (e.g., standard or laser
beam light). In these measures surface character-
istics and the status of each cullet play a decisive
role in the further response of the detector (Fig. 1).

Ceramic glass and Pb glass fragments recog-
nition. As previously outlined, the frontier in cul-
let optical sorting is represented by ceramic glass
recognition. The only two strategies extensively
used and designed to reduce the presence of
ceramic glass contaminants are source reduction

Recycling Technologies, Fig. 1 The spectral response
of the cullets, suitably energized, is based on the evaluation
of the transmitted energy received by the detectors. The
detected energy is thus influenced by the status (dirty or
clean) and the characteristics (fragments of bottle neck or
vase with or without thread, bottle or vase bottom, etc.) of

the cullet surface. (a) 16� 16 mm image field of dirty light
green cullet. (b) 16 � 16 mm image field of dark green
cullets (bottle bottom). (c) 2 � 2 mm image field of white
cullets (threaded bottle neck). (d) 2� 2 mm image field of
half-white cullets (bottle bottom) and (e) 2 � 2 mm image
field of brown cullets (bottle bottom)
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and manual sorting. The problem with reduction
at the source is that usually citizens, in spite of
public education campaigns, confuse transparent
glass-like contaminants with normal glass,
invalidating both curbside and door-by-door col-
lection. As a consequence, some steps of the
sorting process are still carried out manually by
“trained personnel” who try to recognize ceramic
glass and Pb glass fragments prior to mechanical
processing, looking at their shape or evaluating
their reflective characteristics. Such an approach
is expensive, unreliable, and represents a real and
important problem for the whole glass recycling
sector. Infrared sensors are sometimes used to
detect opaque cullet within the “dirty” recyclable
glass in order to separate ceramic/ceramic glass
and stone fragments from the glass cullet. No
entirely effective and low-cost solution has been
found to date for ceramic glass online automatic
sorting in recycling plants. X-ray sorting tech-
niques have been recently proposed as a solution
for ceramic glass identification [15]. Anyway, it
must be considered that the use of X-ray equip-
ment in a plant requires appropriate shielding and
must follow strict rules to protect workers from
exposure, with an increase in costs and environ-
mental and safety problems. Glass sorting, origi-
nally based on analog devices, utilizing laser
beam technology, has moved toward digital
image techniques [16, 17]. Scan line color cam-
eras are thus seeing greater use in this sector to
implement selection strategies addressed to iden-
tify opaque objects inside the flow stream and/or
to separate cullets according to their color [18].
Technology in this field, although sophisticated,
remains practically “blind” with regard to the iden-
tification of ceramic glass materials. Spectropho-
tometers should be able, at least in principle, to
identify these contaminants; however, they are usu-
ally only able to work on a point-by-point basis and
are not able to cope with real-time sampling/sorting
architectures such as those required in glass
recycling plants [19]. They are used, in several
industrial fields, mainly at the laboratory scale.
A new class of sensing devices based on HSI,
working in the UV, VIS-NIR, and SWIR wave-
length ranges, has recently created new potential
for the online recognition of glass and ceramic glass

fragments inside glass recycling plants [20]. A
more detailed description of such a technique is
reported in the later section “Future Directions”.

Recycling Technologies: Metals

Human history and progress are linked to the
discovery and utilization of metals [21]. Thanks
to these materials, humans have been able to
interact and modify the environment, performing
advances in agriculture, warfare, transport,
etc. The Industrial Revolution, from steam to
electricity, was conditioned by metals. Even
what, and how, people eat was and is strongly
influenced by metals.

The first use of metals dates back to about
7000 BCE in Anatolia (Turkey), where some Neo-
lithic communities started to replace handmade
stone knives and sickles with “hammering” native
copper. The tools worked as well as their stone
equivalents and lasted far longer. The first exam-
ples of extractive activities belong to 4000 BCE.
Deep shafts were cut into the hillside at Rudna
Glava, in the Balkans, to excavate copper ore.
Mining was considered a sort of ritual activity; as
thanks for the exploited metals, fine pots, bearing
produce from the daylightworld,were placed in the
mines as a form of recompense to propitiate the
spirits of the dark interior of the Earth [22]. Thou-
sands of years later, humans started again to under-
stand the importance of preserving the environment
and, together with more stringent economic rea-
sons, started to apply more metal recycling.

Metals present many advantages; they can eas-
ily be recycled because a specific material can be
melted several times without losing its properties.
Metals commonly utilized in the recycling sectors
mainly derive (1) from the collection and pro-
cessing of postconsumer metal products and
(2) from metal industrial wastes (e.g., working
residues, metallic scraps, etc.). Recycling strategies
are strongly affected by the previously mentioned
origins of the metals. Furthermore, metals’ value is
strongly affected by several costs, that is, the qual-
ity of recovered products (e.g., composition, con-
taminants residues, etc.), (3) recycled product
market, and (4) metal market value. Together
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with these costs, their processing (e.g., collection,
transport, sorting, etc.) and waste disposal settle-
ments also play an important role.Metals to recycle
can be divided in two different families, that is,
ferrous and nonferrous metals. Such a distinction is
important because it dramatically influences
recycling strategies and related adopted technolo-
gies. Ferrous metal scraps are mainly constituted of
iron and steel scraps, primarily obtained from auto-
motive dismantling and household appliances
(e.g., large kitchen appliances, washers and dryers,
etc.). Such waste is usually collected and prelimi-
narily sorted in different classes of products of
different grade before being sent to a recycling
plant or directly to metal refiners. Wastes resulting
from their processing (e.g., wood, plastics, fibers,
etc.) are, according to their quantity and physical
characteristics, totally or partially recovered; the
unrecovered fraction is sent to a landfill. Another
lesser source of ferrous metals results from the
processing of the bottom ashes produced by
incinerators.

Nonferrous metal scraps are mainly constituted
by aluminum, copper, zinc, and lead. Aluminum
is the main scrap deriving from household waste
(e.g., cans, containers, etc.); the others primarily
result from waste from industrial and commercial
activities.

Ferrous Metals

Iron and steel are the main materials utilized in
many industrial sectors: building and construc-
tion, automotive, chemical, operative equipments,
etc. These materials are so common in use for
several reasons: (1) relatively low costs, (2) high
availability, (3) good mechanical attributes,
(4) easiness in working, and (5) because they
can also, at least in principle, be easily recycled,
the main reason being linked to the ease in recov-
ering them due to their magnetic properties.

Iron and steel are obtained from raw materials
(e.g., iron ores) and/or (2) from recycling. Differ-
ent production methods are thus utilized: blast
furnace (BF) and basic oxygen furnace (BOF),
when primary raw materials are utilized, and elec-
tric arc furnace (EAF) when recycled products

are employed. Metal scrap recycling allows
reduction of both energy production costs (e.g.,
less energy is required for produced unit of weight
when scraps are remelted instead of using iron
ore) and environmental impact (e.g., reduced
exploitation of primary raw materials such as
iron ores, limestone, and coal necessary when
primary metals are produced by BF or BOF).
Furthermore, a corresponding decrease of CO2

emission is achieved, with a further environmen-
tal benefit.

Metal recycling is a well-established practice,
and it will continue to grow with the increased
availability of automotive-derived scraps. In the
future, however, this source will probably be
reduced as more motor vehicles are designed with
plastics and/or polymeric-based composites. In a
quantitative way, steel represents the most recycled
product, more than aluminum, paper, and glass
together and greater than all other metals combined
(e.g., aluminum, copper, nickel, chromium, zinc).

Metal Scraps’ Sources and Characteristics
Metal scraps can be obtained from many sources:

• Home scrap, that is, the scrap (e.g., working
production waste, defective parts, etc.) derived
from a manufacturing process. In this case,
waste is directly remelted. There are no prob-
lems related to metal scrap quality, as the mate-
rial is constituted only of the metal to recycle.

• Industrial scrap usually consists of the wastes
produced in iron and/or steel manufacturing
plants, mainly leftover product resulting from
specific manufacturing actions. Such wastes
are usually sold and reused in foundries.

• Postconsumer scrap is metal waste derived from
products that have reached the end of their life
cycle (e.g., industrial equipment, cars, metals
structures, home appliances, etc.). In this class
of scrap, contamination, mainly the presence of
nonferrous metals (e.g., aluminum, copper, zinc,
and lead), can represent, in some circumstances,
an important problem to face and solve.

Other iron and steel intermediary products,
and/or waste, play an important role as recycled
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products: steelmaking slag and flue dust (resulting
from BF, BOF, and EAF), waste sludge and filter
cake (resulting from BF and BOF), spent pickle
liquor, and mill scale.

One of the most important steps in the devel-
opment and setup of metal recycling systems is
creating appropriate strategies to identify and sort
metals into groups presenting similar characteris-
tics. Such a “grouping” must be carried out
according to specific rules defined by steelmakers
and market requirements.

Ferrous Metal Recycling Technologies

On the basis of what has been previously outlined,
specific processing layouts have to be defined.
Each is constituted by one or more units, in series
and/or in parallel, and each is specialized to per-
form a specific action. The main actions, and
related units, are reported and described below
with reference to ferrous metal wastes processing:

• Manual sorting (e.g., nonmetal miscellaneous
material detachment, large nonferrous metal
separation) and preparation (e.g., cutting of
large metal manufactured goods, removal and
dismantling of specific metal unit, etc.)

• Crushing and screening, to reduce metal scraps
to easy-to-handle pieces to be directly fed into
furnaces or subjected to further classification-
separation actions

• Separation of the different metal fractions into
groups characterized by similar composition
attributes

• Testing and/or sorting of the different resulting
ferrous metal end-life-goods-derived material,
to characterize and certify different classes of
products according to market requirements

Manual Preparation and Sorting
Metal manufactured goods to recycle are usually
constituted of units of large dimensions (e.g.,
automobiles, metal structures, etc.); for this reason
they must first be reduced to easy-to-handle
pieces, both for further processing and/or for
direct reuse inside furnaces. For these reasons,
shears, handheld cutting torches, crushers, or

shredders are commonly utilized. After this pre-
liminary stage, manual sorting, if required
according to ferrous metal waste to recycle, is
carried out. At this early stage of the process,
large contaminants that are easily detectable with
human senses (e.g., car batteries, plastics, foams,
wood, nonmetallic elements, etc.) are removed.

Material Handling
Conveying units are mainly usually conveyor
belts. For the characteristics of the feed, especially
at the early stages of ferrous metal handling (e.g.,
relatively large pieces of materials), handling
equipment is of rough construction. Ferrous
wastes are usually stockpiled, and the primary
feeding, after the preliminary operation outlined
in the previous paragraph, is realized by cranes.
Ferrous metals are abrasive; as a consequence, all
the different parts of the equipment utilized for
conveyors are subject to strong abrasive actions;
also, the presence of fine particles and dusts must
be carefully checked and reduced to avoid
mechanical problems and to assure good environ-
mental working conditions.

Comminution
After manual preparation and sorting, further size
reduction actions are applied to scraps. Commi-
nution actions are different according to destina-
tion of the materials, that is, (1) direct feeding to
the furnaces or (2) further processing. In the first
case, large scrap materials are milled utilizing
shears, flatteners, and torch cutting and turning
crushers. The resulting pieces are then compacted
by baling or briquetting in order to increase the
apparent density of the scrap aggregates to remelt,
trying to avoid their possible floating in the mold.
In the second case, crushing actions are usually
applied, the goal being to reduce scraps to suitable
dimensions to allow their processing (further
crushing stages, sieving, separation, sorting, etc.).

A comminution unit usually develops its action
through the application on the materials of four
forces: impact, shear, abrasion, and compression.
The quantitative relationships among them, in
terms of cause-effect, strongly differ according
to the equipment. For ferrous metal comminution,
impact and shear forces are those to be primarily
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applied, in order to optimize metal scraps and
minimize fine particle production. Coarser frac-
tions are mainly constituted by iron and steel; finer
fractions usually contain the residues. Finer frac-
tions can be divided in heavy and light (fluff)
fractions. They present different characteristics
in composition according to constituting particles
weight. Automotive shredder residue (ASR) can
be considered as the main source of metals. ASR
heavy fraction mainly contains aluminum, stain-
less steel, copper, zinc, and lead. ASR fluff, for
quantities and characteristics, represents an impor-
tant class of ferrous metal end-life-goods-derived
material of particular interest for the recycling
sector. Fluff represents about 25% of the weight
of a car. It is usually constituted by materials
characterized by intrinsic low specific gravity
(e.g., plastics, rubber, synthetic foams, textiles,
etc.). When processed to perform their recovery,
they pollute the materials presenting higher spe-
cific gravity (i.e., copper, aluminum, brass, iron,
etc.), constituting parts of the electrical devices of
the vehicle that, for their shape, size (e.g., wires,
metal straps, slip rings, wipers, etc.), and utiliza-
tion remain concentrated in the lighter products.
Such “polluting agents,” for their intrinsic charac-
teristics, are not well removed by classical sepa-
ration techniques. The development and
application of efficient washing strategies for
fluff could dramatically reduce waste and environ-
mental pollution, allowing, at the same time, an
increase in energy recovery through pure sorted
polymer reuse. Furthermore, the potential to use
finer fluff fractions to produce energy could con-
tribute to increasing the full recovery of such
kinds of products. To reach this goal, the quantity
and the quality of the metal contaminants have to
be strongly controlled in order to not prejudice the
quality of the final fluff-based fuel. Always with
reference to car dismantling, ASR heavy fractions
contain large quantities of both ferrous and non-
ferrous metals. Their recovery is usually
performed adopting recycling technologies based
on heavy media and eddy current separation.

Shredding is usually the main comminution
action applied. Processing layouts, embedding
this phase, are usually applied to automobile
hulks and to the so-called white goods, that is,

stoves, refrigerators, washing machines, etc. The
most utilized class of shredders are those based on
the use of swing-hammer shredders (SHS); sub-
ordinately, rotating drums (RD) are also
employed. The main characteristics of both types
of equipment are described in Table 6.

Separation
Separation technologies are applied when the
shredded materials to recover are composed of
different families of particles characterized by
different physical-chemical attributes and differ-
ent relative composition, texture, and shape. For
these reasons automatic and in-series handling-
separation strategies are required, as simple man-
ual sorting or separation is unable to recover in an
efficient and economically profitable way with the
different materials. Table 7 lists the equipment
commonly utilized to perform separation of
end-life-goods-derived products; those resulting
from car dismantling represent the main source
of complex ferrous metal waste to recover.
Because they are constituted of different particles
of different magnetic properties, specific weight,
color, chemical composition, etc., they require
different separation strategies [23–25].

Testing
Different from other recycling-derived materials,
the possibility of performing a rapid test on sam-
ples collected from the different recycled ferrous
metal flow streams is particularly important, espe-
cially with reference to alloys. Alloys of similar
grades and composition are usually difficult to
discriminate. Specific attributes are thus evaluated
both by expert personnel and by specific tests.
Recognition, via human senses and analytical
equipment, is thus performed to evaluate charac-
teristics such as color (e.g., copper and brass dis-
tinction), apparent density and hardness (e.g., lead
distinction from copper and brass), magnetic prop-
erties (e.g., iron and stainless steel), presence and
attributes of spark patterns as they results from
abrasion test, chemical reaction to reagents, chem-
ical and X-ray spectrographic analysis (e.g., alloys
composition), thermal behavior (e.g., melting
point), etc. All the abovementioned approaches
are expensive and are difficult to implement online.
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Sorting
As outlined in a previous paragraph, sorting is
important because it allows removal of contami-
nants from the different ferrous metal flow streams
handled in the recycling plant. Different sorting
strategies addressed to recognize different metal
scrap constituents have been developed and used.
Table 8 lists the devices, and related architectures,
commonly used to perform metal scrap sorting.

Nonferrous Metals

Aluminum is the main nonferrous metal being
recovered and recycled. The main source of alumi-
num scraps comes from the packaging, transport,
and homeware industries. Aluminum can be “infin-
itively” recycled. Its remelting achieves several
environmental goals: considerable energy savings
(about 95%) in comparison with the energy
required to produce it from bauxite ore, a conse-
quent reduction of primary nonrenewable raw
materials exploitation, and a reduction of overall

emissions (airborne dusts and CO2). The automo-
tive sector significantly increased, in recent years,
its use of aluminum; for this reason scraps from
end-of-life vehicles represent the main source of
aluminum for recovery and reuse. Other nonfer-
rous metals commonly recycled are copper, zinc,
and lead, but as outlined in the previous paragraph,
the recycled quantities are not comparable with
aluminum, and they are also relatively easy to
recover. For this reason, the following recycling
technologies will be described with reference to
automotive aluminum scraps.

Aluminum from Automotive Scraps
Aluminum scrap is usually classified into two
categories: cast and wrought aluminum alloys.
Recycling of aluminum scrap introduces several
technical problems to the secondary ingot market.
Because of its high reactivity, aluminum cannot be
refined pyrometallurgically, as with copper or iron
scrap. Therefore, the aluminum scrap can be
recycled only by blending and dilution in order
to obtain a specific alloy. Wrought aluminum

Recycling Technologies, Table 6 Characteristics of the comminution units mainly utilized to perform ferrous metal
shredding

Comminution units Characteristics

Swing-hammer
shredders (SHS)

The input material is fed from the side. Fed material flow is controlled according to the
energy required for comminution, usually greater of one order of magnitude in respect of
minerals. Material is transported into the relatively narrow gap between the impacting tools
and the lower part of housing, where it is subject to an intense deformation and
comminution. The material, which has become sufficiently small, is discharged from the
chamber of comminution by means of grates. The configuration of the discharge grates can
vary. Normally grate is placed above the rotor and in some cases, a second one below
it. According to different comminution chamber size and shape, rotating of the rotor in
respect of the feed, grates position, and configuration, different comminution actions can be
thus performed. In the last decade, a lot of efforts have been addressed to investigate to
utilize SHS with vertical mounted rotors. Such comminution units are actually mainly
utilized in the processing of metallic cuttings, waste wood, paper waste, etc. Their possible
full and systematic use in ferrous metal recycling sector could embed several advantages,
that is, (1) a lower residence time of the metal particles inside the comminution chamber
(e.g., higher flow rate and less energy consumption), (2) a better liberation, and (3) a lower
compaction of the liberated thin-walled metal pieces. A more systematic utilization of SHS,
with vertical mounted rotors, is strongly linked to a further development of shredders’
mechanical architectures and utilized materials characteristics

Rotating drums (RD) A spinning rotor with chains or bars attached to the outside is responsible for the
comminution. Ferrous metal fragmentation is mainly due to (1) the impact of the rotating
chains or bars on metals and (2) metal projection against “special plates” installed on the
inside of the chamber. Crushed material is finally discharged when particle size is lower
than the space, which can be properly set, between the “rotating unit” and the wall. This
equipment is commonly utilized as the primary crusher. For their characteristics do not
allow the degree of flexibility in terms of operative conditions as those allowed by SHS
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alloys contain low percentages of alloying ele-
ments (e.g., silicon, magnesium, copper, and
zinc), less than about 4% of the total. Casting
aluminum alloys contain the same elements as
wrought but in greater amounts (the silicon con-
tent in cast alloys can range up to 22%).

Actual scrap sorting technologies produce
mixtures of cast and wrought aluminum not suit-
able for recycling in wrought alloy production.

The wrought fraction of these mixtures has a
higher value; if selectively collected its reuse as
wrought aluminum alloys would prevent unnec-
essary downgrading. Moreover, aluminum
alloys, used in vehicle manufacturing, are
increasing, and the recovery of aluminum alloys
is quite interesting. Considerable efforts have
been devoted to substitution of steel and cast

iron with lighter materials such as aluminum
alloys and polymers. Steel replacement by alu-
minum alloys could have a counterbalancing
effect in the case of success in selection of cast
and wrought aluminum.

Nonferrous Metal Recycling
Technologies

The same processing steps and strategies previ-
ously described for ferrous metals can be also
applied for nonferrous metal scraps. Such phases,
for scrap originating from end-of-life vehicles
(one of the main nonferrous metal sources, in
particular, aluminum) can be synthetically identi-
fied in:

Recycling Technologies, Table 7 Characteristics of the separation units commonly utilized to perform separation in
the ferrous metal recycling sector, with particular reference to ASR

Separation units Characteristics

Belt magnets (BM) and drum
magnets (DM)

BM and DM are usually utilized in the first stage of processing, which is on coarser
fractions as they result from primary crushing. Permanent and/or electromagnets are
usually utilized. Separation is realized adopting BM and DM. In the first case, the
magnet is located between pulleys around which a continuous belt travels. In the
second case, the magnet is installed inside the rotating shell; metal particles are
attracted, removed from the other nonmagnetic fractions; and discharged as the
moving belt of the separator turns away from the magnetic field the metals particles.
Following this approach iron and steel cannot be separated from nickel andmagnetic
stainless steels. An improper separation can negatively influence the further melting
stage. For this reason, hand sorting, to reduce the contamination of the ferrous
products, is usually performed after this stage

Eddy current separators (ECS) ECS is realized passing the waste products to separate into magnetic field; as a result,
eddy current induced in the nonferrous metals, produces ejecting forces that throw
away nonferrous metals the waste feed flow. ECS is commonly applied after the first
magnetic separation stage (e.g., DM or DM). The most utilized ECS architecture is
based on an inclined ramp. The material is thus fed to the ramp. The ramp surface is
usually constituted by stainless steel. Under the ramp surface, a series of magnets is
positioned. Due to the eddy current, nonferrous metals are deflected sideways.
Separation is realized according to the trajectory followed by the different classes of
materials. Other separation architectures are based on the use of a rotating cylinder
or a conveyor belt: magnets are positioned around the rotating axis of the cylinder or
fitted inside the head pulley, respectively. As in the previous case, separation is
realized according to material trajectory variations

Heavy media separators
(HMS)

HMS are based on the utilization of a medium constituted by a finely milled solid
(e.g., magnetite or ferrosilicon) and water. According to the solid/water ratio, the
density of the medium can vary. Usually such a value is between the value of the
specific gravity of the two classes of materials to separate so that a sink and a float
product is obtained. In this process the recovered materials are then washed and
dried. The fine particles of the heavy media are recovered, by magnetic separation,
from the slurry resulting from product washing, and reutilized inside the process.
Decreasing the size of the particles to separate, also separation efficiency decreases
for the increasing effect of viscosity, in this case cycloning is utilized
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• Collection, dismantling (e.g., removal of reus-
able vehicle parts as engines, doors, glass,
seats, etc., and hazardous parts as batteries,
fluids, etc.), and/or manual sorting (e.g., metal
miscellaneous material detachment, large fer-
rous metal separation)

• Crushing and screening, to reduce nonferrous
metal scraps in pieces easy to handle for further
processing

• Separation of the different nonferrous mate-
rials in classes of products characterized by
composition attributes

• Testing and/or sorting

Collection, Dismantling, and/or Manual
Sorting
Nonferrous metal manufactured goods to recycle
can be constituted by pieces of different dimen-
sions, ranging from aluminum cans up to a “jet
airliner”; thus, according to their size, they can be
directly handled or must be cut to be properly
handled. Often, nonferrous metal parts are linked
(e.g., bolted, welded, etc.) with other materials

and have to be liberated. Hand dismantling or
sorting in some cases is necessary, but in many
cases, it is time-consuming and inefficient for the
dimension and the degree of locking of the differ-
ent constituting materials. For these reasons com-
minution/separation actions must be applied
adopting specific processing layouts.

Material Handling
Conveying units are mainly conveyor belts of
rough construction. Nonferrous wastes are usually
stockpiled, and the primary feeding, after collec-
tion, dismantling, or manual sorting is done by
cranes. Ferrous metals are abrasive, and as a con-
sequence, all the parts of the equipment used for
conveyors are subjected to strong abrasive
actions. The presence of fine particles and dusts
also has to be carefully monitored and reduced to
avoid mechanical problems and to assure good
environmental working conditions. Furthermore,
problems related to explosive characteristics of
aluminum dust have to be taken into account.

Recycling Technologies, Table 8 Characteristics of the sorting units commonly utilized to perform sorting in the
ferrous metal recycling sector, with particular reference to ASR

Detection units utilized for
sorting Characteristics

Portable optical emission
spectrometers (POES)

POES can be utilized to perform the on-site sorting and identification of metals.
Such an approach, even if not reaching the precision of the corresponding
laboratory device, is quite useful to perform fast quality control; usually well-
satisfying recovered products grade requirements. POES is able to detect up to
90% of the currently produced grades of steel

Image analyzers (IA) IA allow to perform sorting on the basis of the detected color. IA belongs to the first
class of devices utilized for metal scrap sorting. Adopting this approach, zinc,
copper, brass, and stainless steel are commonly well sorted. Even with
technological improvements, both in terms of speed of processing (the same pieces
can be checked several times), sensor quality (better discrimination in terms of
recognizable colors), and resolution (minimum identifiable scrap piece), IA is not
efficient when slightly different alloys have to be recognized

Laser-induced breakdown
spectroscopy (LIBS)

The detection architecture is based on the analysis of the optical spectrum, or
fingerprint, of a small spot on each metal particle that is evaporated using powerful
laser pulses. Even though very powerful, the techniques show some limitations.
The most important thing is that it is particularly sensitive to the status of the scrap
surface. Presence can negatively influence measurements because laser pulses can
penetrate for just few Å in the surface

X-ray fluorescence spectroscopy
(XRF)

XRF is based on the emission of X-ray emission inside an XRF unit. The
fluorescence radiation generated by the atoms when they release the energy, after
the excitation stage, is collected and analyzed. Both emitted wavelengths and the
energy released are functions of the elements constituting the waste sample.
Correlating the emission intensity, it is thus possible to evaluate the content of a
specific element within the sample
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Comminution and Screening
Comminution and screening are currently applied
to reduce metal scrap to different size classes that
are sent for proper processing and recovery of the
different materials constituting the feed. The con-
siderations developed with reference to ASR
metal fraction comminution, in terms of equip-
ment and characteristics (Table 9), can also be
directly applied to ASR nonferrous metals.

Separation
Aluminum-based material separation technolo-
gies are mainly based on magnetic [23], eddy
current [13], air [24], and sink-float separation
[25]. The main characteristics of the different
separation units, based on the previously men-
tioned physical principles, are reported in
Table 10.

Among the different separation approaches,
sink-float separation (S&FS) plays an important
role when nonferrous metal products have to be
separated and/or refined before the final remelting
stages. Such products, in fact, are usually com-
posed of a wide range of materials characterized
by different density, shape, and size class distri-
bution, strongly affecting sink-float separation.
For this reason separation is performed in differ-
ent stages. After a preliminary removal of non-
magnetic fine fractions, a two- or three-stage
density separation is carried out. With a typical

three-stage density separation, low-density plas-
tics, foam, and wood are usually preliminary
removed (cutoff density, 1 g/cm3), then, utilizing
a cutoff density, 2.5 g/cm3, high-density plastics,
magnesium, and hollow aluminum alloys are
recovered in the floating fraction and then pro-
cessed again utilizing ECS. The “remaining” sink
fraction is constituted by brass, zinc, lead, copper,
and so on. One of the main limits of S&FS is that it
is not capable of performing a good separation of
cast from aluminum alloys or differentiating
among the different alloy groups. Furthermore,
S&FS present other limitations, namely:

• Cost, the process is expensive both at technical
(e.g., heavy media costs, complexity of the
processing circuit, etc.) and environmental
levels (e.g., strict control of the heavy media
with reference to possible environmental pol-
lution, water recovery and cleaning, etc.).

• Media recovery, separated scraps are obviously
contaminated by heavy media, thus they have
to be cleaned and the media recovered (e.g.,
utilization of specific processing circuits).

• Separation is strongly influenced by particulate
solids’ morphological and morphometrical
attributes.

To attempt to totally or partially solve address
these issues, in recent years innovative separation/

Recycling Technologies, Table 9 Characteristics of the comminution units mainly utilized to perform nonferrous
metal size reduction

Comminution units Characteristics

Alligator (AS) and/or
guillotine shears (GS)

AS mimics, to perform cutting, the behavior of an alligator mouth. The device is
constituted by two jaws, one fixed and the other mobile. The main advantage in the
use of AS is its versatility in terms of different aluminum scraps it is (e.g., ship,
aircraft, automotive vehicles, and, in general, large objects) able to cut. Furthermore
better detachment is allowed of different metals constituting a specific piece to
dismantle. When a GS is utilized, aluminum scrap is placed underneath a cutting
blade, which drops down onto the scrap creating the cut. GS are characterized by
higher power ratings and productivity than AS

Impact shredders (IS) IS as hammer mills are among the most used devices for aluminum scrap size
reduction. Fragmentation is realized for two co-occurring effects: (1) hammers
impact being the main one and (2) scraps projection the secondary one, against mill
chamber internal surface. Impact crushers are often also utilized. They use the same
milling actions but invert the relative effects

Rotary shredders (RS) RS utilized, as main milling actions, (1) cutting, and (2) impact for their architecture
are normally utilized to process light metal scraps (e.g., foil and beverage cans and
containers)
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sorting technologies have been successfully pro-
posed and adopted in many recycling plants.

Sorting
The main role of sorting strategies is to perform a
sort of further refining of nonferrous metals as
they result from the previous separation stages.
From this perspective, sorting is mainly
addressed at realizing greater discrimination
between different families of alloys and different
classes inside the families. The technology uti-
lized to fulfill this goal is based on two different
approaches: color sorting (image analysis: IA)
and laser-induced breakdown spectroscopy
(LIBS). For IA, a new process applied to alumi-
num scrap allows enhancement of IA perfor-
mance. It consists of a selective etching of the
scraps in different solutions that produce, as a
result, the coloring of the scrap according to the

presence and quantities of specific alloy agent.
LIBS allows determination of the chemical com-
position of each scrap in a reliable and cost-
effective way. The main limitation of this
approach is linked to the characteristics of the
investigated surface (e.g., presence of paints,
lubricants, adhesives, or other polluting sub-
stances) since the laser pulse laser can only pen-
etrate to a depth of 30 Å or less on the surface of
the aluminum. Table 11 lists the devices and
related architectures commonly utilized to per-
form nonferrous metal scrap sorting.

A new class of sensing devices based on hyper-
spectral imaging (HSI) has recently opened new
interesting scenarios for the online recognition of
the different products resulting from both ferrous
and nonferrous metal waste processing. A more
detailed description of this technique is given in
the section “Future Directions”.

Recycling Technologies, Table 10 Characteristics of the separation units commonly utilized to perform separation in
the nonferrous metal recycling sector

Separation units Characteristics

Magnetics drum
separators (MDS)

MDS is usually constituted by a stationary drum with half of its surfaced lined with
NdFeB magnets installed inside a rotating cylinder that is set up as a conveyor belt.
Ferromagnetic particles are attracted, removed from the other nonmagnetic fractions, and
discharged as the moving belt of the separator turns away from the magnetic field
ferromagnetic particles

Eddy current separators
(ECS)

ECS is realized passing the waste products to separate into magnetic field; as a result, eddy
current induced in the nonferrous metals, producing a forward thrust (F) and torque (T) on
the particles resulting in their ejection from the stream of nonmetallic materials.
Separation is realized according to the trajectory followed by the different classes of
materials. ECS is commonly applied after the first magnetic separation stage (e.g., MDS).
Other eddy current-based separation architectures are based on the use of a rotating
cylinder or a conveyor belt: magnets are positioned around the rotating axis of the
cylinder or fitted inside the head pulley, respectively. As in the previous case separation, it
is realized according to material trajectory variations

Air separators (AS) AS is usually applied to preliminary recover light fractions contained in the feed or on
nonmagnetic fractions as they result from previous MDS and ECS. Light fractions (e.g.,
plastics, rubbers, foams, fibers, etc.) are usually sucked by a nozzle positioned above the
conveyor

Sink-float separators
(S&FS)

S&FS are based on the utilization of a medium constituted by a finely milled solid (e.g.,
magnetite or ferrosilicon) and water. According to the solid-water ratio the density of the
medium can vary. Usually such a value is between the value of the specific gravity of the
two classes of materials to separate so that a sink and a float product is obtained. In this
process, the recovered materials are then washed and dried. The fine particles of the heavy
media are recovered, by magnetic separation, from the slurry resulting from product
washing and reutilized inside the process. Decreasing the size of the particles to separate,
separation efficiency also decreases for the increasing effect of viscosity; in this case
cycloning is utilized
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Recycling Technologies: Plastics

Reutilization of waste plastics has increased with
“new” plastic polymers; such reutilization has
increased not only quantitatively but also qualita-
tively (e.g., a larger range of recycled polymers).
Plastics can be roughly divided in two types:
thermoplastics, which soften when heated and
harden again when cooled, and thermosets,
which harden by curing and cannot be remolded.
Thermoplastics are by far the most common types
of plastic, comprising almost 80% of the plastics
used in Europe, and they are also the most easily
recyclable. It is easy to understand that when
collection-recycling strategies are set up, mixing
between thermoplastics and thermosets has to be
strictly avoided.

Plastic materials can be considered relatively
modern, but some “natural” polymers exist in
nature (e.g., amber, tortoiseshell, and horn) that
behave very similarly to “modern” manufactured
plastics and were used in the past in similar ways.
For example, horn, which becomes transparent
and pale yellow when heated, was used in the
eighteenth century to replace glass.

The first plastic material produced for
industrial-scale applications was the Parkesine,
later named Xylonite. This material was invented
by Alexander Parkes, who exhibited it as the
world’s first plastic in 1862. It was used for such
objects as ornaments, knife handles and boxes,
and for flexible products such as cuffs and collars.
Since that time great steps forward have been
made, and today plastics are widely produced
and utilized, creating massive problems with litter
and waste disposal.

Plastics are continuously replacing other mate-
rials in a number of applications. From green-
houses, mulches, coating, and wiring, to
packaging, films, covers, bags, and containers. It
is only reasonable to expect to find a considerable
amount of plastic solid waste (PSW) in the final
stream of municipal solid waste (MSW). In the
EU countries, over 250 � 106 t of MSW are
produced each year, with an annual growth of
3%. In 1990, each individual in the world pro-
duced an average of 250 kg of MSW generating in
total 1.3� 109 t of MSW [26]. Ten years later, this
amount almost doubled at 2.3 � 109 t. In the
United States, PSW found in MSW has increased

Recycling Technologies, Table 11 Characteristics of the sorting units commonly utilized to perform sorting in the
nonferrous metal recycling sector, with particular reference to products resulting from S&FS

Detection units utilized for
sorting Characteristics

Image analyzers (IA) IA allow to perform sorting on the basis of the detected color. IA belongs to the first
class of devices utilized for nonferrous metal scrap color sorting. Adopting this
approach, zinc, copper, brass, and stainless steel are commonly well sorted. Thanks
to great technological improvements, both in terms of speed of processing (the
same pieces can be checked several times), sensor quality (better discrimination in
terms of recognizable colors), and resolution (minimum identifiable scrap piece),
recent studies demonstrated that IA allows good separation of magnesium alloys
from hollow aluminum products

Laser-induced breakdown
spectroscopy (LIBS)

The detection architecture is based on the analysis of the optical spectrum, or
fingerprint, of a small spot on each metal particle that is evaporated using powerful
laser pulses. Even if, at least in principle, very powerful, the techniques show some
limitations. The most important is that it is particularly sensitive to the status of the
scrap surface. Presence can negatively influence measurements because laser
pulses can penetrate for just few Å in the surface

X-ray fluorescence spectroscopy
(XRF)

XRF is based on the emission of X-ray emission inside an XRF unit. The
fluorescence radiation generated by the atoms when they release the energy, after
the excitation stage, is collected and analyzed. Both emitted wavelengths and the
energy released are functions of the elements constituting the waste sample.
Correlating the emission intensity, it is thus possible to evaluate the content of a
specific element within the sample
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from 11% in 2002 [27] to 12.1% in 2007
[28]. Increasing cost and decreasing space in land-
fills have forced considerations of alternative
options for PSW disposal [29]. Years of research,
study, and testing have resulted in a number of
treatment, recycling, and recovery methods for
PSW that can be economically and environmen-
tally viable [1]. The plastic industry has success-
fully identified workable technologies for
recovering, treating, and recycling of waste from
discarded products. In 2002, 388.000 t of poly-
ethylene (PE) were used to produce various parts
of textiles, of which 378.000 t were made from
PE-discarded articles [2].

The better solution “to recover” plastic goods
should be, when possible, to reuse them as they
are. Such a choice can be adopted, for example,
for crates or other plastic-manufactured con-
tainers, which can be used several times for prod-
ucts and/or material transportation and handling.
Reusing is better than recycling because less
energy and resources are required (JCR, 2006).
In any case both reuse and/or recycling present
several important advantages, related to:

• Reduced use of fossil fuels
• Energy savings
• Reduced emissions of CO2, SO2, and NOx

The main problems in plastic recycling are
mainly related to the difficulties of developing
and setting up reliable automatic sorting architec-
tures and systems able to perform an efficient
selection of the different polymers. These prob-
lems can synthetically be divided in two classes,
that is, single- and multiple-type and color plastic
separation. In the first case (e.g., bottle, container,
etc.), separation is relatively easy, the main prob-
lem being related to correct polymer recognition
independent of the presence of fillers and other
chemical additives. In the second case (e.g., cel-
lular phones, electrical and electronic devices,
automotive parts, etc.), separation is more com-
plex, as the objects are constituted by different
types of plastics characterized by the presence of
different fillers and chemical additives. In the
latter case, both separation and recognition strat-
egies have to be sequentially applied.

Waste Plastic Sources and
Characteristics

Used plastic packaging and other plastic items can
be valuable resources in the manufacture of new
products and in the generation of energy. It is
important that a society aims to make the best
affordable use of these valuable plastic resources.
This is good for the environment, for the econ-
omy, and for the international community. Ana-
lyses by the European Community (EU) indicate
that besides their ecologic importance, raw mate-
rials and energy are also the most important com-
petitiveness factors for EU industries. Therefore,
the need to increase recycling, improving at the
same time the quality and homogeneity of
recycled materials to minimize environmental
pollution and usage of resources, is thus an impor-
tant topic of the EU. There is a strong drive to
recycle polymers from end-of-life products and
avoid their ending up in landfills and waste incin-
erators because plastic recycling reduces CO2

emission and saves resources. The worldwide
production of plastics was 230 million tons in
2005 [30]. In Europe, 53.5 million tons were
produced in total. Out of 22 million tons of post-
consumer plastic waste in Europe in 2005, 53%
was disposed, 29% was used for energy recovery,
and 18% was recycled [30]. According to the last
EU Directive 2004/12/EC on packaging and
packaging waste, the recycling level of plastics
should dramatically increase in the next years.
New, more cost-effective separation technology
can thus provide an important incentive to
increase recycling rates. The recycling of poly-
mers that are present in relatively pure streams
such as postindustrial waste and separately col-
lected containers of food and beverage is gener-
ally well-developed in Europe. The situation is
very different for the large and complex stream
of postconsumer waste, including wastes such as
waste electrical and electronic equipment
(WEEE), household waste, and automotive shred-
der residue (ASR). Effective recycling of these
wastes is possible, as has been demonstrated at
some places in Europe, by large investments in
logistics and dismantling (cars, electronic equip-
ment) or hand sorting (household waste). Such
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strategies are expensive, however, and they are
therefore not widely applied.

There are about 50 different groups of plastics,
with hundreds of different varieties [31]. All types
of plastic are recyclable. To make sorting and thus
recycling easier, the American Society of the Plas-
tics Industry developed a standard marking code
to help consumers to identify and sort the main
types of plastic. An example of these types and
their most common uses are reported in Table 12.

All separation-sorting techniques are based on
the identification of one or more physical properties
to utilize to discriminate the materials to process in
order to establish classes of physical attributes and
to set up appropriate technologies to address mate-
rials inside these classes. One of the most utilized
properties is the density. Unfortunately, such a
parameter is not particularly useful when plastics
have to be separated because this value is similar for
the different polymers to recycle.

Recycling Technologies, Table 12 Example of most common types of plastics and use

1

PET Polyethylene terephthalate – fizzy drink bottles and oven-ready meal trays

2

HDPE High-density polyethylene – bottles for milk and cleaning liquids

3

PVC Polyvinyl chloride – Food trays, cling film, bottles for squash, mineral water, and
shampoo

4

LDPE Low-density polyethylene – carrier bags and bin liners

5

PP Polypropylene – Margarine tubs, microwaveable meal trays

6

PS Polystyrene – Yogurt containers, foam meat or fish trays, hamburger boxes and egg
cartons, vending cups, plastic cutlery, protective packaging for electronic goods and toys

7

Other Any other plastics that do not fall into any of the above categories. An example is
melamine, which is often used in plastic plates and cups.
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Technologies that address these resources need
to be extremely powerful, as they must be rela-
tively simple in order to be cost-effective but also
accurate enough to create high-purity products
and able to valorize a substantial fraction of the
materials, present in the waste, into useful prod-
ucts of consistent quality in order to be economi-
cal. On the other hand, the potential market for
such technologies is large, and environmental
regulations along with oil price increases have
increased the interest in many industries both in
waste-sorting technologies, for the production of
high-quality secondary polymers, as well as in
developing automatic sensors for quality assess-
ment of waste-derived secondary polymers. This
latter aspect is particularly crucial because no
matter how efficient the recycling scheme is,
sorting is the most important step in recycling
loop. Fast, accurate, and reliable identification of
the primary plastics and the polluting materials in
the feed is thus essential to set up suitable mechan-
ical actions on PSWand optimal sorting strategies
on the resulting products. The attainment of this
goal is thus fundamental for companies that buy
recycled plastics, because they obviously want
those recycled plastics have the same characteris-
tics as virgin ones. Otherwise, it is not efficient,
and sometimes dangerous, to use recycled plastic
materials. A simple example is the case of poly-
ethylene terephthalate (PET) and poly-
vinylchloride (PVC), which are sometimes
indistinguishable by sight. These two resins are
contaminants to each other. Combinations of PVC
and PET resins can result in the release of hydro-
chloric gases. The PET resin will be ruined even
with only a few parts per million of PVC resin.

Waste Plastic Recycling Technologies

Fromwhat has been previously reported, it is clear
that correct plastic recycling is not an easy task.
Among all the different waste materials and prod-
ucts analyzed in this section, plastics are probably
the most difficult to separate and recover. Prelim-
inary and efficient plastic sorting and continuous
monitoring of the different waste plastics flow
streams are both key issues to develop optimal

PSW product recycling strategies. From this per-
spective, plastic recycling technologies can be
divided into four main categories [32]:

• Re-extrusion, that is, the reintroduction inside
an extrusion cycle of plastics presenting the
same characteristics

• Mechanical, developed to recover different
plastic products by a physical processing

• Chemical, addressed to produce feedstock
chemicals for the chemical industry

• Energy recovery, that is, complete or partial
waste plastic material oxidation to produce
heat, power and/or gaseous fuels, oils, and/or
materials to be disposed of (e.g., ashes)

In the following, particular attention will be
addressed to mechanical recycling, one among
the four mentioned approaches that maximizes
“waste plastics recovery,” producing lower envi-
ronmental impact.

Re-extrusion
The main assumption with re-extrusion is that the
utilized waste scraps have to be constituted by
polymers presenting the same characteristics as
the original product. Manufactured products
resulting from this process that do not satisfy qual-
ity composition constraints are usually addressed
to a use where mechanical properties are more
important than compositional ones (e.g., crates).

Mechanical Recycling
When mechanical recycling strategies are applied,
sorting, at the different stages of the processing,
represents an important issue. Despite great tech-
nological developments, most current plastic
sorting continues to be done by hand. Manual
sorting is a simple process that needs very little
technology. It is a labor-intensive, costly, and inef-
ficient method for sorting materials and more spe-
cifically plastics. For this reason, as previously
outlined, the Society of the Plastics Industry insti-
tuted a voluntary labeling system. The system cre-
ated a set of codes (Table 12) for each of the six
most commonly used resin types. Even with this
labeling system, it is still difficult to manually
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distinguish polymer types due to the condition of
the plastics as they reach the separation facility.
Plastic containers, in fact, may be crushed, cracked,
or covered, rendering the resin label practically
useless. In any case, systematic and extensive man-
ual sorting of plastic parts, bottles, and the like is
counterproductive since accurate, high-speed
flake-sorting technology exists to separate one
plastic from another; in fact, a number of auto-
mated sorting strategies have been investigated,
developed, and implemented in recent years.
They can be divided in two categories according
to the size of plastics objects to sort:

• Macro-sorting deals with the separation of bot-
tles or containers, as a whole. Such an
approach has the advantage that it does not
require any specific preparation of the sample
before sorting. Specific polymers’ attributes
have been detected and according to their char-
acteristics further separated, usually following
air-blow-based strategies.

• Micro-sorting is applied after the plastic mate-
rials have been milled into pieces. This system
has the advantages of lower handling costs and
larger volume processing. A more sophisticated
technology is required: a real mechanical pro-
cessing sequence (e.g., comminution, classifica-
tion, separation, etc.) has to be set up and applied.

Macro-Sorting
Plastic macro-sorting is addressed to separate
plastic manufactured goods as recovered after
their use. Strategies have to be thus addressed to
recognize big targets. The main problem to face,
following this approach, is to set up a suitable
processing line that is able to handle large pieces
and consequently large and cumbersome stocks.
Different techniques have been investigated in the
past years and are currently utilized; some of them
are outlined below:

• Near-infrared spectroscopy
• X-ray analysis
• Laser aid identification
• Marker systems

Near-infrared spectroscopy (NIR). This tech-
niques is one of the most utilized to perform an
automated sorting of postconsumer plastic con-
tainers. NIR has the advantage that direct or
close contact between the detector and the sample
is not necessary. NIR instruments are also com-
patible with flexible fiber-optic probes. It is based
on the energizing of the unsorted, unidentified
plastic with near-infrared waves (600–2,500 nm).
When the infrared light reflects off the surface
of the plastic, the different resins’ characteristic
infrared absorption bands can be measured. The
detected bands are then compared to known poly-
mer spectral bands response, in the same wave-
length range, to determine the plastic type. Such
an approach is characterized by many advantages.
The most significant one is the detection/identifi-
cation speed. Because of the great scanning speed
allowed by spectroscopic devices, many readings
of one sample can be taken in short periods of
time; a multiple check of the same object is thus
possible, allowing setup of proper and reliable
identification strategies. Detection speed also
allows an increased volume of plastics sorted in
smaller amounts of time. The second advantage is
the lack of specimen preparation. Labels or other
obstructions like dirt do not significantly interfere
with readings thanks to the option of performing
multiple checks. Finally this detection architecture
presents another advantage: color does not inter-
fere with proper resin identification. Except for
black, the readings are independent of the color
of the resin. Black containers represent a problem,
because their color is a strong absorber in the near-
infrared region. As a result, black plastic produces
a featureless spectrum that, in many cases, does
not allow proper identification [33].

X-rays analysis. This sorting approach is based
on the study of the transmitted or reflected wave-
lengths in the X-ray region. This technology is
mainly applied for PVC sorting. Chlorine atoms
in PVC give a unique peak in the X-ray spectrum
that is readily detectable. X-ray fluorescence
(XRF), based on energy level variations of core
electrons of atoms, can be used to detect elements
in plastics, except for H, C, N, and O, which are
usually detectable utilizing infrared spectroscopy.
XRF presents many advantages: ease of use, rapid
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preparation and analysis of the sample, a large
range of element detection, etc. It can be thus
utilized online. Furthermore, it allows one to
quantitatively determine the presence and charac-
teristics of fillers, pigments, and flame retardants.

Laser aid identification. With this approach the
detection architecture identifies plastics by shining
a laser beam onto the surface to be identified and
then analyzing the material’s response. Utilizing an
infrared thermographic system, various material
properties including absorption coefficient, ther-
mal conductivity, thermal capacity, and surface
temperature distribution can be thus determined.
The detected properties can then be analyzed to
identify plastic type. The resulting system is suit-
able for quick analysis and identification of various
plastics. The approach presents some advantages,
that is, (1) different thickness, forms, and surface
structures of plastic containers do not play any role
in the identification, and (2) printing and different
additives (softeners) also do not play any role. The
limits are related to (1) the presence, in terms of
quantity and quality (particularly of carbon), of
fillers, (2) difficulty in classification of plastics
due to the evaluation of themaximum temperatures
directly after laser radiation, and, as a consequence
of (1) and (2), a lower identification speed, in
comparison with spectroscopy and X-ray, wherein
checking of plastic containers can be carried out
within only 1/10 s.

Marker systems. This approach entails mark-
ing either the container or the resin itself with
something readily detectable. There are no bar-
riers standing in the way of an automated sorting
system that would read a hidden marker and iden-
tify resin type. Many studies and attempts were
carried out in the 1990s but with low success,
mainly due to problems arising both at the pro-
duction and recycling levels. Every packaging
production line would have to install a marking
system on their line. Also, each recycler would
need to install a machine to scan for the marking
on the containers.

Micro-Sorting
Plastic micro-sorting separates postconsumer plas-
tics after a combination of comminution/separation
processes specifically addressed to remove

contaminants (e.g., nonplastic materials) and to
increase bulk density, lowering storage require-
ments and shipping/transport costs, easingmaterial
handling and conveying, and liberating materials.
Comminution is thus a fundamental and critical
step when complex plastic waste streams have to
be processed.Waste feed size reduction, in fact, has
to satisfy comminution-liberation requirements
and at the same time not produce too much fine
fractions, which represent a problem in the further
separation stages. According to the recycling plant
“input” feedstock, different comminution strate-
gies (e.g., number of comminution stages, utilized
equipment, and operative conditions: dry or wet)
have to be selected. Table 13 describes some of the
comminution units commonly used to perform
waste plastic shredding.

After comminution, plastic wastes are reduced
in dimension but obviously maintain their original
composition, that is, plastics and contaminants
(e.g., ferrous and nonmetals, nonferrous, foams,
film, rubber, labels, paint and coatings, metallic
foils, glass, rocks, sand, dirt, etc.). Contaminant
removal has thus to be carried out adopting dif-
ferent classification/separation strategies strictly
linked to the size class distribution of the flow
streams and to the contaminants’ characteristics,
with respect of the polymer/s to recover. For waste
plastic recycling, different from what is usually
carried out in the recycling sector, some separa-
tion stages are carried out in wet conditions, that
is, using a fluid, usually water and sometimes
heavy media, to enhance separation devices’ effi-
ciency. In some cases, when the feedstock is par-
ticularly contaminated (e.g., automotive shredder
residue), the recycling process starts with a water
or heavymedia-based separation stages in order to
remove as much contaminants as possible, as
metal, rocks, glass, and sand that could damage
size reduction equipment could negatively affect
the further recycling stages.

To fulfil the previously mentioned classifica-
tion/separation goals, different techniques are cur-
rently used:

• Air classification
• Magnetic and eddy current separation
• Density-based separation processes:
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– Sink-float separation (wet process)
– Magnetic density separation (MDS) (wet

process)
– Jigging (wet process)
– Hydrocycloning (wet process)
– Centrifuge-based separation (wet process)
– Air table classifiers and gravity table sepa-

rators (dry process)
• Surface-based separation processes:

– Electrostatic separation (dry process)
– Flotation (wet process)

• Selective dissolution

Air classification. Air classification is com-
monly used to remove, in dry conditions, light
contaminants such as dust, small foam particles,
paper, glass powders, etc. Usually aspirators or air
cyclones are used [24]. Air classifiers are, in prin-
ciple, simple devices; their control can vary
according to feed characteristics. Equipment has
to be correctly set for each stream of material.
Separation of material is based on differences in
terminal velocities in an airstream and is depen-
dent on particle density as well as morphological
and morphometrical attributes. An air cyclone

Recycling Technologies, Table 13 Characteristics of the comminution units mainly utilized to perform waste plastic
shredding

Comminution units Characteristics

Hammer mills (HM) Movable hammers mounted on a rotating shaft hit and/or throw plastic against
the mill chamber or the other waste-fed material. As a result comminution is
realized. Particles are recycled inside the hammer until they do not reach a size
lower than the aperture of a grid installed at the exit of the mill chamber. HM can
handle without problems metal contaminants; high energy is required, milled
particles are not uniform and the process produces a lot of noise

Ring mills (RMs) A RM is usually constituted by a steel rolling blade. This blade chops and grinds
the plastic that is placed inside the roller. After it has been ground up to the
desired size, it falls through the small holes located beneath the rolling blade

Shear shredders (SS) This machine uses one or more rotating shafts, each with a set of cutting disks or
knives mounted closely together on the shaft(s) that sits in a chamber at the
bottom of a feed hopper. As the shaft rotates, the cutting devices pull the material
down through the small spaces between the cutting disks/knives and the
surrounding chamber

Two- or four-shaft shear shredders
(TSSS or FSSS)

The equipment can be composed by two- or four-shaft shredder with rotary
blades (e.g., sharp-corner disks provided with hooks) and spacer combs, which
keep the tools clean and make material unloading easy. Once the material goes
into the hopper, the shredder catches the material and begins to cut it grossly.
Thanks to the high cutting torque and the different conformation of the cutter’s
group, it is possible to shred pieces made of different materials. FSSS can handle
metal contaminants; relatively low energy is required, particles are well liberated,
good size control, throughput rate is lower in comparison with conventional
shredding machine without screen, and high maintenance cost

Granulators (Gn) The main feature of Gn is represented by the rotor conformation provided with
short blades with staggered arrangement. During rotation every tool scratches the
material and makes the final shredding. Gn are particularly efficient when
material characterized by high thickness and resistance has to be cut. They realize
a good liberation of the materials and a high throughput; they cannot handle
metals (e.g., contaminants) and are characterized by high maintenance costs

Cryogenic comminution units
(CCU)

CCU realize a fine grinding by using liquid nitrogen; usually the material is
blended with liquid nitrogen to provide sub-zero temperature level up to�150 �C,
to cool the material in a grinding mill. The cryogenic process produces fairly
smooth fracture surfaces. Little or no heat is generated in the process. This results
in less degradation of the rubber. Even if the price of liquid nitrogen has come
down significantly, recently the process is always characterized by high operative
costs. CCU are thus ideal for fine pulverizing of thermoplastic and heat-sensitive
materials; they also allow to reach an excellent liberation of the materials
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provides a simple and economical means for most
medium to coarse and/or heavier particle collec-
tion applications. The centrifugal action and grav-
itational forces are the operative principles of
cycloning. The airflow containing the particles to
classify/separate goes through a high-velocity
inlet, forcing particles to the collector wall in
spiral motion. This, together with gravitational
pull, forces the heavier particles downward,
while the lighter ones travel upward via the inner
vortex and out the air outlet on the top side. Air-
based classification represents a fundamental step
in any plastic recycling facility, handling complex
plastic-rich parts from end-of-life durables (e.g.,
automotive-derived parts, electronic and electrical
devices, and appliances, etc.).

Magnetic and eddy current separations. These
separation techniques are utilized both at the begin-
ning of the recycling process and after different
handling stages. Usually ferrous (e.g., low-grade
stainless steel, nickel alloys, etc.) and nonferrous
metals (e.g., aluminum) are removed using mag-
nets [23] and eddy current [13] and/or electrostatic
separators [25], respectively. The characteristics of
these separation devices are described in the sec-
tion dealing with metal recycling. The magnetic
separators commonly utilized are belt magnets,
magnetic pulleys, and drum magnets. The refin-
ing/control of the final products is usually carried
out by high-intensity permanent magnets.

Density separation processes. Density separa-
tion is the most frequently applied technique to
recover different plastics from a mixed plastics-
pollutants streams. Such an approach can be also
be profitably used to separate polymers belonging
to the same family but containing different addi-
tives. Density-based separation techniques are
more reliable than those “only” based on plastic
surface characteristics. Bulk plastic properties, in
fact, are less sensitive to possible alteration linked
to specific environmental conditions (e.g., light-
ing, oxidation, etc.) or contaminant presence (e.g.,
oil, dirt, various costing, etc.). When density sep-
aration is applied, waste materials to be separated
are placed in a medium characterized by a density
that is intermediate between two or more densities
of the particles constituting the waste. Following
this approach, the fluid and/or recovered solid

fractions have to be further processed for environ-
mental and cleaning purposes, respectively.

Sink-float process. Sink-float separation systems
are very common. They represent a simple and
robust approach to separate materials characterized
by different densities. The method simply involves
depositing thematerials in a tank filled with water or
other liquid at a specific density. The lighter mate-
rials float and the heavier ones sink. For a sink-float
system to work efficiently, the materials’ densities
must differ greatly from one another (e.g., polypro-
pylene; PP, 0.96 g/cm3; high-density polyethylene;
HDPE, 0.94 g/cm3; medium-density polyethylene;
MDPE, 0.926–0.940 g/cm3; low-density polyethyl-
ene; LDPE, 0.915–0.925 g/cm3; linear low-density
polyethylene; LLDP, 0.91–0.94 g/cm3). Further-
more, even when applied the process is difficult to
handle because chemicals have to be added towater,
to modify density or specific heavy liquids [34], as
bromoform (CHBr3) (2.87 g/cm3), TBE: 1,1,2,2-
tetrabromoethane C2H2Br4 (2.95 g/cm3) and meth-
ylene iodide (3.31 g/cm3) have to be utilized. Such
liquids are highly toxic, require stringent condi-
tions to minimize exposure to workers, and create
plastics contaminated fraction that have to be fur-
ther cleaned [34, 35]. Furthermore, the presence
of possible contaminants and bubbles on the plas-
tic surface, plastic particle size and shape, and
characteristics of fillers and additives also
strongly affect separation.

Magnetic density separation.Magnetic density
separation is a sorting technology similar to clas-
sical sink-float separation but characterized by a
medium with a density gradient [36–38]. The den-
sity gradient is realized utilizing a fluid constituted
by magnetic iron oxide particles, of a diameter of
about 10–20 nm, and water. By a magnet an
artificial gravity is produced, as a magnetic
force. This force varies exponentially in the verti-
cal direction, and the effective density of the liq-
uid also varies accordingly in the same direction.
The result is that waste individuals to separate
(i.e., plastic particles) will float in the liquid at
the same level: where the effective density is
equal to their own density [39].

Jigging. Jigging is based on the application of
repetitive pulsation actions to a particle bed by a
current of water in stratification of plastic waste
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particles of different specific gravity. A jig operates
in a cyclic manner where one cycle consists of four
stages, namely, inlet, expansion, exhaust, and com-
pression. In the inlet stage, the bed lifts up en
masse. Near the end of the lift stroke, the particles
at the bottom of the bed start falling resulting in
loosening of the bed which, in turn, causes its
expansion or dilation. During the third and fourth
stages of the jig cycle, the particles resettle through
the fluid, and the bed collapses back to its original
volume. The pulsation and suction are repeated to
bring about stratification with respect to specific
gravity across the bed height.

Hydrocyclones. Hydrocyclones are an eco-
nomical and effective tool for separating mixed
plastics and for removing many contaminants
from a target plastic. A hydrocyclone transfers
fluid pressure energy into rotational fluid motion.
This rotational motion causes relative movement
of materials suspended in the fluid thus permitting
separation of the materials from one another
[40]. The mixed fluid enters tangentially at the
inlet, which causes the material to rotate within
the vessel and ultimately to form a vortex. As this
vortex of fluid spirals within the cyclone, heavier
materials are forced outward by centrifugal force
and down from the barrel section into the cone
section. The materials more dense than the fluid
flow down the inner wall and exit through the
apex and out the underflow port with a portion
of the fluid. Lighter materials are swept into the
center vortex by inward fluid motion and are
carried vertically up through. Different from clas-
sical applications (e.g., mineral processing, food
industry, pharmaceutical industry, etc.), when
hydrocyclones are utilized in plastic waste
recycling, two factors have to be carefully taken
into account: (1) the tendency of recycled plastic
particles to assume a platelike shape and (2) the
low differences usually existing between different
plastics. Hydrocyclones can be considered inter-
mediate density-based separation units, for their
characteristics, in fact, can be placed between a
classical sink-float and a centrifugal process.
Hydrocyclones present several advantages: they
require very little space, are quite efficient, and
outputs can be high; on the other hand, they
require a more complex fluid-dynamic circuit

(e.g., presence of pumps), stricter control of feed
characteristics (e.g., water solids ratio), etc.

Centrifuges. These equipments are very effi-
cient; they balance optimal separation perfor-
mances with a reasonably high separation rate.
Morphological and morphometrical particle attri-
butes affect in a limited way this separation,
because of the applied centrifugal fields charac-
terized by high values. This technique is particu-
larly efficient when fibers and/or filmlike particles
have to be recovered.

Air table classifiers and gravity table separa-
tors. These devices come frommineral processing
and metal recycling industries (e.g., automotive-
derived waste-containing plastics). Their applica-
tion is quite limited.

Surface-based separation processes: electro-
static separation. When this separation is applied,
usually the particle charging method is based on
the triboelectric effect. Such an effect is based on a
simple principle: when dissimilar materials, for
example, particles of two different plastics, are
rubbed together, they transfer electrical charge,
and the resulting surface electrical charge differ-
ences can be used to separate the two plastics in an
electric field; usually charged plastics fall down
freely in the area between two electrodes. The
particles are drawn to either positive or negative
electrode according to the polarity of the charge.
According to their trajectory, they are thus col-
lected and separated. Many plastics can be sepa-
rated with this technique: ABS (acrylonitrile
butadiene styrene) and HIPS (high-impact poly-
styrene) from end-of-life electronic devices, ABS
and PMMA (polymethyl methacrylate) from
automotive waste, PE (polyethylene) and PP
(polypropylene), PET, (polyethylene terephthal-
ate) and nylon, PVC (polyvinylchloride) and PE
from cable scrap, PVC and PC (polycarbonate)
from bottles, etc. Electrostatic separation has two
main advantages: it can be carried out in dry
conditions, and the separation architectures and
equipments are relatively simple. The main disad-
vantages are related to the shape of the particles,
which influences their surface charge and separa-
tion effect. Furthermore when electrostatic sepa-
ration is applied, particles’ humidity and moisture
have to be strictly controlled.
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Flotation. Froth flotation is another possible
method to perform plastic micro-sorting. Flota-
tion works similarly to sink and float systems.
Froth flotation is based on the plastic particle
surfaces’ chemical-physical attributes; for this
reason it is particularly suitable for when plastics
of similar densities but different surface properties
have to be separated. As outlined in [31], a spe-
cific plastic can be separated from a complex
waste stream by flotation after treating the waste
in alkaline solution [32, 33]. Separation of mixed
plastic, according to different plastic typologies,
can be achieved utilizing appropriate collectors.
A large literature exits on this topic [31, 41,
42]. Furthermore, specific wetting agents can be
also used to prepare a hydrophobic property [41,
43]. Due to the conditioning, some plastics that
normally sink (hydrophilic behavior), adhere,
according to their composition, to air bubbles
generated by a controlled air flow pumped into
the system. As a result such particles float to the
surface. Materials that are not affected by the
bubbles sink to the bottom. Collection systems at
the top and bottom of the system can then recover
the separated fractions. Other parameters affect-
ing froth flotation are particle size and shape. The
main advantages linked to the utilization of froth
flotation in plastic recycling are that the technique
is well known and settled from a technological
point of view and that it is quite flexible in terms
of application possibilities. The limitations are
primarily related to plastic particle surface status
(e.g., dirtiness and/or pollutants) and to the diffi-
culty in defining precise control logics because of
plastic waste variability and important factors that
have to be taken into account.

Selective dissolution. Selective dissolution is a
plastic sorting option that was investigated in
depth, as the markers for macro-sorting purposes,
in the early 1990s. The process separates mixed or
commingled plastic waste into nearly pure reus-
able polymers without any mechanical presorting
techniques. The selective dissolution is based on
two different principles: temperature-dependent
solubility of different plastics in a single solvent
and solvent-dependent solubility of different plas-
tics at a specified temperature. These technologies
are not cost-effective for commodity polymers but

are sometimes the only solution for the liberation
of different coatings associated with PP, such as
paint or skin.

Chemical Recycling
Chemical recycling, using a depolymerization pro-
cess, is applied to convert waste plastics, utilizing
heat or heat and catalyst, in smaller molecules (e.g.,
gases, liquids, solid waxes, etc.), which can be used
as a feedstock to produce new plastics or other
chemical products. The term chemical is thus
used, because an alteration is bound to occur in
the chemical structure of the polymer. In recent
years, a lot of attention has been addressed to this
recycling approach (e.g., non-catalytic thermal
cracking, catalytic cracking, and steam degrada-
tion) in order to produce different fuel fraction
from plastic waste products. Several polymers can
be profitably processed adopting this approach.
Polyethylene terephthalate (PET), certain polyam-
ides (nylon 6 and 6.6), and polyurethanes (PURs)
can be efficiently depolymerized. The resulting
chemicals can then be used to make new plastics
that can be indistinguishable from the initial virgin
polymers [43]. Polyethylene (PE) has been targeted
as a potential feedstock for fuel (gasoline)-
producing technologies [44]. The two cited cases
are just an example of chemical recycling potenti-
alities. A great deal of literature exists on this topic,
because a lot of research efforts and technology
development have been addressed to improve the
utilization of this recycling technology. Chemical
recycling, in fact, presents, at least in principle, a
big advantage with the possibility of treating het-
erogeneous and contaminated polymers with lim-
ited use of pretreatment [45]. An excellent review
and analysis of this technique is reported in
Al-Salem et al. [44].

Energy Recovery
Energy recovery is based on using waste plastics
to produce energy in the form of heat, steam, and
electricity. Deriving from crude oil, waste plastics
when burned generate a high calorific value. Fur-
thermore, producing water and carbon dioxide
upon combustion, plastics behave similarly to
other petroleum-based fuels [46]. Such a solution
can be considered technically and economically
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correct when the other recycling strategies (e.g.,
sorting, mechanical, chemical, etc.) cannot be
profitably applied. A typical example is
represented by fluff, which is the light fine fraction
resulting from car dismantling. Fluff is constituted
of plastics, rubber, synthetic foams, etc., and well
fulfils the concept of waste-to-energy product.
This material, after a “washing” stage (e.g., pol-
luting material removal: copper, aluminum, brass,
iron, etc.), can be profitably utilized as fuel.
Energy production can thus dramatically contrib-
ute to increase the full recovery of such a kind of
secondary waste with a lower environmental
impact (e.g., landfill reduction). Recent studies
demonstrated that when plastic waste energy
recovery is performed, foams and granules con-
tribute to destroy CFCs and other harmful blow-
ing agents present [47]. However, several
environmental problems related to the emissions
have to be faced when such an approach is
followed, mainly by the presence of (1) volatile
organic compounds (VOCs), (2) particulate
solids, (3) particulate-bound heavy metals,
(4) polycyclic aromatic hydrocarbons (PAHs),
(5) polychlorinated dibenzofurans (PCDFs), and
(6) dioxins. Finally, the presence of flame retar-
dants (FRs) can influence the combustion process.

All the considerations previously outlined refer
to thermoplastics. When thermoset plastics have
to be recycled, several problems arise. They, in
fact, cannot be readily dissolved, melted,
recompounded, and reshaped like thermoplastics.
Specific recycling strategies have to be set
up. Mechanical recycling is thus primarily
addressed to fine grind them for a further reuse
as fillers in new thermoset resins or thermoplastic
compositions or to recover natural filler or fibers
originally utilized in the original thermoset prod-
uct. In any case, chemical recycling as well as
energy recovery processes can be applied to a
large range of thermoset materials.

Recycling Technologies: Fibers (Textiles
and Carpets)

Fibers, both natural and artificial, are commonly
utilized in daily life, as well as in technical

applications. Also with reference to fiber-based
apparels, legislation fixed severe constraints about
their disposal at the end of their life cycle; as a
consequence proper recycling systems must be
adopted. Recycling can be carried out via two
different approaches: (1) to recover energy or
(2) to recover fiber materials for their further reuse.

The energetic utilization of end-of-life fibers is
not particularly efficient, because the energy gener-
ated from burning is less than the energy required
for fibermanufacturing. This approachmakes sense,
from an ecological point of view, since proper com-
bustion results in energy gains without significant
air pollution and the consumption of resources.
However, the production of synthetic fibers is
more expensive compared to nonfibrous plastics.
Also the production of natural fibers, like cotton,
requires a large use of resources (e.g., water). Hence,
product recycling of fibers will increase the sustain-
ability of products and processes. With reference to
cotton, its caloric value is about 17 MJ kg [48]; on
the other hand, the energy demand for producing
1 kg of raw cotton is between 38 and 46MJ kg [48]
considering an oil consumption of 1 kg. As a con-
sequence, any recycling process is more convenient
than thermal utilization. If the same considerations
are applied to man-made fibers, a different fiber-
related energetic balance can be drawn. The water
consumption for the production of synthetic fibers is
significantly lower (about 1/10) compared to cotton.
For acrylic fibers, for example, the demand ranges
between 0.3 and 15 l H2O per 1 kg of fibers
[49]. Energy consumption for polymerization, spin-
ning, and finishing is between 369 and 432 MJ kg
[45, 48]. Given a caloric value of crude oil between
38 and 46MJ kg, it can be concluded that for 1 kg of
fiber, about 11 kg of crude oil is necessary. How-
ever, during thermal utilization only the caloric
value can be used that is about the same or slightly
lower compared to crude oil. From this it is obvious
that thermal utilization should be replaced by any
other process.

Technologies actually available for textile and
carpet recycling do not offer satisfying solutions
in terms of economic and ecologic demands; this
fact is mainly linked to the difficulty of develop-
ing a correct separation, first, and a full character-
ization, after, of fibers, and other polluting
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materials. Fiber composition as well as their mor-
phological and morphometrical attributes repre-
sents important factors to develop optimal
reutilization strategies, this last aspect being par-
ticularly relevant in carpet recycling. Recycling
technologies have been developed, in terms of
logics and complexity, dealing with textiles and
carpets, respectively.

Textiles

Systematic textile recycling originated in the
Yorkshire Dales (Great Britain) about 200 years
ago, and the rag-and-bone men of days past were
the predecessors of the actual “textile recycling
businesses.” They collected not only clothing but
also handbags, shoes, bedding, and curtains for
reuse. These materials were then often sold
abroad, as secondhand clothing but also to pro-
vide raw materials to the “wiping” and “flocking”
manufacturers and for fiber reclamation to make
new garments. Furthermore, it is well known that
textiles were and are recycled for papermaking.
Textile recycling can follow different rules
according to “recycled textile function”:

• The original product function (e.g., clothing
reused again as clothes)

• The textile material properties (e.g., absor-
bency in a wiper, fire retardant non-woven in
a mattress spring cover, etc.)

According to their reutilization, recycled tex-
tiles can be upcycled or downcycled. In the first
case, they are used for more technically demanding
application (higher value); in the second case, they
are utilized for less demanding application (lower
value). In these two cases, original textiles have to
be mechanically processed, adopting specific com-
minution, classification, and separation strategies
in order to recover the constituting fibers from the
other materials (contaminants). Products resulting
from these approaches are usually shoddy (e.g.,
fabric made from the recycling of knitted prod-
ucts), mungo (e.g., fabric made from the recycling
of woven products), cotton rag paper made from
recycled cellulosic fabrics, etc.

As previously outlined, textile fibers can be
classified into natural (e.g., cotton and wool) and
synthetic. Recycled fiber demand is strongly
influenced by several factors as:

• Fiber composition and characteristics. The
presence of fiber blends (e.g., elastic polyure-
thane) that make recycling more difficult or the
presence of polymers not commonly recycled
(e.g., acrylics and polyesters) negatively
impact on fiber recycling process.

• The possibility to identify new industrial sec-
tors where recycled fiber products can be
utilized.

Textiles Source and Characteristics
Textile wastes can be originated by industry
and/or consumers.

Textile industrial wastes are originated during
the processing, production, and/or the
manufacturing phase. Such wastes are easy to
recycle, the fiber composition and characteristics
being known. Contaminants are usually not
present.

Textile consumer wastes are more difficult to
recycle. They are usually constituted by fiber mix-
tures and contain “contaminants” (e.g., non-
fibrous materials such as buttons, buckles, or
other metal parts).

Waste textiles are usually collected by charita-
ble organization. End-of-life apparel is then sorted
according to a possible reuse, that is:

• As re-wearable, cleaning and wiping clothes,
shortcut for nonwovens as well as for the paper
and cardboard industry [48].

• As recovered fibers, in this latter case, a
mechanical processing has to be applied in
order to produce fibers of desired length for
their further reuse.

Textiles Recycling Technologies

According to the considerations, previously
outlined recycling technologies are applied when
“recycled fibers” have to be produced. Waste tex-
tile processing is usually carried out in dry
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conditions. Such an approach presents two advan-
tages: (1) low energy consumption (e.g., drying is
not required) and (2) no water treatment. In this
perspective the main actions and the related
equipments are reported in the following:

• Human-based sorting (e.g., separation of the
different apparels typologies)

• Milling and classification, to obtain fibers of
the requested morphological and morpho-
metrical attributes

• Separation of the different fibrous and non-
fibrous material according to their physical-
chemical attributes

• Fiber tailoring and characterization

Manual Preparation and Sorting
A human-based sensing approach is commonly
followed to recognize and preliminary separate
the different apparels according to the different
types of fibers. After this phase of sorting/grading,
clothes are then packed as bales. Each bale is
obtained by pressing and identified in terms of
average fiber composition and weight. Each bale
is thus assumed as the minimal identifiable raw
material unit to address to different possible
recycling phases, that is:

• Secondhand clothing
• Wiping and polishing cloths for industry
• New products in the reclamation sector (e.g.,

component for new high-quality paper, uphol-
stery, insulation, even building materials, etc.)

• Filling materials (e.g., car insulation, seat stuff-
ing, etc.)

Milling and Classification
Textile milling is usually carried out utilizing
equipment where cutting actions are maximized
and the possible comminution effects on hard com-
ponents (e.g., buttons, zippers, etc.) are minimized
to reduce the presence of fine particles contami-
nants. Classification is usually carried out to
recover/remove fine fractions before the further
tailoring stage/s. Usually zigzag classifier and/or
pneumatic tables are utilized. As a result of this
processing, nonferrous metal and plastics, if pre-
sent, can also be recovered for further recycling.

Separation
Separation is usually addressed to recover the
non-textile materials inside the milled textile
products. Separation is usually carried out
adopting magnetic separators (e.g., hump mag-
net, magnetic pulley, etc.). Metallic fractions
(e.g., button, zippers, etc.) are thus recovered.

Fibers Tailoring and Characterization
Tailoring is a process specifically addressed to
produce individual fibers and to disintegrate all
residual textiles and yarns. At this stage of the
process, the main target is thus to develop a
processing sequence able to progressively pro-
duce fibers from fabric. A three-in-one process,
finalized to separate fibers from fabric, is usually
applied, that is, picking, pulling, and tearing.
Such a goal is usually reached adopting a series
of drums with spiked surfaces characterized by
an increasing number of finer spikes. Fibers clas-
sification is then carried out adopting air classi-
fiers; their characteristics can vary according to
classification goals. Tailoring can produce rather
long (greater than 2 mm, e.g., new “long fiber”
textiles making, nonwovens, etc.) or short (less
than 1 mm, e.g., viscosity modification, compos-
ite reinforcement, concrete, mortars, adhesives,
etc.) fibers according to their reuse. The tailoring
process has to be quantitatively and qualitatively
assessed, performing a morphometrical and mor-
phological fiber characterization. Fiber morpho-
logical and morphometrical attributes (e.g., fiber
length, width, and profile structure) thus repre-
sent important factors to develop optimal
recycled fiber reutilization strategies, allowing
correct identification and new potential applica-
tions. Most of the literature describing the
recycling of fibers does not provide any details
about fiber characterization. Recently, a proce-
dure (MorFi), originally developed for pulp char-
acterization [50], was successfully applied for
short fiber characterization [51]. Following this
procedure, the length of fibers (FL) was mea-
sured automatically adopting an imaging-based
approach: a suspension flowing through a flat cell
observed by a digital CCD video camera.
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Carpets

Carpets represent amore difficult product to recycle,
the reason being linked to its compositional charac-
teristics. A carpet, in fact, is usually constituted by a
two-layer backing of polypropylene. In between the
layers, styrene-butadiene latex rubber (SBR) is
joined by calcium carbonate (CaCO3), and the fibers
are tufted into the rubber (the majority being nylon
6 and nylon 6.6 textured yarns). The SBR adhesive
is a thermoset material, which cannot be remelted or
reshaped. Nylon generally performs the best among
all synthetic fibers as carpet face yarn, but it is also
the most expensive. This also explains why most of
the recycling effort is on nylon recovery. Due to the
“complexity” of carpet, at least in comparison with
textiles, if fibers have to be recovered, more com-
plex comminution-classification-separation strate-
gies have to be applied. It is possible to recover
fibers, mainly polypropylene, from the backing
that range from 3 to 25 mm in length. On the other
hand, a fraction originating from the pile yarn is
obtained. The latter fibers are between 12 and
25 mm in length [51–55]. The composition of this
fraction is reported to have 36% PP (fibers from the
backing), 18% nylon (fibers from the pile yarn), and
46% (nonfibrous) SBR and CaCO3 [52, 53]. An
extensive literature exists on different possible pos-
itive reuse of recycled carpet fibers in concrete and
soil reinforcement and several other applications
[51–55].

Carpet Source and Characteristics
Carpet wastes can be originated by industry
and/or consumers. Different from textiles, post-
consumer waste carpets represent the larger
source. Carpet can be considered a sophisticated
product. It is, as previously described, constituted
by many materials assembled to assure the dura-
bility of final manufactured product; the conse-
quence is that its disassembly and recovery are
difficult and require complex technology and suit-
able separation control actions to properly recover
and certify the different constituents. Carpet-
derived products, both fibers and polymeric mate-
rials, can thus originate lower or higher value
recycled products, according to the adopted
recycling strategies.

Carpet Recycling Technologies

Carpet recycling technologies are also carried out
in dry conditions. The main processing steps are
outlined in the following:

• Preliminary fiber identification and sorting
• Comminution and classification
• Separation
• Solvent extraction of nylon
• Nylon depolymerization
• Melt processing

Fiber Identification and Sorting
Carpet recycling strategies have to be set up
according to upper surface fiber characteristics.
Fiber identification thus represents a key issue to
properly address carpet to different downstream
recycling tracks [56]. Usually portable infrared
(IR) spectrophotometers are utilized; they usually
allow a fast and reliable recognition of nylon 6,
nylon 6.6, polypropylene, polyester, and wool
fibers. Sorting is usually applied in the collection
point; sometimes such a control is centralized in
the stocking facilities of the recycling plant. This
last solution is usually more efficient.

Comminution
Shredding andgrinding are the commonly applied
size reduction actions [48, 57]. These actions are
usually performed by a mill with rotary drums
equipped with hardened blades. The material
after shredding is then sieved by a grid installed
at the exit of the mill chamber. The material,
which has become sufficiently small, is thus
discharged from the mill chamber, the other
remains in the mill chamber for re-cutting. Com-
minution usually produces an increment of the
temperature; such a fact can negatively affect
milled materials characteristics; for this reason
comminution equipments are usually designed to
realize a high torque and a low rotational speed.
Studies have been carried out to perform carpet
cryogenic milling [58]. Following this strategy
comminution results are particularly efficient
because the freezing action of liquid nitrogen, or
CO2, changing the mechanical behavior of the
different carpet components allows their better
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milling and liberation of the different constituents.
Costs are usually higher than classical blade-
based milling, and as a consequence, the use of
this technology is limited. In some cases milling is
also realized utilizing water jet [59].

Separation
Carpet constituent separation is usually carried
out adopting different processing strategies
based on a series of combined comminution-
classification stages and a further density-based
separation utilizing both the “simple” gravita-
tional and/or centrifugal field. The second
approach is usually adopted to enhance the differ-
ences existing between the different materials to
separate. Following these strategies, filler, nylon,
and polypropylene can be recovered. A detailed
description of this approach is reported in two
papers from J. Herlihy [60] and H. P. Kasserra
[61]. In some cases the separation of the different
carpet components is realized without comminu-
tion [62, 63]. Waste carpet is thus subjected to a
preliminary clipping of the exposed fiber, a further
bombardment of air and steam of the carbonate-
filler latex backing and a combination of peeling
and picking. The combination of these actions
allows recovery of up to 95% of the face fibers.

Solvent Extraction of Nylon
Such an approach is utilized when high-value
nylon has to be recovered from carpet at the end
of its life cycle. Solvents commonly utilized are
aliphatic alcohol [64], alkyl phenols [65], and
hydrochloric acid [66]. A preliminary comminu-
tion of the carpet is always required. The optimal
size class ranges between 1 and 5 cm. Solvent
utilization presents both advantages and disad-
vantages. The advantages are that the use of sol-
vents allows for good recovery of nylon (yield
about 90%) characterized by a relatively low deg-
radation. The disadvantages are those related to
the use of chemicals and their further recovery
and/or reuse, when possible. Furthermore, process
temperature and the time required for nylon
extraction are other constraints to take into
account. Their values change according to the
dissolution process adopted. Sometimes super-
critical fluids (SCF) are utilized [67, 68]. The

process is commonly carried out in batch condi-
tions at high or low pressure and temperatures
according to the fluid utilized: CO2 [67] or formic
acid [68], respectively.

Nylon Depolymerization
Depolymerization is usually applied to recover
nylon, from nylon carpets, because nylon resin
has a remarkable higher value than the other poly-
mers commonly utilized in carpet manufacturing
[69]. A typical depolymerization process [70] is
based on a preliminary carpet sorting and a further
mechanical shredding; the recovered nylon 6 face
fibers are sent to a depolymerization reactor and
treated with superheated steam in the presence of
a catalyst to produce a distillate containing capro-
lactam, that is, the single monomer that after poly-
merization originates nylon 6. The crude
caprolactam is then distilled and re-polymerized
to produce again nylon 6 [71]. Another process to
obtain caprolactam is based on the utilization of a
two-stage pyrolysis process. The ground nylon
carpet, without separation, is dissolved with
high-pressure steam and then continuously hydro-
lyzed with superheated steam to form caprolactam
[69, 72].

Melt Processing
Melting and compounding are two other pro-
cesses currently carried out for carpet recycling.
Both require a preliminary size reduction process.
By melting, a thermoplastic polymer is converted
by extrusion in resin pellets [48, 57]; if more
polymers are blended together and then extruded,
a compounding process is applied. For its charac-
teristics, the products resulting from comminution
have to be “compacted” before the extrusion pro-
cess; they, in fact, are quite bulky. Specific equip-
ment (crammer-compactor feeder) is thus utilized.
Extruders can vary, ranging from single-screw,
twin-screw corotating, or twin-screw counter
rotating architectures according to feed and
required product characteristics. The melted-
extruded products are then cooled and cut to
obtain pellets. Usually ring, strand, or underwater
pelletizers are utilized. In Table 14 are syntheti-
cally reported some of the characteristics of
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pelletizing devices commonly utilized for waste-
carpets-based melted-extruded product chopping.

Melted-extruded products present different
characteristics and market values according to
the characteristics of the original feed stocks
[73]. When carpets are constituted by polymers
as plastic and polypropylene [74], the resulting
pellets (e.g., compounds) are of low quality due
to the fact that they are thermodynamically unsta-
ble when melt-mixed [75, 76]. They must be thus
stabilized to prevent coalescence during melt pro-
cessing [77]. This process of stabilizing polymer
blends is commonly called compatibilization. It
usually consists of the addition of a premade block
copolymer composed of blocks that are each mis-
cible with one of the homopolymers [78].

A melting plant is relatively simple to utilize
and maintain. Its main limits are primarily related
to its operating principle, that is, low flexibility in
terms of possible modification of final product
characteristics. Furthermore, the presence of
water represents a further environmental pro-
cessing problem (e.g., H2O filtering, temperature
control and recirculation to face when melting is
applied).

Pellets resulting from the previously described
melt-based process are commonly utilized in the

molding process, as they result from recycling or
are blended with virgin polymers. Other common
applications are in glass fiber-reinforced compos-
ites, where they are utilized as matrices [79].

Future Directions: Innovative Control/
Sorting Devices/Logics Integration in
Recycling Plants

The recycling technologies described and ana-
lyzed for the different waste materials (e.g.,
paper, glass, metals, plastics and textiles) clearly
demonstrate that improvements in comminution-
classification strategies and further separation
technologies (e.g., magnetic, electrostatic, sink-
float separation, flotation, etc.) can be mainly car-
ried out by introducing innovative control devices
and architectures, as equipment technology and
characteristics have reached a very high level of
quality and reliability. Such classes of innovative
devices can be also utilized as detection systems
to realize innovative sorting architectures. Single
and/or combined control/sorting actions can be
thus developed, taking into account different
aspects: (1) waste streams physical-chemical
characteristics, (2) market requirements for

Recycling Technologies, Table 14 Characteristics of the pelletizing equipment utilized for waste-carpets-based
melted-extruded products chopping

Equipment Characteristics

Water ring pelletizer
(WRP)

AWRP is commonly utilized for liquid polymers in which pellets fall from cutter knives into
an annulus on the surface of a body of cooling liquid. The velocity and trajectory of the pellets
are controlled by the projection of a spray of cooling liquid radially across the dyes from
which the pellets are severed. Band heaters in proximity to the dyes maintain the polymer in a
liquid state prior to extrusion. WRP is particularly suitable to be applied for polymers
characterized by a low-melt flow index (e.g., polyethylene)

Strand pelletizer (SP) In a SP polymer strands discharging from the dye head are sent to cooling water-based-
device. The water “wetting” the polymer strands is eliminated utilizing an “air knife.” The
dry, solidified polymer strands are then delivered toward a strand pelletizer where cutting is
applied. One of the main disadvantages of SP is that a large floor space and particular care
have to be addressed to control possible strand breakage. Polymers as nylon, polyester
terephthalate, and polypropylene are commonly processed by SP

Underwater pelletizer
(UWP)

UWP is usually constituted by an extruder that conveys the polymer melt to the dye plate
through the start-up valve. The melt stream is then divided into a ring of strands that flow
through the annular dye into a cutting chamber flooded with process water. A rotating cutter
head in the water stream cuts the polymer strands into pellets, which are immediately
conveyed out of the cutting chamber. The pellets are cooled and transported in a slurry to the
centrifugal dryer. Pellets are then separated by water through rotating paddles. Polymers as
nylon, polyester terephthalate, and polypropylene are commonly processed by UWP
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concentrates of specific quality, and (3) related
innovative control/sorting device/logics operating
at different scale, that is, at single-equipment
and/or plant scale.

Waste Feed Streams Characteristics
Processing actions applied to different particular
solids waste streams, constituted by different
materials (e.g., paper, glass, metals, plastics and
textiles), usually perform a change of some phys-
ical attributes of the wastes; these changes depend
on the intrinsic characteristics of the constituting
materials and the actions applied. For example,
comminution produces a reduction of the size
class distribution of waste, originating smaller
particles of different morphological and
morphometrical characteristics and producing
the liberation of the different materials originally
locked (e.g., mixed particles). On the other hand,
separation actions allow grouping together of par-
ticles according to a specific property (e.g., den-
sity, conductivity, magnetic, color, texture, etc.),
originating a concentrate.

What are the strategies to apply to make
improvements in terms of a correct utilization of
waste streams characteristics versus adopted
recycling technologies finalized to a higher recov-
ery of concentrates?

The answer is in principle very simple, being
related to the correct application of recycling tech-
nologies taking fully into account waste streams’
physical-chemical characteristics. For example,
the definition of proper comminution strategies
addressed to obtain adequate size class distribu-
tion, minimizing the presence of fines and ultra-
fine particles, is obviously related to a correct
knowledge of wastes. With reference to plastics,
milling actions based on cutting represent the best
solution; on the other hand, impact actions better
realize comminution for glasses. Lack of knowl-
edge of the composition of the waste materials to
process, in terms of constituents and their time
variation, can strongly impact the quality and
quantity of the final recovered products. Waste
materials present a high degree of compositional
variability. Batch sampling, as usually performed
on feeds and processed flow streams, does not
allow performance of a full and continuous

monitoring of the materials flow. Low-cost, reli-
able, and robust waste streams’ physical-chemical
characteristics detection devices, realizing contin-
uous monitoring, could represent the solution to
performing a full-time independent evaluation of
waste materials streams handled in the plant.

Waste-Derived Concentrate Recovery and
Quality Assessment
Concentrate quality affects its value and, as con-
sequence, the economic revenue of the recycling
process. The possibility to realize a continuous
full monitoring of concentrate characteristics is
important: (1) to apply correct waste processing
strategies to quantitatively and qualitatively max-
imize recovery, (2) to build a production database
embedding-produced product characteristics, and
(3) to perform a full products certification.

Recovery maximization is one of the key
issues when recycling technologies are applied.
Waste products are usually constituted by differ-
ent materials of different characteristics. An opti-
mal target could be represented to set up recycling
actions addressed to separate and recover all the
different waste constituents. In this case “the zero-
waste” target should be fully reached. If success-
ful, this strategy could allow reintegrating all the
wastes in new production cycles. Such a goal is
almost impossible to reach, but the strong scien-
tific development, the related technological inno-
vation, and the larger attention of new generations
toward environmental problems have and will
continue to contribute to introduce new technolo-
gies for a more efficient recovery. To maintain a
trace of when and what is produced in terms of
WDPs is another key issue. The achievement of
this goal allows establishment of a time correla-
tion between waste feed and resulting concentrate.
Correlations are useful not only in technical terms,
for a better understanding of plant behavior with
respect to waste feed variations, but also because
they provide useful information about consump-
tion and related waste production, contributing
this way to better waste collection and handling
strategies prior to the application of recycling
technologies. Finally, product certification in the
recycling sector sometimes represents a negative
point. The proposed approach could strongly
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contribute to solving this problem, allowing at the
same time a big step forward in product quality
detection performed continuously and not on a
batch basis.

Control Actions and Logics
As outlined in the previous paragraphs, one of
the key points related to a systematic introduc-
tion of control logics, inside processing layouts,
is to define simple, reliable, robust, efficient, and
low-cost architectures able to perform a full char-
acterization of the different flow streams in terms
of waste feed and/or resulting product composi-
tion, that is, grade of the recovered materials and
presence and characteristics of pollutants. The
two aspects are intimately linked to the definition
of suitable process-control strategies and to the
subsequent certification of the recovered
materials.

How can control actions and logics be fully
introduced and widely utilized in waste recycling?

Each material is characterized by specific attri-
butes; these attributes are usually detected, with
sensing devices able to collect one or more piece
of information related to the characteristics of
handled materials. Information is then processed
following logics oriented to maximize the positive
effects of the single and/or or group of actions.
Control actions can be commonly categorized in
four groups:

• Feedback control: a control system that moni-
tors its effect on the resulting product. On the
basis of the collected information, tuning
actions are applied on equipment, recycling
plant sections, and operative variables in
order to modify the output (product)
accordingly.

• Feedforward control: a control in which
changes are detected at the process input
(waste feed) and an anticipated correction sig-
nal is applied before process output
(concentrate) is affected.

• Cascade control: an automatic control system
in which various control units are linked in
sequence, each control unit regulating the
operation of the next control unit in line.

• Ratio control: a control procedure in which a
predetermined ratio between two or more vari-
ables is maintained.

Feedback and feedforward controls are most
commonly utilized in recycling.

Waste recycling flow streams are usually con-
stituted by complex particulate solid systems.
A particle is thus the minimum portion of material
that can be processed, in respect of the best avail-
able technologies and market requirements, in
terms of further recovered material handling.
Each particle is characterized by different attri-
butes: size, shape, composition, texture, etc. To
define a control logic means identifying one or
more rules to handle one or more of the previously
mentioned attributes as they have been collected
inside a particle flow stream, with the specific aim
of verifying whether processing has produced an
output satisfying the expected requirements of
these attributes, both qualitatively and quantita-
tively, in the concentrate. In plastic recycling, for
example, if a recovery of PP and/or PE has to be
carried out, the presence of other plastic materials
as PET or PVC, or other pollutants, as metals,
glass, etc., must be avoided. In this case, the
attribute composition plays a preeminent role in
control logic definition. Actions to perform are
related to (1) the characteristics of equipment/s
generating the PP or PE concentrate and (2) the
parameters allowing their operation. Relation-
ships existing between equipment/s operative
conditions (processing parameters set up) and
quality of the output, for a specific feed, have to
be clearly investigated and formalized, constitut-
ing the basis for control logic implementation.
A quantitative evaluation of the composition of
PP and PE concentrate is thus fundamental to set
up the logic in a quantitative way. In this case, as
when recycling technologies have to be applied to
other waste products, the quantitative collection
of the attributes qualifying, or certifying, an inter-
mediate and/or a concentrate product is not easy in
terms of economically acceptable devices. This
problem is common in waste recycling, where
the value per unit of weight of product is usually
low. To be economical, a process requires the
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processing of large quantities of waste and the
production of a corresponding high amount of
waste-derived concentrate. Often this condition
does not match with the adoption of sensing
devices that, to fulfill the previous requirements,
are usually very expensive. A different approach
has thus to be followed. If composition can be
correlated with other parameter/s, easily detect-
able, a transposition logic can be applied: that is,
the correlated property can be assumed as the
control parameter and new control logics applied.
Such an approach is particularly meaningful when
online control logics have to be defined. The
possibility to apply transposition logics some-
times produces a strong simplification in control.
An example of what is described is reported in the
following where different examples of sensing
architectures based on hyperspectral imaging
(HSI) techniques are reported with reference to
some of the materials taken into account in this
section.

Plant Scale Control
The application of control actions and logics, on
a recycling plant scale, can be considered a com-
mon practice. Originally performed, and in some
cases also today applied, following a human
senses-based approach, with the technological
development “humans,” have been and are
being replaced by sensing devices. The first step
to implement a plant scale control consists of the
identification of some key points inside the plant
where product characteristic detection can give
useful information about the process. According
to the values of the detected parameters, and
utilizing preassigned rules, the equipment opera-
tive variables are modified accordingly. These
actions can usually be performed with a feedback
or a feedforward approach, more rarely adopting
a cascade control. Approaches vary according
to waste material characteristics, control objec-
tives, and implementation modalities: (1) intro-
duction of control logics inside an existing plant
or (2) in new ones. In this latter case, a large
flexibility in control architecture design can be
performed, not existing predefined plant archi-
tectural constraints.

Single Equipment Control
Following this approach, control actions and
logics play at single equipment scale. Process
and product parameters detection is carried out
before (feedforward) and/or after (feedback) the
single processing unit and control logics act
accordingly. Such an approach is very promising,
especially for future improvements in the
recycling sector. The “intelligent processing
machine” is an equipment able to “understand”
how it works, according to feed flow stream and
resulting product characteristics and able to mod-
ify its “behavior” accordingly, adopting pre-
assigned and/or time-dependent learning rules.
This is particularly relevant in recycling, where
very often handled materials do not show constant
compositional characteristics, affecting equip-
ment performance.

Innovative Sensing Technologies in the Waste
Sector
In recent years a lot of innovative sensing tech-
nologies and related control logics have been pro-
posed in recycling. A sensing station is usually
constituted by a conveying device (e.g., conveyor
belt, vibrating channel, etc.), for the separation
and steadying of the material, and a detection
unit, positioned underneath or above the convey-
ing device or at the material discharge area. Col-
lected information can be then utilized to
quantitatively assess material characteristics
(certification) or to modify operative conditions
of the equipment handling the materials before or
after sensing (control) or to develop separation
actions by actuators, e.g., valve bank blowing
out material constituents according to specific
component characteristics (sorting). In the follow-
ing, some sensing devices and their operative
principles, together with possible application
fields, are described.

Electronic Imaging (EI) Visible (VIS)
Wavelength-Based
EI-based sensing devices and algorithms [80] are
the most widely used in recycling. They belong to
the first class of control device utilized in this
sector. EI application in recycling technologies
comes from architectures developed in mineral
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processing and food control sectors. Such a tech-
nology moves from black and white (B&W) to
color sensing systems. Actually color is widely
applied in many recycling sectors: glass, WEEE,
metal scraps, fluff, wood, etc. Color-based sens-
ing is based on the collection and analysis of
material surface characteristics. Such an approach
can represent sometimes a limitation because the
collected information “only” relates to the surface
(e.g., varnished objects in principle cannot be
detected in a material-related way). In many
cases, for the relatively low cost of this approach,
EI will solve many control/sorting/quality assess-
ment problems when the materials to check have
passed shredding stages beforehand that remove
the existing surface coatings or that break up the
material in a way that with utmost probability
uncoated fracture faces can be observed
[81]. EI-based detection architectures are com-
monly constituted by an energizing source
(lighting system), a CCD, matrix, or single-array
camera. Single-array-based devices are particu-
larly suitable to be utilized in waste material qual-
ity control because the detection principle (scan
line) and the target of investigation (waste parti-
cles) move toward each other with a constant
speed. Waste particles can thus be fully investi-
gated adopting different time scale-related sam-
pling strategies according to control/quality
actions to apply.

Electronic Imaging (EI) Near-Infrared (NIR)-
Based
The principle that is actually at the basis of NIR
technology is the measurement of object reflectiv-
ity within a wavelength ranging between 1000
and 2500 nm [82]. In this wavelength range,
materials such as plastics, paper, and textiles are
characterized by specific spectral firms allowing
their recognition. This range of wavelengths is not
visible to the human eye. This is also the reason
that optical sorting systems must be used. The
new generation of NIR-based detection devices
can operate a good plastics distinction (e.g., PP,
PS, PET, EPS, PC, or PVC) [83], as well as allow
identification of materials such as paper, card,
cardboard, or wood and natural fibers.
A recognition limit of such a procedure is in the

identification of materials that cannot be identified
due to a lack of individual stone, porcelain, or
dark materials, which, for the low level of reflec-
tance, in the investigated wavelength range, do
not allow recognition.

X-ray Fluorescence Spectroscopy (XRF)
XRF is based on X-ray emission by a radioac-
tive source or X-ray tube inside an XRF unit.
X-rays emitted are absorbed by the atoms in the
waste sample generating fluorescence as the
atoms relax and release energy. The emitted
wavelengths, as well as the energy released,
are a function of the elements constituting the
waste sample. Emission intensity is correlated
to the content of a specific element within the
sample. Such a technique was and is widely
used in many recycling sectors as metal/alloys,
glass, plastics, wood (detection of arsenic,
chromium, and copper in treated wood [84]
and treated wood waste [85–87]), WEEE,
waste-derived fuels, etc.

Dual-Energy X-Ray Transmission (DE-XRT)
DE-XRT is similar to that applied for luggage
inspection and medical applications. Waste prod-
ucts are transported by a conveying belt. Waste
material is energized, from the bottom, by X-rays.
Transmitted radiation is collected by X-ray line
detectors [84]. In order to separate the effects of
density of the X-rayed object and the material
thickness, the radiation intensity is generally mea-
sured in two different energy ranges. Following
this approach, thickness influence is eliminated,
and the radiation that passes through the material
allows performance of materials recognition
according to its density. The sensing approach
allows classification of the material on volume
basis. Different from EI or NIR techniques, sur-
face characteristics (e.g., dust, water, small quan-
tities of pollutants) do not practically influence
recognition.

Laser-Induced Breakdown Spectroscopy (LIBS)
The system analyzes the optical spectrum, or fin-
gerprint, of a small spot on each metal particle that
is evaporated using powerful laser pulses. LIBS
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has been widely used as a diagnostic technique for
the analysis of both surfaces and gaseous streams
for metals [88, 89]. LIBS uses a high-power laser
that is directed toward the sample through a series
of mirrors and lenses that create a small micro-
plasma on the surface of the targeted material.
Due to the extremely high temperatures produced
within the plasma (greater than 20,000 �C), the
atoms within the plasma emit light (or energy)
characterized by different wavelengths. Certain
wavelengths of energy are unique to different
elements. The system then analyzes the optical
spectrum, or fingerprint, of the micro-plasma col-
lected and redirected toward a fiber-optic cable,
which then feeds the signal to a spectrometer. The
intensity of the emission is directly proportional to
the amount of that element present in the sample.
The costs and complexity of the system, as well as
limitations in efficiency, are the main reason why
LIBS is only applied in a number of very special-
ized operations, commonly for surface contami-
nation. Applications have been developed with
reference to wood waste contaminated with
chromated copper arsenate sorting [90] and scrap
metals [91].

Hyperspectral Imaging (HSI)
HSI, known also as chemical or spectroscopic
imaging, is a technique that combines the imaging
properties of a digital camera with the spectro-
scopic properties of a spectrometer able to detect
the spectral attributes of each pixel in an image.
Thus, a hyperspectral image is a three-
dimensional data set with two spatial dimensions
and one spectral dimension.

HSI was originally developed for remote sens-
ing applications [92] but has found a large utiliza-
tion in such diverse fields as astronomy [93, 94],
agriculture [95–97], pharmaceuticals [98–100],
medicine [101, 102], and in recent years in the
recycling sector [20, 103–109], where important
projects were also sustained by the European
Union [110, 111].

Among the previously mentioned sensing
techniques, HSI can be considered one of the
most interesting and subject to a wider and wider
utilization inside the recycling sector. HSI, in fact,

presents some advantages related to its intrinsic
characteristics:

• Continuous monitoring, with HSI-based
devices as scan line cameras

• Utilization of different time scale-related sam-
pling strategies, according to the control/qual-
ity actions to develop

• Implementation of fast and reliable recognition
logics, strongly linked to HSI detectors char-
acteristics (e.g., possibility handle spectra as
images)

• Null environmental impact of the device
• Relatively low costs of the devices

Furthermore, HSI devices and related opera-
tive architectures can be easily integrated inside
existing recycling plants, or implemented in new
ones, with an optimal cost-benefit ratio. HSI, for
its intrinsic properties, can thus be profitably uti-
lized, both as a smart detection engine for sorting
and as flow stream quality control, that is, certifi-
cation of recovered materials and/or products.
HSI is fast, accurate, and affordable, and it can
strongly contribute to lowering the economic
threshold above which recycling is cost-efficient.
For its characteristics it can be meaningfully and
reasonably developed, and applied, with reference
to many solid waste-handling sectors ranging
from inorganic to organic waste sources.

Different case studies describing the potential-
ities of HSI integration inside recycling technolo-
gies are reported in the following section.

Hyperspectral Imaging (HSI)-Based
Applications
AnHSI system is typically constituted by optics, a
spectrograph, a camera, an acquisition system, a
translation stage, an energizing source (lighting
device), and a control unit (PC). The camera,
spectrograph, and illumination conditions deter-
mine the spectral range of the detection architec-
ture. The sample/target is usually diffusely
illuminated by a tungsten halogen or LED source.
A line of light reflected from the sample enters the
objective lens and is separated into its component
wavelengths by diffraction optics contained in the
spectrograph. A two-dimensional image (spatial
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versus wavelength dimension) is then formed on
the camera and saved on the computer. The sam-
ple is moved past the objective lens on a motor-
ized stage, and the process is repeated. Two-
dimensional line images acquired at adjacent
points on the object are stacked to form a three-
dimensional hypercube that may be stored on a
PC for further analysis.

The applications described in the following are
based on sensing devices working in two different
wavelength spectral ranges, from 400 to 1,000 nm
(VIS-NIR range) and from 1,000 to 1,700 nm
(NIR range). The first consists of a CCD camera,
a line scan spectrograph (ImSpector™ V10E,
SpecIm™, Finland), a lighting architecture, and
the spectrograph ImSpector™ V10E which
operates in the spectral range of 400–1,000 nm
with a spectral resolution of 2.8 nm. The details of
the acquisition architecture are reported in Table 15.
The second is a SpecIm NIR spectral camera
consisting of an ImSpector N17E imaging spectro-
graph for the wavelength region 1,000–17,000 nm
and a temperature-stabilized InGaAs camera and a
lighting architecture (Table 16).

Both types of equipment are installed to per-
form the inspection of the waste materials on a
laboratory scale conveyor belt (Fig. 2). The two
devices are fully controlled by a PC unit equipped
with the Spectral Scanner™ v.2.3 [112] acquisi-
tion/preprocessing software.

Sample Set Selection
The waste or derived products investigated belong
to some of the classes of materials analyzed in this
section and characterized by different specific
attributes, different sorting selection problems,
and different quality requirements. From this per-
spective, waste glass fragments (cullet), light frac-
tion derived from car shredding residues (fluff),
and complex plastics-based waste streams have
been selected. Results show that the HSI approach
allows development and setup of strategies able to
reduce analytical costs, improving the speed of the
waste streams characteristics detection/analysis
and/or simplifying the procedures in terms of

Recycling Technologies,
Table 15 Technical
characteristics of the
ImSpector™ V10E

Sensor 2/300 CCD Array 780 � 580

Firewire digital output

Pixel resolution: 12 bit

Spectral range 400–1,000 nm

Spectral resolution 2.8 nm

Smile <1.5 mm
Keoneyst <1 mm
Entrance slit 30 mm � 14.2 mm
Image size 6.5 mm � 14.2 mm

Numerical aperture F/2.4

Illuminant Anodized aluminum cylinder

Barium sulfate internal coating

d/O illumination and viewing conditions

Adjustable height and distance

150 W cooled halogen lamp

Stabilized power source

Recycling Technologies, Table 16 Technical charac-
teristics of the ImSpector™ N17E

Sensor TE-cooled INGaAs photodiode
array 640 � 512

14 bit, USB2, LVDS,
CameraLink

Spectral range 900–1000 nm � 10 nm

Spectral resolution 2.6 nm

Spatial resolution Rms spot radius <15 mm
Aberrations Insignificant astigmatism, smile,

or keystone

Effective slit length 12.8 mm

Numerical aperture F/2.0

Stray light <0.5% (halogen lamp, 1,400 nm
notch filter)
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possible online implementation of fast and robust
classification procedures oriented to develop
innovative control strategies “human judgments
and error-free” as well as innovative certification
criteria.

Spectra Acquisition and Detection Logics
Implementation
Spectra related to the different investigated can be
acquired adopting the acquisition architecture
described in Fig. 2. Such a strategy is adopted
because it mimics, at laboratory scale, the real
behavior of the control architecture at an industrial
scale, that is, the progressive and continuous
horizontal translation of the sample and the
“synchronized” acquisition of the spectra at a
preestablished step, allowing a tuning of the
detection/inspection frequency of the waste mate-
rials according to their characteristics. Analyses
can thus be performed to verify the fulfilments of
different goals:

First goal: the possibility to identify specific
spectral attributes for each of the constituents of
the different waste streams according to their
intrinsic chemical-physical characteristics.
Starting from this information, analysis can be
carried out performing a characterization of the
“shape” of the entire detected spectra and/or iden-
tifying, at specific wavelengths, peaks or valleys
characterizing the detected spectral firm.

Second goal: the definition of fast, reliable, and
robust recognition-classification procedures,

based on different logics as (1) spectral firms
correlation, (2) single-band intensity comparison
at specific wavelengths, and (3) specific wave-
length intensity ratio analysis, in order to perform
the discrimination of the different constituents
inside a specific waste stream and to allow to
reach a certification of the different products in
terms of their composition.

Third goal: the possibility to perform a corre-
lation among detected spectra, sample textural
attributes, presence, characteristics, and localiza-
tion of “pollutants,” this latter aspect being of
great interest to develop innovative sorting strate-
gies. To validate the efficiency of the HSI-based
technique, in terms of collected spectral data reli-
ability and robustness, to perform both materials/
products characterization and their topological
assessment of the different materials, an approach
based on principal component analysis (PCA) and
classification modelling (PLS-DA: partial least
squares discriminant analysis) can be also
adopted.

Case Studies
Tests reported are referred to different solid
waste materials characterized, as previously
outlined, by a different nature and physical-
chemical attributes and “affected” by different
processing-separation and/or control problems.
For each investigated waste product, a synthetic
overview of the target to reach by the HSI
approach (issues) and current status of the related
utilized characterization approaches (state of

Lighting
source

Acquisition area

Waste feed

Conveyor belt

Optics

Spectral Camera
Recycling Technologies,
Fig. 2 Particulars of the
architecture setup utilized to
perform a progressive and
continuous waste samples
spectra acquisition based on
the ImSpector™ series
devices
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the art) is reported. The analytical approach
followed in the presented case studies satisfy
the fulfilment of the first two goals outlined in
the previous paragraph, being both the most eco-
nomical to apply in terms of technical-financial
resources.

Case study no. 1: ceramic glass identification
inside waste glass products (cullets) issues. The
amount of ceramic glass in postconsumer glass
waste stream is strongly increased in recent years,
mainly for the introduction on the market of many
ceramic glass manufactured goods [11]. These
products constitute a new generation of consumer
household goods used for their thermal shock-
resistant properties. It can be argued that, consid-
ering the typology of ceramic glass products, con-
tamination involves both the main production
lines of glass recycling plants, e.g., the flat glass
cullet and the container glass cullet. Due to its
physical properties, similar to those of glass,
ceramic glasses are almost impossible to detect
adopting the automated optical technologies,
commonly utilized for cullet color sorting [16].
Therefore, identifying and removing ceramic
glass from the glass waste stream have long been
a challenge for recyclers of glass.

State of the art: The two actions usually carried
out to realize transparent ceramic contaminant

removal are source reduction and manual sorting.
Therefore, there is the need for the development
and the implementation of a system able to realize
a real-time identification of ceramic glass in the
cullet stream. Sorting techniques based on X-ray
[86] and FT-IR spectroscopy [20] have been pro-
posed as methods for ceramic glass detection, but
both are expensive and difficult to implement for
safety and efficiency reasons, respectively.

The HSI approach clearly has potential in
developing innovative sorting strategies. In the
visible range (400–700 nm), the technique pre-
sents a high discrimination power for classical
cullet separation by color, allowing the possibility
to decrease the minimum size of sorted glass parti-
cles; on the other hand, in the visible range, the
recognition of glass from ceramic glass is almost
impossible. Moving in the wavelength range
between 700–1,000 nm and 1,000–1,700 nm, it is
possible that the architecture allows discrimination
between glass (Fig. 3) and ceramic glass fragments
(Fig. 4). Such a discrimination is relatively easy
for clear samples; darker samples are more difficult
to discriminate. Color, in fact, seems to affect
the reflectance levels. Amber glasses show reflec-
tance values near zero; green glasses present inter-
mediate reflectance values, whereas clear glasses
display higher reflectance values. A two-step
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sorting, a first based on HSI acting between
700–1,700 nm and the second in the
700–1,000 nm range, could thus allow good pre-
liminary cullet sorting targeted to ceramic glass
contaminant identification/removal and a further
cullet color-based separation. Application of this
technique, in the waste glass sector, can thus allow
development of innovative sorting logics: (1) spe-
cific attributes can be associated to particulate
solid materials, (2) classification procedures
based on “simple” wavelengths intensity ratio
can be defined to perform sorting, and (3) the
elements to sort can be topologically assessed,
evaluating the information resulting from a prin-
cipal component analysis (PCA) [113]. An

example related to this last point is outlined in
Fig. 5. The HSI devices for their hardware archi-
tecture can be easily installed both to integrate
and/or to substitute classical sorting imaging-
based devices.

Case study no. 2: light fraction resulting from
car dismantling (fluff) characterization issues.
Fluff represents about 25% of the weight of a car
and is usually constituted by materials character-
ized by intrinsic low specific gravity (i.e., plastics,
rubber, synthetic foams, etc.). When processed to
perform its recovery, fluff is polluted by materials
presenting higher specific gravity (i.e., copper,
aluminum, brass, iron, etc.), constituting parts of
the electrical devices of the vehicle that, for their
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HSI data set, as acquired (a), of different cullets resulting
from a recycling process. The fragment on the right end
side of the image is ceramic glass. (b) Corresponding false
color image embedding the results of all the three score

plots, (image of scores on PC1, 97.46; image of scores on
PC2, 1.82; and image of scores on PC3, 0.43) related to
PC1, PC2, and PC3 components as resulting from the
application of the PCA. Contaminant (ceramic glass) can
be easily identified
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shape, size (i.e., wires, metal straps, slip rings,
wipers, etc.), and utilization remain concentrated
in the lighter products. Such “polluting mate-
rials,” for their intrinsic characteristics, are not
well removed by classical separation techniques.

State of the art: Fluff is usually produced after
different comminution-classification stages. The
final classification is usually carried out by
cycloning or venting (air suction or blowing sys-
tems), in order to separate the light material.
A good separation could contribute to reducing
the waste disposal and environmental pollution
and increasing the energy recovery through pure-
sorted polymer reuse. Furthermore, the possibility
to utilize finer fluff fractions to produce energy
could dramatically contribute to increase the full
reutilization of such products. To reach this goal,
the quantity and the quality of the metal contam-
inants have to be strongly controlled in order to
not prejudice the quality of the final fluff-based
fuel. The need to develop both efficient selection
and control strategies to obtain contaminant-free,
or almost free, fine fluff products thus assumes a
fundamental role in all the processing and control
stages of the recycling chain.

Results show the HSI-proposed architecture
allows identification of all fluff constituents and
polluting materials (Fig. 6). The discriminating

power is high in the region between
400–1,000 nm; this is a quite important result
being thus possible to utilize, for fluff inspection,
a single device (ImSpector™V10E) sorting/con-
trol unit, with considerable cost reduction. From
this perspective, the HSI approach can be profit-
ably applied utilizing “simple” band intensity
comparison, at specific wavelengths, among
unknown fluff particles and a reference library
of spectra, previously built, embedding the dif-
ferent waste materials spectra constituting the
light fractions to investigate. The approach is
particularly flexible to use because fluff of differ-
ent origin and/or composition can be sorted/con-
trolled adopting the same logic but working on
different specifically spectra library, built
according to new materials characteristics to
detect.

Case study no. 3: polyolefins recognition sep-
aration issues. Polyolefin recovery from complex
waste streams is a challenging issue that has not
yet been profitably solved. Furthermore, polypro-
pylene (PP), high-density polyethylene (HDPE),
and low-density polyethylene (LDPE) together
are both difficult to separate and chemically
incompatible. In order to produce high-purity
granulates from these concentrates, of a quality
comparable to materials produced from
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postindustrial waste, the mixture must be sorted
very accurately, and in order to be economically
and ecologically sound, most of the polyolefins
should end up in a useful product. Such accurate
and efficient separations exist, but they involve
multiple separations. They are therefore expen-
sive, difficult to control, and often do not allow
the production of good concentrates. The possi-
bility to develop efficient and low-cost recogni-
tion logics to control the process and certify the
products thus represents a key issue in polyolefin
recovery.

State of the art: Innovative processing plant
layouts have been realized to process complex
plastic-based wastes by shredding and sink-
floating to produce polyolefin concentrates of
varying quality. Analysis of such concentrates
generally shows a mixture of polyolefins, rubbers,
foams, fibers, and wood, next to varying amounts
of materials heavier than water. Currently avail-
able separation techniques, based on the differ-
ence in flotation proprieties in water, can be used
to separate lighter types of plastic such as PP,
HDPE, and LDPE from the heavier types such

0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

R
ef

le
ct

an
ce

0.0

0.2

0.4

0.6

0.8

1.0

R
ef

le
ct

an
ce

Wavelength (nm)

PE-01 PE-02 PE-03 PE-04 PE-05

PE-06 PE-07 PE-08 PE-09

400

a

b

450 500 550 600 650 700 750 800 850 900 950 1000

400 450 500 550 600 650 700 750 800 850 900 950 1000

PP-01 PP-02 PP-03 PP-04 PP-05

Recycling Technologies, Fig. 7 Spectral plots in the VIS-NIR field (400–1000 nm) of polyolefins: PP (a) and PE (b)

112 Recycling Technologies



as polyethylene terephthalate (PET) and polyvi-
nyl chloride (PVC). A known method is to sepa-
rate the mixtures into five fractions using
separation media with densities of 880, 920–930,
940, and 970 kg/m3. Such a procedure will create

high-purity PP and HDPE products, whereas
foams, most of the wood and rubbers, LDPE,
filled PP, and residual heavy materials will end
up in relatively small residue fractions. Certain
expensive liquids have been specially designed
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to separate at one of the target densities for poly-
olefin recycling. Other technologies, such as elec-
trostatic separation and thermal adhesion, have
been able to create only a single relatively pure
product.

Analyses show PP and PE recognition is
strongly influenced, in the visible region, by the
color of the samples. Based on the analysis of HSI
spectra, it is evident the possibility to define spe-
cific parameters useful for recognition of the two
polyolefins, as, for example, the slope of the spec-
trum in a selected wavelength range or a band
ratio among two different wavelengths. Analyses
show PP and PE spectra present significant differ-
ences in regions around 750 nm and (900–950)
nm (Fig. 7). It is important to note that the best and
most precise recognition logic, especially for pol-
luting particles detection and their topological
assessment inside plastic waste feed, should be
based on more sophisticated and complex statisti-
cal analyses, such as principal component analysis
(PCA) (Fig. 8), partial least square (PLS), partial
least square discriminant analysis (PLS-DA), neu-
ral network (NN), etc., that usually require long
computation time. Considering that in most indus-
trial applications the fast response of the
detecting/sorting device is one of the main con-
straints, as, for example, when particles are mov-
ing on a conveyor belt and they are sorted online,
the adoption of simplified logics, working prop-
erly, is preferred. This latter approach (multiple
bands intensity comparison at specific wave-
lengths) can be profitably applied for recovered
polyolefins quality control.

These examples clearly outline the importance
of HSI in recycling technologies as an innovative,
flexible, and low-cost tool that, combining imag-
ing and reflectance spectroscopy, can profitably
allow performance of both waste feed and recov-
ered products characterization, control, and certi-
fication. HSI-based technology through the
detection of the spectral signature of waste and
waste-derived products, of different nature and
composition, allows to extract and quantify those
physical-chemical attributes influencing their
characteristics and behavior. Results demon-
strated as the proposed technique, and the related
recognition logics, will have a greater impact on

the development of recycling technologies final-
ized to implement online innovative sorting strat-
egies, as well as new control procedures. The
possibility to reach a primary goal in recycling,
that is a full control, at a low cost, of the quality of
the different flow streams inside the plant,
according to the different processing stages, can
strongly contribute to develop innovative inside
processing products certification.
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Glossary
Design for environment (DfE) The various

design approaches geared at reducing the over-
all environmental impact of a product, process,
or service, considering environmental impacts
across the product’s life cycle.

Ecycling The process of recycling the compo-
nents in used or discarded electronic equipment.

Electronic waste, e-waste, and waste electrical
and electronic equipment (WEEE) Old,
end-of-life, or discarded appliances using elec-
tricity and includes computers, consumer elec-
tronics, fridges, etc., which have been disposed
of by their original users.

Extended producer responsibility (EPR)
Entails making manufacturers responsible for
the entire life cycle of the products and pack-
aging they produce based on the “polluter pays
principle.”

Persistent and bioaccumulative toxins (PBT)
Compounds that are resistant to environmental
degradation. Toxins that do not break down
quickly persist in the environment,
bioaccumulate in human and animal tissue,

with potentially significant impacts on human
health and the environment.

Toxicity characteristic leaching procedure
(TCLP) A soil sample extraction method for
chemical analysis employed as an analytical
method to simulate leaching through a landfill.

Definition of the Subject and Its
Importance

Electronic waste (E-waste) includes computers,
television sets, mobile phones, and any other infor-
mation technology or appliance with a plug, des-
tined for reuse, resale, salvage, recycling, or
disposal [1, 2]. E-waste is identified most often
with information or communication technology,
such as computers, tablets, and cell phones as
well as computer monitors and televisions, but
also includes four other categories, namely
(1) cooling and heating equipment (e.g., refrigera-
tors, freezers, air conditioners, heat pumps),
(2) lamps, (3) large equipment (washing machines,
clothes dryers, dish-washing machines, electric
stoves, large printing machines, copying equip-
ment, and photovoltaic panels), and (4) small
equipment (microwaves, ventilation equipment,
appliances, and electrical tools) [1].

Electronics have a large negative impact on
earth at their end of life due to both their quantity
and toxicity. E-waste has the fastest growth of any
type of refuse, double the rate of plastic refuse
[1]. E-waste is about 4% of the total solid waste
stream in North America but is growing twice or
as much as triple the rate of other waste streams,
including paper, yard waste, food, and others with
an annual growth rate of 3–4%, [1]. The rise in
e-waste quantities is driven by falling prices in
electrical devices, coupled with companies
encouraging customers to buy the latest version
of their model at rapid intervals, making old
devices obsolete in short order with incompatible
software. In 2016, the world generated 44.7 mil-
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lion metric tons (Mt) of e-waste and experts fore-
see a further 17% increase – to 52.2 million metric
tons of e-waste by 2021. Only 20% were recycled
through appropriate channels sanctioned by
industry regulators [1].

Introduction

The escalating demand for the latest electronic
technology is causing two serious global prob-
lems: creating both a shortage of mineral
resources [2], and posing human and environmen-
tal health risk in the mining, production, disposal
and recycling of electronics that quickly become
electronic waste (e-waste) [3]. Electronics, includ-
ing computers, use heavy metals (e.g., Cu, Pb, Cd,
Cr) and persistent organic pollutants (POPs) (e.g.,
polychlorinated biphenyls, polycyclic aromatic
hydrocarbons, polybrominated diphenyl ethers,
and polychlorinated dibenzo-p-dioxins and diben-
zofurans); these elements unless carefully
recycled can be released into the environment
[4–7].

With rapid improvements in technology, most
cell phones, computers, and other electronics
become e-waste in less than two years, rather
than at the end of their functional life cycle of
approximately 10 years [1, 2, 8]. This e-waste is
a complex waste problem due to their volume,
toxicity, and the product design that is disposable,
rather than recyclable. Computers quickly
become obsolete as technology rapidly changes.

Each new innovation in electronic technology
doubles its obsolescence rate, without increasing
its repairability or recyclability [8]. The consumer,
targeted by advertising, finds buying new elec-
tronics cheaper and more convenient than
upgrading their old ones. Thus, computers and
cell phones quickly become waste with only a
small percent being recycled.

There are different rates of generation and col-
lection around the world. The highest per capita
e-waste generators (at 17.3 kg per inhabitant) in
2017 were Australia, New Zealand, and the other
the nations of Oceania, with only 6% formally
collected and recycled. Europe (including
Russia) is the second-largest generator of

e-waste per inhabitant, with an average of
16.6 kg per inhabitant, with the highest collection
rate at 35% [1]. The Americas generates 11.6 kg
per inhabitant and collects only 17%, comparable
to the collection rate in Asia 15%. However, at
4.2 kg per inhabitant, Asia generates only about
one third of America’s e-waste per capita. Africa,
meanwhile, generates 1.9 kg per inhabitant, with
little information available on its collection
rate [1].

Electronic waste is a complex waste, made up
of more than 30 compounds, many of which are
hazardous substances. The presence of hazardous
substances in electronic equipment makes
landfilling or incinerating environmentally
unsuitable for discarded computers, cell phones,
and other electronic equipment. The use of toxic
metals and other chemicals in electrical equip-
ment results in environmental and health risks
when e-waste is manufactured, incinerated,
landfilled, burned, or melted down during
recycling [5, 6].

It was estimated that for 2016 that 80% was
estimated to be incinerated, landfilled or recycled
in backyard operations or remain stored in
people's households [1]. The European Union
Commission estimates that consumer electronics
are responsible for 40% of the lead found in
landfills.

Electronic waste, including computer waste,
emits billions of kilograms of toxic materials
into the air, water, and soil, most of which are
persistent and bioaccumulative toxins (PBTs).
Computers use heavy metals and persistent
organic pollutants (e.g., polychlorinated biphe-
nyls, polycyclic aromatic hydrocarbons, poly-
brominated diphenyl ethers, and polychlorinated
dibenzo-p-dioxins and dibenzofurans) [5–7] that
unless carefully recycled are released into the
environment. A cathode ray tube (CRT) is no
longer the most common type of computer mon-
itor currently but many of these remain,
containing typically four pounds of lead to protect
users from the tubes’ X-rays [1]. Lead is a terato-
gen and reproductive hazard. As well, lead causes
damage to the central and peripheral nervous sys-
tems, blood system, and kidneys in humans. Cir-
cuit boards and batteries also contain lead, in
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addition to smaller amounts of mercury and hexa-
valent chromium, nickel, bromine, and
zinc. E-waste can contain mercury switches or
nickel batteries [6, 7]. Leaching of heavy metals
and other toxics can occur during landfilling,
thereby contaminating the soil and groundwater
beneath a site and the surrounding area. In 2016,
80% of e-waste was estimated to be either incin-
erated, landfilled, or recycled in informal
(backyard) operations, or remain stored in our
households [1].

Processing Electronic Waste

Electronics can be reused, remanufactured,
recycled, or recovered. The value of recoverable
materials in 2016’s e-waste is estimated to be
worth US $55 billion based on gold, silver, cop-
per, platinum, palladium, and other high-value
recoverable materials. In total, 2016’s e-waste is
worth more than the 2016 Gross Domestic Prod-
uct of most countries in the world. E-waste typi-
cally requires some mechanical treatment to
dismantle the components and recover the mate-
rials including metals, plastics, and glass,
although some developed countries use thermal
treatment [8, 9]. E-waste recovery with hydromet-
allurgy or pyrometallurgy generally needs energy
input, followed by remanufacturing, recycling,
and reuse [2].

Each product of these e-waste categories has a
different lifetime profile, with different waste
quantities, economic values, as well as potential
environmental and health impacts, if recycled
inappropriately. Consequently, the collection and
logistical processes and remanufacturing or
recycling technology differ for each category, as
do the consumers’ attitudes when disposing of the
electrical and electronic equipment [1].

E-waste is not 100% recoverable or recyclable
due to product design, social behavior, product
design, recycling technologies, and the thermody-
namics of separation [10]. For example, with
1000 kg of waste lithium batteries, approximately
180 kg Fe, 90 kg Cu, 30 kg Al, 70 kg plastics,
120 kg Co, 15 kg Li, and 1 kg Ni could be
recovered but 300 kg materials of heavy

pollutants and plastics were not [11, 12]. Thus,
70% of material is recovered and 30% of material
is wasted. Lithium batteries, as well as cathode ray
tubes and liquid crystal displays (LCD), are
highly integrated components, needing extensive
treatment and separation. Aiming at a closed-loop
supply chain, the existed recycling process can
reclaim most valuable compounds from the com-
ponents with good purity [13, 14].

Policies can encourage reuse aswell as recycling.
Recycling is the series of activities by which
discarded materials are collected, sorted, processed,
and used [1, 15]. Although recycling reduces virgin
material use, additional energy is required to be used
to reform them into manufactured products [1, 16].
Some design rules for effective recycling are using
one type of plastic per product (make plastics
recycling more effective); marking all plastic parts
(easy recognition of type); avoiding contamination
of fractions by limit of stickers andwire fixtures; and
ensuring that glass can be easily separated from
other materials to increase recycling yields [16].

Regulation of Electronic Waste

In 2017, 66% of the world’s population, including
the residents of 67 countries, are governed by
national e-waste management laws. This percent
is up from 44% in 61 countries in 2014 – an
increase caused mainly by India’s adoption of
legislation last year [1]. However, the national
e-waste management regime in place does not
always correspond to enforcement and setting
the measurable collection and recycling targets
essential for effective policies. Without national
e-waste legislation in place, e-waste is treated as
any other waste, leading to a high risk that toxic
e-waste is improperly managed, sometimes scav-
enged for, copper or gold by informal enterprises
without proper worker protections. Meanwhile,
the type of e-waste covered by legislation differs
considerably throughout the world, highlighting
the need for harmonization [1].

National e-waste policies and legislation estab-
lish the financial and economic model, standards,
and controls to govern e-waste. In order to solve
the e-waste problem, the European Union
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(EU) established a Directive on Waste Electrical
and Electronic Equipment (WEEE Directive) in
2002 [17–19]. A statistical measuring framework
on e-waste called the Partnership of Measuring
ICT for Development [1] provides a common
methodology to calculate the collection target of
the EU-WEEE Directive [1]. However, only
41 countries quantify their e-waste generation
and recycling streams officially, and “the fate of
a large majority of e-waste (34.1 of 44.7 Mt) is
simply unknown.” Without better statistics on
e-waste, it is impossible to measure the effective-
ness of existing and new legislation to show any
potential improvements in the future. Such data is
also needed to better track illegal international
movements of e-waste from richer to poor regions
in the world.

In 2017, 4.8 billion people or 66% of the world
population are covered by national e-waste poli-
cies up from 44% in 2014 [1]. However, the
existence of policies or legislation does not nec-
essarily imply successful enforcement or the exis-
tence of sufficient e-waste management systems.
Additionally, the types of e-waste covered by
legislation differ considerably from country to
country [2]. With national differences in measur-
ing and legislating e-waste, analyzing e-waste
recycling rates across different countries can be
like comparing apples to oranges. Many of the
countries have already adopted extended producer
responsibility (EPR) regulations in Europe, which
hold producers legally responsible in four ways
for their products. Producer responsibilities ,
under EPR regulations, have: (1) economic
responsibility to pay all or a portion of end-of-
life management, (2) physical responsibility to
take possession of their products after the con-
sumer discards it, (3) information responsibility
to provide mandatory product labeling such as
component or material lists, and (4) financial lia-
bility for environmental damage and clean-up
costs from disposal of hazardous products [6, 14,
20]. Generally, EPR policies have three character-
istics: (1) a focus on end-of-life waste manage-
ment to encourage redesign for environment, (2) a
shift of physical and/or financial responsibilities
from taxpayer or consumer to producer, and (3) an
explicit target for waste reduction. Mandated

programs force producers to manage material
streams [16]. Consumers of WEEE products
must have the opportunity to return waste items,
without charge, to collection facilities with the
producer responsible for product recovery.

Extended producer responsibility extends the
“polluter pays principle” to consumer products,
requiring “that the polluter should, in principle,
bear the cost of pollution, with due regard to the
public interest and without distorting international
trade and investments” [1]. EPR policy places
responsibility for a product’s end-of-life environ-
mental impacts on the original producer and seller
of that product requiring producers: to take back
their products and to meet recycling rate targets.
This approach provides incentives for producers
to optimize their internal logistics and recycling
systems to minimize costs, create value, and inte-
grate eco-design into business routines. Those
changes should include improving product recy-
clability. Reusability, reducing material usage,
downsizing products, lowering energy consump-
tion and decreasing greenhouse gas production,
reducing dependency on virgin materials these
environmental improvements serve to: spur new
business enterprises, generate new job opportuni-
ties, and provide financial savings to companies
when they improve their design, production, and
distribution processes [17]. However, the ability
to gain competitive advantage is restrained by the
domination of collective compliance structures
across the EU, over whose costs producers regard
as difficult to manage or influence.

E-waste is hazardous waste prohibited by the
Basel Convention from transboundary move-
ments, so that each country, even small ones,
needs to resolve e-waste problems within their
boundaries [2, 18]. Highly efficient recycling
technologies are also still lacking, owing to dis-
tinct variations in regional legislation, technical
capacities, and consumer participation. Used
computers are “gray market” equipment being
exported without the full necessary documenta-
tion. This equipment is rarely tested or repaired
before export to countries where dismantling
takes place in unsafe conditions, or the equipment
is simply dumped.Without criteria for the reuse of
IT appliances (e.g., testing, minimal capacity,
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etc.), this environmental injustice can continue.
Very little consumer-based electronic waste has
true reuse value, and claims of export for reuse
should be scrutinized carefully. Although Canada
prohibits waste export to non-OECD nations, this
occurs disguised as computer donations for reuse.

The USA and Canada have, rarely, if ever,
mandated strict guidelines for product
manufacturing. Guidelines are needed for both
how the product is produced and what types of
materials are used. Perhaps as a result of the lack
of political pressures to develop new waste man-
agement strategies amidst relatively plentiful
landfill accommodations. Policy makers in North
America are reluctant to require sustainable prod-
uct management. However, some electronic com-
panies have voluntary takeback programs, even
though no law requires it, to ensure the electronics
is appropriately recycled or disposed of [1].

Future Directions

The need to reduce the impact of electronics
through reduction, carbon neutral manufacturing
and use, remanufacturing and recycling must be
addressed. Policies can encourage redesign for
reuse and upgrading for longevity, as well as
recycling. Computers can be redesigned to have
less material (de-materialization), facilitate
upgrading throughmodularity, last longer, expend
less energy and pollution in their production and
use, and be disassembled for reuse and recycling
with ease after their useful life. Apple indicates in
their 2017 report that manufacturing is 77% of
their footprint, with 60% being electricity used
to make its products.

Design for the Environment (DfE) promotes
consideration of design issues related to environ-
mental and human health over the life cycle of
the product. Material selection, energy use,
extended component life cycles, disassembly,
reprocessing, remanufacturing must all be consid-
ered [1, 2, 19]. DfE has eight axioms to: (1) man-
ufacture without producing hazardous waste,
(2) use clean technologies, (3) reduce product
chemical emissions, (4) reduce product energy
consumption, (5) use non-hazardous recyclable

materials, (6) use recycled material and reused
components, (7) design for ease of disassembly,
and (8) reuse or recycling at end of life [25].
Principles of ecodesign require products to be
flexible, reliable, durable, adaptable, modular,
dematerialized, and reusable. As applies to com-
puters, improving environmental factors can
improve performance as well: work on optimiza-
tion of environmental performance often spurs
creativity and brings innovative design solutions
into the product development process which
allows improvement of its overall
performance [26].

Designing for the environment (DfE) and
implementing green production processes makes
economic sense when life cycle environmental
costs are required to be paid by the producer.
DfE has producers considering “at the develop-
ment phase of a products life cycle, the environ-
mental impacts through enhancing the product
design which includes resource consumption,
both in material and energy terms and pollution
prevention.” Environmental considerations in
product design include: waste minimization, reuse
or recyclability, material conservation, pollution
reduction, lower toxicity and “eco-design”
[16]. Six principles of Design for the Environment
DfE are efficiency, appropriateness, sufficiency,
equity, systems, and scale [1, 15]. However, with-
out extended producer responsibility internalizing
environmental costs, manufacturers are typically
unwilling to improve product and environmental
quality if it costs more or compromises costs, qual-
ity, and scheduling constraints [14, 15]. Firms are
only willing to spend 0.1% more on a product to
improve environmental quality [15]. Thus, usually
design takes on the character of being a problem-
solving activity for a component rather than prod-
uct development from its conceptual stage [15–17].

To ensure that even small and remote countries
and areas can recycle, an integrated mobile
recycling plant can provide highly efficient
recycling for whole-unit dismantling [19]. This
recycling plant can combine processes of disman-
tling, crushing, and multilevel separation to waste
monitors and printed wiring board recycling. An
ecological efficiency assessment revealed that
integrated mobile recycling plant could solve
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e-waste problem for small countries or cities with
good environmental performance and meet
requirements of environmental protection and
human health [19].
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Glossary

Asbestos Mineral used in construction materials
from which fibers may be released, become
entrained in the air of the building, be inhaled by
an inhabitant, and lodge in the bronchia or lungs.

Construction The erection, installation, or assem-
ble of new facility; the addition, expansion,
extension, alteration, conversion, or replacement
of an existing facility; or the relocation of a
facility from one installation to another.

Construction/Demolition waste The waste
building materials, packaging, and rubble
resulting from construction, alteration,
remodeling, repair, and demolition operations on
pavements, houses, building, and other structures.

Deconstruction Manual dismantling of a
facility.

Demolition The removal of existing structures
and utilities as required to clear the construc-
tion site. The removal of the facilities proposed
for destruction in the justification for the new
construction.

Ferrous Metals containing iron.
Leachate Liquid that has percolated through

solid waste and has extracted dissolved or
suspended materials from it.

Lead paint Paint or other surface coatings that
contain lead equal to or in excess of 1.0 mg/
cm2 or more than 0.5% by weight (5,000 ppm).

Recyclable materials Materials that normally
have been or would be discarded (such as
scrap and waste) and materials that may be
reused after undergoing some kind of physical
or chemical processing. Recyclable materials
may include discarded materials that have
undergone demilitarization or mutilation at an
installation prior to transfer to the property
disposal office for sale.

Recycling The result of a series of activities by
which materials that would become or other-
wise remain waste are diverted from the solid
waste stream by collection, separation, and
processing and are used as raw materials in
the manufacture of goods sold or distributed
in commerce or the reuse of such materials as
substitutes for goods made of virgin materials.

Reuse The use of a product more than once in its
same form for the same purpose.

Scrap Material that has no value except for its
basic material content.
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Definition of the Subject

Construction and demolition (C&D) waste consist
of the debris generated during the construction,
renovation, and demolition of facilities. Usually
the construction industry, rather than municipali-
ties, manages C&D waste. However, all of the
post-recycling waste ends up either in designated
C&D landfills or in municipal waste landfills. In
either case, it is waste generated because of human
needs and activates. This volume discusses differ-
ent methods of C&D waste management.

Construction and demolition (C&D) waste is
usually managed by the construction industry,
rather than municipalities. However, all of the
post-recycling waste ends up either in designated
C&D landfills or in municipal waste landfills. In
either case, it is waste generated because of human
needs and activities. Therefore, the discussion of
ways of managing C&D waste belongs to this
volume on the management of urban wastes.

Construction Waste

Construction waste contains several materials,
often related to cut-offs or packaging waste
[11]. Construction waste can be grouped into

two principal components: time wastes and mate-
rial wastes. Time wastes include waste deriving
from waiting periods, stoppages, changes in plan,
ineffective work, delays in plan activation, and
abnormal wear of equipment. Material wastes
derive from over ordering, overproduction,
wrong handling, wrong storage, and manufactur-
ing defects [7]. It is well recognized that the con-
struction industry must make a lot more progress
before it can be viewed as being wholly environ-
mentally friendly. Apart from consuming a large
number of natural resources, it has been criticized
for generating a significant amount of waste. Due
to the extended period of construction, there is
usually time for sorting of wastes. The presence
of skips for individual material types on construc-
tion sites is now a common practice in many
countries; often these skips are provided by
recycling companies (Fig. 1).

Demolition Waste

By its nature, the vast majority of construction and
demolition (C&D) waste derives from demolition.
The demolition of a structure is typically a
destructive process, regardless of what technique
is employed, meaning that the resulting rubble
consists of a complex mixture of a range of

Construction and
Demolition Wastes,
Fig. 1 Economic activity
in Construction, Euro per
Capita
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different materials. In the USA, demolition waste
amounts to about 90% of the total C&D waste
stream [18]. The arising of mixed construction
and demolition waste presents a significant prob-
lem for reuse and recycling, and this has resulted
in efforts to promote the “deconstruction” of a
structure. Deconstruction is the selective disman-
tling of building structures to recover the maxi-
mum amount of primarily reusable and
secondarily recyclable materials in a safe and
cost-effective manner [14].

Composition of Construction and
Demolition Waste

Within the USA, the definition of construction and
demolition waste varies from state to state,
resulting in 50 different legal meanings. The com-
ponents of C&D debris also vary a great deal
depending on the type of construction and the
methods used by the construction industry. Con-
struction debris from building sites typically con-
sists of trim scraps of construction materials, such

as wood, sheetrock, masonry, and roofing mate-
rials. There is much less concrete in construction
debris than demolition debris; however, some con-
struction projects produce considerable quantities
of concrete, depending on the technology used.

Debris from residential construction sites typ-
ically represents between 6% and 8% of the total
weight of the building materials delivered to the
site [34]. There is very little waste concrete to
dispose of from residential construction projects
(Fig. 2).

When buildings are demolished, large quanti-
ties of waste may be produced in a relatively short
period, depending on the demolition technique
used. On a per building basis, demolition waste
quantities may be 20 to 30 times as much as
construction debris [34]. Table 1 shows typical
contents of construction and demolition debris
by broad material types.

It should be stressed that the composition of
construction and demolition waste will vary from
location to location depending on the nature of the
building stock in a region and local traditions
concerning the use of materials for construction.

Construction and Demolition Wastes, Fig. 2 % Gross value added by construction sector
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Managing Construction and Demolition
Waste

Over the past few decades, the application of
integrated waste management strategies to wastes
deriving from most industrial activities has
become the favored approach. Therefore, policies
have been adopted for collecting and reusing or
recycling C&Dwaste, with the goal of making the
project more sustainable (Fig. 3).

With sustainability as an objective, it is com-
mon for an integrated waste management strategy
to strive to select options at as high level as pos-
sible within the “waste management hierarchy.”
The hierarchy ranks waste management options
according to what is best for the environment. It
gives top priority to prevent waste at its source.
When waste is created, it gives priority to prepar-
ing waste for reuse, then recycling, the energy
recovery, and lastly landfilling [35]. Figure 4 illus-
trates the waste hierarchy adopted by the US EPA.

The priority of “preventing waste” refers to
source reduction or resource optimization. This
is mainly a precautionary technique aimed at min-
imizing the waste generated from the source
[42]. For example, this includes reducing the
amount of packaging that comes on site, using
efficient packaging techniques or changing design
principles and practices.

Reuse and recycling refer to returning parts of
the waste stream to be used again for the same
purpose [42]. Reuse preserves the present struc-
ture of a material or article and does not require
additional resources for utilization. Recycling

involves separation at the source, collection, pro-
cessing, marketing, and ultimately using materials
that would otherwise have been combusted with
energy recovery or disposed of in landfills [35].

Composting breaks down the biodegradable frac-
tion of waste into CO2 and water in the presence of
oxygen by microorganisms. The residue is an
organic-rich product that can be used as a soil
improver in agriculture or land reclamation
[42]. Composting can divert the biodegradable frac-
tion of construction and demolition waste from land-
fills and thereforewill avoid/reduce the production of
uncontrolled landfill methane emissions (one of the
significant greenhouse gas emissions or GHGs) and
leachate (liquid that drains from the landfill).

Energy recovery refers to using combustible
waste as a fuel in waste to energy power plants to
produce electricity or heat [36]. Although there is
public opposition to the incineration due to emis-
sions to air (carbon monoxide, hydrogen fluoride,
sulfur dioxide, volatile organic carbon, dioxins,
and furans, heavy metals, etc.), it can be the only
allowable disposal option for the hazardous (highly
flammable, volatile, toxic, and infectious) wastes
[42]. For example, clinical (medical) waste is
banned from the landfills in many countries due
to the potential health risks, and similarly, any
recycle/reuse must be done after sterilization
[5]. Hazardous materials from the construction
and demolition site such as asbestos, lead paint,
lamp ballasts (polychlorinated biphenyls (PCBs)
and non-PCB), mercury-containing equipment
(pressured gauges, flow meters, heating and air
conditioning thermostats, tilt switches, drain traps

Construction and Demolition Wastes, Table 1 Typical components of construction and demolition debris

Material components Content examples

Wood Forming and framing lumber, stumps, plywood, laminates, scraps

Drywall Sheetrock, gypsum, plaster

Metals Pipes, rebar, flashing, steel, aluminum, copper, brass, stainless steel

Plastics Vinyl siding, doors, windows, floor tile, pipes

Roofing Asphalt and wood shingles, slate, tile, roofing felt

Rubble Asphalt, concrete, cinder blocks, rock, earth

Brick Bricks and decorative blocks

Glass Windows, mirrors, lights

Miscellaneous Carpeting, fixtures, insulation, ceramic tile

Source: U.S. EPA
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in old buildings), and batteries must be labeled and
disposed according to National Environmental
Health and Safety rules [6].

Landfilling is the least desirable option for
waste management. As the final choice used for
construction waste, the materials that end up in
landfills could be recycled or used as fuel in WTE
power plants [20]. Developed cities throughout
the world are facing a scarcity of land for landfills,
and therefore, the gate fees for landfills have been
increasing and are expected to maintain the
trend [24].

Recycling of C&D Waste

The nature of recycling of waste deriving from
construction, renovation, or demolition depends
on the form in which the material is obtained.
When the C&D waste has been separated to indi-
vidual material types, there is more scope for
recycling, and closed-loop recycling is likely to
be one of these options. However, where waste is
mixed, it is potentially the case that lower-value
recycling options will be the only ones available
(Fig. 5).

Processing Mixed Demolition Waste for
Recycling

The processing of concrete or mixed demolition
waste requires two basic operations – size reduc-
tion and screening – to obtain the necessary grad-
ing from particles. However, depending on the
nature of the source material, there is likely to be
a need to remove undesirable constituents to

Construction and Demolition Wastes, Fig. 3 Chemical compounds of industrial waste

Construction and Demolition Wastes, Fig. 4 Waste
management hierarchy adopted by the US EPA
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ensure that the product satisfies the required stan-
dards for end-use. Additionally, there may be
constituents present whose market value makes
separation desirable (Fig. 6).

Equipment for processing demolition is avail-
able in both mobile and static forms. In many
cases, mobile hardware is favored because pro-
cessing can be carried out on-site, removing the
need for transportation to a processing center; this
is very useful when the processed material is to be
used on the site of origin. In Fig. 7, a mobile jaw
crusher is used to crush demolition waste. In many
cases, demolition waste will undergo some degree
of presorting before processing. This usually
involves the identification and removal of large
items either for disposal or recycling.

Modular processing systems require the move-
ment of material from one processing step to
another. This typically involves the identification
and removal of significant components either for
disposal or recycling. These often include steel
sections and reinforcement bars, plastic parts,
and oversized pieces of timber. After the materials

enter the process sequence, they are crushed using
impact, jaw or cone crushers [4].

After crushing, the resulting material is screened,
often using a sequence of screens, which can include
grizzly screens, finger screens, trommel screens, and
vibrating screens. A screen sequence can be
achieved either by placing filters in series or by
stacking screens in parallel, with different size frac-
tions being directed into various process streams. By
selecting appropriate screen configurations, sorting
for shape as well as size is possible. For instance,
small objects such as metal pipes and rods can be
removed by including bar screens or similar devices
in the screening sequence.

Either before or after the screening, various
nonmineral constituents can be removed. This
may involve processes which differentiate
between organic or metallic components and min-
eral constituents by their physical properties.
However, it is not uncommon for hand sorting to
be carried out, where operatives identify and
remove metals, plastics, timber, and paper mate-
rial passing on a conveyor.

Construction and Demolition Waste
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The removal of ferrous metals can be achieved
through the use of magnets (either permanent or
electromagnets), which can be suspended over
conveyors or mounted in revolving drums or belt
configurations. Where significant quantities of
nonferrous and, hence, nonmagnetic metal are
present, eddy current devices are used. These
devices expose metal particles to a changing mag-
netic field, inducing eddies of electrical current
within them, which oppose the original magnetic
field and cause the metal particles to be repelled
[25]. During the processing of construction and
demolition waste, the repulsive force is used to
drive metallic particles off a conveyor.

Recycling Mineral Waste

The use of mineral fractions derived from the
processing of construction and demolition waste
as aggregate is an obvious option. Both coarse and
fine aggregates can be produced, with applica-
tions as granular fill, aggregate for hydraulically
bound and unbound road base and pipe-bedding
materials.

Usually, a distinction is made between aggre-
gate obtained from the reprocessing of only con-
crete waste and C&D waste containing different
mineral components. The former is typically
referred to as recycled concrete aggregate

(RCA), while the latter is recycled aggregate
(RA). This distinction is most significant when
the recycled material is to be used in the produc-
tion of concrete (Fig. 8).

RCA in Concrete
Reclaimed concrete material is recovered after
concrete production. In the USA, the annual gen-
eration of construction aggregates was close to
366 million tons in 2011 [3]. The material consists
of high-quality, well-graded aggregates (usually
mineral aggregates), bonded by a cement paste.

Reclaimed Asphalt Pavement
The recycling of reclaimed asphalt pavement
(RAP) is a well-established practice. RAP is the
term given to removed or reprocessed pavement
materials containing asphalt and aggregates.
Since asphalt surfaces are isolated from other
structures, the problem of contamination is much
less of an issue.

The process of reclamation and recycling is
relatively straightforward in comparison to other
end of life construction materials; either by plan-
ing or milling, the asphalt is collected from the
road surface. Recycling involves reducing the
particle size of RAP and introducing it into hot
or cold mix asphalt. It is estimated that around
45 million tons of RAP are produced each year in
the USA [33].

Construction and
Demolition Wastes,
Fig. 7 Construction and
demolition waste
processing source: metso.
com
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Fresh Concrete
In the past, the residue remaining in ready-mixed
concrete trucks has been managed by washing out
the mixer, settling out the stone aggregates and
discharging the remaining sludge, which consists
of water and particles of cement and fines, into
sewers [27]. This approach has gradually evolved
toward less wasteful procedures as a result of the
increasing economic burden of landfill disposal
and restrictions in many parts of the world on
wastewater disposal. The most obvious way in
which the mixer residue can be recycled is by
recycling both the settled aggregates and the clar-
ified water, after allowing for sedimentation.
However, a more sustainable solution is to recover
the wash water without sedimentation in the for-
mation of new concrete mixtures.

Use in Soil Conditioning
The use of mineral constituents of construction
and demolition waste to ameliorate soils is an
application developed in recent years. The min-
eral fraction of mixed construction and demolition
waste typically contains relatively high levels of
soluble calcium, sulfate, and potassium [38],
which are valuable nutrients to all plants
[29]. Additionally, in “sodic” soils, where sodium
accumulation compromises soil structure in arid
environments, calcium can be used to mobilize

sodium ions fixed in clays, allowing them to be
washed away [30]. Also, calcium additions can be
used to tackle problems such as subsoil acidity
and crust formation [10].

Typically, the application of calcium to soils to
realize these benefits is made by using gypsum,
such as is contained in waste plaster generated in
both construction and demolition activities [41].

Gypsum
The unsustainability of disposing of construction
and demolition waste to landfills has led to a com-
pelling environmental argument for removing gyp-
sum waste from waste streams destined for
landfills [16]. This is because leaching of the cal-
cium sulfate can present ecological problems; also,
the presence of gypsum promotes the formation of
hydrogen sulfide gas, which has an unpleasant
odor and can lead to health problems [19].

Recycled gypsum is most common in the form
of plasterboard (drywall) and is a component of
Portland cement; these usages of recycled gypsum
are well-established practices in many parts of the
world [37].

Glass
Infrastructure for the recycling of glass is well
established globally, and recycling of flat glass
from demolition waste is relatively simple.

Construction and
Demolition Wastes,
Fig. 8 Recycling concrete
aggregate
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Furthermore, glass recycling to the glass-melting
furnace reduces the overall energy requirement of
the manufacturing process [13].

Presently, most of the glass waste is generated
by the replacement of glazing in maintenance and
renovation activities. A new area of exploration
for recycled glass is using recycled glass for pipe
bedding. Traditionally, recycled glass is also used
as a bound material, especially in the use of
asphalt production.

Recycling of Organic Waste

Timber
There are many potential means of recycling
waste timber in the manufacture of construction
materials. These include particleboard
(or chipboard), wet-processed fiberboard, dry-
processed fiberboard (MDF), oriented strand
board (OSB), and cement-bonded particleboard
[8]. Currently, only particleboard manufacture
uses significant quantities of recycled timber.

Uses of chipped timber include animal bed-
ding, surfacing material for bridleways, footpaths,
and children playgrounds. Additionally, chipped
timber mulches have been shown to be highly
efficient, for suppressing the growth of weeds,
maintaining surface soil temperatures, and
retaining soil moisture [12].

Composting
The composting of timber and other biodegradable
components of construction and demolition waste
is also an available option. Composting involves
the aerobic digestion of biodegradable waste by
microorganisms to produce humus for agricultural
purposes. However, a significant constituent of
timber is lignin, which is usually broken down by
microorganisms at a relatively slow rate.

Recycling Plastics

Recycling plastics can be conducted in two
ways – mechanical recycling and feedstock
recycling. Mechanical recycling refers to the
reforming of plastics into new articles. Feedstock

recycling refers to recycled plastics that are turned
into valuable chemical building blocks that can
then be used in various applications [23].

One possible use of recycled plastics is in
asphalt mixtures. The concept has been demon-
strated to be feasible. Most research into this area
has concentrated on polyethylene, which has been
shown to enhance stability to degradation
resulting from water exposure.

Plastics derived from construction and demo-
lition waste are most commonly encountered in
mixed form. Recycling such materials presents
problems, mainly as a result of the immiscibility
of different polymers. This immiscibility leads to
a lack of homogeneity in the melt ultimately yield-
ing poor mechanical properties.

Despite this, there are successes in the extru-
sion of articles using blends of incompatible poly-
mers at temperatures at which one polymer melts
and the other remains solid, but above the glass
transition temperature [28].

Since the 2000s, there have been significant
advances in the development of infrared spectrom-
eters capable of rapidly distinguishing between
different types of plastics. This has, in turn, led to
the appearance of a wide range of plastics separa-
tion systems in the market. Such devices can iden-
tify the constituent polymer in individual plastic
pieces as they pass by a spectrometer on a con-
veyor belt. Articles can be accepted or rejected
through the application of an air blast. Such sys-
tems are highly efficient when dealing with pack-
aging waste in municipal waste streams [44].

Recycling Metallic Waste

A study of the economics of recyclingmetals from
C&D waste has concluded that only the recycling
of ferrous and nonferrous metals are currently
viable economically [17]. This is partly due to
the two metals being easily removed from the
waste stream by magnetic and eddy current sepa-
rators, respectively. The benefits of recycling
metals, from a sustainability perspective, are sig-
nificant since recycling requires considerably less
energy than the production of virgin metal
from ore.
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Energy Recovery

After all possible recycling has been done, the post-
recycling fraction of C&D waste can be used as
fuel in waste to energy (WTE) power plants. The
organic portion of construction and demolition
waste is combustible, and the generation of heat
and power from the combustion of wood, plastics,
and paper is a viable means of disposal which is
more environmentally friendly than landfilling [1].

Combustion is carried out in combined heat
and power mechanical thermal treatment facili-
ties, where heat is used both to generate electricity
through a steam turbine and also to heat water for
local homes and industries. The calorific value of
plastic is relatively high, with higher heating
values for construction plastics varying between
18 and 47 MJ/kg (Table 2; [42]). This compares
favorably with many conventional oil-derived
fuels such as fuel oil whose heating value is
around 46 MJ/kg.

Separation of the organic fraction from the
noncombustible materials (metals, concrete,
gyproc, etc.) is essential since the specific heat
capacities of much noncombustible construction
and demolition waste constituents are relatively
high, meaning that thermal efficiency is decreased
by using mixed waste.

The energy recovery process in WTE plants is
discussed extensively in several essays of this
section of the Encyclopedia.

Pyrolysis

Pyrolysis is the thermal decomposition of organic
substances in the absence of oxygen. Tempera-
tures between 350 �C and 900 �C are required to
effect decomposition [21], although temperatures
at the lower end of this range are more typical. The
products of pyrolysis of polymers are smaller
molecules (in both gas and liquid form) deriving
from the decomposition of polymer chains and a
certain amount of carbon-rich residue (char).

In the case of processed demolition waste, it is
often the case that plastics and timber waste are
sorted out together, due to their similar density.
Co-pyrolysis of timber and plastics is an option,
although it has advantages and disadvantages
[39]. Co-pyrolysis of timber, which contains a
significant amount of oxygen, with mixed plastics
typically decreases the yield of liquid hydrocar-
bons, relative to the products obtained from plas-
tics alone, and promotes a shift to a gas richer in
CO2 and CO [22].

Another technique for extracting fuels from
organic wastes is gasification, which involves
heating wastes in the presence of oxygen and
steam. Co-gasification of plastics and wood
(conducted in combination with coal, which
assists in stabilizing the process) has been exam-
ined, with the conclusion that where utilization as
fuel is the overall aim, high temperatures are
required, compromising efficiency.

Construction and Demolition Wastes, Table 2 Combustion and Gasification Properties of Plastics Particles

Volatiles Ash Cnx Moisture HHV (MJ/kg)

LDPE 99.9 <0.05 0.10 460

HDPE 99.9 <0.05 0.15 43.1

HDPE printed 97.4 2.33 0.34 0.21 41.9

PP 99.9 <0.05 0.13 46.5

PP white 97.8 2.21 0.10 46.7

PS white 97.0 2.89 0.11 40.6

PVC 92.3 <0.05 7.5 0.18 21.2

Coal 28.3 18.4 47.9 2.35 26.2

Peal 72.1 2.35 23.2 27.9 24.1

Wood 85.8 0.45 12.6 6.15 19.1

Source: Zevenhoven et al. [43]
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Environmental Hazards of Construction
and Demolition Waste

Despite the environmental benefits of recycling con-
struction and demolition waste, the composition of
suchmaterial can potentially present hazards to both
human health and the environment. Key concerns
include dust, asbestos, and the leaching of constitu-
ents into the surrounding environment.

Dust
Construction and demolition can have the effect of
raising atmospheric particulate levels, which
threaten public health [15], and links between air-
borne demolition particulates and exacerbation of
conditions such as asthma have been established
[9]. Hence, demolition waste processing facilities
employing air classification will often control par-
ticulate emissions downstream using pollution
control devices such as cyclones [4].

Asbestos
Asbestos was used in construction in cements, plas-
ters, boards, and reinforcement in plastic compo-
nents, such as flooring tiles, principally for its
good resistance to heat and chemical attack. Rela-
tively soon after asbestos use started on a large scale,
respiratory health problems in people working with
the material began to be identified. Inhalation of
fibers of asbestos leads to asbestosis as well as
various forms of cancer. The brown and blue
forms of asbestos are the most hazardous, although
all forms are now known to be harmful to health [6].

Asbestos in construction is now prohibited in
many parts of the world. However, many still have
asbestos material in them, especially buildings
built before the 1980s. Demolition of structures
containing asbestos presents a risk of releasing
this substance into the environment. Thus, in
many countries, it is a legal requirement that asbes-
tos is removed from structure before demolition.

Leaching
Most research carried out into the leaching of
chemical constituents from construction and
demolition waste has concentrated on leaching
occurring in landfills. However, much of the gen-
eral findings can be applied to situations in which

the material is employed in an application, with
the qualification that the chemical conditions
within landfill may differ considerably from
elsewhere.

While the majority of inorganic ions typically
found to leach from construction and demolition
waste are not toxic, their concentrations in leach-
ate can be of such a magnitude as to exceed
regulatory drinking water limits [32]. The types
of trace metal found to leach from construction
and demolition waste are very much dependent on
the type of material present. Trace metals found in
leachate from construction and demolition waste
have included arsenic, barium, cadmium, chro-
mium, copper, lead, nickel, and zinc [32]. Of
these, arsenic, chromium, and lead are of most
significant concern due to their toxicity [2].

Much of the arsenic and chromium derives
from waste timber, which has been treated with
CCA wood preservative [32]. Of the two ele-
ments, the enormous hazard is usually considered
to be presented by arsenic because it is more toxic.

The leaching of organic compounds has been
examined in research aimed at establishing poten-
tial risks presented by fines from processed con-
struction and demolition waste [16]. The
conclusion drawn from this work is that, while
organic compounds are detected in leachate from
such wastes (deriving from sources such as
asphalt, paints, varnishes, and fuel), they are typ-
ically found well below regulatory limits.

Wastewater
Where wet processes are used during the pro-
cessing of construction and demolition waste,
appropriate measures need to be taken to ensure
that wastewater is disposed of correctly and in a
form which is compatible with local environmen-
tal requirements. Most commonly, the use of set-
tlement tanks and filters is employed to ensure
particulate levels in wastewater are reduced to
acceptable levels.

Evaluating Impacts

Sustainable management of construction and
demolition wastes using the waste hierarchy, as a
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general guide, is mostly a sound approach. How-
ever, it should be stressed that there are likely to be
exceptions to this. An excellent example of such a
grey area is the production of RA and RCA.

The processing of demolition waste to produce
RCA and RA involves operations not dissimilar to
the production of virgin crushed rock aggregate. For
this reason, the embodied energy of the material is
likely to be only slightly less than that of virgin
aggregate, with any energy advantage coming
from the potential reduction in transportation dis-
tances (mainly if the aggregate can be used on the
site on which it is being processed). Since emission
rates of pollution from such processing are likely to
closely correlate with embodied energy, these will
also be close to that of virgin aggregate.

Where the sustainability of a waste manage-
ment option is in question, it is apparently of great
value to analyze the environmental impact of
using construction and demolition waste in a par-
ticular application against an equivalent product
derived from virgin material. A useful tool in
carrying out such an analysis is environmental
life-cycle assessment (LCA), which is a system-
atic methodology for compiling an inventory of
the inputs (resources and energy) and outputs
(pollution and waste) associated with the unit
processes that make up the entire life cycle of a
material and then assigning quantitative measures
of environmental impact to each of these.

This type of analysis can also be extremely
useful in making larger-scale decisions about
waste management strategies for construction
and demolition waste. A study carried out in Swe-
den examined two scenarios – one in which the
maximum level of recycling of construction and
demolition waste was achieved, and one in which
the maximum level of reuse was achieved
[31]. Recycling, in this case, included combustion
of certain materials with the recovery of energy.
The benefits of the two different approaches were
measured in terms of the mineral resources and
energy saved. The primary energy savings from
both scenarios were in the recycling or reuse of
metals and masonry, and the combustion or reuse
of timber. The most significant conservation of
mineral resource in both cases was gravel. The
study also examined projected future scenarios,

potentially providing useful information to those
making planning decisions.

It should be stressed that levels of resource use
and environmental impact will not be the only
factors which decide the extent to which an option
for utilizing construction and demolition waste is
sustainable. As well as the need for utilization
options to have reduced embodied the energy
and associated pollution emissions when com-
pared to a conventional product, the processing
requirements must have a lower cost, and the
material must have at least an equal market value
[40]. Moreover, consideration of the renewability
of the primary resource from which a product is
derived should also be given attention. For
instance, taking into account renewability, the
finite nature of metal ores in the Earth means
that there is potentially a stronger argument for
recycling metals than for recycling timber deriv-
ing from well-managed sources.

Future Directions

The drivers for growth in the recycling and reuse
of construction and demolition waste include scar-
city of landfill space, legislation, and taxation. It is
likely that these incentives toward more sustain-
able approaches to managing this material will
increase in the future, with additional pressures
potentially coming from increasing energy pro-
cess and resource scarcity – particularly for metals
and polymers.

Another future development is likely to be the
placing of greater emphasis on “producer respon-
sibility” in the field of construction and demoli-
tion waste. The philosophy behind producer
responsibility is essentially an extension of the
“polluter pays” principle – the responsibility for
managing waste is placed with the sector which
produces it. In Europe, one way in which this is
achieved is by requiring waste producers in spe-
cific industries to satisfy quotas for the collection
and processing of waste for recycling or reuse.
This is frequently carried out by other parties
who are able to sell credits to the industry, which
contribute toward satisfying the quota. However,
this is by no means the only way in which
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producer responsibility can be implemented. For
instance, by placing taxation on a product, which
reflects the cost of disposal, an incentive for waste
reduction is created for the producer.

These increasing demands for sustainable
management of construction and demolition
waste are likely to have two major influences on
the future direction of development in this area – a
drive toward more appropriate use of waste mate-
rials and increased emphasis on deconstruction
over demolition. Currently, much of the material
deriving from the processing of demolition waste
is being employed at its lowest engineering
value – as a general fill material where the main
property being utilized is merely the material’s
volume. Application of sustainable philosophies
and the increasing economic burdens placed on
those responsible for using construction and
demolition waste are both likely to drive manage-
ment strategies to higher levels of the waste hier-
archy. This would mean materials being elevated
to their most appropriate point on the waste hier-
archy where their performance as a recycled or
reused item is comparable to that of a conven-
tional product at comparable or lesser cost.

The key to obtaining the most substantial
amount of value from a waste material, in both
engineering and economic terms, lies in efficient
separation. For this reason, it is highly likely that
future developments will include shifts toward
both deconstruction and design of structures
with deconstruction in mind. It is also expected
to mean a growth in infrastructure for the collec-
tion and processing of individual construction and
demolition waste components and further devel-
opment of technologies for separation.
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Glossary

AF Alternative fuels that can be used in the
cement production. These include waste mate-
rials with high calorific value and relatively
low chlorine content

MBT Mechanical and biological treatment
where mixed MSW is separated to recyclables,
compostables, and RDF

MRF Material recovery facilities
MSW Municipal solid waste
RDF/SRF Combustibles separated at MRF or

MBT plants; they are used as fuel, either in
WTE power plants or alternative fuel in cement
kilns

WTE Waste to energy

Definition of Subject

Municipal solid waste (MSW) contains high cal-
orific value materials, such as non-recycled plas-
tics and paper, which may be sorted out at material
recovery facilities and used as alternative fuels
(AF) in the cement industry. This is associated
with multiple economic and environmental bene-
fits. The objective of this chapter is to assess the
environmental and economic aspects of the use of
AF derived from MSW in the cement industry.
The evaluation is discussed by including two case
studies from cement plants that use AF in Plant
1 (annual capacity 2.5 million short tonnes) in the
USA and Plant 2 (annual capacity 7.6 million
tonnes) in Mexico.

Introduction

The cement industry is one of the largest in the
world, and, typically, about 3–5 MJ of thermal
energy is used to dry, decompose, and sinter the
carbonate minerals to produce one kg of “clinker”
that is then ground to cement powder. Worldwide,
coal is the predominant fuel burned in cement
kilns. Global energy- and process-related carbon
dioxide (CO2) emissions from cement
manufacturing are estimated to be about 5% of
global CO2 emissions. The alternative fuels used
in cement industry include non-recycled plastics
and paper, refuse-derived fuel (RDF), scrap car-
pet, scrap tires, automobile shredder residue, bio-
solids, waste oil, and waste solvents.

Figure 1 shows the kinds of fossil and alterna-
tive fuels used by the US cement industry, in the
period 1993–2014, expressed as a percent share of
fuels in the total energy consumption.

In the USA, the use of AF (tires, refuse-derived
fuel (RDF), wood, liquid wastes, etc.) in the
cement industry increased from 8.7 to 18.9% of
the total energy consumption. The AF used are
divided into three big categories: tires, other solid
waste, and liquid waste. Both “other solid waste”
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and “liquid waste” may include several materials,
and their LHV varies widely. The use of “other
solid wastes” in the US cement industry increased
from 90,000 tonnes in 1993 to 1.3 million tonnes
in 2014 which, at an assumed LHVof 18 MJ/kg,
represented about 39.4% of the AF energy used in
cement production (7.4% of the total fuel used).
The liquid waste, with an assumed LHV of
15 MJ/kg, contributed to about 39.6% of the AF
energy used in cement manufacturing (7.5% of the
total), and tires, with a LHV of 32.6 MJ/kg, con-
tributed at about 21.1% to the AF energy pro-
duced for cement production (3.9% of the total).
The use of coal, with LHVof 26.3 MJ/kg, dramat-
ically decreased from 82.8% in 1993 to 56.7% in
2014 of the total energy used in the US cement
industry. The contribution of petcoke (34 MJ/kg)
to the total energy used was slightly increased
from 14.1% in 1995 to 17.1% in 2014; however,
there is an observed tendency of the cement indus-
try to move away from the use of fossil fuels and

use AF, with “other solid waste” fuels use steadily
indicating a steady increase since 1993 [1].

The AF is typically produced either in material
recovery facilities (MRF), where the feedstock is
the recycling stream collected by communities, or
in mechanical biological treatment (MBT) plants,
where the feedstock is the total mixed MSW
stream. The use of waste materials in cement
plants has increased in recent years. In 2012,
over two thirds of the nearly 270 cement plants
in the European Union used some alternative
fuels. The average use of AF was about 30% of
the total thermal energy, with the highest levels of
62% in Germany, 63% in Austria, and 83% in The
Netherlands (Fig. 2) [2].

The Cement Production Process

Cement is produced from a mixture of primarily
limestone and clay-based materials. Limestone is

WTE: Non-recycled Combustible Wastes in Cement Production, Fig. 1 Energy use by different fuels in US cement
industry, 1993–2014 [1]
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naturally occurring in the Earth’s crust and is gen-
erally a form of calcium carbonate (CaCO3). Clay
is found in soil and consists of minerals, such as
quartz and calcite, and metal oxides. Cement is
produced in a three-stage process. In the first
stage, the mined raw materials, such as limestone,
shale, and clay, are crushed and mixed in set pro-
portions to achieve the desired composition of the
final cement product. This mixture is ground to a
fine powder which is called “raw meal” and is the
feedstock to the second stage of cement produc-
tion, in which the raw meal flows by gravity
through a preheater, calciner, and rotary kiln
(Fig. 3). Originally, the entire drying, calcination,
and clinkering process took place in the kiln which
could be as long as 230 m in length; modern plants
are equipped with preheaters and precalciners, and
the kilns are up to 65 m in length and 6 m in
diameter, depending on the plant capacity.

Cement kilns are oriented at a slight incline so
that material entering at the feed end is slowly
transported through the kiln to the lower discharge
end. Fuel is introduced into the discharge end, so
there is a counterflow of solids and combustion gas;
however, some fuel, e.g., used tires, can be intro-
duced at the feed end. The fuel is injected through
specially designed ports to ensure goodmixing with
air and stable combustion. The principal chemical
reaction is the decomposition of calcium carbonate
(CaCO3) at about 900 �C to calcium oxide (CaO)

and carbon dioxide (CO2) gas; this is followed by
the clinkering (sintering) stage in which the calcium
oxide reacts at a high temperature (typically
1,400–1,500 �C) with silica, alumina, and ferrous
oxide to form calcium silicates, aluminates, and
ferrites. The hot clinker discharged from the cement
kiln is then transferred to a cooler where it is cooled
with air. In the third and final stage, the clinker is
mixed with gypsum and other materials, such as
blast furnace slag or coal fly ash, and the mixture
is ground into a fine homogeneous powder that is
stored in silos.

Approximately 40% of the total CO2 emissions
from cement production are due to the combustion
of fuels. Another 50% is associated with the chem-
ical processes from the cement manufacturing and
10% from electricity use and transport [2, 3]. The
focus of R&D in the cement industry is to increase
productivity, reduce energy consumption, and min-
imize emissions to the atmosphere. In the 1970s,
preheaters and calciners were introduced ahead of
the cement kiln to increase energy efficiency and
clinker production for a given kiln size (Fig. 2).
Calciners are now commonly used in most cement
plants. Raw meal enters at the top of the preheater
where it is heated by the upward flow of gas. The
preheated solids then flow into the calciner; at the
bottom of which, burners increase the temperature
of the upward flow of kiln gas. The heat in the gas
flow decomposes most of the calcium carbonate in

WTE: Non-recycled
Combustible Wastes in
Cement Production,
Fig. 2 Replacement ratios
of fossil fuels with
alternative fuels (AF) in the
European countries. The
average for EU-27 is
30.5% [2]
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the descending solids so that by the time they
enter the rotary kiln, the loss of ignition (LOI) is
in the range of 30–35%. It has been estimated that
up to 60% of the total fuel used in the cement
production process is combusted in the calciner.
The remaining calcination takes place in the rotary
kiln, along with sintering and clinker production.
Figure 3 shows the flow of solids and gases
through the entire cement production process.

Chemical Reactions in the Cement Production
Process
Dehydration, calcination, solid-state reaction, and
clinkering are the four major reaction zones across
the length of a cement kiln. These zones and the
corresponding temperature ranges are shown in
Table 1.

The combustion of the fuels provides the heat
needed to dry, decompose, and sinter the rawmate-
rials introduced to the cement production process.

The introduction of calciner to kiln system
decreases the heat demand of cement production
in some degree. The decrease in heat demand is
mainly from the decreased heat loss by heat radi-
ation. In the calciner kiln system, the length of
rotary kiln is shortened and the surface area of the
rotary kiln decreases. Consequently, the heat loss
by rotary kiln’s heat radiation decreases.

The heat for calcining and clinkering is the
largest heat output (about 50% of the total heat
input), followed by the sensible heat of preheater
exhaust gas (about 20% of the total heat input) and
the sensible heat of cooler exhaust gas (about 14%
of the total heat input).

Flue gas

Raw meal Raw
meal
silo

Preheater
tower

Preheated

Tertiary air

Rotary kiln

Fuel 1

Portland
cement
silo

Mill
Clinker
silo

Clinker
Clinker coolerClinker

Secondary air

Primary air

Stack

Baghouse

Raw mill

Mixed raw material

Solid feedstock
Gas flow
Fuel flow

Raw material

Cooler exhaust gas

Additives

Air

Calciner

Calcined

Flue gas

Flue 2

Flue 3

WTE: Non-recycled Combustible Wastes in Cement Production, Fig. 3 Flow diagram of cement process
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Case Study: AF Use in Plant 1

This case study refers to US Plant 1 of annual
production capacity of 2.5 million short tonnes
of cement. The kiln system, air pollution control
(APC) system, EF production process, and AF use
in Plant 1 are described below.

Kiln System
There are two kilns in the Plant 1, denoted by Kiln
1 and Kiln 2. Kiln 1 is a Polysius kiln (diameter
4.6 m, length 74 m, and three-pier support). This
kiln system has neither a formal calciner nor a
tertiary air duct. It is just a riser duct where sec-
ondary burning takes place.

Kiln 2 is a PYRORAPID rotary kiln (diameter
4.6 m, length 54 m, two-pier support) built in
2007–2008 and equipped with five-stage pre-
heater, PYROCLON low-NOx calciner burners,
tertiary air duct, and a multi-fuel PYRO-JET
burner. The calciner is designed for a long reten-
tion time to ensure that alternative fuels are effec-
tively combusted and that CO and VOC emissions
are kept to the minimum.

Air Pollution Control (APC) System
The air pollution control (APC) system of Plant
1 includes low NOx main burner and calciner,
selective non-catalytic reduction (SNCR; ammo-
nia injection) for low NOx, and fabric filter bag-
house for particulate matter (PM) control. A long
retention time is provided in the calciner to ensure
full combustion of the fuels used and limit CO and
VOC emissions to the minimum.

Description of the Process to Produce
Engineered Fuel (EF)
The EF is provided to the cement plant by a material
recovery facility in the same geographic area. In
general, the process used in such facilities consists
of sorting out marketable paper, plastic, metal, and
glass. The residue consists primarily of non-
recycled plastics (NRP) and paper fiber. It is shred-
ded and transported to the cement plant in trucks. At
an earlier time, this shredded material was extruded
into a rodlike form, in order to increase its density
and thus reduce transportation cost. A typical flow
diagram of the EF process is shown in Fig. 4.

AF Use in Cement Production
The most common AFs used in Plant 1 are
engineered fuel (EF), wood, tires, and pecan shells.
Other AFs include peanut shell, rice husk, dry
sewage sludge, and animal meal. There are proper
handling and dosing systems for each type of AF,
in order to provide the plant with a stable feed.

Plant 1 has been increasing its use of AF with
time. For example, in April, 2013, both kiln sys-
tems set an overall monthly record with of 38.9%
of the energy supplied by AF vs. the old record of
37.8%. Also, in February 2013, Kiln system 2 set
a new monthly record of EF use by reaching
53.5%. The compositions of AF burnt in Kiln
system 2, in February and April 2013, are shown
in Table 2. It can be seen that the new record was
principally due to the increased use of EF.

AF Combusted in Plant 1, January–September
2013
The fuels used in Plant 1 from January to
September 2013 are shown in Table 3. The

WTE: Non-recycled Combustible Wastes in Cement Production, Table 1 Summary of chemical reactions in
cement production process

Reaction
stage

Temperature
(�C)

Chemical
reaction Description

Drying <450 Phase change Evaporation of moisture from raw meal

Calcination 450–900 CaCO3 (s) !
CO2 (g) + CaO(s)

Thermal decomposition of raw calcium carbonate (no melting)

Solid-state
reaction

900–1,300 CaO(s) + Si(s) !
C2S(s)

Formation of dicalcium silicate (C2S), formation of intermediate
fluxing agents (primarily calcium aluminates and calcium ferrites)

Clinkering 1,300–1,550 Alite (C2S) +
CaO ! C3S

Melting of fluxing agents, sintering, formation of alite (C3S)

WTE: Non-recycled Combustible Wastes in Cement Production 145



corresponding energy inputs were calculated
assuming the following LHV for the different
types of AF used.

The thermal energy contributions of the various
fuels used during this period are shown in Table 4.

The percent contribution of each AF to the total
energy used in Plant 1, during January–September
2013, is plotted in Fig. 5.

Figure 5 shows that the principal alternative
fuel was EF, followed by tires.

AF Burnt in the Plant 1 Vs. Overall US Cement
Industry
Two obvious differences exist between the use of
AF in Plant 1 and in the overall US cement indus-
try. Firstly, the overall cement industry uses liquid
AF, whereas Plant 1 uses only solid AF.

Another finding is that the Plant 1 is much
ahead of the overall US cement industry with
regard to the use of alternative fuels. In 2013, the
AF substitution rate in the US cement industry
was about 23%, while Plant 1 achieved 33.7% in
the period January–September, 2013.

Case Study: Analysis of Plant 2 Emissions

In this part of the study, a comparison was made of
the emissions of Plant 2 in a period when only
petroleum coke was used with a subsequent
period where alternative fuels were also used.

Clinker Production
Clinker production data of Kiln 1, when only
petcoke was used, was compiled. Eight groups
of daily data from year 2008 to 2010 were pro-
vided by the cement plant. The data included
clinker production, amount of petcoke used,

l
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WTE: Non-recycled Combustible Wastes in Cement
Production, Fig. 4 Production process of EF, which
consists of non-recycled plastics and paper fiber (NRPP),
used at Balcones plant. The input waste to the material
recovery facility (MRF) for the recovery of EF-NRPP is
commercial and industrial waste (C&I)

WTE: Non-recycled Combustible Wastes in Cement Production, Table 2 Composition of AF burnt in Kiln 2,
Plant 1

Kiln 2 Eng. fuel (%) Wood (%) Tires (%) Bottom ash (%) Pecan shells (%) Others (%) Total (%)

Feb-13 15.2 18.3 12.2 2.3 0.6 0.1 48.7

Apr-13 19.6 18.5 12.8 1.9 0.7 0.0 53.5
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and heat input per day. Calculations were made
that included petcoke heating value, petcoke
used for clinker production, and heat used for
clinker production. The original data and calcu-
lation results are shown in Table 5. The last row
of Table 5 shows the average value for each
column.

Table 5 leads to several important conclusions:

(a) Clinker production is very steady from day to
day (about 7,200 tonnes/day or 300 tonnes/h).

(b) Calculated heating value of petcoke is very
stable (around 34 MJ/kg).

(c) Petcoke use for clinker production is very
steady, about 95 kg/tonne, corresponding to
3.24 MJ/kg.

(d) Plant 2, with heat input of 5,571,204Mcal/day,
is calculated to have a thermal input of
5,571,204*4.18/24 MJ/h = 970,318 MJ/h =
970,318/3,600 MW = 270 MWh,th/
h = 270 MW,th.

US and EU Emission Standards for Cement
Kilns
To control emissions from cement production,
there are different regulations in different coun-
tries. The EU standards for cement kiln
co-incinerating AF and also the US standards for
cement plants are shown in Tables 6 and 7, respec-
tively. The original EU standards are based on
10% O2; in the last column of Table 6, these
standards are converted to 7% O2, for comparison
with the US standards of Table 7.

In the EU standards, the emission limits are
usually on mg/m3. In the US standards, the emis-
sion limits are based on lb/tonne clinker, with
regard to PM, Hg, NOx, and SO2. To make the

comparison possible, it is necessary to know the
volume of exhaust gas generated per tonne of
clinker.

Emission Data
Plant 2 emission data using only petcoke is shown
in Table 8. The emission data were collected at
different times, in 2008, 2009, and 2010. The
units used are kg/h for PM and mg/m3 for SO2,
NOx, and CO.

Plant 2 emission data when 15.9 and 16.5% of
the thermal energy was supplied by AF, for the
days of August 8 and 9, 2012, respectively. The
original data is based on 7% O2 and at 25 �C,
1 atm (cnbs = dry basis at 25 �C, 1 atm), and was
converted to 7% O2 and at standard temperature
and pressure (STP) basis. The recorded emissions
are shown in Table 9.

A comparison was made of the emission data
when only petcoke was used with the period when
AF was also used. The results are shown in
Table 10.

From Tables 9 and 10, the following conclu-
sions can be made:

1. Table 10 shows that the emission values,
except for dioxin, when AF is also used are
relatively lower than the emission values when
only pet coke is used. For example, when only
petcoke is used, PM emission is in the range of
36.66–12.39 mg/m3, while when AF is also
used, PM emission is in the range of
1.41–2.04 mg/m3. It is very likely that this
large reduction is due to improvements made
in the air pollution control system of Plant
2 between 2010 and 2012 when alternative
fuels were used in place of some of the
petcoke.

2. Comparison of the emission data obtained
when AF was used with the EU standards for
“kilns co-incinerating waste” of EU standard
shows that SO2, NOx, Hg, and D/F comply
with EU standard. In particular, the three emis-
sions that effectively led to the MACT regula-
tion, mercury, cadmium, and dioxins/furans,
are all orders of magnitude lower than the EU
standards.

WTE: Non-recycled Combustible Wastes in Cement
Production, Table 3 Assumed LHV of fuels used in
Plant 1 from January to September 2013

Fuel LHV (MJ/kg)

EF 17.8

Wood 12

Pecan shells 14

Tire fluff 20

Bottom ash 0

WTE: Non-recycled Combustible Wastes in Cement Production 147
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LCA Study and Calculation of
Greenhouse Gas Effects of Using Non-
Recycled Paper and Plastics

The emissions of CO2 by the US cement indus-
try in 2013 were calculated to be about

60.7 million tonnes, i.e., 0.87 tonnes of CO2

per tonne of clinker produced [1]. Table 3
compares the US MSW and cellulose (paper
fiber) compositions. The molecular weight and
the heat of formation of the various compounds
were obtained from HSC 9.1 software.
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WTE: Non-recycled Combustible Wastes in Cement Production, Fig. 5 Total AF combusted in Balcones,
January–December, 2013

WTE: Non-recycled Combustible Wastes in Cement Production, Table 5 Clinker production when only petcoke is
used (Plant 2, Kiln 1)

Date

Clinker
production
(tonnes/day)

Petcoke
used
(tonnes/day)

Reported
heat input
(Mcal/
day)

Calculated
petcoke
heating value
(MJ/kg)

Petcoke used
for clinker
production
(kg/tonne)

Calculated heat
used for clinker
production
(MJ/kg)

4-Sep-08 7,213 684 559,5120 34.19 94.83 3.24

5-Sep-08 7,210 681 5,572,190 34.20 94.45 3.23

10-Sep-08 7,150 678 5,547,643 34.20 94.83 3.24

20-Jul-09 7,117 670 5,525,893 34.47 94.14 3.25

21-Jul-09 7,161 674 5,558,884 34.47 94.12 3.24

16-Jul-10 7,208 682 5,593,400 34.28 94.62 3.24

13-Jul-10 7,210 682 5,592,351 34.28 94.59 3.24

15-Jul-10 7,205 681 5,584,151 34.28 94.52 3.24

Average value 7,184 679 5,571,204 34.30 94.51 3.24
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The corresponding chemical structure of the first
three materials was calculated using the atomic
composition of each material [4]. The most bio-
genic material, poplar wood, contains 4.2 atoms
of oxygen for every six atoms of carbon, while the
highest fossil-based material, TDF, contains very
little oxygen.

The combustion of the NRPP fraction is asso-
ciated with the following reaction:

C6 H11:7 O2:7 þ 7:57 O2 ! 6 CO2 þ 5:85 H2O

which is a highly exothermic reaction with 23.8 MJ
of energy released/kg of fuel, which is higher than
the calculated value of MSW, 17.9 MJ/kg, as atten-
uated. However, the reported heating value of the
NRPP used at the Balcones plant was
17.5 MJ/kg. The losses are mainly associated with
the moisture and the impurities contained in the
NRPP fraction.

The CO2 emissions were calculated by the above
chemical equation, which gives 1.93 kg of CO2 per
kg of NRPP. MSW combustion is associated with
1.68 kg of CO2 and tires with 3.10 kg of CO2 per kg
of fuel, as presented in Table 11. Also, the combus-
tion of petcoke is associatedwith 3.56 kg of CO2 per
kg of petcoke combusted, as a result of the signifi-
cant higher amount of carbon contained in petcoke
compared to NRPP/RDF, MSW, and other waste
fuels, except for waste tires.

WTE: Non-recycled Combustible Wastes in Cement Production, Table 6 EU standards for cement kiln
co-combusting AF

Pollutants (mg/Nm3) Original standard 10% O2 Standard after conversiona, 7% O2

PM 30 38.19

HCl 10 12.73

HF 1 1.273

NOx 500 636.5

Cd + Tl 0.05 0.06365

Hg 0.05 0.06365

Sb + As + Pb + Cr + Co + Cu + Mn + Ni + V 0.5 0.6365

D/F (ng/Nm3) 0.1 0.1273

SO2 50 63.65

TOC 10 12.73
aConversion from 10% O2 to 7% O2: c7%O2

= 1.27*c10%O2

WTE: Non-recycled Combustible Wastes in Cement Production, Table 7 US standards for stack gas of cement
plants

Pollutants Unit Existing kilns New kilns

PM lb/tonne clinker 0.07 0.02

D/F ng TEQ/dscm 0.2 0.2

Mercury lb/million tonnes clinker 55 21

THC ppmvd 24 24

HCl ppmvd 3 3

NOx lb/tonne clinker 1.5

SO2 lb/tonne clinker 0.4

WTE: Non-recycled Combustible Wastes in Cement
Production, Table 8 Plant 2 emission data using only
petcoke fuel

2008 2009 2010

PM (kg/h) 7.42 3.99 4.57

SO2 (mg/m3)

NOx (mg/m3) 857.55 830.39 696.5

CO (mg/m3) 151.8 237.59 546

150 WTE: Non-recycled Combustible Wastes in Cement Production



The general methodology used for the Life
Cycle Assessment (LCA) is Eco-indicators 99
that uses the SimaPro database. Four different
scenarios were considered to determine the carbon
dioxide emissions of using NRPP in place of coal
in the cement production process:

– Scenario 1 (best case): 75% of the thermal
energy is derived from NRPP and 25%
from coal.

– Scenario 2: 50% of the energy is derived from
NRPP and 50% from coal.

– Scenario 3: 25% of the energy is derived from
NRPP and 75% from coal.

– Scenario 4 (worst case): 100% of the energy
is derived from coal.

The functional unit was 1 tonne of clinker
production, and the assumptions made for the
CO2 calculation were as follows:

– Total energy demand of 4,500 MJ/tonne of
clinker produced.

– Heating value of 26.3 MJ/kg, for coal, and
17.5 MJ/kg, for NRPP.

– Transport distance from MRF to cement plant
of 50 km, using 7.5–16 tonne truck.

– Transport distance from coal mine to cement
plant: 300 km via rail.

WTE: Non-recycled Combustible Wastes in Cement Production, Table 9 Plant 2 emission data when using
petcoke and AF

Original data Data after conversiona

Stack 2, 15.9%
AF 8-Aug-12

Stack 1, 16.50%
AF 9-Aug-12

Unit (7%
O2 cnbs)

Stack 2, 15.9%
AF 8-Aug-12

Stack 1, 16.50%
AF 9-Aug-12

Unit (7%
O2 STP)

PMb 1.222 0.842 kg/h 2.04 1.41 mg/Nm3

SO2 8.63 7.79 mg/m3 9.41 8.49 mg/Nm3

NOx 297.1 242.7 mg/m3 324 265 mg/Nm3

CO 388.9 325.4 mg/m3 424 355 mg/m3

HCt 51.86 43.39 mg/m3 56.53 47.30 mg/m3

Sb, As,
Mn, Ni,
Se

0.0147 <0.0037269 mg/m3 0.016023 <0.00407 mg/m3

Cr, Pb, Zn 0.00981 0.00538 mg/m3 0.0106929 0.0058642 mg/m3

Cd <0.000002 0.0000067 mg/m3 <0.0000022 0.000007303 mg/m3

Hg <0.000012 <0.000010 mg/m3 <0.000014 <0.000011 mg/m3

PCDD/F 0.00701 <0.00003 ng/m3 0.0076409 <0.000033 ng/m3

aThe conversion of emission values from 7% O2 cnbs to 7% O2 STP: EmissionSTP = 1.09 �Emissioncnbs
bThe conversion of PM emission from kg/h to mg/Nm3: 1 kg/h = 1.67 mg/m3. This is based on the assumptions of
2,000 Nm3 exhaust gas/tonne of clinker and the calculated production rate of 300 tonne of clinker/hour

WTE: Non-recycled Combustible Wastes in Cement Production, Table 10 Plant 2 emission data

Petcoke only, stacks 1 and 2 AF co-combustion

2008 2009 2010 Stack 2, 8-Aug-12 Stack 1, 9-Aug-12

PM (mg/m3) 12.39 6.66 7.63 2.04 1.41

SO2 (mg/m3) NA NA NA 8.63 7.79

NOx (mg/m3) 857.55 830.39 696.5 297.1 242.7

CO (mg/m3) 151.8 237.59 546 388.9 325.4

Hg (mg/m3) NA NA NA <0.000012 <0.000010

Cd (mg/m3) NA NA 0.0007 <0.0000022 0.000007303

PCDD/F (ng/m3) 0.0005 0.0076409 <0.000033
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– 80% of carbon in NRPP is biogenic (paper
fiber, etc.) and 20% fossil based
(non-recycled plastics).

– The carbon-based compounds in NRPP are
diluted with 20% moisture plus non-
combustible materials.

Since the ash of both NRPP and coal is
absorbed in the clinker and there is no substantial
difference in the emissions of the four scenarios,
except for CO2, the differential boundaries of the
LCA study are defined by fuel input to the cement
production process and by the estimated CO2

emissions. Only the fossil-based CO2 emissions
are considered as contributors to the greenhouse
gases (GHG) causing climate change. The GHG
emissions are based on the SimaPro database and
the Ecoinvent program and US input–output data-
base for coal mining, production of NRPP
(electricity from waste allocation from SimaPro),
transportation (coal freight and lorry for coal ash
and NRPP), and landfill avoidance for NRPP.

The results of the LCA analysis are shown in
Table 12. It is assumed that, when the NRPP is not
used in cement production, it is disposed in a
sanitary landfill where 75% of the methane
(CH4) generated by the organic fraction of the
NRPP is captured and 25% is emitted to the atmo-
sphere [4]. Under these circumstances, the
SimaPro LCA program assigns an additional
GHG benefit of 1.31 kg CO2 per kg of NRPP
used in cement production.

The use of 1 tonne of NRPP in the cement
production results in the reduction of about
1.6 tonnes of CO2. The beneficial effect of using
NRPP in place of coal, when the avoided landfill
emissions are included in the comparison of GHG
emissions, results in an additional reduction of
1.3 tonnes of CO2 per tonne of NRPP, making a
total of about 2.9 tonnes of CO2.

Benefits from Using AF

There are many benefits from using AF in the
cement production. The most direct benefit is mak-
ing use of the embodied energy in AF to replace
fossil fuels. Another benefit of AF substitution is a
reduction in CO2 emissions from cement produc-
tion. As discussed earlier, the cement industry is
responsible for 5% of global CO2 emission, nearly
50% of which are due to the combustion of fossil
fuels. Also, no further treatment of ash residuals is
in need when AF is burnt in cement kilns. Any ash
residuals, if produced, are incorporated into the
clinker. On the assumption that the NRPP used at
Balcones (17.5 MJ/kg) were to be used throughout
the US cement industry, the increase in the US
waste to energy capacity, and corresponding reduc-
tion in landfilling, would be about 17.7 million
tonnes of NRPP, i.e., a 64.5% increase of the cur-
rent US WTE capacity. Also, the use of about
17.7 million tonnes of NRPP in the cement indus-
try would be associated with the conservation of

WTE: Non-recycled Combustible Wastes in Cement Production, Table 11 C, H, and O concentration in five dry
materials and petcoke coal

Composition
Tire-derived
fuel

RDF
and
NRPP US MSW

Poplar
wood Cellulose Petcoke

C (%) 85.20 48.80 38 47.50 44.40 90.00

H (%) 7.30 7.80 5.21 6.10 6.20 3.00

O (%) 0.50 29.20 33.33 44.50 49.40 1.20

All other (%) 7.00 14.20 23.96 1.90 0.00 5.8

Calculated C–H–O structure C6 H6.2 O0.03 C6 H11.7

O2.7

C 6 H10 O4 C6 H9.2

O4.2

C 6 H10 O5 C6H2.4O0.06

Formula weight (g/mol) 78.79 127.06 146.14 148.53 162.14 74.08

Carbon emissions during
combustion (kg/kg of fuel)

3.10 1.93 1.68 1.66 1.51 3.56
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1.7 million square meters or 420 acres of land
surface, plus the avoidance of about 53 million
tonnes of CO2-eq.

Effect on Emissions from Using AF
Through the usage of AF, cement manufactures
can play an important role in sustainable energy
and waste management. However, it should be
kept in mind that combusting AF in cement kilns
should be managed properly from the environ-
mental perspective. The emissions of concern
are typically the heavy metals and dioxins and
furans, as discussed below.

Heavy Metals
The EU standard for mercury is 0.05 mg/Nm3 for
stack gas, which is the same as for waste-to-
energy plants. As shown in Table 10, the Hg
emission of the case study of Plant 2, when AF
was combusted, was 0.000014 mg/Nm3, 1,000
times lower than the standard of 0.05 mg/Nm3.
Several papers in the literature [5–7] confirm that
the heavy metals contained in the raw materials
and fuels used in cement production are either
incorporated into the clinker or contained in the
air pollution control (APC) system. A study test-
ing the leaching ability of heavy metals contained

in clinker when exposed to acidic conditions
using EPA’s toxicity characteristic leaching pro-
cedure showed that cadmium was the only heavy
metal that could be detected in the environment
and at a level below regulatory standards [4]. The
literature also showed that little difference of
heavy metal emissions existed between plants
burning only fossil fuels and those
co-incinerating AF [5, 7].

Dioxins and Furans
Dioxins have a potential to form in the presence
of chlorine in the fuel or raw materials for cement
production. However, the extremely high tem-
perature and long residence time provided in
clinker production are not conducive to dioxin
formation [8]. Limiting the concentration of
organics in the raw material mix and quickly
cooling the exhaust gases in wet and long dry
kilns also prevent the formation of dioxins [5,
8]. As shown in Table 10 for the case study of
Plant 2, the highest dioxin concentration mea-
sured in the stack gas was 0.0076 ng TEQ/Nm3

vs. the EU standard of 0.1 ng TEQ/Nm3. A sig-
nificant decrease by about 97% in US dioxin
emissions from hazardous waste co-incineration
in cement kilns was achieved between 1990

WTE: Non-recycled Combustible Wastes in Cement Production, Table 12 LCA calculation of GHG emissions for
four EF-coal combustion scenarios for functional unit: 1 tonne of clinker

Scenario A:
75% EF

Scenario B:
50% EF

Scenario C: 25%
EF

Scenario D:
0% EF

EF Coal EF Coal EF Coal Coal

Energy needed MJ/tonne clinker 3,375 1,125 2,250 2,250 1,125 3,375 4,500

Kilograms fuel per tonne clinker 193 43 129 86 64 128 171

Mining of coal, kg CO2/tonne clinker 4.3 8.6 12.8 17.1

Production of EF, kg CO2/tonne cl. 0.25 0.17 0.08

Coal transport, kg CO2/tonne clinker 0.5 1.1 1.6 2.1

EF transportation (kg CO2/tonne clinker) 0.03 0.01 0.008

Combustion emissions, kg CO2/tonne
clinker

372 153 249 306 124 456 609

Subtotal kg CO2/ ton clinker 372.3 157.8 249.2 315.7 124.1 470.4 628.2

Total EF + coal, for scenario, kg CO2/
tonne clinker

530.1 564.9 594.5 628.2

Kg CO2 avoidance due to EF use in
cement

�98.1 �63.3 �33.7 0

Total GHG Including landfill, kg/tonne
clinker

�351.1 �232.3 �117.5 0
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(431 g TEQ/year) and 1997 (13.1 g TEQ/year)
(Fig. 6) [2], [13] and [14]. These results are
shown graphically in Fig. 5.

A report published by the World Business
Council for Sustainable Development in 2006
included nearly 2,200 dioxin emissions data
from the early 1990s to 2005 worldwide [5]. The
data was collected from both wet and dry kilns
co-incinerating a wide range of wastes in cement
production process (Table 13).

The WBCSD report also noted that no big
difference for dioxin emissions could be found
when alternative fuels are burnt in the cement
production process than when only conventional
fossil fuels are burnt [5].

In 2005, United Nations Environment Pro-
gramme (UNEP) put forward the emission factors
for PCDD/PCDF emissions from cement kiln.
According to UNEP, the emission factors are
based on kiln type, air pollution control devices
(APCD), and the temperature of APCD, instead of
whether AF being combusted in cement kilns or
not (Table 14) [2] and [10].

To compare the emission factors put forward by
UNEP with the dioxin emissions limit of 0.1 ng
TEQ/Nm3, a conversion of the emission factors
was done, by considering 1 tonne of cement pro-
duced and 2,000 Nm3 of stack gas/tonne. The emis-
sion factors after conversion are shown in Table 15.

Table 15 shows that the modern kilns,
equipped with preheater/precalciner, operate at
well below the EU/US dioxin emission limit of
0.1 ng TEQ/Nm3.

Limits for AF Use to Replace Fossil Fuels
in Cement Production

The maximum amount of chlorine tolerated in the
total feed to the kiln is 0.7% Cl. Higher amounts
result in the excessive formation of salts that are
volatilized in the kiln and then solidify and can
clog the following unit (in the direction of gas
flow) of the calciner. This section discusses the
corresponding upper limit of AF that can be used
to replace fossil fuels in cement production.
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The chlorine contents of different fuels were
compiled and are shown in Table 8. This data was
collected from different sources and small discrep-
ancies were noted. Coal and petcoke have the lowest
chlorine content. The chlorine content of petcoke is
about 0.005–0.032%. There are high chlorine con-
tent coals (>0.3%) produced in Illinois, but the

usual chlorine content of coals is in the range of
0.01–0.04%. Wood pellets (0.01–0.126%) and tires
(0.07–0.2%) have higher chlorine content than coal
and petcoke, but lower than RDF (0.36–1.29%).
MSW is reported to range from 0.3 to 1.56%, but
the typical range of US MSW is 0.4–0.6%
(0–1.558%) and engineered fuel (0.74%) (Table 16).

WTE: Non-recycled Combustible Wastes in Cement Production, Table 13 Summary of reported dioxin concen-
trations in clinker off-gas [5]

Country Use of AFR or not Concentration ofa PCDD/F in ng TEQ/m3 Number of data

Australia Yes 0.001–0.7 55

Belgium Yes <0.1 23

Canada Yes 0.0054–0.057 30

Chile Yes 0.0030–0.0194 5

Colombia Yes 0.00023–0.0031 3

Denmark Yes <0.0006–0.0027 ?

Egypt Yes <0.001 3

Europe Yes <0.001–0.163 230

Germany 1989–1996 Yes 0.02 >150

Germany 2001 Yes <0.065 106

Holcim 2001 Yes 0.0001–0.2395 71

Holcim 2002 Yes 0.0001–0.292 82

Holcim 2003 Yes 0.0003–0.169 91

Heidelberg Yes 0.0003–0.44 >170

Japan Yes 0–0.126 164

Lafarge Yes 0.003–0.231 64

Mexico Yes 0.0005–0.024 3

Norway Yes 0.02–0.13 >20

Philippines Yes 0.0059–0.013 5

Poland Yes 0.009–0.0819 7

Portugal 0.0006–0.0009 4

RMC Yes 0.0014–0.0688 13

Siam Yes 0.0006–0.022 4

South Africa Yes 0.00053–0.001 2

Spain Yes 0.00695 89

Spain CEMEX Yes 0.0013–0.016 5

Spain Cimpor Yes 0.00039–0.039 8

Taiheiyo Yes 0.011 67

Thailand Yes 0.0001–0.018 12

UK Yes 0.012–0.423 14

Uniland 0.002–0.006 2

USAb Yes 0.004–50 ~750

Venezuela Yes 0.0001–0.007 5

Vietnam 0.0095–0.014 3
aThe numbers are either given as the range or the mean value
bThe high numbers from the USA is from measurements done in the early 1990s; the number of measurement is
approximate
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Conclusions

The combustion of alternative fuels in the cement
kiln system is being applied widely and offers
definite environmental and energy advantages.

1. The total energy consumption of the US
cement industry is calculated at 4.2 MJ/kg of
clinker for the year 2014 and is slightly
reduced as compared to 1993, which was
about 4.4 MJ/kg of clinker. The use of AF
(tires, RDF, wood, liquid wastes, etc.) in the
cement industry increased from 8.7% in 1993

to 18.9% in 2014 of the total energy consump-
tion. Much higher levels have been reached in
Germany (62%) and The Netherlands (83%).
The use of “other solid wastes” in the US
cement industry increased from 90,000 tonnes
in 1993 to 1.3 million tonnes in 2014 which, at
an assumed LHV of 18 MJ/kg, represented
about 39.4% of the AF energy used in cement
production (7.4% of the total fuel used).

2. On the assumption that the NRPP used at
Balcones (17.5 MJ/kg) were to be used
throughout the US cement industry, the
increase in the US WTE capacity, and

WTE: Non-recycled Combustible Wastes in Cement Production, Table 14 Emission factors for PCDD/PCDF
emissions from cement kiln [9]

Classification Emission factors-mg TEQ/t of cement

Shaft kilns 5.0

Old wet kilns, ESP temperature >300 �C 5.0

Rotary Kilns, ESP/FF temperature 200–300 �C 0.6

Wet kilns, ESP/FF temperature <200 �C 0.05

Dry kilns with preheater/precalciner, T < 200 �C 0.05

WTE: Non-recycled Combustible Wastes in Cement Production, Table 15 Emission factors for PCDD/PCDF
emissions from cement kiln after conversion

Classification Emission factors-ng TEQ/Nm3

Shaft kilns 2.5

Old wet kilns, ESP temperature >300 �C 2.5

Rotary Kilns, ESP/FF temperature 200–300 �C 0.3

Wet kilns, ESP/FF temperature <200 �C 0.025

Dry kilns preheater/precalciner, T < 200 �C 0.025

WTE: Non-recycled Combustible Wastes in Cement Production, Table 16 Chlorine contents of different fuels

Fuel type Chlorine (%)

Coal 0.04 [11] 0.01–0.03 [12] 0.01–0.2 [12] 0.12–0.54 [13]

Petcoke 0.005–0.032 [14]

MSW 0.3–0.8 [11] 0–1.56 (0.726) [9]

RDF 0.36–1.29 [15]

Wood pellet 0.010–0.126 (0.048) [16] 0.01–0.05 [17]

Tires 0.07–0.2 [11] 0.15 [11, 12]

EF 0.74a

aFrom Plant 1
bNumber in parenthesis in the chlorine content of MSW and wood pellets is the mean value
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corresponding reduction in landfilling, would
be about 17.7 million tonnes of NRPP, i.e., a
64.5% increase of the current US WTE capac-
ity. Also, the use of about 17.7 million tonnes
of NRPP in the cement industry would be
associated with the conservation of 1.7 million
square meters or 420 acres of land surface, plus
the avoidance of about 53 million tonnes of
CO2-eq.

3. The dioxin emissions examined in this study
were an order of magnitude lower than the US
and EU standard (0.1 ng TEQ/Nm3 of stack
gas). In a separate EEC study, an inventory was
created of all controlled (i.e., industrial) and
non-controlled (i.e., landfill fires, back yard
burning, etc.) sources of dioxins in the USA.
The results showed that the annual dioxin
emissions of the entire US cement industry
amounted to 18 g TEQ, corresponding to
0.5% of all US sources of toxic dioxins.

4. The carbon dioxide emissions of four fuel sce-
narios were calculated using standard LCA
methodology; they ranged from 100% high-
quality coal to 25% coal–75% engineered
fuel. The results showed that the major GHG
impact was the CO2 generated during combus-
tion of the fuel. The GHG benefit of using EF
amounted to 3 tonnes of CO2 per tonne of EF
used in place of coal, when the avoidance of
landfill gas emissions was included. The GHG
emission is reduced from 390 kg CO2 per tonne
clinker for 100% coal to 137 kg for 75% EF
and 25% coal.

5. The overall conclusion from this study was that
the use of MSW-derived fuels in cement pro-
duction has no adverse impact on the cement
production process.
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Glossary

Boiler ash Coarse fly ash separated from the flue
gas inside the boiler and directly discharged or
discharged after boiler cleaning by soot blow-
ing or rapping.

Bottom ash Solid residue discharged from the
grate of a waste incinerator.

Dioxins (PCDD/F) A group of 75 congeners of
polychlorinated dibenzo-p-dioxins (PCDD)
and 135 congeners of polychlorinated diben-
zofurans (PCDF); concentrations are given in
toxic equivalent accounting for the different
toxicity of the single congeners.

Filter ash Fine dust separated from the flue gas
by filters, mainly by electrostatic precipitators.

Incineration Combustion of waste, in Europe
preferentially in grate furnaces.

Leaching Elution of inorganic (especially heavy
metal) or organic species out of solid materials

into liquids; leaching standards are typically
regulating the access to disposal or the utiliza-
tion of a material; leaching is measured by
standardized tests.

Scrubbing Chemical gas cleaning step using wet
of dry neutralizing agents; wet systems are
typically designed in two stages.

Definition of Subject

In Europe the environmentally compatible man-
agement of solid residues from waste incineration
became a major topic of concern in the first decade
of the newmillennium. Tightened access criteria to
landfills promoted in a number of countries, espe-
cially in the European Union, an aim for beneficial
use of the bottom ash as source for metal recovery,
but also as secondary aggregate and building mate-
rial. There are many research studies associated
with beneficial uses or stabilization of the fly
ashes, in order to avoid the significant costly dis-
position of these by products in a hazardous landfill
or a monofill. Organic content and leaching stabil-
ity are the most important environment-related
quality parameters to be addressed.

Introduction

Some time ago, the debate about thermal pro-
cesses was mainly driven by potential risks of air
emissions, especially those related to dioxins.
Meanwhile, the gas cleaning devices
implemented in municipal solid waste incinera-
tion (MSWI) or, as they are called in some areas,
waste-to-energy (WtE) plants are among the most
effective ones found in any technical process, and
the interest is nowadays more focused on the
quality of the solid residues from these processes.
The actual objectives are to produce inert bottom
ashes and to enable their utilization as secondary
building materials. This is especially promoted in
the Netherlands, Denmark and Germany, and
recently also in France. A further focus is the

# Springer Science+Business Media LLC, part of Springer Nature 2019
N. J. Themelis, A. C. (Thanos) Bourtsalas (eds.), Recovery of Materials and Energy from Urban Wastes,
https://doi.org/10.1007/978-1-4939-7850-2_883

Originally published in
R. A. Meyers (ed.), Encyclopedia of Sustainability Science and Technology,# Springer Science+Business Media LLC 2017
https://doi.org/10.1007/978-1-4939-2493-6_866-3

159

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-7850-2_883&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-7850-2_883&domain=pdf
https://doi.org/10.1007/978-1-4939-2493-6_866-3


inertization and safe disposal – or even
utilization – of the filter and boiler ashes as well
as of the residues collected in the chemical gas
cleaning systems of WtE plants.

Already in early times, attempts were made to
utilize bottom ashes from waste incineration plants.
In the Frederiksberg incinerator, built in 1903, bricks
were produced from bottom ash for utilization in the
building sector [1]. However, the calorific value of
the waste at that time and the resulting combustion
temperature will most likely have generated bottom
ash, the quality of which was far beyond the stan-
dards required and achieved today. The practice was
hence only maintained for few years.

After World War 1 a tendency was seen not to
burn but to melt the waste, again to produce sec-
ondary building materials. This practice, too, was
finally not successful on the market because of
problems with the refractory liners of the fur-
naces, the varying product quality, and especially
the high costs of the processes [2].

Starting in the last decade of the twentieth
century, all kinds of secondary treatment pro-
cesses have been developed to control the residue
quality according to special needs. Secondary
measures, however, are expensive, and the more
promising approach is an optimized control of the
combustion process to:

• Guarantee an excellent burnout of carbon
compounds

• Promote the volatilization of heavy metals like
Hg and Cd out of the fuel bed

• Fixate lithophilic elements in the silicatic and
oxidic matrix of the bottom ash, thus reducing
their leachability

The following discussion of the quality of res-
idues from modern waste incineration plants will
follow these objectives. Finally, this article will
investigate which rational options exist to inertize
and eventually utilize bottom, boiler, and filter
ashes, as well as flue gas cleaning residues.
Many considerations are based mainly on the
results of an international perspective on the char-
acterization and management of waste incinera-
tion residues, published by the International Ash
Working Group in 1997 [3].

Disposal Regulations for WtE Residues
Waste incineration is performed to transform
waste into a highly inert material, the bottom
ash, to facilitate aftercare-free disposal. Many
countries aim for utilization of this residue stream
in order to save space on landfill sites.

In the EU the disposal of residues is regulated
by the EU Landfill Directive 1999/31/EC [4] and
the Council Decision 2003/33/EC [5] which con-
tains the landfill access criteria for inert, non-
hazardous, and hazardous waste, together with
protocols for sampling and testing procedures.
The member states have to set their national stan-
dards accordingly. The non-EU countries Norway
and Switzerland have national regulations of
equal stringency.

The main standards are the organic inventory
measured as the TOC (total organic carbon) or
LOI (loss on ignition), the inventory of some
organic parameters, the pH value, and the
leaching stability of metals and other species.
Table 1 compiles the EU limit values of organic
constituents for the acceptance of nonhazardous
waste on a landfill.

Of paramount importance in all disposal regu-
lations is the leaching stability of the material in
question. Leaching is a complex process
depending on several material parameters such
as its chemical composition; its chemical, geo-
chemical, and mineralogical speciation; as well
as its morphology [3].

WTE: Management of WTE Residues in Europe,
Table 1 EU limit values for the total content of organic
constituents for the acceptance of nonhazardous waste on a
landfill (data in mg/kg of dry mass)

EU limit on
nonhazardous
waste

TOC (total organic carbon) 30,000

BTEX (benzene, toluene,
ethylbenzene, and xylenes)

6

PCBs (polychlorinated
biphenyls, 7 congeners)

1

Mineral oil (C10–C40) 500

PAHs (polycyclic aromatic
hydrocarbons (total of 17)

To be set by
countries
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A crucial parameter is the pH value of the
leachant. Metals forming cations have a high solu-
bility in an acidic environment which drops down
with increasing pH and reaches a minimum at low
alkaline conditions. Some amphoteric metals,
especially Pb, show increasing solubility again,
starting at pH values exceeding 11.5. Metals
forming oxianions, e.g., V, Mo, W, and to a certain
extent also Cr andMn, are characterized by a slight
solubility maximum around the neutral point.

A great number of various leaching tests have
been developed to investigate the elution stability
of solid residues. Controlling compliance with
legislative regulations requires of course the
application of standardized test protocols.

For measuring the elution stability, the CEN,
the European Committee for Standardization,
developed the EN 12457 batch tests to be applied
in all EU countries for compliance [6]. The test
leachant is water. There are four different test
variants (L/S = liquid-to-solid ratio):

EN 12457-1, one-stage test at L/S = 2 l/kg, parti-
cle size <4 mm

EN 12457-2, one-stage test at L/S = 10 l/kg,
particle size <4 mm

EN 12457-3, two-stage test at L/S = 2 and 8 l/kg,
particle size <4 mm

EN 12457-4, one-stage test at L/S = 10 l/kg,
particle size <10 mm

The last one is almost identical with the former
German test procedure DEV S4 and the former
French test X31-210 AFNOR. The specific test
parameters of the most applied versions 3 and
4 are compiled in Table 2.

Switzerland uses its own TVA test for compli-
ance. It is a two-stage test with a first stage for
analyzing the release of metals where the pH is
controlled by CO2 permanently percolating
through water, and the second test for anions is
performed with pure water [7]. The parameters of
this test are included in the table.

The main difference between the CEN tests
and the TVA test is its pH which in all CEN tests
on fresh bottom ash crops up values between
11 and >12, whereas the TVA test adjusts an
almost constant pH around 6.

These different test conditions result in differ-
ent leaching rates as shown in Fig. 1 for a bottom
ash sample which was tested using the Swiss and
the German test procedure [8].

The bar plot indicates that Ni, Cu, and espe-
cially Zn show a significantly higher elution in the
TVA than in the DIN EN test due to the formation
of rather soluble hydrogen carbonates.

Selected limits of total release of metals and
anions for the access to landfills as laid down in
the Council Decision 2003/33/EC are compiled in
Table 3. The Council Decision allows the countries
to select one of the CEN tests for compliance testing.

WTE: Management of WTE Residues in Europe, Table 2 Parameters of some leaching tests used in Europe

Council Decision 2003/33/EC Germany Switzerland

Test EN 12457–3 DIN EN 12457–4 TVA

Type Serial batch Batch Serial batch

Max. particle size (mm) 10 Actual size 10

Leachant H2O H2O H2O

Number of stages 2 1 2

L/S (l/kg) per step 1st step: 2 10 10

2nd step: 8

Contact time 1st step: 6 h 24 h 24 h per step

2nd step: 18 h

Agitation End over end/roller table End over end/roller table 1st step

CO2 percolation

2nd step: pure water
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The table contains also access limits for the two
German landfills for bottom ash disposal [9] as well
as limits in Switzerland for residue landfills [10].

For utilization of residues, however, no com-
mon regulations exist, and the various countries
have their own protocols. Most countries require

site-specific permits with eventually specific test
methods. Germany, for instance, established a
committee of members of the responsible federal
state’s agencies, the LAGA, which issued a mem-
orandum in 1994 as guideline for utilization of
bottom ash in road construction [11].

WTE: Management of
WTE Residues in Europe,
Fig. 1 Leaching results of
the Swiss TVA and the
German DIN EN 12457-4
test on one bottom ash
sample ([8], modified)

WTE: Management of WTE Residues in Europe,
Table 3 EU limit values of total release regulating the
acceptance of granular nonhazardous waste on landfills,

calculated at L/S = 2 and 10 l/kg in mg/kg dry matter, the
German limits for the landfill classes 1 and 2 and the Swiss
limits for residue landfills

Council Decision 2003/33/EC

Germany Switzerland

Landfill class 1 Landfill class 2 Residue landfill

Test Countries decide on test variant DIN EN 12457-4 TVA

L/S 2 10 10 10

As 0.4 2 2 2 1

Ba 30 100 50 100 50

Cd 0.6 1 0. 5 1 1

Crtotal 4 10 3 10 20

Cu 25 50 10 50 5

Hg 0.05 0.2 0.005 0. 2 0.1

Mo 5 10 3 10 –

Ni 5 10 2 10 20

Pb 5 10 2 10 10

Sb 0.2 0.7 0.3 0.7 –

Se 0.3 0.5 0.3 0.6 –

Zn 25 50 20 50 100

Chloride 10,000 15,000 15,000 15,000 –

Fluoride 60 150 50 150 100

Sulfate 10,000 20,000 20,000 20,000 –
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The memorandum recommends leaching test
results measured by the DEV S4 test (in fact the
actual German test DIN EN 12457–4) which are
well below the limits for landfill class 1, but
achievable for ashes from well-operated incinera-
tion plants. Limits for elected heavy metals in
comparison to the landfill class 1 limits are com-
piled in Table 4.

For utilization as well as for disposal, addi-
tional standards are set for mechanical properties
like density, mechanical strength, grain size dis-
tribution, or freeze-thaw stability. This aspect will
not be discussed here.

Mass Flows in a WtE Plant

The basis of all discussions about waste incinera-
tion residues is the knowledge of the different
mass flows in a municipal solid waste incinerator.

Figure 2 shows average ranges for these streams
as found in modern mass burning systems [12].
The air consumption is approx. 4,500 m3/Mg of
waste.

State-of-the-art plants in most industrialized
countries produce typically between 150 and
250 kg of bottom per 1 Mg of burnt waste. Most
published numbers include the grate siftings
which are in many countries kept separate from
the bottom ash. The respective numbers in Japan
are in the order of 100–120 kg due to different
waste collection and eventual pretreatment
strategies.

The mass flow of siftings depends on the type
of grate and its time of operation. It amounts
typically to less than 5 kg/Mg of waste. The sift-
ings may increase the amount of unburnt matter in
the bottom ash. In view of utilization, however,
the inventory of metallic Al eventually dripping
through the grate voids is of much higher concern.
Metallic Al tends to form hydroxides in contact
with water, and this reaction is accompanied by
strong swelling of the material.

The production of boiler ash depends on the
type of boiler and on the amount of dust released
from the grate and carried over the flue gas. Boiler
ashes should be treated together with the filter
ashes due to their similar level of toxic heavy
metals and organic compounds. In some countries
this has already been enforced by legislative reg-
ulations. The data presented for filter ashes reflect
the situation in modern plants that try to establish
so-called gentle combustion with dust loads down
to less than 2 g/m3.

The mass flow of APC residues shows actually
the highest variation of all residues. Wet

WTE: Management of WTE Residues in Europe,
Table 4 Selected German standards for disposal and uti-
lization of WtE bottom ash

Unit
German landfill
class 1

Road construction
(LAGA)

LOI wt-% 3

TOC wt-% 1 1

DIN EN 12457-4

Cl mg/l 1,500 250

Cu mg/l 1 0.3

Zn mg/l 2 0.3

Ni mg/l 0.2 0.04

Cd mg/l 0.05 0.005

Hg mg/l 0.005 0.001

Pb mg/l 0.2 0.05

WTE: Management of
WTE Residues in Europe,
Fig. 2 Mass balance of a
municipal solid waste
incineration plant (in kg/Mg
waste)
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scrubbing systems with liquid effluent discharge
produce 0.5–2 kg of dry neutral sludge per Mg of
burnt waste. In wet systems with internal or exter-
nal evaporation of the scrubbing solutions, addi-
tional 11–16 kg of neutralization products
increases the total solid residues to approx.
12–18 kg/Mg. Whereas wet scrubbing operates
close to stoichiometry and hence at minimum
amount of residues, in case of semidry or dry
systems, the necessary surplus of neutralizing
reagents increases the total amount of scrubbing
residues to 20–40 kg/Mg of waste.

Bottom Ashes

Ash Discharge
In WtE plants equipped with grate furnaces –
which prevail by far in Europe – bottom ash falls
typically from the back end of the grate directly
into a water bath where it is quenched. The bottom
ash is then discharged by a hydraulic ram or a drag
chain system. The system is often operated with a
surplus of water and does not only replenish the
evaporation losses but also removes highly solu-
ble salts, first of all chlorides, from the ashes. If
wet gas cleaning is applied, the chloride-rich brine
can be fed into the first acid scrubber of the plant.
In case of dry scrubbing, it may be injected into
the spray drier. The design of a wet ash discharge
with chloride washing as implemented at the
MVR Hamburg waste incineration plant is
shown in Fig. 3.

Dry discharge of the bottom ash is also reported
to increase ferrousmetal recovery by 45% and non-
ferrous metal recovery by 50%, compared to wet-
discharge systems. In 2009 two waste incineration
plants in Switzerland –SATOM in Monthey [14]
and KEZO in Hinwil [15] – have been equipped
with respective systems. The installed technology
is slightly different, but the principles, however, are
almost the same. As an example, Fig. 4 shows the
KEZO systemwhere the hot ash falls onto a vibrat-
ing conveyor and is transported to a sieving
machine to separate the fine fraction. So-called
tertiary air is introduced into the system which
cares for a kind of wind sifting and replaces
approximately 10% of the secondary air.

The dry ash discharge improves as a secondary
effect also the leaching properties of bottom ashes
[16]. The air used for wind sifting and tertiary air
transfers a significant fraction of fine ash particles
back into the combustion chamber which end up
in the fly ash and increases its amount by approx-
imately 10%. These fine particles contain high
amounts of soluble metal salts, mainly chlorides,
which in case of wet discharge would contaminate
the bottom ash in the quench tank.

Characterization

Gross Composition
Bottom ash is an agglomerate comprising mineral
and metallic components as well as few percent of
residual unburnt matter. The mineral phases qual-
ify the material for eventual utilization in the
building sector, and the metal inventory can to a

WTE: Management of
WTE Residues in Europe,
Fig. 3 Bottom ash
discharge with chloride
washing at the MVR
Hamburg WtE plant in
Germany ([13], modified)
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great extent be recovered, a practice which gained
great interest during the last years because of the
strongly increasing metal prices on the world mar-
ket. The organic fraction in bottom ashes from
state-of-the-art incineration plants is today mainly
kept below 1 wt%. A typical example for
European bottom ash gross composition is
depicted in Fig. 5 [17].

Burnout and Organic Constituents
The “burnout” is a key parameter for disposal as
well as for utilization of bottom ashes. The EU

Council Decision 2003/33/EC sets a limit value
for inert waste going to nonhazardous waste land-
fills of 3 wt%. The German Waste Storage Ordi-
nance sets a total organic carbon (TOC) limit of
1 wt% for disposal on a class 1 landfill, and the
same number is found in the LAGAmemorandum
for utilization of ash in road construction.

The TOC of bottom ashes comprises mainly of
elementary carbon or soot particles; some organic
compounds are also found that cover the spectrum
from short-chain compounds [18] up to low vola-
tile species such as PAH or PCDD/F. Typical

WTE: Management of WTE Residues in Europe, Fig. 4 Scheme of dry bottom ash discharge at the KEZO Hinwil
plant ([15], modified)

WTE: Management of
WTE Residues in Europe,
Fig. 5 Typical gross
composition of bottom
ashes [17]

WTE: Management of WTE Residues in Europe 165



concentrations of organic compounds in the vari-
ous solid residues are listed in Table 5. The table
contains also respective figures of boiler and filter
ashes which are generally much higher than those
of bottom ashes.

The data are obtained from measurements in
state-of-the-art WtE plants [19, 20]. The PCDD/F
figures are given as international toxic equivalents
(I-TE). It is evident that the organic pollution is
higher in the boiler and fly ashes than it is in
bottom ash.

It should be noted that the I-TE levels detected
in the bottom ashes of modern incineration plants
are in the same order of magnitude as found in
uncontaminated soils in Central Europe [21].

Chemical and Mineralogical Characterization
The mass and volume reduction occurring during
combustion of solid wastes causes an enrichment
of a number of heavy metals in the bottom ashes
compared to their concentration in the earth’s

crust. This is demonstrated by the concentration
ranges of selected species depicted in Fig. 6 [22].

Some heavy metals, such as As, Cd, Hg, and
Pb, are to a great extent volatilized out of the fuel
bed; however, also these metals show in most
cases higher concentrations in the bottom ashes
than in the lithosphere.

In addition to the chemical analysis, a geo-
chemical and mineralogical characterization pro-
vides useful information in view of the long-term
behavior of a material. The coarse ash fraction
consists to a great extent of silicatic and oxidic
phases and is mainly responsible for the mechan-
ical properties of the material, whereas in the fine
fraction more carbonates and sulfates are found
which contribute more to the leaching properties
of the ash [23–25].

Metal Inventory
As mentioned already, the inventory of metallic
phases in bottom ashes gained interest during the
last years because of strongly increasing prices.

WTE: Management of WTE Residues in Europe, Table 5 Concentration ranges of organic compounds in bottom,
boiler, and filter ashes (PCDD/F in I-TE)

Bottom ash ng/g Boiler ash ng/g Filter ash ng/g

PCDD/F <0.001–0,03 0,02–1 0.1–10

PCB <5–50 4–50 10–250

PCBz < 2–20 200–1,000 100–4,000

PCPh <2–50 20–500 50–10,000

PAH <5–10 10–300 50–2,000

WTE: Management of
WTE Residues in Europe,
Fig. 6 Concentration
ranges of selected elements
and PCDD/F in bottom ash
and in the earth’s crust
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Reliable data on the metal inventory are rare, and
it can be expected that most data are taken from
practical metal separation and do not reflect
the total content. Up to 40% of the nonferrous
metals are found in the fine ash fraction
[26]. Published data on the metal content are
compiled in Table 6.

The most profitable metals for recovery are the
nonferrous, such as Al, Cu, Pb, and Zn, but also
Ag and Au from the waste electronics. Data on the
latter metals have recently been published from a
research project at the Amsterdam WtE plant and
are shown in Table 7 [32].

It can be assumed that these inventories are sim-
ilar in all waste incineration plants in European big
cities.

Metal Separation
First metal separation starts typically by an over-
bandmagnet at the bottom ash discharge to recover
ferrous scrap as shown in the left graph of Fig. 7.
During the last years, more efficient ferrous sepa-
ration is often done by storing the ash for few days
and after that using a magnetic drum separator as
shown in the right graph of Fig. 7.

In most cases the ferrous scrap separation is
followed by an eddy current separation of nonfer-
rous metals (shown in the left graph of Fig. 8).
Meanwhile also high sophisticated systems are in

use which detect metal pieces on a belt conveyor
by means of a matrix of metal detectors or other
sensors and eject them at the end of the belt by a
pulse of pressurized air. Such system is shown in
the right graph of Fig. 8.

Some plants implemented meanwhile complex
bottom ash treatment systems to recover metals
from very small particle fractions [30].

To estimate the relevance of metal recovery
from bottom ashes, the assumed amount of recov-
erable metals is brought into perspective to the
annual consumption of the respective metals in
Germany [33]. The data used for this assessment
are a German annual bottom ash production of
5 mill. Mg and a recovery potential of metals as
published by the Amsterdam waste incinerator
[17, 32]. The results are shown in Table 8.

According to this assessment, more than 2% of
the annual Fe consumption and almost 1.5% of
that of Al could be recovered from bottom ashes.
Zn is mainly oxidized in the combustion chamber
which results in almost negligible recovery poten-
tial from bottom ashes.

The market value of these recovered metals
would amount to approximately 150 Mill. €;
this figure, however, is misleading since it does
not account for the operational costs. A cautious
appraisal of a revenue of 3–5 € per ton of bottom
ash from selling the nonferrous metals [17]
would mean an annual profit of up to 200,000 €

for a typical German waste incinerator with a
production of 40,000–50,000 Mg of bottom ash.

Treatment for Utilization
If the bottom ashes are landfilled, metal recovery
is the only pretreatment. If utilization is envis-
aged, the obligatory post-combustion treatment

WTE: Management of WTE Residues in Europe, Table 6 Metal inventory in bottom ashes in wt.%

Country Year Ash discharge Fe NF Al Reference

Switzerland 1995 Dry 15–20 2 [27]

Germany 2005 Wet 10 0.9 [28]

Switzerland 2010 Wet 9 2.2–3.3 [29]

Germany 2010 Wet 7.3 0.7 [30]

Netherlands 2011 Wet 7 1.3 [31]

Switzerland 2011 Dry 11 3.2 [26]

NF nonferrous metals

WTE: Management of WTE Residues in Europe,
Table 7 Inventory of selected metallic species separated
from the <2 mm fraction of bottom ash from the Amster-
dam WtE plant (data in mg/kg)

Cu Pb Zn Sn Ag Au

Inventory 920 480 10 80 2 0.11
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is much more complex. As mentioned already, a
number of countries have issued or are planning to
issue regulations for the utilization of bottom
ashes. The major application area is road con-
struction where the ashes are used in the support
layers, mainly under watertight capping. Among
the few countries which have more or less
country-wide common regulations is Germany
which will be discussed more in detail below.
Similar practice is followed in the Netherlands,
Belgium, and Denmark. Countries like Sweden
decide on utilization case by case.

The German guideline regulating the use of ash
in road construction is the LAGAmemorandum [9].

It requiresmechanical pretreatment, scrap removal,
and aging of the ashes for 12 weeks. A typical flow
sheet of advanced ash treatment as performed at
the Hamburg waste incinerator MVR is shown
in Fig. 9.

The procedure starts typically already in the
quench tank of the incinerator where a surplus of
water reduces the salt content [12]. After dis-
charge the ashes are stored for few days for
de-watering before they undergo further treatment
which consists of a sieving to remove bulky frac-
tions and magnetic separation of ferrous scrap
which is followed by an eddy current separation
of nonferrous metals.

WTE: Management of WTE Residues in Europe, Fig. 8 Eddy current system (left) and sensor-operated system (right,
[17] modified) for separation of nonferrous metals

WTE: Management of WTE Residues in Europe, Fig. 7 Over-band magnet (left) and drum system (right) for
separation of ferrous scrap

WTE: Management of WTE Residues in Europe, Table 8 Share of selected metals in Germany potentially to be
recovered [34]

Fe Al Cu Pb Zn Sn Ag

Inventory (kg/Mg) 100 10 0.9 0.5 0.01 0.08 0.002

Recovery (Mg) 474,100 47,410 4,267 2,370 47 380 9.5

Consumption (Mg) 20,000,000 3,300,000 1,700,000 320,000 350,000 300,000 1,230

Potential (%) 2.4 1.45 0.25 0.74 0.013 0.13 0.77
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The ashes are than stored for aging or maturing
for 12 weeks, and after having passed the respec-
tive compliance tests, they are used as secondary
building materials.

Effect of Aging and Utilization Potential
In order to optimize the total burnout, the com-
bustion temperature and with that the fuel bed
temperature at the back end of the grate have
been elevated in WtE plants compared to the
operation mode during the 1980s. As an effect of
such operation changes, a higher formation of
CaO can be seen. The pH value of fresh bottom
ashes is often exceeding 12. According to the
German LAGA memorandum, bottom ashes
have to be stored for 12 weeks prior to utilization
in road construction for aging or maturing. During
this time, the uptake of CO2 from the air converts
the earth alkali oxides into carbonates and neu-
tralizes part of the alkalinity. Hence, aged bottom
ashes establish a pH of about 10–11 in the DIN
EN 12457-4 test.

Data from a test program in a German full-
scale WtE plant illustrate the effect that aging
has on the pH of bottom ash and on the leaching
of metals [34]. The bar plot in the left part of
Fig. 10 documents that the pH of fresh bottom
ash in the DIN EN 12457-4 test exceeds in almost

all test trials pH = 12 and drops down by about
2 units during the aging process. As shown in the
right graph of Fig. 10, this pH change has a
dramatic effect on the leaching of Pb which is
reduced by almost two orders of magnitude. The
leaching stability of Cu and Zn is moderately
improved in the aged ashes, whereas Mo which
is mainly present as molybdate behaves indepen-
dent of the pH reduction.

Experience indicates that aged bottom ashes
comply easily with the quality required in Ger-
many for utilization in road construction. Twenty-
six bottom ash samples taken routinely in 1994
over 1 year from an industrial ash treatment site
were tested by the German DEV S4 leaching test,
the compliance test at that time, which is in fact
identical with the actual DIN EN 12457-4. The
results are depicted in Fig. 11 as shares of the
LAGA limits recommended for utilization in
road construction.

The environmentally interesting heavy
metals were always well below the respective
standards. The only component exceeding the
limit in a few cases was sulfate [36]. This limit
has been set to protect concrete structures from
corrosion attack.

In 2005 equivalent data were published for
bottom ashes of the Hamburg waste incineration

WTE: Management of WTE Residues in Europe, Fig. 9 Grate ash treatment at the Hamburg waste incineration plant
MVR ([29], modified)
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plants [29]. Except for the much better sulfate
values, the results show the same order of
magnitude.

Meeting the standards is a prerequisite to get
approval for utilization; more detailed informa-
tion about the potential environmental impact
may be achieved by running the same test on
bottom ashes and other building materials. This
has been done using aged bottom ashes from a
German waste incinerator and secondary building
material recycled from a demolished highway
bridge [36]. For comparison with a conventional
building material, gravel from the river Rhine was

also tested [37]. The results of the DEV S4 test are
shown in Fig. 12.

The bar plot documents that the difference in
leaching stability of the three materials is surpris-
ingly small, although there is no doubt that the
inventory of the selected metals in bottom ashes is
much higher than in concrete and especially in
gravel.

Utilization of Bottom Ashes in Europe
According to the above discussed bottom ash
quality, it can be stated that bottom ashes from
modern and well-operated WtE plants meet the

WTE: Management of
WTE Residues in Europe,
Fig. 11 Bottom ash
leaching test results
obtained by the German
compliance test in 1996
(Adopted from [35]) and in
2005 (Adopted from [29])
(l: electric conductivity)

WTE: Management of WTE Residues in Europe, Fig. 10 pH value of fresh and aged bottom ash samples (left graph)
and DIN EN 12457-4 test results on these samples for four metals (right graph)
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LAGA limits for utilization easily and do not
behave significantly different from conventional
building materials. Hence, there is no reason not
to utilize – after careful testing – such materials
for, e.g., road construction [38].

This use is common practice in countries with
geological conditions hampering the siting of
landfills such as the Netherlands, Belgium, or
Denmark. These countries utilize 90% and more
of the bottom ashes. The respective numbers for
France and Germany are 80% and 85%. Some
other countries like Italy, the United Kingdom,
Sweden, and Austria practice bottom ash utiliza-
tion to a lesser extent.

A different strategy is followed by the Swiss
authorities who categorize bottom ashes as reac-
tive materials in view of their inventory of critical
constituents. Since bottom ashes contain higher
amounts of heavy metals than the lithosphere (see
Fig. 6), they have to be deposited or to be
converted into stonelike materials.

The actually available data on production and
utilization of bottom ashes are taken from country
reports of CEWEP, the Confederation of
European Waste-to-Energy Plants [39], and from
other statistical sources and are compiled in
Table 9.

The table contains also published data on the
recovery of metals which has significantly
increased compared to the situation several years

ago. This tendency will remain in the future since
it has to be expected that the demand for most
metals continues to increase and so will their
prices.

Whether the utilization of the mineral
fraction in the building sector will be extended
or eventually even reduced is hard to predict.
The total amount of the material represents
only a minor fraction in the respective market,
and the regulation concerning its application
might not encourage a wider use. Furthermore,
its quality after metal recovery allows easy
landfilling.

Quality Improvement by Secondary
Treatment
If utilization of the mineral fraction of bottom
ashes will continue in the future, high elution
stability is a prerequisite. This requires high tem-
peratures in the fuel bed to volatilize mobile
metals and halogens out of the bed material and
to stabilize silicatic and oxidic species by
sintering. Sintering is a solid phase respeciation
which enables a fixation of many heavy metals in
the silicate-rich lattice of the bottom ash. The
improvement of the elution stability by post-
combustion sintering was validated in semi-
technical experiments with fresh bottom ashes
from a full-scale incineration plant [40].

WTE: Management of
WTE Residues in Europe,
Fig. 12 Leaching test
results obtained by the
German compliance test on
bottom ashes, recycled
concrete, and gravel
(Adopted from [37, 38])
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Laboratory-scale experiments using fresh bottom
ashes from two German incineration plants revealed
a positive effect of sintering at 850 or 1000; a further
increase of the elution stability by melting of the
ashes at 1,350 �C was not observed [41].

This explains why all bottom ash melting pro-
cesses which were developed during the late
1980s and early 1990s [42] did not find a market
in Europe. The enormous energy consumption did
not pay in view of quality improvement.

In Japan a great number of ash melting plants
using various technologies have been
implemented, in most cases to vitrify filter ashes
as well. During the last years, however, here too the
tendency seems to grow to phase such processes
out because of their high energy consumption.

This finding is supported by the comparison of
DEV S4 leaching data from aged bottom ashes
with those of molten residues or slags from the
high-temperature processes Siemens Thermal
Waste Recycling Process (STWR) [43], mean-
while licensed to MES and commercialized as
MES R21, and from the Thermoselect process
(THS) [44]. The data of the molten residues were
provided by the respective companies. The results
of this comparison are shown in Fig. 13 [45].

The bar plot documents that the leaching of
heavy metals from the three residues is compara-
ble. Aged bottom ashes as well as slags from high-
temperature waste treatment processes comply
easily with the most stringent legislative regula-
tions, but the findings indicate that melting does
not improve the elution stability.

This fact in combination with the low energy
recovery, the high complexity, and high process
costs of such processes might be responsible for
their failure on the European market.

Other processes like stabilization by addition
of phosphates (WES-PHix process) [46] are also
not common in Europe. On the one hand, phos-
phorous is becoming more and more a rare ele-
ment; on the other hand, the quality of bottom
ashes from well-operated incineration plants
meets all requirements for safe long-term disposal
or even utilization – as has been laid out above.

Boiler and Filter Ashes

Characterization
Boiler ashes are deposited at temperatures between
approx. 800 and 200 �C, filter ashes typically at

WTE: Management of WTE Residues in Europe, Table 9 Production and utilization of bottom ashes in selected
countries in Europe

Year

Production

Recovery/utilization

Fe NF metals Minerals

[Mg/a] Mg/a Mg/a [%]

Austria 2010 460,000 10

Belgium 2011 511,000 100

Czech Republic 2008 162,000 7,600 300 0

Denmark 2008 631,000 99

Finland 2008 45,000 0

France 2008 2,700,000 80

Germany 2010 5000,000 400,000 50,000 85

Hungary 2008 105,000 0

Italy 2010 1,270,000 21,000 1,000 50

Netherlands 2011 1,600,000 120,000 36,000 100

Norway 2010 250,000 19,500 0

Portugal 2011 214,000 15,542 884 7

Spain 2011 422,000 41,000 1,100 50

Sweden 2011 880,000 10

Switzerland 2011 793,300 0

United Kingdom 2008 650,000 40
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temperatures slightly below 200 �C. That is why
heavy metals and other species which are volatil-
ized inside the combustion chamber are almost
totally precipitated on the dust surfaces. The con-
centration of volatile elements like Zn, As, Cd, or
Pb can exceed that in grate ashes significantly as is
shown for filter ashes in Fig. 14. The inventory of
halogenated organic micro-pollutants like PCDD/F
or PCB which are mainly synthesized inside the
boiler or of PAH which are an indicator for incom-
plete combustion is also increased compared to that
in bottom ashes (see Table 5).

Since filter ashes are precipitated at lower tem-
peratures than boiler ashes and since they have a
much finer particle size distribution and offer
higher surfaces for condensation, their concentra-
tions of heavy metals, of halogenides, and of
organic micro-pollutants are typically higher.

Disposal Practice
Due to their elevated pollutant, inventory boiler
and filter ashes are in all countries characterized as
hazardous waste and must not be combined with
the bottom ashes. They have typically to be

WTE: Management of
WTE Residues in Europe,
Fig. 13 DEV S4 leaching
data of aged waste
incineration bottom ashes
(MSWI), slags from the
Siemens Thermal Waste
Recycling Process
(STWR), and slags from the
Thermoselect process
(THS)

WTE: Management of
WTE Residues in Europe,
Fig. 14 Concentration
ranges of selected elements
and PCDD/F in bottom and
filter ash
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disposed of on special – and expensive – disposal
sites, preferentially in the underground.
A compilation of filter ash production as well as
disposal strategy in European countries is found in
Table 10. The data have been compiled from
CEWEP country reports [42]. Often instead of
filter ashes, the entire amount of air pollution
control (APC) residues is reported with no indi-
cation of the share of filter ashes; hence, these data
have to be treated with caution.

The table documents that the by far prevailing
management strategy is the disposal on mainly
hazardous landfill sites after treatment for stabili-
zation. A not quantitatively discernible amount is
used for backfilling caverns in salt mines, mainly
in Germany, where this practice is acknowledged
as utilization for boiler and filter ashes, but also for
residues from dry gas cleaning.

The same strategy is followed in Norway
where filter ashes can be “utilized” for backfilling
an old granite quarry on the small island of
Langøya. The European Commission does not
accept the classification of such kind of disposal
as utilization; legal action of the Commission may
be expected in the near future.

A different utilization of filter ashes is prac-
ticed in the Netherlands. Out of the 50% of uti-
lized ashes, a certain amount is used as filler in

asphaltic layers on roads, and others are shipped
to German salt mines for backfilling.

Quality Improvement Processes
The high expenses for a sustainable final disposal
of boiler and filter ashes were reason for numerous
attempts to detoxify these materials in order to get
access to less expensive disposal routes or even to
utilization scenarios. A broad spectrum of differ-
ent processes has been proposed and tested in
different scales. Table 11 tries to categorize the
various treatment options.

It is evident that solidification or stabilization
processes do not alter the toxic inventory of a
material. The inertization by chemical reactions
or the formation of a diffusion barrier does only
last for a limited time. Two processes have been in
full-scale application for many years. By the
so-called Bamberg Model, filter ashes were stabi-
lized on a landfill by mixing with the sludge of the
wet scrubber discharge neutralization [47], and in
Switzerland the filter ashes were washed with
water and then stabilized by cement [48]. The
latter practice has meanwhile widely been
replaced by application of the FLUWA process,
which is described below.

Thermal treatment can be performed at moder-
ate temperatures in the so-called Hagenmaier

WTE: Management of WTE Residues in Europe, Table 10 Filter ash production and management in selected
countries

Country Year Production [Mg] Management strategy

Austria 2010 38,400 Mainly salt mine backfilling, disposal

Belgium 2010 90,000 Solidification, disposal

Czech Republic 2010 14,400 Heavy metal leaching, stabilization, disposal

Denmark 2008 76,000 Stabilization, salt mine after treatment

France 2008 400,000 Disposal

Germany 2010 650,000 Utilization in salt mine (backfilling)

Hungary 2008 19,000 Disposal

Italy 2008 224,000 Stabilization, disposal

Netherlands 2010 180,000 50% utilized in mines and construction (asphalt filler)

Norway 2010 44,000 Disposal, utilization (Langøya)

Portugal 2005 40,000 Inertization before disposal

Spain 2011 158,000 Disposal

Sweden 2009 220,000 Disposal, utilization in Norway (Langøya)

Switzerland 2011 66,700 Stabilization before disposal
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drum at 400 �C to destroy dioxins [49]. This pro-
cess is actually used in a number of waste incin-
eration plants in Japan; in Germany only few
plants operated it as pilots in the 1990s.

Another option is vitrification at high temper-
atures (>1,300 �C) to produce glassy products.
Vitrification is mainly favored in Japan as is the
case for bottom ashes. The molten products are
distinguished by excellent leaching stability. Care
has to be taken to avoid air pollution by evapora-
tion of metal compounds. The energy consump-
tion of all of these processes, however, is very
high. That is why such processes did not conquer
the market in Europe.

A further strategy – more in line with the
demand for simple in-plant measures – is
followed by the 3R Process which combines
acid extraction of soluble heavy metal compounds
(by the use of the acid flue gas cleaning solution)
with thermal treatment of the compacted extrac-
tion residues in the combustion chamber [50].

A plant equipped with this process has no filter
and boiler ash stream and with that no need for a
separate disposal of these critical residues.
A scheme of the process is shown in Fig. 15.
The technical demonstration revealed that the elu-
tion stability of grate ash from a WtE plant
equipped with the 3R Process is not changed by

WTE: Management of WTE Residues in Europe, Table 11 Procedures for treatment of boiler and filter ashes

Principle Process

Solidification/
stabilization

Addition of cement-based materials or waste
materials with pozzolanic activity or organic
additives

(Bamberg Model) (Portland cement, alinite)
(coal fly ash) (sulfides, TMT 15™) (bitumen)

Thermal
treatment

PCDD/F destruction sintering fusion vitrification (Hagenmaier drum) (mineral respeciation)
(melting without additives) (melting with
additives)

Combined
process

Acid extraction + sintering (3R Process)

Stabilization with FeSO4 (Ferrox process)

Oxidation, sintering

boiler fil
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addition of the compacted 3R products. It could
also be documented that the residual metals fed
back into the combustion chamber along with the
extracted filter ashes did not cause any increased
metal release and that the PCDD/F were almost
totally destroyed [51].

A very similar process called FLUWA [52, 53]
which has been developed using the basic princi-
ples of the 3R Process is today practiced in 50% of
the Swiss waste incineration plants. A main target
in the further development of this process is the
recovery of heavy metals out of the extraction
solution which will be described below.

The Ferrox process for treatment of filter ashes
and APC residues involve washing of the residues
in a ferrous sulfate solution and contemporary
oxidation of the iron to form insoluble iron
hydroxides and oxide hydrates [54].

The products have the quality to be landfilled, or
they are fed back into the combustion chamber for
quality improvement by further thermal treatment.
Tests in a pilot plant documented the almost total
destruction of PCDD/F and an excellent leaching
stability of heavy metals after such sintering [55].

Metal Recovery
When the 3R Process was developed in the mid-
1980s, the recovery of metals from the filtrate was
already considered. This looked especially

promising for Zn at that time; however, its recov-
ery was economically not feasible, and the
research was not continued. This changed with
time and Swiss research groups started recently
to use the FLUWA process for that purpose [55].

Concentration ranges of selected metals in filter
ashes as published by the International AshWorking
Group (IAWG) [3] and new data from four Swiss
incineration plants [56] are compiled in Table 12.
The third column of the table contains estimates of
the typical amount in filter ashes from modern WtE
plants.

Published extraction rates achieved in the
FLUWA and 3R Process for selected metals are
listed in Table 13. As the table points out, the
efficiencies of both processes are, as expected, sim-
ilar for Zn and Cd; those for Cu and Pb are higher in
the FLUWA process, most likely due to addition of
H2O2 to the effluents from the acid scrubber.

Processes suited for recovery of metals from acid
solutions comprise hydroxide precipitation, ion
exchange, solvent extraction, and electrolysis. Espe-
cially for Zn new investigations were started which
resulted in the development of the FLURECprocess
for electrolytic Zn recovery [55]. The process is
actually tested in demo scale in Switzerland [58].

Like in the case of metal recovery from bottom
ashes, a rough estimate will be made to evaluate
the potential of metal recovery from filter ashes in

WTE: Management of
WTE Residues in Europe,
Table 12 Concentration
ranges of selected metals in
filter ashes (data in mg/kg)

IAWG Swiss data Estimated average

Cu 50–5,000 1,200–1,350 1,300

Zn 5,000–80,000 40,000–44,000 45,000

Cd 50–450 550–650 600

Sn 1,700 – 1,500

Pb 5,300–26,000 15,000–18,000 16,000

WTE: Management of
WTE Residues in Europe,
Table 13 Extraction rates
obtained in the 3R Process
at low pH and in the
FLUWA process (%)

3R Process FLUWA process

Cu 25–35 20–45

Zn 70–80 60–83

Cd 90 85–93

Sn 20–30 –

Pb 25–40 40–70
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Germany. The annual generation of filter ashes in
Germany is in the order of 350,000 Mg. Using the
averaged concentrations in Table 12 and optimis-
tic extraction yields, the amount of recyclable
metals will be calculated. The results for Cu, Zn,
Sn, and Pb are listed in Table 14.

The rough calculation documents that the
recovery of Zn looks very promising since almost
4% of the Zn consumption can be recovered from
waste incineration filter ashes. The contribution of
the other metals seems marginal and might not be
worth the effort.

Residues from Gas Cleaning

The residues from wet gas cleaning without water
discharge and those from dry or semidry APC
systems carry high levels of soluble salts, espe-
cially of alkali and earth alkali chlorides or sul-
fates. Due to the high solubility, a safe disposal
can only be guaranteed on special and expensive
disposal sites. Attempts have been made to utilize
parts of the ingredients of these residues in order
to minimize the disposal problem.

The main challenge is the closing of the chlo-
rine cycle. Different processes to recover NaCl
[57], HCl [58], or Cl2 [59] have been tested. All
such processes can only be successful if they end
up with high-quality products and if there is a
long-term market for the products.

Today, e.g., in Germany, only few MSWI
plants produce NaCl, CaCl2, or HCl from the
effluents of the acid gas scrubber. For example,
HCl can be recovered through distillation. To
achieve a marketable product, however, several
cleaning stages have to be added [60]. The tech-
nology applied at the Hamburg MVR waste

incineration plant for HCl recovery is depicted in
Fig. 16.

As the flow sheet points out, the production of
clean HCl from scrubber effluents is a complex
and expensive process. At the Hamburg MVR
waste incineration plant, the recovered HCl is
used for processes inside other plants operated
by the owner of the MVR.

Crystallization is applied in many plants
equipped with wet scrubbing systems to recover
gypsum from the neutral scrubber effluents.

As mentioned above already, in Germany the
disposal of gas cleaning residues and filter ashes
for backfilling of caverns in old salt mines is
acknowledged as utilization. This practice is
widely used, to some extent also by neighboring
countries, and is strongly competing with if not
preventing recovery efforts.

Conclusions

European WtE plants aim since the early 1990s
for the production of high-quality bottom ashes to
guarantee their safe disposal or even accomplish
utilization as secondary building material. Rec-
ommendations in that direction have been elabo-
rated in the 1980s and 1990s; respective processes
and operation protocols have been developed and
have meanwhile been widely adopted by modern
plants all over Europe. The major principles for
achieving good management of WtE residues are
compiled below:

• Adequate combustion control and careful
sintering of the bed material at the back end
of the grate guarantee an excellent burnout and
cause a good fixation of heavy metals in the
bottom ashes.

WTE: Management of WTE Residues in Europe, Table 14 Recovery potential of selected metals from filter ashes in
Germany

Cu Zn Sn Pb

Inventory (kg/Mg) 1.3 45 1.5 16

Recovery (Mg) 300 13,000 150 3,200

Consumption (Mg) 1,700,000 350,000 300,000 320,000

Potential (%) 0.02 3.7 0.05 1
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• Simple washing of the bottom ashes, preferen-
tially inside the plant in a modified quench
tank, reduces the leaching of chlorides to very
low levels.

• Bottom ash treatment and aging results in min-
eral products which have a high potential for
utilization, e.g., according to German regula-
tions in road construction.

• Metal recovery initially limited to ferrous scrap
removal is widely extended to additional non-
ferrous metal recovery and will be developed
to higher recovery yields in the future.

• Post-combustion treatment of bottom ashes
increases the incineration cost without improv-
ing the elution stability significantly and is
hence actually not practiced in Europe.

In line with this development also, the sustain-
able management of boiler and filter ashes as well as
of gas cleaning residues became of central concern.

Filter and boiler ashes are classified as hazard-
ous residues due to their high loads of water-

soluble salts, heavy metals, and PCDD/F. Tech-
nologies for stabilization by washing, solidifica-
tion, melting/fusion, or leaching have been
developed.

Acid leaching with eventual stabilization of the
leached ashes is practiced in Switzerland. This leads
to the revival of an idea followed already in the
1980s but given up due to missing economic inter-
est: recovery of Zn from filter ashes. It is expected
that this technology will be improved with time and
will find widespread application, most likely in cen-
tralized treatment plants in cooperation with chem-
ical and metal industry.

APC residues are also hazardous materials¸
their main problem is the salt content. Processes
have been developed to recover Cl as marketable
HCl or NaCl. For the time being these processes
do not really pay and are practiced by few incin-
eration plants only. Better use of gypsum and
recovered chlorine products, the latter ones for
industrial use, could be expected in centralized
plants in cooperation with chemical industry.

WTE: Management of WTE Residues in Europe, Fig. 16 Scheme of the HCl recovery process at the Hamburg MVR
waste incineration plant ([61], modified)
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Future Directions

Most problems in the field of residue management
are well understood today, and in most cases
appropriate technologies exist already. However,
further development, especially in view of opti-
mized and simplified systems, is expected. It is
obvious that primary and in-plant measures have
to be preferred rather than secondary post-
combustion techniques.

The process of unification of waste manage-
ment in the EUmember states will continue, and it
is most likely that in the future all countries will
enact a landfill ban for reactive waste. It can also
be envisaged that in all member states recycling
will catch up with the actually leading countries.
This development in line with the expected con-
vergence of economy and lifestyle will promote
WtE in the EU. The quality of residual waste will
not change dramatically concerning its calorific
value, but its inventory of some ingredients, espe-
cially of metallic species, will hopefully decrease
by advanced recycling strategies.

With the increased application of WtE, the
generation of solid residues from this process
will increase as well. The technological progress
should care for a higher quality of bottom ashes.
However, whether this will go along with an
increased utilization has to be waited for. The
niche market as secondary building material is
limited, but the required quality will allow a safe
and easy aftercare-free disposal of these materials.

The efforts for metal recovery from bottom
ashes as well as from filter ashes – seen today in
Switzerland – will find an echo in other countries
and will pave the way for a tendency to inertize
these actually problematic residues and to achieve
easier final disposal.

Today and also in the future, most critical res-
idues from WtE processes are the residues from
chemical flue gas cleaning. For the time being,
there is no convincing solution for the manage-
ment of these highly water-soluble substances
other than their disposal in old salt mines – may
it be acknowledged as utilization or not. This
option is for most countries not accessible.
Hence, further research is necessary, but from a
chemical perspective, most of the water-soluble

species, such as alkali halogenides, cannot easily
be stabilized against leaching. Hence, eventually
other practicable approaches have to be
considered.

Either recovery of chlorine and extended utili-
zation of sulfur compounds are improved, or these
species are discharged into their natural sink – the
ocean. Of course, such strategy would need a
significant change in our present gas cleaning
“philosophy.”Which technology will be preferred
in the future is open; however, there is great hope
that a sustainable solution will be found.

Bibliography

1. de Fodor E (1911) Elektrizität aus Kehrricht.
K.U.K. Hofbuchhandlung von Julius Benkö,
Budapest

2. Ude O (1934) Zur Frage der Müllschmelzung. Die
Städtereinigung, 26, No. 17 & 18

3. International Ash Working Group (IAWG), Chandler
AJ, Eighmy TT, Hartlén J, Hjelmar O, Kosson DS,
Sawell SE, van der Sloot HA, Vehlow J (1997) Munic-
ipal solid waste incinerator residues. Elsevier,
Amsterdam

4. European Council (1999) Council directive 1999/31/
EC of 26. April 1999 on landfill of waste. Off J Eur
Communities, 16.7.1999, L182

5. European Council (2003) Council decision 2003/33/
EC of 19 December 2002 establishing criteria and
procedures for the acceptance of waste at landfills
pursuant to Article 16 of and Annex II to Direc-
tive1999/31/EC. Off J Eur Communities,16.1.2003,
L11/27

6. CEN (2011) TC 292 – Published standards. Internet:
http://www.cen.eu/CEN/Sectors/TechnicalCommittees
Workshops/CENTechnicalCommittees/Pages/Standards.
aspx?param=6273&title=CEN/TC+292. Accessed
Sept 2013

7. BAFU (2010) Analysenmethoden im Abfall- und
Altlastenbereich. Stand 2010. Bundesamt für Umwelt,
Bern. Umwelt-Vollzug Nr. 1027. Internet: http://www.
bafu.admin.ch/publikationen/publikation/01591/index.
html?lang=de&lang=de. Accessed Sept 2013

8. Bergfeldt B, Däuber E, Vehlow J (1998) Norm und
Wirklichkeit – zur Aussagekraft standardisierter
Elutionstests. Terra Nostra, Schriften der Alfred-
Wegener-Stiftung, Nr. 3

9. Bundesministerium für Umwelt, Naturschutz und
Reaktorsicherheit (2009) Verordnung zur
Vereinfachung des Deponierechts.
Bundesgesetzblatt I, 29.4 2009, 900. Internet: http://
www.gesetze-im-internet.de/bundesrecht/depv_2009/
gesamt.pdf. Accessed Sept 2013

WTE: Management of WTE Residues in Europe 179

http://www.cen.eu/CEN/Sectors/TechnicalCommitteesWorkshops/CENTechnicalCommittees/Pages/Standards.aspx?param=6273&title=CEN/TC+292
http://www.cen.eu/CEN/Sectors/TechnicalCommitteesWorkshops/CENTechnicalCommittees/Pages/Standards.aspx?param=6273&title=CEN/TC+292
http://www.cen.eu/CEN/Sectors/TechnicalCommitteesWorkshops/CENTechnicalCommittees/Pages/Standards.aspx?param=6273&title=CEN/TC+292
http://www.bafu.admin.ch/publikationen/publikation/01591/index.html?lang=de&lang=de
http://www.bafu.admin.ch/publikationen/publikation/01591/index.html?lang=de&lang=de
http://www.bafu.admin.ch/publikationen/publikation/01591/index.html?lang=de&lang=de
http://www.gesetze-im-internet.de/bundesrecht/depv_2009/gesamt.pdf
http://www.gesetze-im-internet.de/bundesrecht/depv_2009/gesamt.pdf
http://www.gesetze-im-internet.de/bundesrecht/depv_2009/gesamt.pdf


10. Schweizerischer Bundesrat (2011) Technische
Verordnung über Abfälle (TVA). Internet: http://www.
admin.ch/opc/de/classified-compilation/19900325/
201107010000/814.600.pdf. Accessed Sept 2013

11. LAGA (1994) Merkblatt Entsorgung von Abfällen aus
Verbrennungsanlagen für Siedlungsabfälle,
verabschiedet durch die Länderarbeitsgemeinschaft
Abfall (LAGA) am 1. März 1994

12. Vehlow J (2012) Trends in waste incineration and resi-
due management. WTERT 2012 Bi-Annual meeting at
Columbia University, New York, October 18/19, 2012

13. Müllverwertungsanlage Rugenberger Damm
(2013) Schlackenwäsche. Internet: http://www.mvr-
hh.de. Accessed Sept 2013

14. Koralewska R, Langhein E-C, Horn J (2010)
Verfahren zur Verbesserung der Qualität von
Verbrennungsückständen mit innovativer MARTIN-
Technologie. In: Schenk K (ed) KVA-Rückstände in
der Schweiz. Der Rohstoff mit Mehrwert. Bundesamt
für Umwelt, Bern, pp 205–213

15. Zweckverband Kehrichtverwertung Zürcher Oberland
(2013) Schlackenaustrag. Internet: http://www.kezo.
ch. Accessed Sept 2013

16. Fierz R, Bunge R (2007) Trockenaustrag von KVA-
Schlacke – Zusammenfassung (Bundesamt für
Umwelt BAFU, ed.). Internet. http://www.bafu.
admin.ch/abfall. Accessed Sept 2013

17. Eggenberger U, Mäder U (2010) Charakterisierung und
Alterationsreaktionen von KVA-Schlacken. In: Schenk
K (ed) KVA-Rückstände in der Schweiz. Der Rohstoff
mit Mehrwert. Bundesamt für Umwelt, Bern, p 115

18. Köster R, Vehlow J (1998) Organische und
anorganische Kontaminanten in Müllverbrennungss-
chlacken. FZK-Nachrichten 30:139

19. Vehlow J, Rittmeyer C, Vogg H,Mark F Kayen H (1994)
Einfluß von Kunststoffen auf die Qualität der
Restmüllverbrennung, GVC-Symposium
Abfallwirtschaft, Würzburg, 17.-19.10.1994, Preprints,
203

20. Johnke B (1995) Schlackeverwertung und
-entsorgung unter Beachtung der Vorgaben
gesetzlicher und technischer Regelungen, VDI
Bildungswerk, Seminar 43–76-03

21. Fiedler H (1996) Sources of PCDD/PCDF and impact
on the environment. Chemosphere 32:55

22. Vehlow J, Seifert H (2012) Management of residues
from energy recovery by thermal waste-to-energy sys-
tems and quality standards. Report for IEA bioenergy
task36 topic 5. Internet: http://www.ieabioenergytask36.
org/. Accessed Sept 2013

23. Pfrang-Stotz G (1992) Mineralogische und
geochemische Untersuchungen an Müllverbren-
nungsschlacken, Intern. Kongress für
Umwelttechnologie und -forschung im Rahmen der
Europäischen Messe für Umwelttechnik, Basel, CH,
5.-7. 10. 1992, Proc. Block 3, 33

24. Eighmy TT, Eusden JD, Marsella K, Hogan J,
Domingo D, Krzanowski JE, Stämpfli D (1994) Parti-
cle petrogenesis and speciation of elements in MSW

incineration bottom ashes. In: Goumans JJJM, van der
Sloot HA, Aalbers TG (eds) Environmental aspects of
construction with waste materials. Elsevier, Amster-
dam, p 111

25. Lichtensteiger T (1996) Müllschlacken aus
petrologischer Sicht. Geowissenschaften 14:173

26. Ammann P (2011) Dry extraction of bottom ashes in
WtE plants. CEWEP-EAA Seminar, Copenhagen,
Sept 2011

27. Simon F-G (1995) Recycling of bottom ash from solid
waste incineration. RECYCLE’95, Environmental
technolgies, Davos, May 1995

28. Zwahr H (2005) MV-Schlacke – mehr als nur ein
ungeliebter Baustoff? Müll und Abfall 37:114

29. Bunge R (2010) Wertstoffgewinnung aus KVA-
rostasche. In: Schenk K (ed) KVA-Rückstände in der
Schweiz. Der Rohstoff mit Mehrwert. Bundesamt für
Umwelt, Bern, p 170

30. Alwast H Riemann A (2010) Verbesserung der um-
weltrelevanten Qualitäten von Schlacken aus Abfall-
verbrennungsanlagen. Umweltbundesamt, Dessau-
Roßlau. Internet: http://www.umweltbundesamt.de/
uba-info-medien/4025.html. Accessed September 2013

31. AEB Amsterdam (2011) Energizing society. Internet:
http://www.amsterdam.nl/. Accessed Sept 2013

32. Muchova L, Bakker E, Rem P (2009) Precious metals
in municipal solid waste incineration bottom ash.
Water Air Soil Pollut: Focus 9:107

33. Vehlow J (2012) Metal recovery from WtE residues –
practice and options. 7th international conference on
combustion, incineration/pyrolysis and emission con-
trol (7th i-CIPEC), Seoul/Ilsan, 5–7 Sept 2012

34. Bergfeldt B, Däuber E, Seifert H, Vehlow J, Dresch H,
Mark FE (2000) Rostaschenqualität nach
Mitverbrennung der Shredderleichtfraktion in
Abfallverbrennungsanlagen. Müll und Abfall 32:138

35. Pfrang-Stotz G, Reichelt J (1996) Müllverbrennungss-
chlacken. Mineralogie, Elutionsverhalten und
technische Eigenschaften. Baustoff Recycling und
Deponietechnik 12:4

36. Vehlow J (2002) Bottom ash and APC residue man-
agement. In: Sipilä K, Rossi M (eds) Power production
from waste and biomass – IV. VTT information ser-
vice, Espoo, Finland. p 151. http://www.vtt.fi/inf/pdf/
symposiums/2002/s222.pdf

37. Sauter J (2000) Vergleichende Bewertung der
Umweltverträglichkeit von natürlichen
Mineralstoffen, Bauschutt-Recyclingmaterial und
industriellen Nebenprodukten. Diploma thesis, Institut
für Straßen- und Eisenbahnwesen der Universität
Karlsruhe (TH), Karlsruhe

38. Krass K, Mesters K (1993) Verwertung von
Müllverbrennungsasche im Straßenbau. VGB
Kraftwerkstechnik 73:841

39. CEWEP (2011) Country reports. Internet: http://www.
cewep.eu/information/data/subdir/index.html. Accessed
Sept 2013

40. Bergfeldt B, Schmidt V, Selinger A, Seifert H Vehlow
J (1997) Investigation of sintering processes in bottom

180 WTE: Management of WTE Residues in Europe

http://www.admin.ch/opc/de/classified-compilation/19900325/201107010000/814.600.pdf
http://www.admin.ch/opc/de/classified-compilation/19900325/201107010000/814.600.pdf
http://www.admin.ch/opc/de/classified-compilation/19900325/201107010000/814.600.pdf
http://www.mvr-hh.de
http://www.mvr-hh.de
http://www.kezo.ch/technik/schlackenaustrag/
http://www.kezo.ch/technik/schlackenaustrag/
http://www.bafu.admin.ch/abfall
http://www.bafu.admin.ch/abfall
http://www.ieabioenergytask36.org/
http://www.ieabioenergytask36.org/
http://www.umweltbundesamt.de/uba-info-medien/4025.html
http://www.umweltbundesamt.de/uba-info-medien/4025.html
http://www.amsterdam.nl/
http://www.vtt.fi/inf/pdf/symposiums/2002/s222.pdf
http://www.vtt.fi/inf/pdf/symposiums/2002/s222.pdf
http://www.cewep.eu/information/data/subdir/index.html
http://www.cewep.eu/information/data/subdir/index.html


ash to promote the reuse in civil construction (Part 2) –
long term behavior, WASCON’97, 4.-6.6.97,
Houthem St. Gerlach

41. Schneider J, Vehlow J, Vogg H (1994) Improving the
MSWI bottom ash quality by simple in-plant mea-
sures. In: Goumans JJJM, van der Sloot HA, Aalbers
TG (eds) Environmental aspects of construction with
waste materials. Elsevier, Amsterdam, p 605

42. Faulstich M (1995) Reststoffschmelzverfahren
Übersicht. In: VDI-Handbuch, BW 43–60-05, VDI
Bildungswerk, Düsseldorf

43. Berwein H-J, Erlecke J (1990) Einsatzmöglichkeiten
der Verschwelung als Homogenisierungsstufe in der
thermischen Abfallverwertung. In:
Thomé-Kozmiensky KJ (ed) Müllverbrennung und
Umwelt 4. EF-Verlag, Berlin, p 225

44. Stahlberg R, Feuerriegel U (1995) Das
THERMOSELECT-Verfahren zur Energie- und
Rohstoffgewinnung -Konzept. Verfahren Kosten VDI
Berichte 1192:319

45. Vehlow J (1995) Reststoffbehandlung –
Schadstoffsenke “Thermische Abfallbehandlung”. In:
Die Thermische Abfallverwertung der Zukunft – Mit
100 Jahren Erfahrung ins nächste Jahrhundert, FDBR-
Konferenz, Düsseldorf, r28. September 1995,
Tagungsband, 56

46. Eighmy T, Crannel B, Buttler L, Cartledge F, Emery
E et al (1997) Heavy metal stabilization in municipal
solid waste dry scrubber residue using soluble phos-
phate. Environ Sci Technol 3:333

47. Reimann DO (1990) Reststoffe aus thermischen
Abfallverwertungsanlagen. Beihefte zu Müll und
Abfall 29:12

48. Tobler HP (1989) Konzepte zur Reststoffentsorgung
in der Schweiz. VDI Ber 753:9

49. Hagenmaier H, Kraft M, Brunner H, Haag R (1987)
Catalytic effects of fly ash from waste incineration
facilities on the formation and decomposition of poly-
chlorinated dibenzo-p-dioxins and polychlorinated
dibenzofuranes. Environ Sci Technol 21:1080

50. Vogg H (1984) Verhalten von (Schwer-)Metallen bei
der Verbrennung kommunaler Abfälle. Chemie-
Ingenieur-Technik 56:740

51. Vehlow J, Braun H, Horch K, Merz A, Schneider J,
Stieglitz L, Vogg H (1990) Semi-technical demonstra-
tion of the 3R Process. Waste Manag Res 8:461

52. Frey R, Brunner M (2004) Rückgewinnung von
Schwermetallen aus Flugaschen. In:
Thomé-Kozmiensky KJ (ed) Optimierung der
Abfallverbrennung. TK-Verlag, Neuruppin

53. Schlumberger S (2010) Neue Technologien und
Möglichkeiten der Behandlung von Rauchgasreini-
gungsrückständen im Sinne eines nachhaltigen
Ressourcenmanagements. In: Schenk K (ed) KVA-
Rückstände in der Schweiz – Der Rohstoff mit
Mehrwert. Bundesamt für Umwelt BAFU, Bern, p 194

54. Lundtorp KL, Jensen DL, Sørensen MA, Mogensen
EPB, Christensen TH (2002) Treatment of waste
incinerator air-pollution-control residues with FeSO4:
concept and product characterization. Waste Manag
Res 20:69

55. Baun DL, Christensen TH, Bergfeldt B, Vehlow J,
Mogensen EPB (2004) Thermal treatment of stabi-
lized air pollution control residues in a waste inciner-
ator pilot plant. Part 2: leaching characteristics of
bottom ashes. Waste Manag Res 22:58

56. Bühler A, Schlumberger S (2010) Schwermetalle aus
der Flugasche zurückgewinnen. In: Schenk
K (ed) KVA-Rückstände in der Schweiz – Der
Rohstoff mit Mehrwert. Bundesamt für Umwelt,
Bern, p 186

57. Karger R (1990) Verfahren zur Rauchgasreinigung bei
der Abfallverbrennung. Abfallwirtschafts J 2:365

58. Kürzinger K, Stephan R (1989) Hydrochloric acid and
gypsum (sulphuric acid) as utilizable end products
obtained from the KRC process for cleaning flue
gases from incinerators. In: Thomé-Kozmiensky KJ
(ed) Recycling international. EF-Verlag, Berlin,
p 1224

59. Volkman Y, Vehlow J, Vogg H (1991) Improvement of
flue gas cleaning concepts in MSWI and utilization of
by-products. In: Goumans JJJ, van der Sloot HA,
Albers T (eds) Waste materials in construction.
Elsevier Publishers, Amsterdam, p 145

60. Menke D, Baars BA, Fiedler H (1999) Salzsäure aus
Müllverbrennungsanlagen: Produkt oder Abfall? Müll
und Abfall 31:490

61. MVR (2012) Müllverwertung Rugenberger Damm.
Internet: http://www.mvr-hh.de/Verfahrensschema-
HCl-Rektifikation.69.0.html. Accessed Sept 2013

WTE: Management of WTE Residues in Europe 181

http://www.mvr-hh.de/Verfahrensschema-HCl-Rektifikation.69.0.html
http://www.mvr-hh.de/Verfahrensschema-HCl-Rektifikation.69.0.html


WTE: Decreasing the Entropy
of SolidWastes and Increasing
Metal Recovery

Helmut Rechberger
Institute of Water Quality, Resource and Waste
Management, Technische Universitaet Wien,
Vienna, Austria

Article Outline

Glossary
Definition of the Subject and Its Importance
Introduction: Material Balances and Entropy

Evaluation
Description of Waste-to-Energy (WTE)
Statistical Entropy Analysis (SEA)
Application of SEA to Waste-to-Energy
Relationship Between SEA and Environmental

Impact
Further Directions
Bibliography

Glossary

Material flow analysis (MFA) Systematic
assessment of the flows and stocks of materials
within a system, defined in space and time

Statistical entropy Developed by C.E. Shannon
as part of his information theory and used as a
measure for distributions in statistics; formally
similar to the thermodynamic entropy of
mixing

Statistical entropy analysis (SEA) Entropy-
based method, based on material flow analysis,
for quantifying the concentrating effect of a
process or system

Waste-to-energy (WTE) Combustion of munic-
ipal solid waste (MSW) with energy recovery

Definition of the Subject and Its
Importance

The turnover of materials used in a national econ-
omy has been described as the consumption of
resources (low-entropy materials) that are used
and transformed into wastes (high entropy mate-
rials): therefore, the economy is viewed as an
entropy producing process [1]. In a recycling
economy, entropy generation must be kept low
and waste management should transform high-
entropy wastes into low-entropy recycled prod-
ucts that can reduce the use of primary resources.
Entropy reduction is achieved by the concentrat-
ing of materials. Evaluation of the materials bal-
ances, by means of statistical entropy analysis,
within state-of-the-art incinerators shows that
waste-to-energy is a major contributor to a sus-
tainable materials management. It is shown that
waste incineration results in significant concen-
trating of several substances.

Introduction: Material Balances and
Entropy Evaluation

Stumm and Davis [2] described the life cycle of
copper qualitatively by using the metric of
entropy. They showed that entropy is reduced
when consumer products are made from raw
materials and entropy increases after the products
are used and become waste (Fig. 1). Later on,
Rechberger and Graedel [3] applied the concept
of statistical entropy to the global copper cycle
and quantified the entropy trend (Fig. 2).

The shape of the Relative Statistical Entropy
(RSE) curve of Fig. 2 can be explained as follows:
One tracks the life cycle of a batch of copper (e.g.,
1 kg) and quantifies the state of this amount of
copper by applying statistical entropy. There are
two extreme states for the copper batch; either it
appears as a 100% pure item, e.g., as a copper bar
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of 1 kg, which translates into a RSE of zero, or it is
completely dissipated and contributes to the mean
concentration in the earth crust (ca. 70 mg/kg),
which is defined as the maximum entropy state
(RSE of 1). Any other state has to lie between
these two extremes. The life cycle starts with cop-
per ore (Fig. 2, point 1), which has a mean concen-
tration of 0.5%. The “copper production” process
comprises several concentrating and beneficiation
steps resulting in high-grade cathode copper having
a purity of 99.9% or higher (step 1! 2 in Fig. 2).
However, point 2 lies above the x-axis (RSE = 0)
because extracting copper from its ore is not 100%
efficient; there are some waste by-products
(tailings, slag) and these account for the distance
between point 2 and the zero-line in Fig. 2.

The process “production of goods” requires
that copper metal is mixed or combined with
other materials to form consumer products having
copper concentrations between 0.01 up to 100%;
this results in an entropy increase (step 2 ! 3 in
Fig. 2). These products are then used and eventu-
ally become waste (step 3 ! 4) with a typical

copper concentration of <1% (MSW, waste elec-
trical and electronic equipment, end-of-life vehi-
cles, construction and demolition waste, etc.).

The process of “waste management” separates
copper scrap and this results in an entropy
decrease (step 4 ! 5 in Fig. 2). The decrease is
rather moderate because much of the copper
becomes embedded in the stock of the process
“consumption and use” that represents a future
potential for recycling (and entropy decrease);
because of this, the global recycling rate is rather
low (about 50%).

The global total entropy trend for copper is
rather balanced since point 1 (ore) and point
5 (wastes to landfill) have similar values. How-
ever, in a fully developed recycling economy
where waste becomes a high-grade resource
again, the life cycle of copper would end at point
50 in Fig. 2. This means that waste management
needs to realize a substantial reduction in entropy,
posing a similar challenge as the process from step
1! 2 (Fig. 2), i.e., the production of pure cathode
copper from copper ore. The latter is achieved by
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cycle of copper and the
change in its entropy [2]
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a series of processes in series, such as grinding,
flotation, roasting, smelting, extraction, and refin-
ing. Therefore, it is straight forward to postulate
that the path from 4 ! 50 (Fig. 2) will require a
similar technological effort as the production path
from 1 ! 2. In other words: The realization of a
substantial recycling economy will require high-
tech waste management. At present, these high-
tech technologies have not yet been introduced to
waste management. Notable exceptions are state-
of-the-art incinerators and a trend to sophisticated
recycling technologies such as Near-Infrared
Spectroscopy detection and sorting equipment.

Description of Waste-to-Energy (WTE)

A waste-to-energy facility can be divided into the
actual combustion process, the boiler and power
generation turbine, and the air and water pollution
control system. The choice for the combustion
technology is mainly determined by the physical
(particle size distribution, density, aggregate state,
water content, etc.) and chemical (elemental com-
position, calorific value, ash content, etc.) charac-
teristics of the waste. Awidely used method for the
incineration of municipal solid waste (MSW) is the
so-called mass-burn grate combustion (Fig. 3).

In a typical mass-burn facility [4] waste is
stored in a fully contained waste bunker for
periods up to 1 week. Combustion air is taken
from the bunker thus preventing odor outside the
facility. An operator-controlled or automated
crane mixes incoming wastes to provide some
homogeneity with regard to calorific value and
loads the waste into a hopper feeding a water-
cooled gravity chute that serves as an air seal
between bunker and furnace. A horizontal ram
feeder at the bottom of the chute pushes the
waste onto the furnace grate where it is
combusted. The grate consists of moving and
fixed elements (rows) that guarantee controlled
transportation, mixing of the waste, and equal
distribution across the grate. At the end of the
grate, the bottom ash is discharged into a water
basin, where it is cooled and then conveyed to the
bottom ash bunker.

The flue gas leaving the combustion chamber
contains high amounts of particulates (3–5 g/m3),
acids such as SO2 (sulfur dioxide), HCl
(hydrochloric acid), HF (hydrofluoric acid), and
NOx (nitrogen oxides) that require extensive flue
gas treatment. Particulates are removed in electro-
static precipitators (ESP) or more commonly in
bag house filters (also referred to as fabric filters).
ESPs use electric forces to charge and move par-
ticulate matter in a flowing gas stream to a
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Grate furnace
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Fly
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waste water
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WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Fig. 3 Modern WTE facility with
state-of-the-art Air Pollution Control (APC) system
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collecting surface. They are more robust towards
temperature changes, have lower pressure drops,
and are easy to maintain. Bag house filters
(particulate removal by filtration on fiber surfaces)
achieve high removal efficiencies for fine particles
(<5 mm, >99.9%).

Various reagents are used in the APC system of
WTEs, such as lime (CaO) or lime hydrate (Ca
(OH)2), to remove sulfur dioxide and hydrogen
chloride, and activated carbon, to remove mercury
and dioxins. Acids can be very efficiently and
separately removed by a two-stage wet scrubber
system. HCl and HF are physically absorbed in the
first acid scrubber stage at pH 1. The low pH pre-
vents absorption of SO2. The scrubber liquid is
water, and then no neutralization agent has to be
used. Also mercury-chlorides are removed from
the flue gas at this stage. During the second stage
SO2 is chemically absorbed using either CaCO3,
Ca(OH)2, or NaOH (sodium hydroxide) for neu-
tralization at pH 7. The final product of the sulfur
removal is gypsum, which is de-watered and either
recycled in the gypsum industry or landfilled. Part
of the scrubber water is continuously purified by an
on-site physical-chemical wastewater treatment
process. Neutralization sludge is precipitated and
dewatered in a filter press. Chloride is discharged
with the treated wastewater.

Hydrogen chloride (HCl) can be purified and
concentrated to over 30% for recycling. Alterna-
tively, the acid can be neutralized with NaOH, and
sodium chloride brine can be recycled. NOx is
reduced to N2 and H2O by injecting NH3

(ammonia). The reaction requires high tempera-
tures (900–1,000 �C). A ceramic catalyst (based
on TiO2 and V2O5) reduces the temperature need
to 200–300 �C and enhances the efficiency of the
reaction from 70% to 80% up to 90%.With proper
design, the catalyst can also be utilized to oxidize
PCDD/F. Sometimes activated carbon filters are
employed as a final stage to adsorb organic com-
pounds (e.g., PCDD/F), metallic mercury (Hg�),
and other trace pollutants passing the previous air
pollution control (APC) stages. State-of-the-art
combustion and APC-systems destroy organic
and remove inorganic pollutants with high effi-
ciency. Various full-scale plants demonstrate the
reliability of these technologies; they operate at

emissions way below the stringent emission limits
enacted, e.g., by the European Union [5].

An ongoing field of research and development
with regard to WTE is how to produce bottom ash
and filter residues that have improved landfill
properties with regard to composition and emis-
sions, and residues that can be utilized as second-
ary resources. This can be achieved either by
after-treatment of bottom and/or fly-ashes in ther-
mal and/or chemical processes or by designing
new technologies that are not necessarily based
on the grate furnace technology.

Bottom ashes can also be further treated by
mechanical processes (sieving, screening) and
magnetic separation of iron scrap. Adequate ther-
mal after-treatment of bottom ash results in three
products: (1) a silicate product that can be utilized
for construction purposes, (2) metals consisting
mainly iron, copper, and other lithophilic metals
(metals of low vapor pressure), and (3) a concen-
trate of atmophilic metals (metals of high vapor
pressure). The last two fractions can be recycled in
the metal industry.

Immobilization of leachable substances can also
be achieved by solidification/stabilization using
additives such as cement that physically and/or
chemically immobilize hazardous substances in
ashes. Some new incineration concepts combine
pyrolysis and high-temperature processes with
conventional APC as described in other sections
of the Encyclopedia. The goals of these technolo-
gies are to produce residues with better qualities
with respect to disposal and recycling than mass
burn systems. None of these new technologies
have experienced a breakthrough. Up to now,
they could not prove yet that they are able to
reach the same or higher goals than traditional
MSW incineration at lower costs and at the same
reliability. Today, WTE combined with advanced
APC represents a reliable, robust, and compared to
other available options environmentally sound
technology to dispose of combustible and hazard-
ous wastes. Further development should be
focused on producing more residues that can be
recovered in an environmentally sound manner,
and to use thermal processes to turn waste man-
agement into an integrated part of a sustainable
materials management.
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Table 1 provides the mass balance of a WTE
facility consisting of mass-burn combustion, ESP,
two-stage wet scrubber system, de-NOx reactor,
activated carbon filter, and chemical-physical
waste water treatment. Table 2 shows the respec-
tive transfer coefficients for selected metals. Both
were determined by an intensive measurement
campaign at a full-scale facility over 1 week [6].

Statistical Entropy Analysis (SEA)

The methodological framework of SEA is
described in [7, 8]. SEA employs statistical entropy

to quantify the distribution of substances or ele-
ments in a process. In statistics the entropy is used
as a metric to describe distributions of any kind.
Rechberger showed that the input as well as the
output of a process (e.g., a WTE facility) can be
described by distributions of substances as a result
of a Material Flow Analysis (MFA). Figure 4 and
Table 3 show an example, the cadmium balance of
a WTE facility.

The distribution of the input is rather simple
since over 99% of the Cd enters the process via
the material flow “MSW” that contains a concen-
tration of 15 mg/kg MSW. The output distribution
is more complex. Cadmium is partitioned among

WTE: Decreasing the Entropy of SolidWastes and IncreasingMetal Recovery, Table 1 Normalized mass balance
of a state-of-the-art WTE facility [6]

Input t/t MSW Output t/t MSW

MSW 1.0 Bottom ash 0.26

Adsorbent 0.0011 FGD-gypsum 0.0040

Liquid ammonia solution 0.0030 Filter cake 0.0026

Air 4.1 Fly ash 0.029

Water 0.56 Iron scrap 0.035

Off-gas 4.9

Purified waste water 0.39

Total 5.7 5.7

WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Table 2 Transfer coefficients (%)
of a WTE plant [6]

Bottom ash Fly ash Iron scrap FGD-gypsum Filter cake Pur. WW Off-gas

% % % % % % %

Ag 83 16 0.001 0.0062 0.48 0.06 0.001

As 70 28 0.17 0.23 0.68 0.09 0.6

Cd 20 43 31 0.0052 5.9 0.01 0.04

Co 70 9 20 0.054 0.09 0.02 0.005

Cr 83 4 13 0.0006 0.032 0.0007 0.0006

Cu 96 0.9 3 0.0005 0.03 0.00005 0.00002

Fe 40 1.2 58 0.00026 0.08 0.00031 0.001

Hg 5 4.6 0.001 3.27 83 0.3 3.9

Mn 84 12 3.8 0.00032 0.16 0.034 0.0002

Ni 83 2 15 0.0022 0.027 0.001 0.0003

Pb 74 25 0.0049 0.0078 0.8 0.0006 0.0007

Sb 41 55 2.3 0.01 1.6 0.004 0.003

Sn 76 23 0.001 0.014 0.57 0.009 0.01

V 81 11 7.6 0.0026 0.39 0.02 0.005

Zn 72 26 0.6 0.011 1.27 0.006 0.0006
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the outputs as follows: Bottom ash, 20%
(11 mg/kg); iron scrap, 31% (130 mg/kg); fly ash,
43% (220 mg/kg); filter cake, 5.9% (340 mg/kg);
FGD gypsum, 0.0052% (0.2 mg/kg); purified
waste water, 0.01% (0.0038 mg/kg); off-gas,
0.04% (0.0012 mg/kg). In other words, cadmium
is transferred mostly to some output flows (fly ash,
iron scrap) and at different concentrations in the
various outputs. By applying the following equa-
tions, it is possible to quantify whether Cd is rather
concentrated or diluted during the WTE operation.

Xij. . . flow of substance j in material i
Mi. . . flow of material i
cij. . . concentration of substance j in material i

Xij ¼ Mi � cij, (1)

with i = 1. . ..nI for input and i = 1. . ..nO for
output

mi. . .. normalized mass flows

mi ¼ MiPnI
i¼1 Xij

¼ MiPnO
i¼1 Xij

(2)

The statistical entropy function for the input
and output distribution is expressed as follows:

Hj cij,m
� � ¼ �

Xk

i¼1
mi � cij � ld cij

� �
, (3)

where ld is the logarithm to the base 2 and ld
(0) = 0.

The dilution of gaseous (g) and aqueous
(a) emissions in the environment (only for the
output) is considered by introducing the geogenic
background concentration (cj,geog.) of a substance
in air and water. The assumption is that the emis-
sion via a stack or waste water pipe into a river is
diluted to 1% (therefore the factor of 100 in Eqs. 4
and 5) above the respective geogenic background
concentration. Equations 4 and 5 are approxima-
tions and only valid if cij >> cj,geog.. If this is not
the case, a more complex formula has to be
applied; for details see [7].

mi ¼

cij � mi

cj, geog:, g
� 100

cij � mi

cj, geog:, a
� 100

mi

8
>>>><

>>>>:

(4)

cij

cj, geog:, g=100
cj, geog:, a=100

cij

8
<

:
(5)

The maximum statistical entropy is expressed
by

Hmax, j ¼ ld
1

cj, geog:
� 100

� �

, (6)

with cj,geog. = cj,geog.,g when cj,geog.,g <cj,geog.,a
and cj,geog. = cj,geog.,a when cj,geog.,g >cj,geog.,a
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WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Fig. 4 Materials and Cd balance
for a WTE facility. The WTE facility can be conceived as a transformer of distributions (input ! output)
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Hmax is determined by assuming that the total
substance flow SXij is diluted into the environ-
mental compartment with the lowest background
concentration (in the case of heavy metals, this is
usually the atmosphere).

The Relative Statistical Entropy is a normal-
ized metric in the range [0,1].

Hrel, j ¼ Hj=Hmax, j (7)

The power of a process (e.g., WTE facility) to
concentrate a substance j is then expressed by

DHrel, j ¼ Hrel, j, Output � Hrel, j, Input: (8)

Alternatively, the “Substance Concentrating
Efficiency” (SCE) can be defined as a specific
metric, in %:

SCEi ¼ DHrel, j

Hrel, j, Input
� 100: (9)

The SCE is positive for concentrating pro-
cesses with a maximum of 100% (the “pure”
substance) and negative for diluting processes
(e.g., for Hg when refuse derived fuel is used for
co-combustion in a cement kiln). As an example,
Table 4 provides the calculation of DHrel for cad-
mium in a WTE plant.

Application of SEA to Waste-to-Energy

By applying Eqs. 1–9 to the metals shown in
Table 2, the resulting SCE-values for a specific
WTE facility are shown in Fig. 5.

Generally, it can be said that the SCE of state-
of-the-art WTE for most metals is in the range
between 10% and 20%. For volatile (atmophilic)
elements, it tends to be higher since these ele-
ments are rather transferred to and concentrated
in the APC residues. The highest SCE is achieved
for iron. Ferrous metals are easily separated and
collected in a WTE facility, by means of magnetic
separation.

Following the above discussion it is clear that
SCE-values of 10–20% are not sufficient to

realize a noteworthy recycling economy (see
Fig. 2). In the case of global copper management
SEA shows that waste management should
achieve a SCE of at least 80%.

On the other hand it should be noted that a
selective separation step does not have to be
restricted to iron. Intensive characterization of
bottom ash [6, 9] has shown that some metals
appear to a large extent in metallic form in the
ash and not as oxides or other compounds. For
example, Fig. 6 shows that about 50% of the
copper contained in the bottom ash would be
recoverable by a mechanical process; particles
larger than 4 mm are considered to be detectable
and removable by a combination of Near-Infrared
Spectroscopy detection and pneumatic separators.
This measure would increase the SCE for Cu from
21% to 51%. A melting process, described by
Zeltner and Lichtensteiger [10] and shown in
Fig. 7, would increase the SCE up to 80%. This
last example shows that high recovery rates, i.e.,
high SCE-values, can be achieved. However, they
require the implementation of sophisticated and
costly technology. Although, it has not been
established quantitatively as yet, it is safe to
assume that SCE-rates in the range of 70–90%
are achievable for certain substances.

Relationship Between SEA and
Environmental Impact

There is no scientific evidence that entropy is a
direct measure of environmental impact. How-
ever, considering the stack emissions of a WTE
facility, Fig. 8 shows that the actual emissions of
Cd (0.0012 mg/m3) are in a range where they do
not contribute to Hrel,Output. A tenfold increase to
0.01 mg/m3 would result in an entropy increase by
1%. The emission standard for Cd (0.025 mg/m3)
is in the range of 1–5% which is the area the
cadmium emission in stack gas would become
entropy-relevant.

Therefore, from the point of view of statistical
entropy analysis, the emission limit of Cd has
been determined correctly. The European Direc-
tive on Waste Incineration [5] provides the fol-
lowing emission limits: Cd + Tl = 0.05 mg/m3;
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Hg = 0.05 mg/m3; Sb + As + Pb + Cr + Co +
Cu + Mn + Ni + V = 0.5 mg/m3. For the sum
of elements from Sb to V, Table 5 reveals
that an emission of 1.1 mg/m3 would result in

an entropy increase (Hrel,j,Output) of 1%. For
entropy increases by 5% and 10%, the emis-
sions would have to be 6.3 and 11 mg/m3, respec-
tively. This calculation shows that, from an

WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Fig. 5 Substance concentrating
efficiency (SCE in %) of a WTE facility for selected metals
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entropy point of view, the emission standard for
this group of metals is rather stringent. In the case
of mercury (Hg), the entropy approach would
suggest an emission limit of 0.01 mg/m3. In this
case, the actual emission standard of 0.05 mg/m3

seems rather high.
However, it should be noted that the transfer

coefficients for metals in the stack gas have high
uncertainties because they are result of single
point measurement; also the geogenic background

concentrations of metals vary by one to two orders
of magnitude. In summary, it can be stated with
high certainty that the actual emissions of metals
are not entropy-relevant and with some certainty
that the present emission standards are in the
transition area where emissions to the air would
become relevant. Therefore it seems that there is a
weak relationship between entropy generation
and environmental impact. This means that the
entropy approach cannot replace human and eco-

WTE: Decreasing the Entropy of Solid Wastes and Increasing Metal Recovery, Fig. 7 Melting of bottom ash;
copper flows. Some 80% of the copper in MSW could be recovered [9]
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toxicological research to fix emission limits but
can be used as a first approximation tool where
limits are missing or need to be assessed.

Further Directions

Further research has been carried out to extend the
concept of SEA from chemical elements to com-
pounds. For example, instead of examining the
nitrogen balance of a waste water treatment
plant, one would consider the different com-
pounds of nitrogen in the inflow and effluent of
the plant, such as nitrite, nitrate, ammonium,
nitrous oxide, etc. (see [11]). The consideration
of the chemical speciation of an element is impor-
tant for substances like carbon and nitrogen. Since
the speciation of an element is crucial for its eco-
toxicity, it will be interesting to find out whether
there is a relationship between entropy and eco-
toxicity. Another research topic is the testing of
the applicability and usefulness of SEA in
benchmarking studies for waste and waste water
treatment technologies and the employment of
statistical entropy for the evaluation of resource
consumption.
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Glossary
Environmental education Process in which indi-

viduals gain awareness of their environment and
acquire knowledge, skills, values, and experi-
ences to solve present and future environmental
problems, including solid waste minimization.

Municipal solid waste Awaste type that includes
predominantly household and commercialwastes
collected by a municipality within a given area.
They are in either solid or semisolid form and
generally exclude industrial hazardous wastes.

Public involvement The full range of activities
utilized by an organization to engage the public
in the decision-making process.

Recycling The act of processing used or aban-
donedmaterials for use in creating new products.

Source reduction Refers to any change in the
design, manufacture, purchase, or use of mate-
rials or products (including packaging) to
reduce their amount or toxicity before they
become municipal solid waste.

Definition of the Subject and Its
Importance

Public involvement and education are critical
components of successful solid waste manage-
ment. Public involvement is defined as the full
range of activities utilized by an organization to
engage the public in the decision-making process.
Through environmental education, people gain an
understanding of how individual actions affect the
environment, acquire skills to weigh various sides
of issues, and become better equipped to make
informed decisions. The components of environ-
mental education are:

• Awareness and sensitivity
• Knowledge and understanding
• Attitudes
• Skills
• Participation

Public involvement and education are impor-
tant components for effective solid waste minimi-
zation efforts at local and national levels. These
efforts, combined with strong solid waste minimi-
zation programs, are the cornerstones that allow
organizations to reach waste minimization goals
by informing and motivating stakeholders to par-
ticipate in these programs.

Introduction

Municipal solid waste (MSW), more commonly
known as trash or garbage, consists of everyday
items such as product packaging, grass clippings,
furniture, clothing, bottles, food scraps, newspa-
pers, appliances, paint, and batteries [1]. In the
year 2006, US residents, businesses, and institu-
tions generated more than 228 t (251 million US
tons) of MSW, which is approximately 2.1 kg
(4.6 lb) of waste per person per day, up from
1.2 kg (2.7 lb) per person per day in 1960 [1]. Gov-
ernments must work through their constituents to
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address these issues. Public involvement and edu-
cation are critical components to increase the
awareness and to help drive down these trends.
This entry provides an overview of public
involvement and education for solid waste reduc-
tion. First, background information is provided,
including an overview of environmental concerns
related to solid waste reduction and an overview
of key environmental regulations. Next, the main
components of environmental education are
discussed including education and public involve-
ment tools, the public involvement plan frame-
work, and an overview of several successful
solid waste education and involvement plans.
Finally, a discussion of future directions in this
field is provided.

Overview of Environmental Concerns

The world has changed significantly over the past
century. Societies are shifting to a convenience-
oriented mind-set, world population is increasing,
and subsequently waste generation is shifting,
which is creating new environmental impacts. For
example, from a convenience standpoint, solid
waste generation rates are increasing due to the
proliferation of individually packaged food serv-
ings, fast-food containers, and disposable diapers.

The average American discards 2.1 kg (4.6 lb)
of garbage every day [1]. Most of this waste is
compacted and buried in landfills and, as it con-
tinues to grow, so will pressure on the landfills, the
resources, and the environment. The impacts are
intensified by an ever-increasing population. The
US Census Bureau estimates the current world
population at 6.6 billion people, with a projected
annual growth rate of approximately 1.2% [2]. By
2050, the world population is projected to be over
nine billion [2]. Globalization and the development
of Third World countries are compounding these
issues as well. More people, generatingmore waste
is not a good combination for the environment.

One of the central purposes of solid waste
education is to inform the public of the need to
reduce or eliminate the environmental impacts of
individuals, companies, and industries. An under-
standing of these impacts is critical when

addressing solid waste issues to provide direction
for reduction efforts. Some of these impacts are
more important than others; thus a comprehensive
understanding will allow citizens, managers, and
engineers to focus on more serious problems. This
section provides an overview of these impacts
with a focus on the effects and not the sources.
These impacts are:

• Space availability: as the world population
increases and cities grow, the available space
to dispose of solid waste decreases. By mini-
mizing solid waste levels, disposal space will
also decrease making land available for
other uses.

• Landfill leachate: leachate is a liquid that is
generated in a landfill by decomposing waste,
chemical waste, and rainwater entering the
landfill. If the landfill leachate enters the envi-
ronment, it mixes with groundwater near the
site and can have very negative effects.
Groundwater is the source of drinking water
for over 40% of the US population and up to
90% of the population in rural areas. It was
formerly assumed that this source of water was
not subject to contamination, but recent studies
have shown that this source of water can in fact
become contaminated. Landfill leachate may
be virtually harmless or dangerously toxic,
depending upon the characteristics of the mate-
rial in the landfill. Typically, landfill leachate
has high concentrations of nitrogen, iron,
organic carbon, manganese, chloride, and phe-
nols. Other chemicals including pesticides, sol-
vents, and heavy metals may also be present.
Modern landfill sites require that the landfill
leachate be collected and treated. Since there is
no method to ensure that rainwater cannot
enter the landfill site, landfill sites must now
have an impermeable layer at the bottom. The
landfill leachate that collects at the bottom
must be monitored and treated if required.
This liquid can be treated in a similar manner
to sewage, and the treated water can then be
safely released into the environment.

• Global warming: one study reports that US
landfills are responsible for 3.8% of the global
warming damage from humans. Sources in the
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US municipal solid waste landfills are the larg-
est source of human-related methane emissions
in the USA, accounting for about 25% of these
emissions in 2004 [1]. This gas consists of
about 50% methane (CH4), the primary com-
ponent of natural gas, about 50% carbon diox-
ide (CO2), and a small amount of non-methane
organic compounds. In 2003, US landfills gen-
erated 131.2 Tg (teragrams) methane in terms
of carbon dioxide CO2 equivalents (where a
teragram is one million tons). Reducing the
amounts of solid waste disposed in landfills
would reduce methane generation and subse-
quently reduce global warming.

• Consumption of natural resources: a large com-
ponent of solid waste minimization is recycling.
Recycling reduces the consumption of virgin
natural resources by utilizing perceived waste
materials. For example, production of recycled
paper uses 80% less water and 65% less energy
and produces 95% less air pollution than virgin
paper production. If every American recycled
their newspaper just 1 day a week, the USA
would save approximately 36 million trees a
year. For every four-foot stack of paper
recycled, one tree is saved, and deforestation is
minimized. Recycling also reduces environ-
mental impacts due to mining. For example,
by recycling aluminum, the need for the raw
mineral bauxite is eliminated, which in turn
eliminates the need for mining and smelting.

• Loss of habitat: although it is difficult to accu-
rately quantify habitat loss, many animal spe-
cies are displaced by the creation of landfills
and the effects of deforestation. By minimizing
solid waste levels and increasing recycling,
available habitats for animals will not be
disrupted by the development or expansion of
landfills and the effects of deforestation to
acquire virgin raw materials.

Key Environmental Regulations

Governments play a critical role in managing the
environment including the atmosphere, land, water
bodies, and all natural resources. Governments are
valuable institutions for resolving problems

involving natural resources at both the local and
global scales. Although in recent decades the eco-
nomic market has been identified as a suitable
mechanism for managing environmental quality,
markets have serious failures and governmental
intervention, and regulation and the rule of law are
still required for the proper, just, and sustainable
management of the environment. This section dis-
cusses several of the key US environmental laws
and regulations that pertain to solid waste
management.

Solid Waste Disposal Act (SWDA) of 1965
The Solid Waste Disposal Act (SWDA)
(P.L. 89–272, 79 Stat. 992) became law on
October 20, 1965. In its original form, it was a
broad attempt to address the solid waste problems
confronting the nation through a series of research
projects, investigations, experiments, training,
demonstrations, surveys, and studies. The key
points of the SWDAwere as follows:

• Promoted better management of solid wastes
• Supported resource recovery
• Directed that the US Public Health Service

(PHS) promulgate and enforce regulations for
solid waste collection, transportation,
recycling, and disposal (The US EPA was not
formed until 1970.)

• Provided financial assistance for states to study
and develop solid waste management plans

• Provided support for research and develop-
ment of improved methods of solid waste
management

The decade following its passage revealed that
the SWDA was not sufficiently structured to
resolve the growing mountain of waste disposal
issues facing the country. As a result, significant
amendments were made to the act with the pas-
sage of the Resource Conservation and Recovery
Act (RCRA) of 1976.

The National Environmental Policy Act (NEPA)
of 1969
The National Environmental Policy Act (NEPA),
established in 1969 by the US Government
(42 U.S.C. 4321), was one of the first laws written
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related to environmental protection. NEPA, which
is pronounced NEE-pa, established a basic policy
to assure that all branches of government give
proper consideration to the environment prior to
undertaking any major federal action that signifi-
cantly affects the environment. One of the key
phrases from this document that relates to
recycling is “to enhance the quality of renewable
resources and approach the maximum attainable
recycling of depletable resources.”

NEPA requires federal agencies to integrate
environmental values into their decision-making
processes by considering the environmental
impacts of their proposed actions and reasonable
alternatives to those actions. To meet this require-
ment, federal agencies prepare a detailed state-
ment known as an environmental impact
statement (EIS). EPA reviews and comments on
EISs prepared by other federal agencies, main-
tains a national filing system for all EISs, and
assures that its own actions comply with NEPA.

Resource Recovery Act (RRA) of 1970
Increasing concerns over protection for human
health and the environment led to amendments
of the 1965 SWDA, and the 1970 Resource
Recovery Act (RRA) was passed. The RRA
increased federal involvement with management
of solid waste; it encouraged waste reduction and
resource recovery and created national disposal
criteria for hazardous wastes. This Act was the
forerunner of the Resource Conservation and
Recovery Act (RCRA) of 1976. Below are the
key points of RRA:

• Directed that the nation would change its
emphasis from solid waste disposal to
recycling and energy recovery

• Required the US Public Health Systems to
investigate and report on the disposal of haz-
ardous waste in the nation

This was an important guidance document for
the early stages of solid and hazardous waste
management. The RRA also marked the birth of
the Environmental Protection Agency (EPA), as it
was formed in the interim.

Resource Conservation and Recovery Act
(RCRA) of 1976
The RCRA is the US’s primary law governing the
disposal of solid and hazardous waste. Congress
passed RCRA on October 21, 1976, to address the
increasing problems the nation faced from our
growing volume of municipal and industrial
waste. RCRA, which amended the Solid Waste
Disposal Act of 1965, sets national goals for:

1. Protecting human health and the environment
from the potential hazards of waste disposal

2. Conserving energy and natural resources
3. Reducing the amount of waste generated
4. Ensuring that wastes are managed in an envi-

ronmentally sound manner
5. RCRA also included directives that the US

EPA establishes regulations to control solid
waste disposal. To achieve these goals,
RCRA established three distinct, yet interre-
lated, programs:
(a) The solid waste program: under RCRA

Subtitle D, encourages states to develop
comprehensive plans to manage non-
hazardous industrial solid waste and
municipal solid waste, sets criteria for
municipal solid waste landfills and other
solid waste disposal facilities, and pro-
hibits the open dumping of solid waste.

(b) The hazardous waste program: under
RCRA Subtitle C, establishes a system
for controlling hazardous waste from the
time it is generated units its ultimate dis-
posal – in effect, from “cradle to grave.”

(c) The underground storage tank (UST) pro-
gram: under RCRA Subtitle I, regulates
underground storage tanks containing haz-
ardous substances and petroleum products.

RCRA banned all open dumping of waste,
encouraged source reduction and recycling, and
promoted the safe disposal of municipal waste.
RCRA also mandated strict controls over the
treatment, storage, and disposal of hazardous
waste. The first RCRA regulations, “Hazardous
Waste and Consolidated Permit Regulations,”
published in the Federal Register on May
19, 1980 (45 FR 33066; May 19, 1980),

200 Solid Waste Public Involvement and Education



established the basic “cradle-to-grave” approach
to hazardous waste management that exists today.
RCRA focuses only on active and future facilities
and does not address abandoned or historical sites
which are managed under the Comprehensive
Environmental Response, Compensation, and
Liability Act (CERCLA) – commonly known as
Superfund.

The Hazardous and Solid Waste Amendment
(HSWA) of 1984
RCRA was amended and strengthened by Con-
gress in November 1984 with the passing of the
Federal Hazardous and Solid Waste Amendments
(HSWA). These amendments to RCRA required
phasing out land disposal of hazardous waste.
Some of the other mandates of this strict law
include increased enforcement authority for
EPA, more stringent hazardous waste manage-
ment standards, and a comprehensive under-
ground storage tank program. Key points from
the HSWA are the following:

• Directed the US EPA to revise criteria for land-
fills which receive hazardous household waste
or small quantities of industrial hazardous
waste.

• Treatment of all contaminated surface water
running off of landfills.

• Methods for disposing of wastewater sewage
sludge at landfills are included in the Clean
Water Act as amended.

• Increased enforcement authority for EPA.
• Provided more stringent hazardous waste man-

agement standards.
• Created a comprehensive underground storage

tank program.

The HSWA marked the most significant set of
amendments to RCRA with a complex law with
many detailed technical requirements. Additional
restrictions on land disposal and the inclusion of
small-quantity hazardous waste generators (those
producing between 100 and 1000 kg of waste per
month) in the hazardous waste regulatory scheme
were added. The EPAwas directed to issue regula-
tions governing those who produce, distribute, and

use fuels produced from hazardous waste, includ-
ing used oil. Under HSWA, hazardous waste facil-
ities owned or operated by federal, state, or local
government agencies must be inspected annually,
and privately owned facilities must be inspected at
least every 2 years. Each federal agency was
required to submit to EPA an inventory of hazard-
ous waste facilities it has possessed in its history.
The HSWA also imposed on EPA a timetable for
issuing or denying permits for treatment, storage,
and disposal facilities; required permits to be for
fixed terms not exceeding 10 years; terminated in
1985 the “interim status” of land disposal facilities
that existed prior to RCRA’s enactment, unless
they met certain requirements; required permit
applications to be accompanied by information
regarding the potential for public exposure to haz-
ardous substances in connection with the facility;
and authorized EPA to issue experimental permits
for facilities demonstrating new technologies.
EPA’s enforcement powers were increased, the
list of prohibited actions constituting crimes was
expanded, penalties were increased, and the citizen
suit provisions were expanded. Other provisions
prohibited the export of hazardous waste unless the
government of the receiving country formally
consented to accept it; created an ombudsman’s
office in EPA to deal with RCRA-associated com-
plaints, grievances, and requests for information;
and reauthorized RCRA through FY88 at a level of
about $250 million per year. Finally, HSWA called
for a National GroundWater Commission to assess
and report to Congress in 2 years on groundwater
issues and contamination from hazardous wastes.
The commission was never funded and never
established, however.

Pollution Prevention Act of 1990
The Pollution Prevention Act of 1990 (PPA) was
passed as part of the Omnibus Budget Reconcili-
ation Act of 1991. The measure declared pollution
prevention to be the national policy and directed
EPA to undertake a series of activities aimed at
preventing the generation of pollutants, rather
than controlling pollutants after they are created.
Matching grants were authorized for states to
establish technical assistance programs for busi-
nesses, and EPAwas directed to establish a Source
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Reduction Clearinghouse to disseminate informa-
tion. The Act also imposed new reporting require-
ments on industry. Firms that were required to file
an annual toxic chemical release form under the
Emergency Planning and Community Right-to-
Know Act of 1986 must also file a report detailing
their source reduction and recycling efforts over
the previous year. A more complete description of
the Act, which addresses air and water pollution
as well as waste, is provided in the first section of
this report.

Federal Facility Compliance Act of 1992
The Federal Facility Compliance Act (FFCA) of
1992 amended RCRA with the primary purpose
of ensuring a complete and unambiguous waiver
of sovereign immunity with regard to imposition of
administrative and civil fines and penalties on
federal facilities. It requires compliance with all
federal, state, interstate, and local requirements in
the same manner and extent as any person. The
objectives of the FFCA bring all federal facilities
into compliance with applicable federal and state
hazardous waste laws, of waiving federal sover-
eign immunity under those laws, and of allowing
the imposition of fines and penalties. The law
also requires the US Department of Energy
(DOE) to submit an inventory of all its mixed
waste and to develop a treatment plan for mixed
waste. The FFCA has ten sections, concerning
extent of waiver of sovereign immunity, applica-
tion of RCRA to radioactive mixed wastes, and
application to public vessels, to waste munitions,
and to federally owned treatment works. The
language of RCRA waiver of sovereign imm-
unity prior to FFCAwas unclear on whether fed-
eral facilities had to pay civil and administrative
penalties for violations of hazardous waste pro-
visions. Cases have involved the determination
of whether federal facilities have to pay penal-
ties, even though there was no waiver of sover-
eign immunity. Legislatively, there were many
failed attempts at passing the act. But due to
increasing support for environmental movements
and frustration at state regulatory agencies that
could not strike federal facilities with fines and
penalties, the act was passed in 1992. Key points
of the FFC are:

• All federal agencies are subject to all substan-
tive and procedural requirements of federal,
state, and local solid and hazardous waste
laws in the same manner as any private party.

• The sovereign immunity of the USA is
expressly waived in all such cases.

• “Substantive and procedural requirements” of
such law include all administrative orders, civil
and administrative fines and penalties, and rea-
sonable service charges imposed for issuing
and reviewing permits, plans, and studies and
inspecting facilities.

• Employees, officers, and agents of the USA
may not be liable for civil penalties under any
such law for actions committed within the
scope of that person’s official duties, but such
persons may be liable for criminal penalties.

• The Administrator of EPA is authorized to com-
mence an administrative enforcement action
against any federal agency or department in
the same manner as against a private party.

• Agencies must reimburse EPA for the required
annual inspections of agency hazardous waste
facilities and for EPA to conduct a comprehen-
sive groundwater monitoring evaluation at the
first inspection of each such site conducted after
October 6, 1992 (unless such an evaluation has
been conducted within the preceding year).

• In consultation with the Secretary of Defense,
EPA is required to propose regulations identi-
fying when military munitions become hazard-
ous waste and providing for the safe
transportation and storage of such waste.

• Federally owned wastewater treatment works
are not to be considered hazardous waste facil-
ities if most of the water treated consists of
domestic sewage, and certain other specified
requirements are met. Introduction of a hazard-
ous waste into a federally owned wastewater
treatment works is prohibited.

Landfill Disposal Program Flexibility Act of
1996
Land Disposal Program Flexibility Act of 1996
provided regulatory flexibility for land disposal of
certain wastes as amendments to RCRA. This act
exempts hazardous waste fromRCRA regulation if
it is treated to a point where it no longer exhibits the
characteristics that made it hazardous and is
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subsequently disposed in a facility regulated under
the Clean Water Act or in a Class I deep injection
well regulated under the Safe Drinking Water Act.
A second provision of the bill exempted small
landfills located in arid or remote areas from
groundwater monitoring requirements, provided
there is no evidence of groundwater contamination.

Components of Environmental
Education

Environmental education (EE) is a process in
which individuals gain awareness of their envi-
ronment and acquire knowledge, skills, values,
and experiences to solve present and future envi-
ronmental problems, including solid waste mini-
mization. The goal of EE should also motivate
individuals and organizations and enable them to
act to address solid waste issues.

EE is a complex process, covering not just
events but also a strong underlying approach to
society building as a whole. EE provides people
with the awareness needed to build partnerships,
understand government activities/programs,
develop participatory approaches to urban plan-
ning, and ensure future markets for eco-business.

Environmental education is a learning process
that increases people’s knowledge and awareness
about the environment and associated challenges,
develops the necessary skills and expertise to
address the challenges, and fosters attitudes, moti-
vations, and commitments to make informed deci-
sions and take responsible action. The US EPA
provides the following definitions that are helpful
in understanding this subject matter:

• “Environmental education (EE)” increases pub-
lic awareness and knowledge about environ-
mental issues and provides the skills necessary
to make informed environmental decisions and
to take responsible actions. EE is based on
objective and scientifically sound information
and does not advocate a particular viewpoint or
a course of action. EE teaches individuals how
to weigh various sides of an issue through crit-
ical thinking and enhances their own problem-
solving and decision-making skills on environ-
mental topics.

• “Environmental information” provides facts or
opinions about environmental issues or prob-
lems. Information is essential to any educa-
tional effort. However, environmental
information is not, by itself, environmental
education. Information provides facts or opin-
ions, whereas education teaches people how to
think, analyze, and solve problems.

• “Environmental outreach” disseminates infor-
mation and sometimes asks audiences to take
specific action but does not necessarily teach
people how to analyze an issue. Outreach often
presents a particular point of view and often in
pursuit of a particular goal. Examples may
include a community meeting to inform resi-
dents about a toxic site in their area and where
they can go for help or a campaign to get
volunteer participants for a beach or stream
cleanup event.

• “Environmental stewardship” is voluntary
commitment, behavior, and action that results
in environmental protection or improvement.
Stewardship refers to an acceptance of per-
sonal responsibility for actions to improve
environmental quality and to achieve sustain-
able outcomes. Stewardship involves lifestyles
and business practices, initiatives, and actions
that enhance the state of the environment.
Some examples are living or conducting busi-
ness in such a way as to minimize or eliminate
pollution at its source; using energy and natural
resources efficiently; decreasing the use of haz-
ardous chemicals; recycling wastes effectively;
and conserving or restoring forests, prairies,
wetlands, rivers, and urban parks. Stewardship
can be practiced by individuals, groups,
schools, organizations, companies, communi-
ties, and state and local governments.

Environmental education enhances critical
thinking, problem-solving, and effective
decision-making skills and teaches individuals to
weigh various sides of an environmental issue to
make informed and responsible decisions. The
components of environmental education are:

• Awareness and sensitivity to the environment
and environmental challenges
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• Knowledge and understanding of the environ-
ment and environmental challenges

• Attitudes of concern for the environment and
motivation to improve or maintain environ-
mental quality

• Skills to identify and help resolve environmen-
tal challenges

• Participation in activities that leads to the res-
olution of environmental challenges

Awareness and sensitivity to environmental
issues and challenges involve disseminating infor-
mation to the public. This is accomplished
through a variety of means including television
advertisement, printed media, outreach programs,
or the Internet. The purpose is to create a knowl-
edgeable society that understands the negative
impacts of solid waste generation and to motivate
them to take action. These activities can take place
in a school classroom or through ad campaigns.
Several notable examples are listed below:

• Recycling one aluminum can save enough
energy to run a TV for 3 h – or the equivalent
of a half a gallon of gasoline.

• We use over 80 billion aluminum soda cans
every year.

• To produce each week’s Sunday newspapers,
500,000 trees must be cut down.

• Recycling a single run of the Sunday
New York Times would save 75,000 trees.

• The average American uses seven trees a year in
paper, wood, and other products made from
trees. This amounts to about two billion trees
per year!

• The 17 trees saved (above) can absorb a total of
250 lb of carbon dioxide from the air each year.
Burning that same ton of paper would create
1500 lb of carbon dioxide.

• Americans use 2.5 million plastic bottles every
hour! Most of them are thrown away!

• The energy saved from recycling one glass
bottle can run a 100-W light bulb for 4 h. It
also causes 20% less air pollution and 50% less
water pollution than when a new bottle is made
from raw materials.

• A modern glass bottle would take 4000 years
or more to decompose – and even longer if it is
in the landfill.

• Mining and transporting raw materials for
glass produces about 385 lb of waste for
every ton of glass that is made. If recycled
glass is substituted for half of the raw mate-
rials, the waste is cut by more than 80%.

These facts help illustrate the awareness and
motivation components of EE. They highlight
brief solid waste examples that compel individ-
uals and companies to recognize solid waste chal-
lenges and take action.

The final components of EE focus on provid-
ing the public the necessary skills to take action,
for example, instructions and information regard-
ing setting up a recycling station at home or the
workplace, plus a list of local vendor and non-
profits that may be able help. In addition, local and
state governments can provide no-cost activities
and workshops to assist individuals in the process.
Many local government agencies sponsor no-cost
hazardous waste collection days to aid in the
minimization process.

Environmental education is aimed at produc-
ing a public that is knowledgeable concerning the
biophysical environment and its associated prob-
lems, aware of how to help solve these problems,
and motivated to work toward their solution.

Public Involvement and Planning
Framework

Public involvement is defined as the procedures
for obtaining and considering the views of the
general public in planning and decision-making
processes. As related to solid waste, this includes
gathering input with regard to solid waste removal
processes and collection schedules, locations of
landfills, and recycling processes (drop off sites or
curbside recycling). The public involvement plan
is a key component of this process. The goal of the
plan is to provide the public with accurate infor-
mation about solid waste removal and minimiza-
tion in a convenient and timely manner. The plan
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should be made available to the public and peri-
odically reviewed. The main parts of this plan are:

• The goal, policies, and objectives of the public
involvement plan

• The public involvement techniques to be
utilized

• The public involvement evaluation plan
• A list of revisions and amendments

Generally, objectives of the plan include
maintaining an accurate database of solid waste
contacts (vendors and elected officials), providing
regular meeting announcements, making all work
and documents readily accessible to the public
(usually through the Internet), maintaining a
staffed office to answer questions, and continually
improving/reviewing the plan.

Common public involvement techniques
include maintaining a web site, maintaining a
master database, providing legal advertisements,
providing a periodic newsletter (and a newsletter
discussing specific projects), displaying ads, mail-
ing information directly to the public, press
releases, television/radio messaging, billboard
messaging, hosting project workshops/open
houses, providing posters/flyers, and conducting
surveys to gauge opinions.

The evaluation plan describes public involve-
ment techniques, outlines the steps to be taken to
evaluate those techniques, identifies measures to
quantify success rates, and outlines strategies to
improve the public involvement process. The
appendices of the plan may contain samples of
public involvement tools, general and project-
specific evaluations, and general and project-
specific improvement strategies.

Examples of Successful Programs

Throughout the USA, there have been several
programs and research studies linking colleges,
government agencies, and businesses involved
with environmental education. Universities play
an important role in environmental education and
often “set the bar” for outreach and innovation.

This section provides a brief overview and com-
parison concerning some of these research studies
and programs. These programs include:

• US Department of Energy’s Industrial Assess-
ment Centers

• The University of Toledo Business Waste
Reduction Assistance Program

• Youngstown State University’s Industrial
Waste Minimization Project

• Cornell University’s Waste Management
Institute

• Indiana University’s Institute on Recycling
• Iowa State University’s Total Assessment

Audits

US Department of Energy Industrial
Assessment Centers
The federal government has been funding indus-
trial assessments for small- and medium-sized
manufacturing firms under the Industrial Assess-
ment Center (IAC) program (formerly called the
Energy Analysis and Diagnostic Center [EADC]
program) since 1976. The program is funded
through the US Department of Energy’s Office
of Industrial Technologies [3].

The industrial assessments provide an in-depth
assessment of a plant site: its facilities, services,
and manufacturing operations. This term is used
to refer to a process which involves a thorough
examination of potential savings from energy effi-
ciency improvements, waste minimization and
pollution prevention, and productivity improve-
ments. Assessments are performed by local teams
of engineering faculty and students from 26 par-
ticipating universities across the country. The
26 participating universities are listed below:

• Arizona State University, Tempe, AZ
• Bradley University, Peoria, IL
• Colorado State University, Fort Collins, CO
• Loyola Marymount University, Los Angeles,

CA
• Iowa State University, Ames, IA
• Lehigh University, Bethlehem, PA
• Mississippi State University, Mississippi State,

MS
• North Carolina State University, Raleigh, NC
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• Oklahoma State University, Stillwater, OK
• Oregon State University, Corvallis, OR
• Rutgers University
• San Diego State University, San Diego, CA
• San Francisco State University, San Francisco,

CA
• Syracuse University, Syracuse, NY
• Texas A&M University, College Station, TX
• University of Dayton, Dayton, OH
• University of Florida, Gainesville, FL
• University of Illinois at Chicago, Chicago, IL
• University of Louisiana at Lafayette, Lafa-

yette, LA
• University of Massachusetts, Amherst, MA
• University of Miami, Coral Gables, FL
• University of Michigan, Ann Arbor, MI
• University of Texas at Arlington, Arlington,

TX
• University of Utah, Salt Lake City, UT
• University of Wisconsin-Milwaukee, Milwau-

kee, WI
• West Virginia University, Morgantown, WV

The assessment begins with a university-based
IAC team conducting a survey of the eligible
plant, followed by a 1- or 2-day site visit, taking
engineering measurements as a basis for assess-
ment recommendations. The team then performs a
detailed analysis for specific recommendations
with related estimates of costs, performance, and
payback times. Within 60 days, a confidential
report, detailing the analysis, findings, and recom-
mendations of the team, is sent to the plant. In
2–6 months, follow-up phone calls are placed to
the plant manager to verify recommendations that
will be implemented.

Manufacturers are not the only beneficiaries of
the IAC program. Students involved in the pro-
gram have a unique opportunity to see a range of
manufacturing operations firsthand. This results
in more motivated students who more often than
not enter energy management as a career field.

Business Waste Reduction Assistance
Program (the University of Toledo, Ohio)
In 1996, an innovative partnership between the
Lucas County Solid Waste Management District

and the University of Toledo, College of Engi-
neering, was formed to help improve environmen-
tal and economic conditions in Lucas County,
OH, USA, by providing no-cost solid waste
assessments to Lucas County manufacturers and
businesses [4]. Since the inception of the project,
over 70 waste assessments have been completed;
over 109,000 t of solid waste has been identified
for reuse, reduction, or recycling; and over $3.1
million have been identified as potential cost sav-
ings for Lucas County business. The project dem-
onstrates that through a cooperative effort and a
creative alliance, businesses, governments, uni-
versities, and industries can work together to
improve environmental quality, reduce waste,
and improve profitability. The project also edu-
cates college students through practical, real-
world environmental work experience and trains
them to become future environmental leaders.

Industrial Waste Minimization Research
Project (Youngstown State University, Ohio)
In 1995, the Mahoning County Industrial Waste
Minimization Project, in a cooperative effort
between the Mahoning County Solid Waste Dis-
trict and Youngstown State University, began
using interns to provide free waste minimization
audits [5]. The project team attended a training
seminar titled “Integrated Manufacturing Assess-
ments” to develop their waste audit process.
Between 1995 and 1999, the project conducted
22 waste audits. In 1997, the project received the
Governor’s Award for Outstanding Achievement
in Pollution Prevention and received additional
grants in 1998 [6]. In 1999, the project was
discontinued due to lack of resources. This project
was very similar to the WAMRP at the University
of Toledo. Both projects involved a joint effort
between government and academia and
conducted no-cost waste audits. The major differ-
ence between the programs was the college
departments involved. The WAMRP used indus-
trial engineering students and faculty, while this
project used environmental science majors. For
this type of waste audits, industrial engineering
majors have an advantage over environmental
science majors due to the industrial engineering
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curriculum-based process analysis, engineering
economics, and systems improvement.

Waste Management Institute (Cornell
University)
The Cornell Waste Management Institute
(CWMI) was established in 1987 to address envi-
ronmental and social issues associated with waste
management [7]. Researchers and educators work
to develop technical solutions to waste manage-
ment problems and to address broader issues of
waste generation and composition, waste reduc-
tion, risk management, environmental equity, and
public decision-making. Current areas of research
for the CWMI are composting as a component of
integrated waste management; assessing the ben-
efits and impacts of agricultural application of
sewage sludges, manures, and fertilizers; and
source reduction.

Major goals of the CWMI outreach program
are to improve the ability of local officials, busi-
nesses, and the public to make informed waste
management decisions and to enhance the com-
petency of solid waste professionals through
increased training opportunities. The Cornell
Cooperative Extension network, with offices in
every New York State County, provides useful
means of reaching these audiences. Outreach
activities are based on research, with a goal of
extending up-to-date, objective, research-based
knowledge to a wide range of audiences from
state agencies to America’s youth.

The Institute develops and sponsors technical
and management workshops and conferences.
The CWMI staff also produces reports and audio-
visual and computer-based training materials. The
CWMI houses a publication library with over 5700
reference materials and is open to the
public. A database of the library materials can be
accessed and searched through the CWMI web site.

Institute on Recycling (Indiana University)
The Indiana Institute on Recycling, a state-run
agency created in 1989 by the General Assembly
of Indiana, is located at Indiana State University,
in Terre Haute, Indiana. The Institute developed
concepts, methods, and procedures for assisting
Indiana residents in reducing and recycling solid

waste. The Institute has conducted over 90 solid
waste reduction studies with emphasis on cost
benefits. The studies have developed economic
and environmental solutions for companies to
address specific solid waste issues at their facili-
ties, e.g., cost analyses on the use of reusable
shipping containers.

The Institute is similar to the WAMRP in that
both are supported by state funding, utilize col-
lege students to conduct the studies, and apply
economic benefit analyses as an incentive for
companies to reduce waste. The primary differ-
ence is that the Institute addresses very focused,
specific waste reduction needs of companies cov-
ering a broad range of areas and the WAMRP
specifically conducts solid waste audits to charac-
terize the companies’ waste streams and target
areas for reduction.

Total Assessment Audits (Iowa State
University)
In 1993, Iowa State University and the Iowa
Energy Center developed a Total Assessment
Audit (TAA) project that conducted energy,
waste reduction, and productivity audits simulta-
neously for manufacturing facilities [8]. The TAA
concept originated from the belief that a
manufacturing facility is better served using a
holistic approach to problem-solving rather than
the more conventional isolated approach. The
TAA approach assumes energy, waste reduction,
and productivity objectives are interrelated and
that simultaneous evaluation will produce syner-
gistic results.

The TAA methodology utilized in Iowa has
evolved over a 6-year time frame and was utilized
on 25 audits. The TAA procedure emphasizes top
management support and the use of cross-
functional teams. Benchmarking exercises and
energy usage analyses have been conducted to
help the audit process identify improvement
opportunities.

An initial 2–3-day on-site audit is conducted
with the aid of key facility operating and manage-
ment personnel. The TAA team members are
paired with the appropriate facility personnel to
collect specific data, gather a working knowledge
of operations, and identify opportunities for
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improvement. Workshops are conducted at the
end of the day to exchange information and are
structured to encourage open discussion and
debate regarding the merit of each identified
opportunity.

The TAA method is a very powerful tool for
small- and medium-sized manufacturers and iden-
tifies and evaluates improvement opportunities
while accounting for the interconnected levels of
energy, waste, and process analyses. This method
allows for an efficient, cost-effective analysis, in
essence combining three audits into one.

EPA Environmental Education Initiatives
The US EPA also plays a critical role in environ-
mental education and public involvement. Since
1992, the US EPA has awarded over 3300 envi-
ronmental education grants to various organiza-
tions at an amount of $2–3 million annually
[9]. Any local education agency, college or uni-
versity, state education or environmental agency,
nonprofit organization as described in
Section 501(C) [3] of the Internal Revenue
Code, or a noncommercial educational broadcast-
ing entity as defined and licensed by Federal
Communications Commission may submit a pro-
posal for these grants. The Grants Program spon-
sored by EPA’s Environmental Education
Division (EED), Office of Children’s Health Pro-
tection and Environmental Education, supports
environmental education projects that enhance
the public’s awareness, knowledge, and skills to
help people make informed decisions that affect
environmental quality. The US EPA has identified
the following education priorities in the USA:

• EE Capacity Building: Building the capacity of
agencies and organizations to develop, deliver,
and sustain comprehensive environmental edu-
cation programs statewide. Capacity building
proposals may focus on one state, multiple
states across the country, or multiple states in
one geographic region.

• Educational Advancement: Utilizing environ-
mental education as a catalyst to advance state
or local education improvement goals.

• Community Projects: “Community Projects”
address environmental stewardship in a local

context and use community-based stewardship
activities as the primary teaching tool.

• Human Health and the Environment: Educat-
ing teachers, students, parents, community
leaders, or the public about human health
threats from environmental pollution and how
to minimize human exposure to preserve good
health.

• EE Teaching Skills: Providing preservice and
in-service professional development for
teachers, faculty, or nonformal educators to
improve their environmental education teach-
ing skills and/or knowledge about environ-
mental issues and content, such as
sustainability, water and air quality, chemical
risks, hazardous wastes, climate change, and
greenhouse gas emissions.

Below is a snapshot of several public involve-
ment and environmental education projects that
were funded from this grant. These projects dem-
onstrate several real-world examples of public
involvement and environmental education that
may be applied in other regions to reduce solid
waste generation. For each project, the name or
the organization, organization contact, address,
project title, and brief description are provided [9].

Eastern Michigan University
Rebecca Martusewicz, Starkweather Hall, 2nd
Floor, Ypsilanti, MI 48197

Building Leadership Capacity for Sustainabil-
ity Education

This project targets kindergarten through grade
12 teachers, administrators, and community part-
ners to strengthen the capacity of four public
school districts in New Hampshire, New York,
Michigan, and Minnesota to reorient themselves
around sustainability and become models for
other schools. The goals of this project are to
develop a network of effective school leaders
who can demonstrate and advance education in
sustainability as a critical reform approach and to
disseminate a model process for building this
leadership capacity. To achieve these goals, four
leadership teams are completing status reports to
outline the strengths, weaknesses, and needs in
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student achievement, opportunities for involving
students in environmental stewardship, existing
reform efforts in sustainability education, and
internal capacity. Based on these data, a 2-day
retreat is designed where the teams are provided
with training in strategic planning, planning assis-
tance, and existing resources in sustainability edu-
cation. After the retreat, the teams develop a
strategic plan that outlines 1-, 3-, and 5-year
goals and budgets for (1) implementing program-
ming to meet the needs identified, (2) involving
students in stewardship, (3) evaluating the
impacts of their efforts on student achievement
and environmental stewardship, (4) sustaining
their work through funding, and (5) promoting
the reform work to other educators. Teams are
provided with a rigorous framework in strategic
planning, technical assistance, evaluation
methods, and networking to achieve the objec-
tives. Creative Change Educational Solutions
and four public school districts in New Hamp-
shire, New York, Michigan, and Minnesota are
the partners on this project.

Creative Change Educational Solutions
Susan Santone, 229 Miles Street, Ypsilanti, MI
48198

Land-Use Education for Youth
Under this grant, high school teachers from

across southeast Michigan attend a 2-day work-
shop to learn about local land issues. The teachers
then integrate lessons learned into the classrooms.
The culmination of the project is a youth leader-
ship forum where students share what they have
learned, identify priorities, and create action plans
that address land-use issues, specifically urban
sprawl. One important feature of “Lessons in
Leadership” is the content flexibility of its model
(teacher education plus classroom instruction plus
youth leadership). The flexibility offers the poten-
tial for other regions to adapt the model to perti-
nent environmental issues.

The Greening of Detroit
Rebecca Salminen Witt, 1418 Michigan Avenue,
Detroit, MI 48216

Green Heroes Program

The Green Heroes program increases environ-
mental awareness among Detroit’s youth by pro-
viding elementary school students and adult
partners with out-of-school training, guidance,
and materials to create cleaner and greener spaces
in their own neighborhoods. The program part-
ners with two groups to promote a better under-
standing of the environment to children and
adults. It provides resources to participants for
areas selected for revitalization. Additionally,
community groups and youth investigate their
neighborhoods by creating maps of areas that
need to be cleaned up and planted with vegetation
to create a healthier ecosystem. All participants
are recognized for their efforts in protecting their
environment and creating a cleaner and healthier
Detroit.

Copper County Intermediate School District
Shawn Oppliger, 809 Hecla Street, Hancock, MI
49930

Developing Environmentally Informed Scien-
tists, Educators, and Stewards for the Future

In this project, Michigan Technological Uni-
versity students are recruited and trained to sup-
port two programs for elementary and middle
school students: an after-school environmental
science class and a forest and pond ecology field
trip. Approximately 600 students in kindergarten
through grade 8 participate in the environmental
science class, and about 2500 students complete
the field trip. Pre-serve education and environ-
mental engineering students conduct and facilitate
the after-school program and field trips. Univer-
sity students gain valuable training and presenta-
tion skills while introducing young students to
environmental careers. While on the field trips,
educators are involved in modeling environmen-
tal education methods.

Michigan Technological University
Joan Chadde, 1400 Townsend Drive, Houghton,
MI 49931

Kids Make a Difference
The Kids Make a Difference program provides

incentives for kindergarten through 12th-grade stu-
dents, teachers, and youth groups to develop pro-
jects that promote environmental education,

Solid Waste Public Involvement and Education 209



community service, and environmental enhance-
ment. School classes and youth groups select envi-
ronmental topics to study and to teach others about,
or they design and implement projects that address
environmental issues in their communities. Stu-
dents share their projects through presentations to
other students or by publishing articles in the news-
paper. All program participants receive Earth Day
award certificates and tokens of recognition. In
addition, their names are entered in a drawing in
which they could win an educational tool kit or an
environmental education field trip.

Ypsilanti Public Schools
Tulani Smith, Office of Academic Services,
Ypsilanti, MI 48197

Sustainability Education for Sustainable
Communities

The project addresses a critical need in
Washtenaw County to bring together teachers and
students to use education reform as a means of
addressing the links among student achievement,
urban sprawl, and sustainability of communities.
The target audiences of the project, middle and
high school teachers and students, are developing
a model for education reform that is based on
sustainability education. The goals of the project
are to (1) train science and social studies teachers to
lead students through investigations of contempo-
rary environmental, social, and economic issues;
(2) support and mentor teachers as they implement
classroom investigations; (3) use presentations,
newsletters, and reports developed by the students
to educate the community about positive responses
to contemporary challenges; (4) evaluate the effect
of the project on the practices of the teachers and
the students’ achievements; and (5) disseminate the
components of the project – workshop designs,
lesson plans, assessment tools, and case studies –
to promote its replication. The outcomes of the
project are evaluated against state educational stan-
dards, and the principal components of the project
are distributed at the local, state, and national
levels. Partners in the project include Washtenaw
Intermediate School District, Washtenaw County
Government, Sustainable Washtenaw, the Michi-
gan Alliance for Environmental and Outdoor Edu-
cation, the Northeast Initiative, the New Jersey

Sustainable Schools Network, the BESS Project,
and consultants from the University of Michigan
and Eastern Michigan University.

The Creation Station
Lori Thomas, P.O. Box 26113, Lansing, MI
48909-6113

Environmental Literacy Through Creative
Educational Projects

The Creation Station provides teachers and
childcare providers in the greater Lansing area
with creative and educational resources related
to waste management and pollution prevention.
Material guidelines provided by the North Amer-
ican Association for Environmental Education are
used to develop classroom kits for preschoolers
and third graders that meet the Michigan curricu-
lum frameworks. Along with its collaborators, the
Creation Station also develops workshops to
show teachers how the materials integrate envi-
ronmental education and science with art and
creativity. More than 15,000 preschool, daycare
and third-grade students are reached.

Michigan Recycling Coalition
Kerrin O’Brien, P.O. Box 10240, Lansing, MI
48901-0240

Master Recycler Program
After revising and adapting a recycling curric-

ulum developed by the Oregon State University
Extension Service, the Michigan Recycling Coa-
lition conducts two training programs in the com-
munity. The first pilot program seeks to educate
community members about recycling, and the
second pilot program seeks to educate business
leaders about that subject. After completing the
pilot programs, participants are identified as Mas-
ter Recyclers. The Michigan Recycling Coalition
then conducts a train-the-trainer workshop during
which potential facilitators are trained to conduct
the community-based program.

Ecology Center of Ann Arbor
Rebecca Kanner, 117 N. Division, Ann Arbor, MI
48104

The Re-Bicycle Project
The Ecology Center of Ann Arbor provides a

summer program for young people through which
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participants learn how to repair used bicycles. In
addition to learning the technical skills of
repairing a bicycle, students learn the important
environmental concepts of reuse and recycling.
Participants reduce the amount of solid waste
going into the landfill by repairing discarded bicy-
cles. They also obtain an affordable and environ-
mentally friendly form of transportation. The
program targets middle school children living in
public and subsidized housing developments.
Approximately 45–60 young people participate
in the program.

The University of Michigan
Peggy Britt, Michigan Sea Grant, 3003 S. State
Street, Room 1066, Ann Arbor, MI 48109

Environmental Journalism
The Michigan Sea Grant Program provides a

handbook and fact sheet for high school writing
teachers. The handbook and fact sheet provide
teachers with the information they need to incor-
porate environmental journalism into their curric-
ula. The materials provide teachers with an
understanding of key environmental concepts
and address the elements of science-based envi-
ronmental writing. Students are introduced to
environmental journalism and related careers in
environmental communication. The handbook
and accompanying fact sheet address critical-
thinking skills, such as investigating and analyz-
ing environmental issues and assessing the threats
that pollution poses to human health. Although a
needs assessment indicated that educators were
not interested in workshops, staff at Michigan
Sea Grant are committed to assisting teachers in
fully integrating the lessons from the handbook
into their classroom criteria.

City of Ann Arbor
Cheryl Saam, 1831 Traver Road, Ann Arbor, MI
48105

Taking Action in Recycling
Taking Action in Recycling provides 19-full-

day field trips for students in area schools.
Through the field trips, approximately 1140 stu-
dents become familiar with the recycling process
and learn how to implement recycling programs at
their schools. Each field trip begins at the Leslie

Science Center, where staff members introduce
the concepts of natural cycles, ecosystems, and
interdependency. Students participate in hands-on
activities, nature hikes, simulation games, and
group discussions. They then have the opportu-
nity to see recycling in action at the Solid Waste
Department’s material recovery facility. After the
field trip, students and teachers receive recycling
boxes and are encouraged to establish recycling
programs in their schools. The Leslie Science
Center and the City of Ann Arbor Solid Waste
Department work in partnership to sponsor the
project.

U-SNAP-BAC, Inc.
Linda Smith, Executive Director, 11101 Morang,
Detroit, MI 48224

Environmental Negotiations Skills Seminars
Environmental Negotiations Skills Seminars

are 2-day seminars offered by U-SNAP-BAC
and several partners to residents in the east side
of Detroit. The seminars teach participants how to
negotiate with financial institutions, developers,
and state and local governmental agencies on
residential, commercial, and industrial redevelop-
ment of Brownfields and other urban sites.
Brownfields are abandoned or underused indus-
trial sites. These model seminars employ an inno-
vative role-play technique and include a feedback
tool that enables groups to monitor their negotia-
tion behaviors and evaluate progress. U-SNAP-
BAC will develop a final product that describes
the process of planning and offering these semi-
nars to enable other communities to offer similar
programs.

Communities in Schools
Beth Urban, 510 East Broadway, Columbus, OH
43214

Recycling Awareness
Communities in Schools provides environ-

mental education opportunities to students in
after-school programs. The opportunities focus
on community issues of (1) litter, (2) lack of
environmental stewardship, (3) waste reduction,
(4) limited willingness to recycle, and (5) limited
access to free recycling centers in low-income
areas of Columbus. Students learn the effects of
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littering along with the value of recycling and
environmental stewardship. Goals are achieved
through the use of EPA’s Planet Protector and
Make a Difference curriculum and field trips and
by starting recycling programs in each participat-
ing school. The project is implemented in three
phases: (1) educational programming during the
after-school program, (2) active participation in
school and community recycling, and (3) promot-
ing greater access to recycling bins for the school
community. Students involved in the project edu-
cate the Solid Waste Authority of Central Ohio
and the local government about the importance of
recycling.

Youngstown State University
Marcia Barr, One University Plaza, Youngstown,
OH 44555-3355

Waste Minimization Workshop for Youngstown
Students and Teachers

In this project, fifth- and sixth-grade teachers
from the Youngstown public and Catholic schools
participate in “train-the-trainer” workshops that
meet the Ohio Department of Education’s tech-
nology standards. The workshops, with the par-
ticipation of 11 public and 5 Catholic schools,
provide an interactive chemistry demonstration
and instruction on waste reduction and pollution
prevention as well as ecosystem protection. The
teachers learn how to access databases in order to
determine what waste minimization regulations
affect their schools. Tests are given before and
after workshops so that project staff members
can determine the training’s effectiveness.

Mahoning Valley/Northeast Ohio Camp Fire
Council
Barbara Smith, P.O. Box 516, 3712 Leffingwell
Road, Canfield, OH 44406

Environmental Olympics
Mahoning Valley/Northeast Ohio Camp Fire

Council teams with Organizacfon Civica y Cul-
tural Hispana Americana, Inc. (OCCHA) to bring
environmental education activities to OCCHA’s
after-school site on the south side of Youngstown.
The program teaches 40 inner city, high-risk
youth from 8 to 13 years of age about their local
environment through field trips and hands-on

service learning projects. Among other evaluation
measures, Mahoning Valley/Northeast Ohio
Camp Fire Council tracks student self-esteem
throughout different phases of the project.

Texas Discovery Gardens
Fran Anderson, 3601 Martin Luther King Boule-
vard, Dallas, TX 75210

After-School EE Program
Texas Discovery Gardens is an organic, botanic

gardens located in historic Fair Park in Dallas,
Texas. The garden has created a program called
the “After-School Environmental Education Pro-
gram” for children to attend after school lets out for
the day. Students from local school groups partic-
ipate in the “Life in the Compost Bin
Earthkeepers.” In this program, students focus on
sustainable urban development and waste manage-
ment through composting and recycling education.
This program reaches many local households by
working with and empowering the children of
these communities. The students who participate
in this program learn about community steward-
ship and environmental issues. The student partic-
ipants develop a community project and conduct
outreach programs in their neighborhoods. While
they are involved in these outreach programs, the
students coordinate with media outlets to produce
newsletters and brochures to use in these outreach
efforts. The students also produce a short-film doc-
umentary of the outreach efforts for use as a public
service announcement.

The Artist Boat, Inc.
Karla Klay, 4919 Austin, Galveston, TX 77551

Eco-Art Adventure via Kayak Program
The Artist Boat increases awareness among

and instills an environmental ethic in middle
school students. The program employs an innova-
tive and effective inquiry-based teaching method-
ology, which integrates art and science to engage
all types of learners – visual, auditory, and tactile.
The program consists of Eco-Art workshops (2-h
in-class workshops), Eco-Art adventures (4-h
waterborne field classes) on kayaks at Galveston
Island State Park, and interdisciplinary environ-
mental curricula in art, math, science, social stud-
ies, and English (eight pre- and post-classroom
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lessons teachers deliver). The nonprofit organiza-
tion also provides faculty members with Eco-Art
Professional Development training. This program
meets the goals of the Texas Education Agency –
Texas Essential Knowledge and Skills and Gal-
veston Bay Estuary Program’s goals for public
participation and education in the Galveston Bay
watershed.

Keep Texas Beautiful, Inc.
Stacy Cantu, 1524 South IH-35, Suite 150, Austin,
TX 78704

Stop Trashing Texas – It’s the Law
The goal of Keep Texas Beautiful, Inc. (KTB)

is to implement Stop Trashing Texas – It’s the
Law, an illegal dumping educational program.
KTB engages its statewide network of community
affiliates to promote workshops held in geograph-
ically and economically diverse areas of Texas in
order to support elimination of illegal dumping.
KTB’s efforts concentrate on law enforcement
personnel, such as code enforcement officials,
police officers, and sheriff’s office representa-
tives. This program gives law enforcement per-
sonnel the opportunity to attend workshops and
gather training tools and resource materials that
can be used to support community enforcement
efforts with the ultimate goal of eliminating illegal
dumping in Texas.

National Wildlife Federation
Marya Fowler, 44 East Avenue, Suite 200, Austin,
TX 78701

Earth Tomorrow
The project initiates Earth Tomorrow, an inter-

disciplinary, after-school and summer program in
environmental education and leadership for
underserved high school students. The goal of
the project is to address the environmental educa-
tion and leadership needs of today’s young people
by increasing their environmental literacy. This is
being accomplished by means of teacher training
to align after-school enrichment with classroom
instruction, field trips, career mentoring in the
environmental sciences, and a 5-day residential
summer institute at a local university. At this
institute, students, teachers, and community
leaders have the opportunity to explore the

environmental sciences through field trips,
hands-on data collection and analysis, discussions
with environmental professionals, and planning
for a community action project.

Texas Southern University
Laura Solitare, 3100 Cleburne Street, Houston,
TX 77004

Environmental Education for Environmental
Justice

The goal of this project is to educate local
residents and community leaders about environ-
mental justice, environmental planning, and urban
revitalization issues through six interactive,
hands-on workshops. The workshops give the
participants a basic understanding of environmen-
tal systems and the regulations that frame the field
of environmental planning. In particular, the
workshops focus on water issues, municipal
solid waste, and contaminated land. The work-
shops also examine how local residents and com-
munity leaders can help achieve environmental
justice in their communities.

Keep Texas Beautiful
Stacey George Cantu, 823 Congress Avenue,
Suite 230, Austin, TX 78701

Waste in Place
This project hosts eight Waste in Place curric-

ulum workshops and distributes Keep Texas
Beautiful youth environmental education kits.
Waste in Place is a hands-on youth environmental
education curriculum. The interdisciplinary cur-
riculum for grades kindergarten through 8 pro-
vides resource materials and hands-on activities
for educators and students to examine their envi-
ronment, including land, water, and air issues. The
goals are to provide materials to increase the envi-
ronmental awareness of educators and youth, to
offer formal and informal educators a proven
resource tool, and to provide regional workshops.
The objectives include training educators through
workshops offered in eight locations in the state to
reach formal and informal educators and to reach
thousands of youths. Partners include Texas
Department of Transportation, Texas Natural
Resource Conservation Commission, and Texas
Forest Service.
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Art from Scrap
Cay Sanchez, 302 East Cota Street, Santa Barbara,
CA 93101

AFSGreen Schools Teacher TrainingWorkshops
Getting “back to the garden” is the method Art

from Scrap uses to teach elementary school chil-
dren in Santa Barbara County to foster apprecia-
tion of the natural world. This teacher education
program is the first step to promoting positive
messages about environmental stewardship in
Santa Barbara County schools. It offers the begin-
nings of a social foundation for encouraging envi-
ronmental practices that enhance land use for
tourism andmitigate the potential for groundwater
contamination from commercial use of pesticides
and fertilizers in regional agriculture. Art from
Scrap sponsors workshops in organic gardening
and in composting to classroom teachers, student
teachers, classroom aides, parent volunteers, and
administrators. Program partner Healing Grounds
Nursery provides free plant seedlings and
composting worms, the living beginnings for a
laboratory where age-appropriate experiments
are conducted every day in the most natural way,
as children cognitively and physically engage
with nature. The fruit of the garden for the com-
munity is the opportunity it provides children to
internalize positive associations with stewardship
of the environment.

California Integrated Waste Management Board
Christy Humpert, 1001 I Street, P.O. Box 4025,
Sacramento, CA 95812

Strategies for Incorporating the EEI Curricu-
lum into California Classrooms

The California Integrated Waste Management
Board (CIWMB) is responsible for implementing
the Education and the Environment Initiative
(EEI), a program developed under a California
law that was enacted in 2003. It requires develop-
ment and dissemination of a kindergarten through
grade 12 environment-based education program
for all students in the state’s public schools. The
EEI curriculum focuses on the relationship
between humans and the environment and
addresses various environmental issues, including
sustainability, water, air, and pollution prevention.
Under this project, CIWMB is developing and

implementing a strategy for incorporating the
EEI curriculum into California school districts to
produce more environmentally literate students.
In addition, CIWMB is developing a professional
development plan for training educators in use of
the EEI curriculum. Teachers attend workshops to
learn about EEI and participate in focus group
meetings. This project serves as a model for bring-
ing environment-based education into public
schools nationwide, institutionalizes
environment-based education, and helps to
develop more environmentally literate students.
Partners in this project include the California
Environmental Protection Agency (EPA), the Cal-
ifornia Department of Education, the State Edu-
cation and Environmental Roundtable, and the
National Geographic Society.

Catholic Charities CYO
Deidre Rettenmaier, 180 Howard Street, Suite
100, San Francisco, CA 94105

Developing Youth as Environmental Leaders
and Stewards

This project, “Developing Youth as Environ-
mental Leaders and Stewards,” addresses chal-
lenges to the riparian corridor of two discrete
stretches of Salmon Creek and one of its tribu-
taries that run through 220 acres of coastal red-
wood forest in Sonoma County. The program will
serve students and teachers during 5-day retreats
offered 24 times throughout the year. A new creek
and watershed curriculum has been introduced,
emphasizing on-the-ground restoration activities
that are the direct result of student field study,
observation, evaluation, decision-making, and
problem-solving. The goal is to develop the envi-
ronmental leadership and stewardship skills of the
students through direct exposure to local environ-
mental challenges.

Generation Green
R.C. Ferris, 2066 Donald Drive, Moraga, CA
94556

Traveling Trash Transformations
Generation Green will provide at least

20 hands-on workshops on recycled art at libraries
and farmer’s markets throughout Contra Costa
County. The objective is to inspire people, through
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creative endeavors, to see the potential value of the
raw materials that are recycled. The organization
hopes to attract participants at the farmer’s markets
and students at county and school libraries, who
will take part in “eco-art” activities that generate
enthusiasm and fun while teaching folks to use
unused, recycled materials and to think before it
is thrown away. Generation Green wants to enable
people to create, make, and make do and to inspire
people to experiment with junk. The organization
wants to help create a generation of recyclers so
that it will be second nature to look at something
discarded and wonder, “What else can this be?” or
“What can I make with this?”.

California Integrated Waste Management Board
Joanne Vorhies, 1001 I Street, P.O. Box 4025,
Sacramento, CA 95812-4025

Education and the Environment Initiative
Implementation Project

In an effort to improve implementation of the
Education and the Environment Initiative (EEI),
the California Integrated Waste Management
Board (CIWMB) provides environmental non-
government organizations (NGO) in the state
with professional development opportunities and
technical assistance. Established by a state law in
2003, the EEI requires CIWMB, the California
Environmental Protection Agency (Cal/EPA),
and the California State Department of Education
to develop principles and approaches for incorpo-
rating environmental education into elementary
and secondary school curriculums. The EEI also
requires the agencies to create a model environ-
mental education curriculum based on
California’s academic content standards. As part
of the EEI implementation project, representatives
of environmental NGOs attend professional
development workshops conducted in six regions
across the state followed by a series of technical
assistance workshops. These workshops are
intended to help the NGO community revise
existing environmental education materials in
order to better align them with California’s
model curriculum. The workshops also provide
increased opportunities for the NGOs to collabo-
rate with schools on environmental education
reform. As a result, environmental concepts are

being further integrated into the education of
California’s elementary and secondary school stu-
dents. Each environmental NGO works with Cal-
ifornia teachers to help them integrate the revised
materials into their curriculums, a process that
also builds the capacity of the NGOs. As another
element of the project, CIWMB is creating a web-
based environmental education provider database
that gives teachers and organizations the ability to
communicate and exchange expertise. Key
CIWMB partners in the project include Cal/EPA,
the California Resources Agency, the California
State Department of Education, the Office of the
Secretary for Education, and the State Board of
Education. The project is also supported by a large
number of associated partners.

Los Angeles County Education Foundation
Roberta Gerarde, 9300 Imperial Highway, Room
106, Downey, CA 90242

Earth Works – Careers That Serve the Earth
Earth Works – Careers that Serve the Earth is a

new program that educates students in grades 10 and
11 about environmental careers such as forestry and
the atmospheric, space, and earth sciences. Earth
Works addresses crosscutting topics using presenta-
tions by career professionals and small group work
through use of the property known as Blue Sky
Meadow in the San Bernardino Mountains. These
presentations emphasize local environmental issues,
field study, and service learning projects, such as
habitat improvement and modification or native
plant restoration. Through interactive discussions,
written materials, and guided activities, students
learn how to identify and achieve their academic
and vocational goals. The students learn about the
steps that lead to careers in geology, meteorology,
astronomy, teaching, environmental engineering,
and forest management.

Imperial Valley Regional Occupational Program
Madaleine O. Macholtz, 687 State Street, El
Centro, CA 92243

Imperial Valley Student Entrepreneurs for
Recycling

The Imperial Valley Student Entrepreneurs for
Recycling program raises students’ awareness
about recycling and resource management to

Solid Waste Public Involvement and Education 215



improve their overall academic performance.
Another goal of the program is to help students
explore environmental careers and find ways to
make positive contributions to the local environ-
ment. As part of the program, middle and high
school teachers are being trained using the Califor-
nia Integrated Waste Management Board’s “Clos-
ing the Loop” curriculum guide. The teachers work
with six middle and high school groups to develop
school-based recycling businesses. Information
about the students’ efforts is disseminated through-
out the community. The target audience for this
grant includes students from a low-income, cultur-
ally diverse, rural community.

Placer Land Trust and Nature Center
Linda Desai, 3700 Christian Valley Road,
Auburn, CA 95602

Waste Busters
In this project, the Waste Busters program will

be added to the Environmental Science Travels
(EST) program, which is a set of five interactive
programs for elementary school students that
brings environmental science into the classroom.
Subjects of the EST program include water
resources, recycling, food chains, and birds, bats,
and bugs. For example, the Water Basins program
enhances middle school science curriculums by
making connections between the physical science
concepts that students learn about in the class-
room and the energy and natural resources that
they use in everyday life. Although a traditional
science curriculum addresses the concepts of
energy and its application, it does not make
energy issues personal for students. The EST pro-
gram connects the concepts taught in the class-
room with students, their homes, and their
community. Thus, the program offers students a
fuller understanding of energy and natural
resources and their application in every aspect of
the students’ lives.

Venice High School
Julie Mann, 13,000 Venice Boulevard, Los
Angeles, CA 90066

The Learning Garden Composting Demon-
stration Site

The Venice High School Learning Garden
includes a functional and educational
composting demonstration site that serves as a
learning center for students and community
members. The Learning Garden is a green
waste reduction post for the high school and
surrounding neighborhoods, and it produces
rich soil amendment for its own use. The goal
of the project is to incorporate the theory and
practice of composting into the school system
and the curriculum by utilizing existing environ-
mental education materials. Local businesses are
encouraged to compost their wastes at the site.
Weekend workshops are held every 2 months
targeting different areas of the community. The
workshops educate residents about composting
options and landfill issues. Through community
use of the composting site, participants learn how
to reduce the amount of waste being landfilled
while producing a beneficial soil amendment that
can be used to green their homes and
neighborhoods.

California Academy of Sciences
J. Patrick Kociolek, Golden Gate Park, San
Francisco, CA 94118

Wild City! Urban Environmental Education
Wild City! Urban Environmental Education

activities are for fourth and fifth grade public
school students in San Francisco communities
where residents are traditionally underrepresented
in the sciences. The project connects scientific and
environmental concepts to everyday life and
experiences in order to make learning science
fun and interesting for children, many of whom
have had little or no previous experience in the
natural world. Wild City! helps participants
understand biodiversity at the species and ecosys-
tem levels, emphasizes the importance of local
biodiversity as well as the problems facing biodi-
versity and possible solutions, gives each child the
opportunity to contribute personally to the preser-
vation of biodiversity through a restoration or
cleanup project, and establishes a connection and
a potential ongoing relationship between each
child and the resources of the California Academy
of Sciences.
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CEC Stuyvesant Cove, Inc.
Christopher Collins, 24-20 FDR Drive Service
Road East, New York, NY 10010

The Green Design Lab
The Green Design Lab teaches high school

students to assess energy, water, waste, and food
flows in the Manhattan Comprehensive high
school building. They create a detailed proposal
for how to “green” the school, including a plan for
capital renovations. This project uses existing cur-
ricula and resources to pioneer a new environmen-
tal educational strategy that incorporates science,
art, design, community stewardship, and career
development, with an emphasis on creativity,
applied problem-solving, and career training.

Friends of Van Cortlandt Park $15,000
Christina Taylor, 124 Gale Place, Apt. GRA,
Bronx, NY 10463

Summer Environmental Internship Program
The Friends of Van Cortlandt Park runs the

Summer Environmental Internship Program for
NewYork City high school students. The program
provides hands-on summer employment within
Van Cortlandt and other parks in the city. The
summer environmental interns obtain firsthand
experience maintaining and learning about the
ecosystems in urban parks, in the process devel-
oping an understanding of the need to protect the
natural environment and the ways visitors to a
natural area affect its ecosystems. Students work
with staff and volunteers from environmental and
natural resource providers, agencies, and organi-
zations to acquire increased knowledge of career
opportunities in the environment as well as basic
job skills. By working in this urban ecosystem,
participants acquire environmental knowledge
and skills and undertake tasks reflecting their
commitment to environmental stewardship.

Long Island Regional Envirothon, Ltd.
Sharon Frost, 423 Griffing Avenue, Riverhead,
NY 11901

Long Island Regional Envirothon
Participation of high school students in

New York’s Nassau and Suffolk Counties in an
annual environmental education competition is
supported through this grant. Students prepare

by studying various topics and issues, such as
aquatics, forestry, soils, wildlife, and current envi-
ronmental issues. They then compete by
responding to questions and challenges on these
environmental topics, demonstrating what they
have learned. Their involvement in the program
fosters interest in environmental careers and
develops environmental stewardship.

Capitol District YMCA Camp Chingachgook
Outdoor Center
Brian Leibacher, 1872 Pilot Knob Road, Kattskill
Bay, NY 12844

Food Source Reduction and Composting
The goal of this project is to reduce

Chingachgook’s food waste, create a useful com-
post product, and educate participants in the
annual program on the ease and benefits of
Food Source Reduction and Composting. The
target audiences for this project are school chil-
dren, summer campers, and adults and family
members from diverse backgrounds. These par-
ticipants are taught about the value of waste
reduction and the amount of energy that is
required to produce a meal from “grow to
throw.” Students and campers weigh food waste
and learn to separate out composting materials.
Source reduction and composting is also incor-
porated into Chingachgook’s free semiannual
teacher training day and camp food and mainte-
nance conferences.

City Parks Foundation
David Rivel, 830 Fifth Avenue, New York,
NY 10021

Green Girls
Green Girls introduces seventh- and eighth-

grade girls in East Harlem and the Bronx to
career opportunities in the sciences and supports
the girls’ academic achievement. The City Parks
Foundation in New York City provides these
middle school girls with after-school, weekend,
and summer activities to promote environmental
stewardship. The Green Girls program encour-
ages the girls to consider careers in the sciences
and enriches their understanding of science by
introducing the girls to successful female scien-
tists who share their knowledge and love for the
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field. The program also exposes them to environ-
mental and social issues that affect their commu-
nities. The girls also become familiar with
New York City’s educational resources and
develop their critical thinking, leadership, and
teamwork skills.

Cornell University
Jeff Corbin, 120 Day Hall, Ithaca, NY 14853

Environmental Careers Skills Program
The Environmental Careers Skills Program

focuses on ecosystem protection. This program
provides college students with the skills and
knowledge they need to become better environ-
mental stewards and to explore potential environ-
mental careers. Program participants learn about
field sampling techniques, study environmental
issues, are introduced to environmental career
paths, and learn leadership and team-building
skills that improve their ability to work with
others to protect the environment. In addition,
students attend a 3–4-day training workshop that
teaches them strategies for networking with pro-
fessionals and their peers.

Friends of the High School for Environmental
Studies
M’L is Bartlett, 444 West 56th Street, New York,
NY 10019

Environmental Science Literacy Training
Project

The Friends of the High School for Environ-
mental Studies (HSES) offers professional devel-
opment programs for HSES teachers to increase
their environmental literacy and understanding of
environmental stewardship. These interdisciplin-
ary programs are designed to help teachers feel
comfortable in incorporating environmental
issues into any subject area. HSES is
implementing a project to support science literacy
efforts as a means of promoting understanding of
environmental issues. This project offers training
to both English and science teachers through
inquiry-based discussions of environmental read-
ings that reinforce concepts taught in high school
science classes.

Prospect Park Alliance
Carol Giangreco, 95 Prospect Park West, Brook-
lyn, NY 11215

Midwood Green Team Project
The Prospect Park Audubon Center’s Mid-

wood Green Team Project engages 20 preteens
in hands-on study, restoration, protection, and
interpretation of Prospect Park’s Midwood, a nat-
ural habitat. The project is intended to improve the
development and implementation of ecological
programs for underserved youth. Project partici-
pants design, produce, and install educational
signage to encourage environmental stewardship
among park visitors.

Old First Ward Community Association, Inc.
Laura Kelly, 62 Republic Street, Buffalo,
NY 14204

Community Environmental Education
Demonstration

The Community Environmental Education
Demonstration project educates the children and
teenagers in the traditionally underserved areas of
the Old First Ward community about ecological
problems such as pollution, contaminated soils,
and numerous brownfields associated with indus-
trial development in their neighborhood. The Old
First Ward Community Center is conducting
workshops that include field trips to the nearby
Tifft Nature Reserve, local greenhouses, grain
elevators, and polluted industrial sites along the
Buffalo River. The workshop participants focus
on community garden projects as a means to
explore various environmental practices that can
improve their quality of life and lower their con-
tribution to Buffalo River contamination.

Dream in Green
Jane Gilbert, 2000 Ponce de Leon Boulevard,
Suite 647, Coral Gables, FL 33134

Green Schools Challenge
The aim of this grant is to make concrete steps

toward a more “green” society. This goal is
accomplished by integrating hands-on, inquiry-
based learning about the local and global environ-
mental impacts of greenhouse gas (GHG) emis-
sions, sources of and conversion factors for GHG
emissions, energy assessments, and conservation
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methods to teach science, math, and language arts.
This project supports the training, resources,
coaching, and tracking support necessary for its
participating schools to educate students about
energy and resource conservation, reduce the car-
bon footprint of the schools and students’ homes,
and provide highly engaging, real-world learning
opportunities for students through the use of pro-
fessional energy analysis tools.

University of Central Florida
Terri Vallery, 12201 Research Parkway, Suite
501, Orlando, FL 32826-3246

Education Recycling
Education Recycling aims to increase

recycling rates on the university campus by
conducting workshops on environmental steward-
ship and recycling that targets students living in
University of Central Florida (UCF) housing on
campus and the building managers for all
123 campus buildings and the entire staff of the
UCF library. This project focuses on the commu-
nity and national issue of recycling and the need to
increase recycling rates on a national basis to
approach a zero waste stream goal. This project
empowers the UCF community to think about its
role in stewardship of the environment and the
need to increase recycling toward the goal of a
zero waste stream campus. Education leads to
further knowledge in the community that is car-
ried back home, and to a new generation, about
the role recycling plays in environmental
stewardship.

911 Media Arts Center
Malory Graham, 117 Yale Avenue North, Seattle,
WA 98109

STUFF: The Secret Life of Everyday Things
In this environmental educational program,

25 high school students explore the relationship
between consumerism and waste production and
their own consumption habits. They mentor with
professional media producers to create a 10-min
video that takes a behind-the-scenes look at the
production, distribution, and consumption of an
everyday household object. The project increases
the capacity of three organizations: the 911 Media
Arts center (nonprofit educational organization),

King County Solid Waste (government natural
resources agency), and Foster High School
(public high school) to develop a strategic model
for producing and delivering environmental edu-
cation video projects on a county level.

Future Directions

One of the current trends within environmental
education seeks to move from an approach of
ideology and activism to one that allows students
to make informed decisions and take action based
on experience as well as data. Within this process,
environmental curricula have progressively been
integrated into governmental education standards.
Some environmental educators find this move-
ment distressing and a move away from the orig-
inal political and activist approach to
environmental education, while others find this
approach more valid and accessible.

There is a movement that has progressed since
the relatively recent founding (1960s) of the idea
of environmental education in industrial socie-
ties, which has transported the participant from
nature appreciation and awareness to education
for an ecologically sustainable future. This trend
may be viewed as a microcosm of how many
environmental education programs seek to first
engage with participants through developing a
sense of nature appreciation which is then trans-
lated into actions that affect conservation and
sustainability.
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Glossary

Reverse-acting grate Grate system, inclined at
an angle of 26�, with rows of grate bars moving
up and down against the downward flow of
solids.

Reverse-acting grate VARIO Grate system,
inclined at an angle of 24�, with rows of grate
bars moving up and down against the down-
ward flow of solids. It is divided into three
independent drive zones along its length.

Horizontal grate Horizontal grate system with
rows of grate bars moving in opposite direc-
tions alternated with stationary rows of
grate bars.

SYNCOM SYNthetic COMbustion using
oxygen-enriched underfire air on a reverse-
acting grate.

IR camera Infrared camera recording the surface
temperature across the width and the length of
the bed on the grate for selected bandwidths
from the roof of the combustion chamber.

MICC MARTIN Infrared Combustion Control
for reverse-acting grate systems including fuzzy
logic control, IR camera, operating mode con-
cept, and operational data logging/visualization.

ACC Advanced Combustion Control for hori-
zontal grate systems combining existing stan-
dard measurement information to generate the
control loops.

VLN Very Low NOx technology for significant
reduction of NOx concentration downstream of
the combustion system by primary measures.

SNCR Selective Non-catalytic Reduction of
NOx by injection of a reagent into the combus-
tion chamber as a secondary measure without
use of a catalytic converter.

SCR Selective Catalytic Reduction of NOx by
injection of a reagent into a catalytic converter
as a secondary measure.

T3 Time, Temperature, and Turbulence: concept
ensuring an efficient post-combustion with
good gas burnout.

Definition of the Subject

Waste-to-energy (WTE) technologies have been
confronted with numerous and changing chal-
lenges over the last decades. Various important
factors have to be considered, not only the reduc-
tion of waste volume and mass and the destruction
and capture of pollutants. Environmental concerns
have demanded that flue gases are no longer a
significant source of emissions and that the waste,
and also residues remaining after thermal treat-
ment, be transformed into reusable products. Ther-
mal treatment of waste using a grate-based system
has gained acceptance as the preferred system for
sustainable treatment of waste worldwide. The rea-
son for this is that the energy content of the waste is
utilized and that quality products and residues are
produced. Nevertheless grate-based processes
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must also keep pace with international require-
ments and proposed alternative thermal treatment
technologies by further innovative development.

Recent years have seen significant changes in
the average heating values of waste in many coun-
tries. Essentially, this can be attributed to recycling
measures, separate recovery of waste streams, as
well as pretreatment and processing procedures in
modified waste management concepts. As a result
of the above and due to the increasingly frequent
application of energy recovery schemes for com-
mercial waste, the fuel input to WTE plants
combusting householdwaste has been significantly
influenced. In response to increased thermal load,
water cooling of grate bars, using different techni-
cal solutions, was developed and used for forward-
acting grate systems.

In view of the continual depletion of raw mate-
rials, sustainable processes for the recovery of
recyclables are becoming increasingly important.
Efficient use of the energy recovered (in the form
of electricity, process steam, and district heating/
cooling) by developing innovative concepts is also
in demand. In Europe, there is potential to increase
the contribution ofWTE to over 10% of the overall
renewable energy produced since over one half of
the energy contained in municipal waste is of bio-
genic origin. All of these aspects have been driven
by political and public pressure, regulations, as
well as the financial market situation. Any new
demand leads to an increase in the overall com-
plexity of the thermal treatment process. Addi-
tional skills and competences are needed for plant
design, process control, and operation. Neverthe-
less, cost-benefit and eco-efficiency analyses
clearly show that these additional efforts should
be made. Modern WTE plants are extremely com-
plex in terms of the technology used. A sound
knowledge of the “fuel” waste as well as its effects
on design and operation is crucial for successful
planning and implementation of WTE plants.

Introduction

MARTIN GmbHwas established inMunich, Ger-
many, in 1925. The founder, Josef Martin, had
already been working on various combustion

system designs for coal and waste of all types.
The invention of the reverse-acting grate is based
on the fact that fuel ignites more easily when an
already existing glowing mass is pushed back
underneath it. The combined effect of gravity
and reverse-acting motion resulted in the fuel
being circulated and optimally burned out. The
reverse-acting grate and the newly invented ram-
type discharger were tested in a pilot unit for the
WTE plant in Romainville near Paris in 1932. The
combustion tests were successfully carried out
using waste from Paris, confirming that the prin-
ciple on which the grate is based can also be
successfully applied to the combustion of munic-
ipal waste. In 1952, the company was awarded a
contract to build its first WTE plant in São Paolo,
Brazil. The grate system proved to be capable of
ensuring optimum reaction conditions for
combusting municipal solid waste (MSW) and
high reliability of the overall operation.

In the beginning of the 1980s, waste combus-
tion technology underwent a fundamental techno-
logical change. Step by step, the conventional
combustion plant was reengineered to become a
modern high-tech power station for treating resid-
ual waste. The main forces behind this change
were a growing environmental awareness on the
part of the general public, which was reflected in
increasingly strict limit values for emissions; great
public interest, which focused the attention of
politicians and the media on WTE plants; the
constantly changing quality of MSW, which led
to increasingly higher heating values; and the
demand for efficient materials recycling and
energy recovery from residual waste.

However, it soon became clear that the most
significant innovations for optimizing combustion
on the grate could be achieved through appropri-
ate furnace dimensions and a comprehensive,
intelligent combustion control system. Waste is a
complex, heterogeneous fuel, the composition
and heating value of which fluctuate significantly.
Also, the radical change in waste composition in
the 1990s, whereby a large fraction of the com-
mercial waste was not recyclable and had a high
heat content, necessitated a phase of intense
development of existing technologies. Either
industrial or biomass waste could be used as fuel.
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For over 80 years, MARTIN has been success-
fully active – as general contractor, consortium
partner, supplier of components, or engineering
partner – in the field of combusting difficult fuels
such as low-grade coal and waste. Today more
than 863 lines for combusting waste have been
equipped with MARTIN grates in over 450 plants
(throughput approx. 295,913 Mg/d) worldwide
[1]. Following restructuring at one of its compet-
itors, MARTIN took over their horizontal grate
technology in 2002.

Components of a WTE Plant

Figure 1 shows the typical components of a WTE
plant using the MARTIN technology. A detailed
description of the technologies used is provided in
the following sections.

In the “tipping” hall, the MSW collection
trucks discharge (“tip”) their load into the waste
bunker, where it is mixed by an overhead crane
and is temporarily stored for several days. The
tipping hall and waste bunker are totally enclosed
buildings to prevent dust and odors from escaping
into the environment. In addition, air is continu-
ally extracted to maintain a slightly negative pres-
sure and is used as combustion air for the
combustion system.

A crane unit lifts the waste from the waste
bunker and transports it to the feed system,
which consists of a hopper and a feed chute.
Feed rams push the waste from the bottom of the
feed chute onto the combustion grate. Due to the
height of the waste column in the feed chute,
unwanted air cannot leak into the combustion
system. Microwave level detectors report the
height of the waste column in the feed chute to
the crane operator. Bridging and obstructions are
prevented by the inclined side walls of the hopper
and the flaring of the feed chute. A shutoff damper
located underneath the hopper is closed when the
plant is not operating.

The feed ram changes the direction of waste
flow from vertical to horizontal. The waste,
compacted in the feed chute, is loosened during
this process and pushed onto the grate in amounts
determined by the combustion control system.

The transition between the feeder and grate can
be designed as an inclination or as a drop-off edge.
Each feed ram is driven by a hydraulic cylinder.
The combustion control system optimizes cycle
time, stroke length, and stroke speed to achieve
uniform combustion on the grate. The operation
of the feed rams is staggered for combustion
grates with several parallel grate runs.

The combustion system, consisting of the grate
system and furnace, is the heart of the WTE plant.
The air required for combustion is fed as
“underfire” or primary air from below the grate,
passing through the grate bars into the fuel bed.
Flue gases emitted from the fuel bed are not
completely burned out; therefore, “overfire” or
secondary air is provided for combustion of the
volatile gases rising from the grate. Overfire air is
injected into the furnace above the fuel bed via
numerous nozzles arranged opposite each other
on the front and rear walls of the furnace. The
resulting turbulence mixes the flue gas very effi-
ciently, causing complete burnout at temperatures
between 1000 �C and 1200 �C. Recirculated flue
gas may also be used for secondary combustion.
This involves splitting part of the flue gas after the
dust removal equipment and returning it to the
furnace to replace some of the overfire air. The
recirculated flue gas is injected into the furnace via
separate nozzles.

The hot, burned-out bottom ash drops from the
grate end into a water bath in the bottom ash
discharger below the grate where complete
quenching occurs. The discharger is filled with
water up to the level of the air sealing wall. This
creates an air seal against the furnace, thus pre-
venting flue gas and thermal pollution in the base-
ment, on the one hand, and air infiltration into the
boiler, on the other. The ash discharging ram
pushes the bottom ash under the air sealing wall
toward the drop-off edge.

For dry bottom ash discharge, the ram-type
discharger in unchanged form could also be oper-
ated without water under dry conditions. There-
fore, the air seal to the furnace is achieved by
piling up the bottom ash in the inlet section. The
bottom ash is cooled down by the air without
increasing the surface temperature of the
discharger.
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Thermal treatment of waste produces energy
that is converted to steam and used in a steam
turbine to generate electricity, heat for district
heating purposes, or process steam in almost any
number of combinations, as described in more
detail further on.

The flue gas cleaning system is an integral and
the most important part of every modern WTE
plant. During combustion, pollutants contained
in the waste are released and pass into the flue
gas which must be cleaned before it can safely be
allowed to enter the atmosphere. Suitable pro-
cesses and components are combined according
to technical and economic requirements. Electro-
static precipitators, fabric filters, spray absorbers,
scrubbers, activated coke processes, and SCR or
SNCR systems are used in various combinations.
The clean gas emissions at the stack are continu-
ously measured, monitored, and documented with
state-of-the-art measurement devices. Modern
WTE plants respect the strictest emission levels
worldwide and are trendsetters for the highest
environmental standards.

Grate Technologies

The grate system consists of the feed hopper,
feeder, combustion grate, bottom ash discharger,
and air supply system for the furnace (Fig. 2).

Feeding System
The waste feeding system consists of the feed
hopper, connected feed chute with shutoff
damper, the water cooling system in the lower
part, and ram-type feeders (Fig. 3). The waste
taken up by the grapple of the waste crane is fed
into the feed chute via the hopper. The dimensions
of the hopper ensure that the contents of the grap-
ple can be charged without difficulty and that
there is always a sufficient stock of fuel in the
hopper. By means of the feed chute, the discon-
tinuous charging of the waste into the hopper is
transformed to a continuous flow of fuel. The fine
metering is done by the ram-type feeding system
arranged downstream of the feed chute.

The design of the feed chute must satisfy the
following requirements:

• Operational reliability
• Avoidance of damage and operational failures
• Supply of fuel without blockages

Due to the column of waste it contains, a feed
chute of sufficient height prevents the ingress of
undesirable air into the furnace and provides a
certain stock of fuel in the eventuality of failures
in preceding systems. The feed chute is provided
with a water jacket. By means of natural circula-
tion, the water is moved through the warm and
cold zones, thereby preventing overheating. The
closed water circuit does not lead to any additional
water consumption during normal operation. The
cooling system for the feed chute is equipped with
a thermostat that opens an emergency water con-
nection for cooling, in case the temperature of the
water jacket exceeds a certain level, and a warning
signal is sent to the control room.

WTE: The Martin WTE Technology, Fig. 2 Typical
grate system. 1 Feed hopper; 2 Feeder; 3 Reverse-acting
grate; 4 Bottom ash discharger; 5 Furnace; 6 Steam-heated
air preheater; 7 Underfire combustion air; 8 Overfire com-
bustion air
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A “bridge” breaking system is provided at the
rear side of the hopper to remove any “bridging”
of waste in the transition area between the hopper
and the feed chute. Also, in order to be able to take
countermeasures in the event of dust formation, an
atomized water spray can be generated by means
of spray nozzles that are arranged above the upper
waste hopper edge. Under the feed hopper, there is
a shutoff damper extending over the entire width
of the feed chute; this damper is closed when the
level in the feed chute drops too low or when the
plant is shut down. In order to ensure a sufficiently
high waste column in the feed chute, there is a
built-in level monitor in the form of microwave
sensors.

The direction of movement of the fuel is
changed from vertical in the feed chute to hori-
zontal on the feed table. This is done by means of
ram-type pushing devices. In the course of charg-
ing, a uniform, continuous supply of waste onto
the grate is achieved. The design of the combus-
tion grate allows exact fuel metering in accor-
dance with the required thermal output because
the feed rams are driven separately for each run
via hydraulic cylinders. Cycle time, stroke length,
and stroke speed can be varied, independently for

each run. The waste transfer zone at the end of the
feeding table is designed with a gentle drop-off
edge, which has the effect that the fuel is loosened
with a minimum of dust formation.

The feeding system is part of the combustion
control concept; however, it can also be controlled
manually, and the feed ram can be switched from
“working” stroke to “clearing” stroke, enabling
the feeding system to be emptied within the
shortest possible time.

Reverse-Acting Grate
The reverse-acting grate is inclined at an angle of
26� to the horizontal and consists of several stair-
like grate “steps” that consist of metal bars. Every
second bar is moved up and down against the
downward direction of the solids flow (Fig. 3).
The moving rows of grate bars are moved forward
and backward by a hydraulic cylinder. This con-
stantly rakes and mixes the red hot mass with
newly fed waste. In the area of the feeding system,
pre-drying of waste is carried out by radiation
from the flames above the grate. The drying pro-
cess is fully completed in the front grate area. The
waste begins to burn already at the front end of the
grate, and the fuel bed temperature reaches

WTE: The Martin WTE Technology, Fig. 3 Mixing of the waste on a reverse-acting grate
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1000 �C and higher. The waste is combusted fully
during its travel over the length of the grate. The
combustible constituents of the fuel are converted
to gases in the main combustion zone accompa-
nied by the release of energy (primary combus-
tion). Secondary combustion, e.g., the final
oxidation of the unburned gases, takes place in
the flames above the main combustion zone.
Complete gas burnout is achieved by means of
overfire air injection that is controlled according
to the prevailing furnace conditions.

The number of these agitation cycles, in other
words the grate speed, is primarily dependent on
the composition of the fuel and only to a minor
extent on the combustion throughput. The resi-
dence time of the fuel on the grate is typically
between 60 and 70 min.

Along its length, the reverse-acting grate is
divided into three to six separate air zones so
that underfire air is supplied across the grate in a
controlled manner and as needed for combustion.
The underfire air flows into the fuel bed through
narrow gaps at the head of the grate bars (Fig. 4).
These air gaps are kept free of impurities during
operation because every second grate bar in a row
moves, relatively to its adjacent bars, at the end of
each agitation stroke. The effect of the relative
stroke is to clear the air gaps, thereby allowing a
long period between maintenance outages. The
evenly spaced narrow air gaps ensure that the
underfire air is distributed evenly over the fuel

bed. The grate bars are made of cast chromium
steel that is highly resistant to wear.

Combustion on the grate is completed after
approximately two thirds of the length of the
grate. A clear delimitation between the combus-
tion zone and the end zone is plainly visible on an
overhead infrared camera. Through its intimate
mixing of the fuel, the reverse-acting grate always
ensures good thermal protection for the grate bars
due to the “insulating” fuel and ash layer on the
grate surface. The average operating temperature
of the grate bars is approximately 20–50 �C above
the underfire air temperature even in the main
combustion zone of the grate. This provides a
high level of certainty against thermal overloading
and makes it possible to achieve a long service life
for the grate. The operating experience from
numerous plants obtained over many years of
continuous service time have conclusively proven
that the reverse-acting grate does not require water
cooling, even for high heating value fuel [2].

The grate “siftings,” i.e., inert particles that
may fall through air gaps between the grate bars
(mostly in the residue burnout area), are collected
in the hoppers under the grate. The particles are
discharged from the hoppers by means of pneu-
matically operated shutoff valves, with no air
infiltration. The shutoff valves operate according
to a specified timing program to open the ducts
and discharge the siftings into the bottom ash
discharger where they mix with the bottom ash.

WTE: The Martin WTE
Technology,
Fig. 4 Underfire air flow/
movement of grate bars of a
reverse-acting grate
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The reverse-acting grate is of modular design
(Fig. 5). Each module comprises a complete grate
run with a width of 1.5–2.5 m. The modules can
be fully preassembled at the factory and then
shipped to the plant site. Up to eight grate run
modules can be arranged in parallel to produce a
total grate width of over 15 m.

A clinker roller, or clinker weir, is installed at
the end of the grate to control the height of the fuel
bed and bottom ash layer. The roller, or weir, can
be adjusted to suit actual combustion conditions.
From there, the bottom ash drops into the bottom
ash discharger.

The reverse-acting grate satisfies the following
essential requirements of MSW combustion:

• Wide heating value range and capacity for
handling fluctuations in waste composition

• Rapid transition of the fuel from a cold state to
the combustion phase in order to prevent smol-
dering that adversely affects emissions

• High and uniform fuel bed temperature
• Intensive and constant agitation of the fuel bed
• Clear demarcation between combustion zone

and burned-out bottom ash over the entire grate
width

• Uniform coverage of the grate surface
• Easily definable and controllable supply of

underfire air to suit requirements
• No additional air supply due to mechanical

requirements (e.g., cooling of cast steel parts)
• Low thermal load on grate surface due to cov-

ering of the bars with bottom ash
• Small amount of grate siftings
• Low dust emission from the combustion

process
• Direct response to control operations
• High equipment availability
• Rapid start-up and shutdown of the grate
• Easy replacement of grate bars

The overall result is long service life for the
grate surface, high availability and efficiency, the
ability to recover residues, and compliance with
emission requirements.

Reverse-Acting Grate VARIO
The reverse-acting grate VARIO (Fig. 6) was
developed for use with fuels of a high heating
value and a low ash content (e.g., a refuse-derived
fuel, RDF). This grate uses the same proven and

WTE: The Martin WTE Technology, Fig. 5 Reverse-acting grate
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unique reverse-acting principle, but its angle of
inclination is 24�. The stair-like grate steps are
alternately arranged in stationary and moving
grate bar rows. The interaction between the
upward stoking force and the downward pull of
gravity ensures constant mixing of the red hot
mass with the fresh fuel. This results in optimal
combustion and fully burned-out bottom ash. At
the same time, the grate is automatically covered
with a thick fuel and ash layer which insulates the
grate surface and provides excellent protection
against thermal radiation from the furnace
(>1100 �C).

The reverse-acting grate VARIO is divided into
three independent drive zones along its length so
that full advantage can be taken of the reverse-
acting principle even with fuel that has a low inert
content. The width of the grate consists of a num-
ber of modules, depending on the design capacity
of the unit. Each module is driven independently.

The reverse-acting grate VARIO satisfies the
same requirements as listed earlier for the reverse-

acting grate. Additionally the grate speed can be
individually set per run and zone. Furthermore a
good bottom ash burnout by adjusting the grate
speed in the various zones in response to varying
waste quality can be achieved. This design results
in the following advantages for combustion sys-
tem operation: high level of availability, great
tolerance on varying feedstock quality, long
grate surface service life, recyclable residues,
and consistent compliance with emission require-
ments while at the same time maintaining high
efficiency.

Horizontal Grate
The horizontal grate system was originally devel-
oped by the Swiss companyW+ EUmwelttechnik
AG. It has been part of the MARTIN technology
portfolio since 2002 (Fig. 7). It was developed for
the incineration of household waste and combus-
tible industrial residues. The horizontal construc-
tion of the combustion grate allows the fuel to be
advanced in a well-controlled manner. The grate is

WTE: The Martin WTE Technology, Fig. 6 Reverse-acting grate VARIO

WTE: The Martin WTE Technology 229



modular, providing for the configuration of a vari-
ety of different grate sizes, depending on given
variables such as:

• Quantity of waste
• Lower heating value of waste
• Type of use (heat evaluation)
• Structural constraints

The waste is pushed forward by rows of grate
bars moving in opposite directions, alternated
with stationary rows of grate bars (Fig. 8).Moving
and stationary horizontally arranged grate bar sup-
ports are located in the solidly built grate support
structure. The moving bar rows are connected to
an oscillating crank and move back and forth,
working in opposite directions relative to each
other. When the rows of grate bars are moved
apart in opposite directions, the fuel is dropped
down at this point and ignited fuel particles fall
down. The grate bars then move toward each
other, lifting and igniting the fuel layer. The fuel
particles initially ignited as a result of the back-
ward motion of the bars then move forward as a
result of the advance feed motion of the bars and
drop to the bottom of the fuel layer, where they

become ignition points and accelerate combustion
of the fuel above them. On the horizontal grate,
ignition takes place not only by radiation and
convection of heat from above but also from
within the waste bed. Burning particles are con-
stantly being pushed downward by the intensive
stoking and agitation of the waste layer, causing
ignition to start from within the bed as well.

The continuous stoking and agitation of the
waste results in the waste layer being repeatedly
broken up and rearranged. This promotes ignition
and combustion by creating a large waste surface
area, which favors the admission of combustion
air, and effectively transports and mixes the waste
to ensure good burnout.

The fuel residence time on the grate (drying,
main combustion, and burnout zones) depends on
combustion capacity, fuel composition, processes,
etc. and takes about 30–120 min. From the grate
rear end, bottom ash falls into the water bath of the
bottom ash discharger.

The main features of the horizontal grate are:

• Combination of fixed and moving rows of
grate bars

• Movement of the moving grate bar rows in
opposite directions

• Infinitely variable hydraulic drive system
• Slow, continuous movement
• High-pressure loss over the grate bars with

resultant optimal air distribution
• Low overall height
• No grate steps
• No maintenance of the underfire air area

The horizontal grate is of modular design. The
length of each module is fixed, but the width may
vary according to specific requirements. Each
module has its own drive and supply of underfire
air, both of which can be controlled separately.
A typical grate configuration consists of three
modules in the direction of waste flow, and there
may be between 1 and 3 runs in parallel depending
on the waste throughput capacity (Fig. 9).

The grate bars are typically air-cooled
(Fig. 10) by the flow of underfire air passing
through a labyrinth of passages, cooling the bar
and promoting a uniform release of heat. The

WTE: The Martin WTE Technology, Fig. 7 Horizontal
grate system. 1 Feed hopper; 2 Feeder; 3 Furnace; 4Horizon-
tal grate; 5 Bottom ash discharger; 6 Grate siftings conveyor;
7 Underfire combustion air; 8 Overfire combustion air
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WTE: The Martin WTE Technology, Fig. 8 Movement of grate bars of a horizontal grate

WTE: The Martin WTE
Technology,
Fig. 9 Horizontal grate
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underfire air exits from the front end of the grate
bar. The outlet slots have been designed and
positioned for an optimal supply of air to the
fuel bed. During operation, the air outlet slots
are kept clear by the relative motion of adjacent
grate bars. The grate bars are made from wear-
and heat-resistant chromium-nickel alloy steel.
The grate bars are an exact fit, which means that
the proportion of grate siftings to waste is low.
The bottom ash which drops through the grate is
collected in ash hoppers and discharged into the
bottom ash discharger.

In recent years, there have been significant
increases in the heating values of wastes, necessi-
tating the development of water-cooled grate bars
(Fig. 10) to achieve acceptable service lives. The
solution is a cast steel construction, where one
water-cooled grate bar block has the width of
three air-cooled ones. The cooling circuit is a
closed-loop cooling circuit. Two different ver-
sions have been installed:

• Medium-pressure version (around 7 bar(a)),
where the heat removed is then used to either
preheat the combustion air or the condensate.

• High-pressure version, where the cooling cir-
cuit is part of the waste heat boiler circuit; the
heat removed is fed to the water-steam cycle.

An added benefit of the water-cooled system is
that underfire air is no longer needed to cool the
grate bars and is controlled only as and when
required by the combustion process. The heat

dissipated by means of the water-cooling system
can be returned in full to the process.

The horizontal grate is notable for a number of
beneficial characteristics:

• Controlled transport of the waste due to
double-motion overthrust mechanism of the
grate bars.

• Horizontal construction allows the waste to
travel in a controlled manner and precludes
sliding of the waste.

• Tight-fitting grate bars with high-pressure drop
producing an even intake distribution of the
underfire air over the width of the grate.

• Small percentage of combustion products end-
ing up as siftings.

• Parts subject to wear are made of a high-tensile
cast alloy steel.

• A high level of availability and operational
safety.

• Easy maintenance.

Bottom Ash Discharger
From the rear end of the grate, the bottom ash falls
into the water bath of the bottom ash discharger
(Fig. 11). The water and a constant amount of bot-
tom ash up to the level of the air sealing wall create
an air seal against the furnace, preventing flue gas
and thermal pollution in the basement on the one
hand and false air ingress into the boiler on the other.

The discharging ram pushes the bottom ash
under the air sealing wall toward the drop-off
edge. As a result, the bottom ash is discharged in

WTE: The Martin WTE Technology, Fig. 10 Air-cooled grate bar/water-cooled grate bar
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a dust-free and odorless manner. Larger pieces of
bottom ash become cracked as a result of
quenching in the water. They are then broken by
the force of the discharging ram.

Because the bottom ash still resides for a while in
the chute above the actual water level and during
that time is compressed by the discharging ram,
most of the water flows back into the discharger
tub, with the result that the bottom ash is discharged
with only low moisture content. The discharger has
no water overflow, so only the small amounts of
water escaping through evaporation and taken up by
the bottom ash need to be replaced. As necessary,
water is added and controlled via a float valve. In
normal operation, therefore, the discharger has no
water drain and a very low water consumption. In
this way, clean operation is ensured, while at the
same time, a very sturdy, space-saving, and easily
accessible design is obtained.

The interior of the discharger tub and the side
walls of the inlet chute are lined with wear plates.
The front plate of the discharging ram is protected
by easily replaceable slide strips.

A wide range of dischargers is available, the
smallest with a discharging capacity of approx.
0.2 m3/h. Dischargers for coal-based combustion
systems have a discharging capacity of approx.
0.2–3.0 m3/h. Discharging capacities for waste com-
bustion plants range between approx. 4.5–12.0m3/h.

Combustion Technologies

Using optimal combustion design in terms of
thermal efficiency and temperature levels, sys-
tems must be applied to limit the specific global
and local heat loads to reasonable values for sys-
tem components, i.e., grate, combustion chamber,
and post-combustion chamber, taking design
criteria into account:

• Optimal mixing of the flue gases
• Homogeneous temperature and concentration

profiles
• Stable combustion and constant heat release
• Minimum formation of pollutants

WTE: The Martin WTE
Technology,
Fig. 11 Bottom ash
discharger. 1 Discharger
tub; 2 Inlet section; 3 Outlet
chute; 4 Connecting piece;
5 Water level;
6 Discharging ram; 7 Drop-
off edge; 8 Drive shaft;
9 Air sealing wall;
10 Electrically-controlled
level metering system
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• Reduction of chemical attack and thermal stress
• Reduction of corrosion and abrasion of

materials
• Optimal burnout of bottom ash

A combustion system capable of maintaining
stable and uniform operation in terms of thermal
load, flue gas flow, bottom ash burnout, and flue
gas burnout has major advantages compared with
systems in which conditions fluctuate:

• Easier compliance with regulations and limit
values

• Smaller design range required for flue gas
cleaning components

• Minimum operational effort required for com-
bustion system control

• More uniform thermal and mechanical load
and, consequently, longer service life for com-
ponents such as feeder, grate bars, etc.

Conventional Combustion with Air
The conventional combustion air system essen-
tially comprises the underfire and overfire air sys-
tems. Optimum interaction between these systems

enables combustion to be as homogeneous as
possible with low pollutant emissions.

The underfire air typically is drawn from the
building housing the waste bunker. This is done by
means of a frequency-controlled fan by means of
which the underfire air flow rate is adapted to the
prevailing requirements of combustion on the grate.
The extraction of air from the waste bunker has the
positive side effect that a slight negative pressure is
maintained in the bunker area, causing fresh air to
flow in. This ensures that no odor nuisance occurs
outside the plant. After optional preheating, the air
flows through the grate and in this way is supplied to
the fuel bed in accordance with requirements
(Fig. 12). Preheating is achieved using a steam-
heated air preheater with an air temperature
depending on the heating value of the waste and
the kind of waste to be burned. Normally for air
temperatures up to 120 �C, 5 bar process steam is
used. Higher air temperatures up to 160 �C (e.g., at
lower heating values and co-combustion of sewage
sludge) are achieved by applying saturated steam
from the boiler drum.

The grate is divided lengthwise into five sepa-
rate air zones (Fig. 12). The air flow to each

Hydraulic 
pumping 
station 

Underfire air fan Air preheater 

Underfire air damper 

Drive 

Clinker roller 
(or weir) 

WTE: The Martin WTE Technology, Fig. 12 Underfire air distribution system (reverse-acting grate)
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undergrate air zone is measured and can be set
individually, with the exception of zone 5, to
which air is supplied from zone 4. Air is supplied
to the individual zones via orifice openings that
are covered by adjustable dampers. The shape and
size of the orifice openings are determined
according to the combustion characteristics and
the designed release of heat over the length of the
grate. Accordingly, the largest free orifice opening
is located in the under grate compartments of the
main combustion zone. The aerodynamic resis-
tance of the grate surface is significantly higher
than the air resistance of the fuel bed above
it. Therefore the air admission through the fuel
bed is uniform even if the waste is distributed
unevenly on the grate. This concept for underfire
air distribution makes it possible to distribute the
combustion air to the fuel bed in an individual
manner according to requirements. As a result, it
is possible to react to differences in the waste
quality during combustion.

A vigorous, stable fire, in which all the combus-
tion phases (drying, gasification, ignition, and

combustion) occur simultaneously and consecu-
tively, develops at the front end of the grate. The
constant stoking motion provides for a uniform heat
release and ensures excellent burnout values. Most
of the still unburned gases released from the fuel bed
oxidize at once at high temperatures when they mix
with the residual underfire air in the furnace. This
effect is enhanced by the overfire air which is sup-
plied over the entire furnace section. It provides the
oxygen required for complete oxidation and ensures
thorough agitation of the gases.

The overfire air is supplied by a frequency-
controlled fan, through which the flow rate can
be optimally adapted to the prevailing require-
ments in the furnace. It typically is drawn from
below the boiler house roof or, alternatively, is
extracted from the bottom ash bunker and is
injected according to the “stitching method.”
The overfire air is injected through four rows of
nozzles, two rows in the front and two rows in the
rear wall of the furnace (Fig. 13). The nozzles in
the two rows on each wall are arranged opposite
each other and in an offset pattern (stitching).

WTE: The Martin WTE Technology, Fig. 13 Positioning of overfire air and/or recirculation flue gas nozzles (reverse-
acting grate)
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This so-called “4-row stitching” arrangement
ensures full coverage of the furnace cross section
and the turbulence needed for good mixing of the
gases, while uniform profiles for temperature and
flow are obtained above the injection levels.
Gases arising from the fuel bed on the grate are
oxidized immediately afterward in the down-
stream furnace by final mixing of the overfire air
with the remaining underfire air at high tempera-
tures. The residence time of the gases in the high-
temperature area is increased, the gas burnout
improved, and the formation of nitrogen oxides
in the furnace reduced.

Conventional Combustion with Recirculation
of Flue Gas
Burnout in the fuel bed takes place due to the
constant ignition and the supply of underfire air.
Most of the unburned gases produced on the grate
are oxidized immediately afterward in the furnace
after being mixed with the remaining underfire air
at high temperatures. However, some unburned
gases inevitably escape primary combustion. For
this reason, adequate mixing of the combustion
gases must be ensured by introducing an addi-
tional jet of overfire gas via nozzles. As described
above, the “4-row stitching” process for the
arrangement of the overfire air nozzles and the
recirculated gas nozzles is used (Fig. 13). As a
result of this measure, a uniform temperature and
flow profile, and optimal mixing of the gases in
the furnace, is achieved. The residence time of the
gases in the high temperature zone is extended and
gas burnout improves.

In order to reduce the flue gas flow (approx.
20–30%), the excess combustion air, and the NOx

content, part of the flue gas flow downstream of
the effective pre-deduster (e.g., electrostatic pre-
cipitator, fabric filter) is extracted with a separate
frequency-controlled fan and returned to the fur-
nace as recirculated flue gas. The recirculated flue
gas replaces most of the required overfire air. It is
injected into the furnace via rows of nozzles on the
rear wall as well as on the front wall.

Since, as described above, unburned gases
escape from the fuel, overfire air is injected into
the furnace via the lower row of nozzles on the
front wall. Sufficient oxygen for the combustion of

these gases is provided by the overfire air at this
point. The turbulent effect of the overfire air is
mainly produced by the recirculated flue gas. The
required overfire air could be extracted from the
underfire air flow downstream of the air preheater.
If the recirculated flue gas is extracted after a fabric
filter, the gas temperature is quite low (about
150 �C). In this case, the gas ducts have an electric
trace heating system to prevent condensation on
the walls. Generally the flue gas ducts are insulated
to keep heat loss to a minimum and to protect the
outside environment. Since the process requires
that the flue gas recirculation system is operated
with flue gas, which still contains dust remnants,
despite prior dust removal in the pre-deduster (dust
content >20 mg/Nm3), discontinuous cleaning of
the recirculated gas nozzles is possible. A fine
water jet is injected directly into the nozzles in
regular adjustable cycles for short periods, so as
to remove any flue gas constituents that may still be
present. This system ensures proper functioning of
the recirculated gas nozzles without having any
measurable influences on the operation of the
plant (furnace temperature, emissions, etc.).

Combustion with Oxygen-Enriched Air
(SYNCOM)
Discussion about how to minimize the level of
pollutants produced by WTE plants all over the
world has led to many new technological devel-
opments, focusing in particular on the treatment of
flue gas and residues. Above all, the dioxin input
introduced with the waste of about 50 mg TEQ/Mg
must be destroyed. Consequently, reduction of
pollution burdens, improvement of bottom ash
quality, and reduction of overall dioxin output to
<5 mg TEQ/Mg of waste have been the driving
forces behind the development of the SYNCOM
process (SYNthetic COMbustion) [3].

The SYNCOM process is based on the follow-
ing components, illustrated in Fig. 14:

• Grate-based combustion system using the
reverse-acting grate

• Combustion control system using IR
thermography

• Overfire air system with 4 nozzle rows (4-row
stitching)
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• Flue gas recirculation
• Oxygen enrichment of underfire air

The amount of nitrogen in the combustion air is
significantly reduced by replacing part of the
underfire air in the main combustion zones 2 and
3 with technically pure oxygen. The oxygen con-
centration in these zones is then in the range
24–35%. As a consequence, the excess air rate is
significantly lower, the flue gas flow is substan-
tially reduced, and the pollution burden is clearly
decreased compared with conventional combus-
tion. The IR camera control signal is used to meter
oxygen selectively and as required.

One of the core components of the SYNCOM
process is the oxygen generation plant. The oxy-
gen is obtained from the ambient air in an air
separation plant. In Arnoldstein (Fig. 15), the air
separation plant uses the pressure swing adsorp-
tion principle, whereby oxygen and nitrogen are
separated by means of a zeolitic molecular sieve.
The nitrogen is adsorbed on the molecular sieve,
while the oxygen flows through the adsorber. The
adsorbed nitrogen, water, and CO2 are then

desorbed by reducing the pressure within the
adsorber unit (vacuum).

The surface temperature of the fuel bed is
determined using the IR camera in the boiler
roof. The temperature is about 100 �C higher
than when using underfire air without oxygen
enrichment. The higher fuel bed temperature
means that bottom ash sintering, improved burn-
out, and destruction of the organic pollutants are
achieved.

To reduce the flue gas flow and O2/NOx con-
tent, the recirculated flue gas is drawn off down-
stream of the pre-deduster with a separate fan and
returned to the furnace. The recirculated gas
causes turbulence and mixing. Recirculated gas
is directed to both nozzle rows on the rear wall and
to the upper row of the front wall. Due to the use
of recirculated flue gas in the overfire air system
and the reduction of nitrogen in the underfire air,
the gas volume per ton of feed is reduced by up to
35%, as compared with conventional waste com-
bustion. The pollution burdens actually released
into the environment are commensurately reduced
by up to 35%.

Infrared camera

UFA enrichment to
24–35 % O2

1 2 3 4 5

Flue gas
cleaning

Flue gas
recirculation

MICC 

WTE: The Martin WTE Technology, Fig. 14 SYNCOM process
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The smaller flue gas flow has a direct effect on
the equipment downstream of the combustion
system. As a result, the steam boiler (with the
exception of the first boiler pass), any downstream
dedusting filter, the ID fan, and the downstream
flue gas cleaning equipment can be designed with
smaller dimensions than is the case in conven-
tional combustion systems, thereby resulting in
lower investment costs and higher energy effi-
ciency. The smaller flue gas volume associated
with the SYNCOM process also means that flue
gas heat loss is also reduced. The thermal effi-
ciency of the boiler is increased by 3–5%, as
compared with conventional thermal waste
treatment.

The use of the SYNCOM process results in
reducing both capital and operating costs. The
additional costs associated with constructing and
operating the air separation plant are largely offset
by the savings made due to smaller components, a
smaller construction volume, better energy utili-
zation, and lower operating costs for the equip-
ment downstream of the combustion system.

In conclusion, the SYNCOM process is char-
acterized by the following features, as compared
with conventional combustion using air:

• Intense, uniform combustion
• Minimal CO content in the flue gas
• Temperature in the fuel bed in the main com-

bustion zone approx. 100 �C higher
• Partial sintering of the bottom ash and

consequently
– Optimum burnout
– Minimal heavy metal leaching in compli-

ance with drinking water quality standards
• Reduction of flue gas flow by approx. 35%

– Higher boiler efficiency
– Reduced pollutant burden at stack
– Reduced fly ash flow

This process was tested extensively in
industrial-scale demonstration plants at Coburg
(Germany), Oita (Japan), and Osaka (Japan). It
was then included in the new plant in Arnoldstein
(Austria) in 2004 (Fig. 15) and also at the Sendai
(Japan) WTE plant (three lines).

The WTE plant in Arnoldstein consists of a
combustion system with reverse-acting grate
(one line, two runs), air separation plant, 4-pass
vertical boiler, fluidized bed adsorption reactor,
fabric filter, lignite-coal fixed-bed filter, ID fan,
SCR-DeNOx unit, stack, turbines, and generators.

Gasification with Post-Combustion
Gasification of MSW has been developed using
various technologies, the most widespread being:

• Shaft furnaces (using additional coke)
• Pyrolysis kilns
• Fluidized bed systems

Experience in Europe in the 1990s showed that
these processes have their limitations when used
for waste due to high cost, low availability, poor
energy efficiency, and the need for waste pre-
treatment [4–7]. Experience has also proven oper-
ation to be stable in general under commercial
operating conditions. This is why many European
waste gasification plants were dismantled after a
relatively short period of time. In the 2000s, a large
number of gasification systems were built in Japan
and continue to operate despite these limitations [8, 9].
All these systems are coupled with post-
combustion of the produced gases in furnaces
with boilers. The expected advantage of these
gasification systems in Japan is the integrated
melting of the ash in the post-combustion step,
which also leads to reduction of the total dioxin
output (through melting of fly ash) [10, 11].

MARTIN has developed a grate-based gasifi-
cation system since the 1990s. The grate gasifica-
tion system has the advantage of controlling the
following conversion steps (Fig. 16):

• Drying
• Degassing
• Ignition
• Gasification
• Burnout of carbon

Based on numerous tests with a semi-
industrial-scale combustion unit, it has been
proven that the reverse-acting grate (Fig. 2) is
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essentially well suited to gasification. In particu-
lar, the reverse-acting grate VARIO (Fig. 6) per-
forms well regarding gasification because it has
the particular feature that three grate zones can be
driven separately and the air compartments are
perfectly tight in order to control these conver-
sion steps. Another important advantage of
grate-based gasification compared with other
gasification systems is its robustness, which
makes it possible to use waste that has not been
pretreated.

Post-combustion of the gas product of volatil-
ization occurs either in an extension of the mem-
brane wall furnace or in a following, uncooled
separate combustion chamber. Experience with
post-combustion chambers is based on the
Clausthal test facility (Fig. 17) as well as on the
WTE plants in Trieste and Cagliari using T3
(Time, Temperature, Turbulence) controls and
vortex post-combustion chambers (Fig. 18).

Grate-based gasification systems with post-
combustion processes are characterized by:

Drying,
degassing

Ignition
(hot carbon

bed)
λloc ≈ 1

Burn-out
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matter
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CO2,
O2,N2

CO,
CO2,N2

CO2,
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H2O,H2,N2

CO+H2O → CO2+H2

CO,H2,CH4
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Combustible
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λges < 1

CO+½O2 → CO2

C+½O2 → CO

CO+½O2 → CO2

Residuals
(ash, valuable
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WTE: The Martin WTE Technology, Fig. 16 Conversion steps of grate-based gasification [12]
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• Reduced excess air rate from 1.8 to 1.4
resulting in reduced flue gas flow

• High residence time for sub-stoichiometric flue
gas resulting in reduced NOx

• Efficient post-combustion (Time, Tempera-
ture, Turbulence) resulting in good gas burnout
and reduced dioxin content

• Low gas velocities through the waste bed and
in the gasification chamber resulting in reduced
fly ash carryover to the boiler

• Taking advantage of the long experience of
traditional grate-based systems: moderate cost,
high availability, high energy efficiency, and the
possibility of treating waste that has not been
pretreated

However, the gasification process requires
higher waste heating values for stable reaction
conditions on the grate and more sophisticated
process control, because changes in waste quality
have a much greater influence on the process than
in the case of super-stoichiometric combustion.

Combustion Control

Stringent statutory requirements stipulate that the
combustion process on grate systems be automat-
ically monitored, regulated, and controlled as far
as possible. These tasks are fulfilled by the com-
bustion control system.

The purpose of the combustion control system
is to ensure that the combustion process takes
place under constant conditions whereby:

• Combustion gases and bottom ash burn out
completely

• Flue gas emissions are minimized
• A uniform steam flow is generated

A large number of parameters must be taken into
account when controlling a combustion system.
Consequently, only experienced operating staff or,
if all available process parameters have been taken
into consideration, an essentially automatic combus-
tion control system can achieve stable control.

WTE: The Martin WTE Technology, Fig. 17 Clausthal test plant for gasification with post-combustion [13]
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The goal of modern combustion control sys-
tems must therefore be to manage the inevitable
input fluctuations even at the start of the process,
i.e., as soon as the fuel reaches the combustion
grate. However, because fluctuations inwaste qual-
ity (water content, amount of combustible matter,
heating value of the combustible matter) cannot be
noticeably influenced, an attempt is made to esti-
mate these before fuel starts combusting.

Stable and uniform combustion depends
largely on the following factors:

• Uniform, continual feeding (fuel bed on the
grate)

• Combustion adjusted to waste quality
(combustion air flows, distributions, grate
speed, etc.)

A stable combustion process (in terms of the
position of the main combustion zone, burnout,
heat release, etc.) results when the above factors
are managed optimally.

MARTIN Infrared Combustion Control (MICC)
The MARTIN Infrared Combustion Control
(MICC) is an innovative, modern combustion
control system, developed for the reverse-acting
grate and the reverse-acting grate VARIO. It is a
very flexible, extensible, and independent system
that is to be integrated in conventional overall
plant control systems. The modular architecture
facilitates the use of operating mode concepts,
thereby enhancing the functionalities associated
with classical combustion control. The purpose of
this system is to enable optimization of the entire
plant in order to meet different operator-specific
requirements such as maximum fuel throughput,
maximum service period or maximum energy
recovery (in the form of heat or electricity), or
minimum gas emission (e.g., NOx).

Moreover, additional customer requirements
can be incorporated, ideally without having to
intervene in the overall plant control system. The
MICC system comprises hardware and software.
To the outside environment, it appears as an inde-
pendent component with a clearly defined inter-
face. All field devices are connected to the overall
plant control system to ensure end-to-end visibil-
ity between the operator stations and the field
(Fig. 19).

The hardware is based on a globally available
high-end industrial PC and is installed in a control
cabinet. The software comprises various func-
tional modules:

• Fuzzy logic control of the combustion system
• Infrared camera, image analysis, and signal

generation for additional optimizing
controllers

• Operating mode concept
• Operational data logging and visualization

Other functional modules such as SNCR con-
trol can be integrated into theMICC system in line
with market requirements.

The term “combustion control” normally
includes both the open-loop and closed-loop con-
trol functions for the combustion system and
grate. Specific closed-loop control system
know-how is implemented in the MICC system.

WTE: The Martin WTE Technology, Fig. 18 Vortex
post-combustion chamber in T3 plants in Trieste/Cagliari
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The functions of the open-loop control system and
a semiautomatic control system (steam flow con-
trol) are programmed in the overall plant control
system. Consequently, plant operation can be
sustained even while maintenance or optimization
work is being performed on the MICC system.
With the standardized interface and screens gen-
erated in the overall plant control system, the
closed-loop system can be adjusted from the oper-
ator consoles in the main control room without
requiring expertise in the MICC component.

The MICC combustion control system
includes the fuel controller that controls feeding
of fuel to the grate, the O2 controller of underfire
air flow for the grate, the overfire air controller
that controls flow and distribution of overfire air,
and the grate speed controller. Additional control-
lers receiving signals from the IR camera system
influence the distribution of underfire air, feeder
speed, and grate movement.

There is a choice of control modes: “steam
flow,” “furnace temperature,” or “steam flow/IR
temperature.” The quality of steam flow/IR tem-
perature control is significantly improved by the
IR camera controller. The combustion controllers
are implemented as fuzzy controllers. The actuat-
ing variables calculated by the combustion control
system are transmitted to the overall plant control
system, where they are further processed.

The basic advantage of fuzzy control is its
ability to find the “best compromise.” Particularly
when combusting waste, the process (combustion,
boiler, flue gas path, etc.) produces partly contra-
dictory or inexact information for the control sys-
tem. Fuzzy control processes such information
and finds the best solution at that time. Manual
intervention is significantly reduced, and on the
whole, control is very stable. The “if . . . then”
formulation of control behavior allows every con-
ceivable control case to be formulated simply,

Control and Monitoring System

Visualization and operation level

Automation level

MARTIN External

• Fuzzy logic closed loop control
→ master controller for CMS

• IR camera control
• Long-term data logging
• Remote data transmission interface
• Ready for operating mode concept
• No direct connection to field

Plant bus

• • •

I/O

CMS

Field

IRIR

IR camera

Automation station

Plant bus

System bus

System busExternal

MARTIN
IPC

I/O

• PID open loop control
• Basic backup program
  → Furnace temperature

WTE: The Martin WTE Technology, Fig. 19 MICC integration in plant control and monitoring system (reverse-acting
grate/reverse-acting grate VARIO)
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which is not possible to the same extent with
classical PID control. Compared with classical
PID control, the control logic requires less pro-
gramming, although more complex logical con-
nections can be implemented.

MICC uses specialized IR (infrared) camera
technology at selected bandwidths. An infrared
camera that records the temporal and two-
dimensional behavior of the fuel bed surface tem-
peratures from the boiler roof is used to obtain
precise additional information from the combus-
tion process (Fig. 20).

Depending on the size of the furnace, the eval-
uation area of the infrared camera includes
(longitudinally for each grate run) grate zones
1 to 3 up to the middle of zone 4, which covers
most of the drying, ignition, and combustion
stages, and also the entire grate width, which can
consist of several grate runs. The infrared camera
produces thermographic images of the surface
temperature of the fuel bed (Fig. 21).

The information delivered by the infrared cam-
era is processed by a specially developed image
analysis program using sophisticated mathemati-
cal algorithms. Signals for controllers are calcu-
lated and transmitted to the combustion control
system [14–17]. Operators can see the temporal
and two-dimensional distribution of the fuel bed
surface temperatures as well as the ash caking
distribution on the visible areas of the boiler wall
and also the overfire air nozzles on a separate
monitor in the control room. The observer learns
to interpret the infrared images and consequently
the temperature distribution over time, as well as
the overall combustion behavior on the grate.
Further optimization measures can then be intro-
duced ahead of the furnace, such as better mixing
of the waste in the bunker, etc. The visual infor-
mation provided to the operators results in more
stable and flexible plant operation.

Modern WTE plants are operated flexibly, and
many are integrated into power plant parks. This

WTE: The Martin WTE Technology, Fig. 20 Infrared camera (photo/position)
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means that the most cost-effective mode of oper-
ation may vary from case to case. Different goals
may be targeted, such as maximum fuel through-
put, maximum energy recovery and maximum
service period, etc.

The stoker capacity diagram is displayed in the
overall plant control system so that the current
operating point is visible (Fig. 22). The operating
point is indicated by means of a trailing pointer.

In addition to the available modules for the
operating mode concept, further modes may be
implemented in response to market demand, e.g.,
the “energy release” module: it will be possible, in
the energy input/gross heat input mode, to have a
positive influence on individual parameters such as
NOx emissions, residue quality (bottom ash), or
residue quantities. The energy input/fuel through-
put mode is designed to maximize waste through-
put. The limits of the stoker capacity diagram will
not be reached in the energy input/service period
operating mode. In this mode, it is more important
to achieve maximum plant operating time. Plant
shutdown for purposes of overhaul is postponed
for as long as possible when this operating mode is
selected. The energy release/process steam, energy
release/electricity, and energy release/district
heating operating modes permit additional

selection of the appropriate mode of operation to
maximize plant profits. The best mode can be
selected, and a constant amount of energy can be
supplied to the grid depending on the time of day or
year. These operating modes require partial expan-
sion of the fuzzy control system, and further obser-
vation and start-up phases will be necessary for
new parameter settings and optimization measures.

The “operational data logging and visualiza-
tion” module logs and displays all operating data
relevant to the combustion system (Fig. 23). If
malfunctions occur or damage is noted, the logged
data help identify and eliminate the cause.

The remote access and data transmission unit
make it possible to provide immediate support.
Traveling expenses are thereby minimized and
solutions are reached much more rapidly.

The most significant benefits of the MICC
component are:

• High flexibility of combustion control
• No dependence on the overall plant control

system
• End-to-end visibility from the overall plant

control system to the field devices
• Operator strategy can be changed at short

notice
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• Plant operation in accordance with the plant
operator’s requirements

• Highly integrated hardware components
• Few interfaces
• Low training costs
• High efficiency
• High level of availability
• Prompt and direct support
• Long-term sustainability through updates

Horizontal Grate Combustion Control (ACC)
The horizontal grate uses Advanced Combustion
Control (ACC) that can be easily retrofitted to
existing plants without additional monitoring
equipment. It combines existing standard measure-
ment information to generate the control loops.

The ACC combustion control consists of four
control systems:

• Waste input
• Combustion system output (boiler load or O2

excess)

• Burnout/calcination
• Combustion air

Figure 24 illustrates the basic principles of the
ACC system and shows the actuating and con-
trolled variables.

The waste input area (feeder) and grate zone
1 are used for waste supply and waste transport
only. They control loading (fuel bed thick-
ness = flow resistance) of grate zone 2 (constant
fuel bed thickness) by providing a uniform supply
of fuel to the combustion system and continuously
supply an optimum fuel flow to the fire. The long
residence time of the waste in the high-
temperature area allows it to dry and become
combustible. Consequently, even wet waste can
be combusted without any noticeable negative
effects. To keep the fire in zone 1 to a minimum
in the event of very combustible waste, the
underfire air is significantly decreased in the first
zone. The waste flow introduced via the feeder to
zone 1 is controlled using a 3-variable (stroke
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length, idle time, run-on time) control system with
a continuously operating feeder.

The grate zone 2, or in some cases grate zones
2 and 3, directly controls the combustion control
system. Either live steam flow or excess O2 in the
flue gas at boiler outlet is used as the reference
variable. The percentage O2 in the flue gas at
boiler outlet or the live steam flow can be con-
trolled with a constant combustion air flow via the
waste mass flow using the stoking and trans-
porting motion of grate zone 2 or zones 2 and 3.

Grate zone 3, or grate zone 4, is operated so as to
increase the residence time of the bottom ash on the
grate and, therefore, the burnout quality. If bottom
ash transport is slowed down in zone 3, or 4, ash
accumulates between zones 2 and 3, or 3 and 4, and
its residence time in the furnace is increased.

The total combustion air flow is specified as a
function of load and correctively controlled as a
function of two modes:

• Live steam control, for which the O2 control
deviation is the controlled variable

• O2 control, for which the live steam control
deviation is the controlled variable

Load, O2 in the flue gas, and total combustion
air flow always correspond in this control system.
The air flow can therefore only be influenced if the
O2 set point is changed.

The total combustion air is distributed between
underfire and overfire air according to a specified
percent distribution. The specified underfire air
percentage is determined automatically as a func-
tion of waste quality and load.

The underfire air is distributed to the air zones
under the grate as a function of load and waste
quality. The air flow is reduced drastically in the
first zone if the waste is extremely dry. The air not
needed for drying the waste is used as overfire air. In
this way, a constant air flow is provided to the
combustion process in zones 2 and 3 at a steady load.

In the ACC system, the set points for all control
and regulating systems are calculated as a function of
the waste quality and current load and then are taken
over by the ACC system. Onlyminimal intervention
is required on the part of the operators; the combus-
tion system adjusts continuously to the current oper-
ating conditions. CO andNOx emissions are reduced

by this mode of operation and operational effort is
reduced. The quality of bottom ash burnout becomes
better and more uniform. Automatic adjustment of
the controller settings to suit the current “waste
quality” and load ensures optimized combustion
control. As a result, a very stable output and good
flue gas and bottom ash burnout can be achieved
with minimal operational effort.

Energy Recovery

Thermal treatment of waste produces energy that
is used to generate electricity and process steam or
for district heating in almost any kind of combi-
nations. The first step is to evaporate water and
generate steam. The combustion system and
steam boiler must be appropriately matched. As
early as 1964, MARTIN directly integrated the
steam boiler into the combustion system in the
Rotterdam and Paris – Issy-les-Moulineaux –
plants. This concept was further developed and
used for WTE plants worldwide.

The arrangement, size, and dimensions of the
heating surfaces, i.e., radiation chamber, super-
heater, evaporator, and economizer, must be
designed carefully. The large volume of furnace
and radiation passes results in low flue gas veloc-
ities and relatively long residence times. Further-
more, the type and quality of the ceramic lining in
the combustion chamber in addition to detailed
engineering of interfaces must be specified. The
scope of supply includes recommendations
regarding the arrangement and type of online
cleaning facilities for the heating surfaces and
specifications for the measurement and control
devices. High availability and long service
periods are consequently achieved.

The boilers in the concepts described below are
waste-fired water tube boilers with natural circu-
lation; they are designed to generate superheated
steam. The boilers are specially tailored to the
reverse-acting grate or the horizontal grate, creat-
ing a functional unit. Depending on the space
requirements and desired cleaning system, there
are two typical boiler types to choose from:

• Horizontal boiler
• Vertical boiler
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In both types, the first radiation pass is made up
of the combustion furnace located directly over the
grate and the radiation chamber above the furnace.
The furnace begins at the grate surface and ends at a
height of about 12 meters. The membrane walls of
the furnace are designed in the lower area to meet
the geometric requirements of the reverse-acting or
horizontal grate. Overfire gas nozzles (for overfire
air and/or recirculated flue gas) are arranged in the
lower area of the front and rear walls for post-
combustion and intimate mixing of the volatile
flue gas constituents escaping from the grate area.

Ceramic lining is applied to the furnace to pro-
tect the boiler tubes against excessive corrosion and
to maintain a flue gas residence time of 2 s at a flue
gas temperature of at least 850 �C, as is required in
Europe and elsewhere. Studs or anchors suitable to
the type of lining used are applied to the wall. The
ceramic lining consists of silicon carbide molded
bricks or cast refractory, depending on the location
and stress to which the bricks or refractory will be
exposed. The walls of the radiation chamber
directly over the furnace are protected against cor-
rosion and erosion by applying a weld overlay of
nickel alloy (e.g., Inconel 625).

Both boiler types have been designed in many
plants for the superheated steam parameters 40 bar
and 400 �C. For mixed designs, experience is
available for values up to 60 bar and 450 �C.

Horizontal Boiler
The horizontal boiler (Fig. 25) consists of three
vertical radiation passes and a horizontal pass to
accommodate the convective heating surfaces.
The three radiation passes are of the same width.
The horizontal pass can be up to 30% narrower in
order to increase the flue gas velocity. In the lower
area of the second and third radiation passes, the
walls are shaped to form a hopper for separating
fly ash from the flue gas. The walls of the three
vertical radiation passes, the side walls, and the
roof of the horizontal pass are of the welded, gas-
tight tube-fin-tube type (membrane walls). Risers
and downcomers connect the membrane walls and
convective evaporator(s) in the horizontal pass to
the boiler drum, which is arranged transversely
across the boiler, forming the natural circulation
evaporator section of the system.

The horizontal pass has convective heating
surfaces in the following sequence:

WTE: The Martin WTE Technology, Fig. 25 Horizontal boiler
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• Evaporator 1 (known as the “cooling trap”)
• Superheater (three-stage,with two desuperheaters)
• Evaporator 2 (if required)
• Economizer

All convective heating surfaces consist of
aligned bare tubes, and the flue gas side is cleaned
by means of rapping devices. The energy of the
impacts made by the mechanically or pneumati-
cally driven hammers causes the vertically
suspended heating surfaces to vibrate, thereby free-
ing them of any fouling. The upper heating surface
attachment is elastic to prevent cracks due to con-
stant vibration. The bottom sections of the lower
headers are specially designed to handle the higher
mechanical stress. The economizer is arranged in a
gas-tight steel casing and, depending on the space
parameters, can either be integrated into the hori-
zontal pass or located in a separate vertical pass.
However, a vertical economizer pass requires a
different cleaning system (e.g., sootblower or shot
cleaning).

Hoppers for collecting fly ash are located
below the horizontal pass. The number and form
of the hoppers is such that the ash is transported
away easily and the flue gases do not
unintentionally flow under the heating surfaces.

Vertical Boiler
The convective heating surfaces of the vertical
boiler (Fig. 26) are arranged in two vertical boiler
passes. The surrounding walls and roofs of the
first three vertical passes are of the welded, gas-
tight tube-fin-tube type (membrane walls). The
convective heating surfaces also consist of
aligned bare tubes and are arranged similarly to
the convective heating surfaces of the horizontal
boiler. However, they are tailored to flue gas side
cleaning by means of sootblowers due to the tube
pitch and depth of the heating surface banks. The
economizer is arranged in a welded, gas-tight steel
casing and forms the last boiler pass with a hopper
for separating fly ash.

WTE: The Martin WTE Technology, Fig. 26 Vertical boiler
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The height of the vertical boiler is largely
determined by the size of the convective heating
surfaces of the third pass. Under the same bound-
ary conditions, this means that the height is greater
than that of the horizontal boiler but that the area
required is smaller.

Both boiler types are suspended in a supporting
steel structure that allows free thermal expansion
downward for all pressure-carrying parts. The
transition from the boiler to the stationary
reverse-acting grate or horizontal grate is
designed accordingly.

Energy Efficiency
Because of concerns about climate change and
increasing fuel prices, efficient utilization of
energy derived from waste has become more sig-
nificant. Municipal waste has characteristics that
make it particularly suitable for the generation of
heat and power. Waste is generally available close
to the location of heat and power consumption in
towns and densely populated areas. MARTIN
investigates and evaluates methods and concepts
for increasing efficiency by optimizing the com-
bustion system and water-steam circuit using
practice-oriented models for preparing large-
scale implementation [18].

The standard WTE technology in Europe con-
sists of grate-based combustion systems. Today
WTE plants use steam parameters of 60 bar/
420 �C–425 �C. Typically, these plants produce
650 kWh of electricity per ton of waste, which
corresponds to a gross energy efficiency of 22%
(lower heating value of 10.44 MJ/kg). With an
in-plant consumption of 150 kWh, this typically
results in exported electricity of 500 kWh (net
efficiency of 17%).

In some European countries, efforts are being
concentrated on further improving the energy effi-
ciency of WTE plants beyond the values men-
tioned above. The driving force behind the
implementation of high-energy systems is usually
a premium for renewable electricity from waste.

There is a large potential for improving the use
of the energy contained in municipal waste. On
the one hand, waste can be diverted from
landfilling, and on the other hand, the energy
efficiency of WTE plants can be improved.

In this respect, the main topics apply to power
generation: steam parameters (pressure and tem-
perature of superheated steam), flue gas heat
losses (temperature at boiler outlet, excess air
rate), steam condensation conditions (air or
water condensers), thermal cycles (intermediate
superheating, external superheating, two or three
pressure systems), and in-plant consumption
(SNCR/SCR, excess air rate).

Examples of recent innovative WTE plants
with MARTIN grate technology and highly effi-
cient power generation can be found in Brescia
(Italy), Amsterdam (the Netherlands), and Bilbao
(Portugal). The Brescia plant has an increased
gross efficiency of produced electricity of 27%
through increased steam parameters, reduced
flue gas losses, and minimized in-plant consump-
tion. The new plant in Amsterdam achieves 30%
with additional intermediate superheating and
water condensers. A further increase in energy
efficiency is then only possible by external super-
heating with natural gas in combined cycle plants,
as in Bilbao. However, innovations also took
place in the field of heat recovery. The Malmö
plant (Sweden) is an example, where efficiency
has been increased by using heat generated from
flue gas condensation for district heating. Twence
(the Netherlands) is another example, where a
high degree of energy recovery is achieved by
combining heat and power production.

In the case of power generation, the main lim-
itation on increasing energy efficiency is posed by
the increased cost and corrosion risk and the asso-
ciated cost for plant downtime and repair. For the
use of heat, climatic limitations and the cost of
district heating grids are important considerations.
In Europe, potential exists to increase the propor-
tion of WTE to over 10% of the overall renewable
energy produced as half of the energy contained in
municipal waste is of biogenic origin [19].

Energy performance indicators are plant-
specific figures which allow a power/throughput-
independent comparison and classification of
power plants with respect to their energy effi-
ciency. Efficiency is generally defined as the
ratio of useful output and input. In WTE plants,
the input is waste, and the useful output can be
electricity, heat, or even recovered materials.

WTE: The Martin WTE Technology 251



Gross electric efficiency, net electric efficiency,
and thermal efficiency are most commonly used.
It is essential to define clear system boundaries
when comparing the efficiency values of different
plants.

In Gothenburg (Sweden), where the focus is on
the production of heat, a large district heating
system is installed, where the WTE plant is only
one of many heat suppliers. During the summer,
the demand for heat is further increased by
absorption chillers distributed around the city.
The district heating system’s feed and return tem-
perature depend to a large extent on the outside
temperature. The feed temperature varies from
75 �C to 110 �C, whereas the return temperature
lies between 40 �C and 55 �C. The yearly averages
are 80 �C–45 �C. Figure 27 shows the four stages
of the heat production system. Due to the low
return temperature, it is possible to use the low-
temperature heat of the condensing scrubber
directly. In the next step, more heat from the
scrubber water is extracted by means of absorp-
tion heat pumps. These heat pumps are driven by
steam extracted at the 5 bar tapping point of the
turbine. Depending on the operating conditions,
excess heat from the second economizer is used in
the following stage. The last stage comprises the
back pressure condenser of the turbine operating
with floating pressure, depending on the required
feed temperature, to maximize electricity produc-
tion. Nearly 30% of the produced heat is extracted
directly from the flue gas, which reduces the loss

of electricity production and thereby decreases the
power loss coefficient [20].

The new WTE plant in Amsterdam (the Neth-
erlands) is designed for maximum electricity pro-
duction. With a sophisticated water-steam cycle
(Fig. 28), the plant achieves an electric efficiency
of more than 30%. The turbine can only be oper-
ated with elevated pressure of 130 bar at low live
steam temperature with a water separator and
external reheater system. In 2008 the plant was
retrofitted with a condensing heat exchanger to
produce heat too. The district heating medium is
heated up from the return temperature of
50 �C–120 �C (design feed temperature) in two
stages. In the first stage, waste heat from biogas
engines installed in the plant is used to heat part of
the district heating medium to 105 �C. Upstream
of the condensing heat exchanger, the hot stream
is mixed with the bypass stream resulting in a
temperature of 61 �C. Steam extracted from the
turbine is condensed in the condensing heat
exchanger to reach the final temperature of
120 �C. Most of the steam is extracted from the
4.5 bar tapping point, but since the plant was not
designed for heat production, not enough steam
can be extracted for full load operation of the heat
exchanger. Steam from the 14 bar tapping point
has to be reduced to 4.5 bar to be used in the heat
exchanger. The biogas engines are able to provide
3.5 MWth, while the heat exchanger of the WTE
plant is designed for a maximum of 18.3 MWth

heat output [20].

WTE: The Martin WTE Technology, Fig. 27 Heat production in Gothenburg (Sweden) [20]
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Generally speaking, the increase in efficiency
leads to an increase of the overall complexity of
the process. Additional skills and competence are
needed for plant design, process control, and oper-
ation. Nevertheless, cost-benefit and eco-
efficiency analyses clearly show that these addi-
tional efforts should be made.

Wall Superheater/Radiant Superheater
Today’s standard steam parameters of 40 bar and
400 �C are the result of a long-standing effort
against corrosion, in particular in the superheater
area. While the energy yield of a classical steam
power process can be easily improved by a signif-
icant margin by increasing the superheated steam
temperature, the justified demand for both high
levels of plant availability and low maintenance
costs also has to be addressed.

MARTIN has developed corrosion-protected
wall and radiant superheater solutions (Fig. 29)
with rear-ventilated tiles, located in the upper
furnace area and installed those as prototypes in

industrial-scale plants [21]. As a result, steam can
be heated about 35 �C in excess of the current
state-of-the-art parameters, without adversely
affecting plant operation due to corrosion of the
superheater. The electrical efficiency of such a
combustion plant can thus be improved signifi-
cantly, resulting directly in primary energy sav-
ings and a reduction in specific CO2 emissions
during electricity production.

In both concepts, the superheaters have proven
that they operate reliably in comprehensive tests.
The wall superheater is installed in front of the
membrane wall in the first pass and is protected
against corrosion by rear-ventilated tiles (Fig. 30).
In the second concept, a radiant superheater is
located in the middle of the radiation pass (first
or second boiler pass), through which flue gas
flows, and is also protected by rear-ventilated
tiles (Fig. 31). The rear-ventilated tiles are purged
by sealing air, thereby ensuring a non-corrosive
atmosphere at the tubes and consequently a long
lifetime.
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WTE: The Martin WTE Technology, Fig. 28 Plant diagram of new WTE plant in Amsterdam [20]
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To ensure that the boiler’s part load behavior
remains comparable with a reduced flue gas flow
and increased steam flow to achieve the live steam
temperature, the superheater heating surfacemust be
increased in comparison to the basic boiler concept.
Heating surface savings due to the reduced flue gas
flow at the convective evaporators and economizer
compensate for the additional work and costs. Over-
all, the boiler’s total heating surface is reduced by
approx. 3%. The horizontal pass is slightly longer in

WTE: The Martin WTE
Technology,
Fig. 29 Wall/radiant
superheater solutions

WTE: The Martin WTE Technology, Fig. 30 Wall
superheater

WTE: The Martin WTE Technology, Fig. 31 Radiant
superheater
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comparison to the basic boiler because of the sepa-
ration between the first and second pass.

A further advantage is that components sus-
ceptible to corrosion in the vicinity of the convec-
tion heating surfaces can be relocated to the
furnace, where efficient protection can be pro-
vided. This results in increased efficiency and
significantly reduced downtimes.

MARTIN Online Cleaning (MOC)
In WTE plants efficient online boiler cleaning is
of major importance because severe fouling or
even clogging of heating surfaces can otherwise
occur after short operating periods. The deposit
buildup on the boiler heat exchanger surface,
consisting of tubes and membrane walls, results
from mostly inorganic gaseous, liquid, and solid
products of the combustion process.

The deposits lead to a number of negative
impacts on the WTE plant operation:

• Reduction of the heat transfer rate and there-
fore reduction of the energy efficiency

• Increase of the pressure drop along the flue gas
path, resulting in an increased electricity con-
sumption of the induced draft fan

• Reduction of operating period of the boiler
between outages necessary for off-line
cleaning of the heat transfer surfaces, e.g., by
vibrating tools, sand blasting, or water washing

• Potential increase of corrosion at heat transfer
surface by aggressive components of the
deposits

• Risk of damage to boiler parts by falling down
of large agglomerates of deposits

The efficiency of continuous boiler cleaning
systems is therefore of very high importance to
the WTE plant operation in order to avoid deposit
buildup efficiently from beginning of boiler
operation.

The goals of online boiler cleaning systems
are:

• High cleaning efficiency
• Reliable and safe automated operation
• Low operating cost

• No damaging of heating surfaces
• Small space and volume requirement
• Applicable for new plants as well as for

retrofits
• Broad application range for various fuels and

different boiler types

The MARTIN Online Cleaning System
(MOC, Fig. 32) is a fully automatic system to
clean the boiler radiation passes (first, second,
third boiler pass) during operation using water to
keep the temperature at which the flue gas enters
the convective heating surfaces as low as possible
and thus achieve longer service periods.

The hose with a tailor-made cleaning nozzle,
specifically developed for this purpose for opti-
mum cleaning effect at low water consumption, is
positioned above the respective connecting pipe
and introduced into the boiler. The amount of
openings depends on boiler design. Inside the
boiler, an amount of water specifically suited to
the system is then sprayed onto the membrane
walls in sufficiently large drops, which enter the
incrustations. Evaporation causes the volume of
the drops to expand and consequently the incrus-
tations to come off. When opening the stop valve,
the flushing and drying unit is lowered into the
collar using a pneumatic lifting cylinder. This
results in a nearly completely closed system with
protection against escaping flue gases.

In contrast to other systems available on the
market, the MOC system includes a hose-cleaning
unit. As soon as the nozzle is retracted to put it back
on its reel, the wet and dry cleaning process starts
and the hose is cleaned and dried to ensure a longer
service life. The nozzle can be removed easily, and
the maintenance is also possible during operation.
Another advantage is the system’s intelligent con-
trol unit which ensures that the boiler is cleaned
taking various parameters, e.g., the temperature at
the inlet to the superheater, into account.

Shock Pulse Generator (SPG)
The shock pulse generator (SPG), developed and
manufactured by Swiss company Explosion Power
GmbH (EPCH), is an online boiler cleaning equip-
ment automatically generating shock pulses by
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pressurized, controlled gas combustion. The inno-
vative technology has proven its outstanding per-
formance at worldwide more than 250 different
installations since 2009. Plant operators confirmed
significant extension of boiler operating periods
and increased efficiency, thus contributing to a
sustainable and economic plant operation.

The shock pulse generator (Fig. 33) is mounted
at the outside of the boiler wall. The discharge
nozzle is introduced into the boiler by means of a
boiler nozzle or a boiler manhole. The supersonic
shock pulse is discharged into the boiler, puts the
gas volume and boiler surfaces into a short oscil-
lation, causes an impact sound wave within the
deposits, and therefore cleans off the fouling in a
very effective way.

The shock pulse generator system (Fig. 34)
consists of:

• Shock pulse generators, mounted at the outside
of the boiler wall on a boiler nozzle, introduc-
ing the shock pulse through a discharge nozzle
into the boiler

WTE: The Martin WTE
Technology,
Fig. 32 MARTIN Online
Cleaning System MOC

WTE: The Martin WTE Technology, Fig. 33 Shock
pulse generator
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• Control cabinet, controlling shock pulse
cycles, connected to distributed control system
(DCS)

• Pressure regulating units, reducing gas cylin-
der pressure of natural gas/methane, oxygen,
and nitrogen to 40 bar, located near gas bottles
outside boiler house

• Valve panel, preassembly with valves, pressure
transmitters, and junction box

The frequency of the shock pulse generators
depends on the fouling behavior of the boiler sys-
tem and the boiler system operation. During
commissioning, the frequency will start with one
shock impulse per hour and will be optimized
depending on the efficiency and the cleaning result.
The maximum frequency is four times per hour.

Shock pulse generators are not typical devices
as engines with a continuous sound emission. The
very short bang sound will be mostly absorbed by
the boiler wall and its insulation. The noise expo-
sure level of the SPG according to limits on the
workplace, averaged over 8 h, is less than 80 dB(A).
The release of the shock wave is announced by
two signal tones and a flashing light.

Process Simulation

A wide range of simulation tools are used in the
WTE sector for the design of new plants as well as
for the investigation of operating issues. These
tools apply thermodynamic representations of
the water-steam cycle to more complex represen-
tations such as Computational Fluid Dynamics
modeling.

A Boiler Dynamic program is used as a basis for
the combustion and boiler/water-steam cycle sim-
ulation of a power plant. This program code is
designed for engineering complex heat exchangers,
e.g., steam boilers and power stations. It allows the
user to build a graphical schematic representation
of a plant in a graphical user interface by selecting
predefined power plant elements from a library and
to simulate their operation. Mass and energy bal-
ances are calculated for each element, which is
considered to be like a black box. The program
code makes it possible to simulate different types
of boilers such as natural circulation boiler, force
flow boiler, Benson boiler (supercritical), WTE
plants, fire tube boilers, fluidized bed combustion,
etc. It includes static and dynamic modules. The

WTE: The Martin WTE Technology, Fig. 34 System overview shock pulse generator
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first module will be used to plan a new power plant,
to study an existing plant regarding fouling, and to
analyze the influence of different modifications
(fuel, operating point, changing of elements: e.g.,
heat exchangers). The dynamic modules are useful
to analyze the behavior of the boiler in special cases
such as start-up, load changes, or shutdown [22].

More complex problems in boilers such as
detailed combustion reactions, three-dimensional
temperature distributions or formation of emis-
sions are analyzed by means of Computational
Fluid Dynamics (CFD). Numeric modeling and
simulation to describe the flow processes in waste
combustion are regarded as state-of-the-art and
are in successful, widespread use. For combustion
problems, it has been shown that this software
gives accurate results and takes all aspects such
as chemical reactions, heat transfer, fluid flow, and
thermal radiation into account. CFD works by
solving the equations of mass conservation,
momentum conservation, and energy conserva-
tion over a region of interest, with specified con-
ditions on the boundary of that region.

For boiler design purposes, it is enough to
provide a general model including combustion,
heat transfer, and radiation. For combustion reac-
tions, there is a wide range of chemical reaction
models starting from simple ones for fast chemis-
try such as the eddy dissipation model or more
complex ones for finite rate chemistry such as
the eddy dissipation concept model, considering
chemical kinetics. For the purpose of investigat-
ing unburned carbon monoxide in the flue gas,
models with finite rate chemistry are needed,
whereas for heat release and heat transfer calcula-
tion, simpler models are sufficient to give realistic
results.

CFD is also used to investigate more complex
problems such as the formation of NOx (Fig. 35).
The CFD software includes numerical models of
NOx reactions from literature for the three NOx

formation mechanisms (fuel, prompt, and thermal
NOx). These models can be used to calculate the
formation of NOx for every type of mechanism,
showing the different areas in the boiler where this
emission is formed. For reduction of NOx on the
other hand, the SNCRmechanism is implemented
and can be selected. Ammonia and urea can be

injected in gaseous, liquid, or solid form into the
boiler to react with NOx emissions. Different
injection models with varying geometries can be
chosen to simulate introduction of the reducing
agent as realistically as possible [23]. However,
these models are used to optimize the SNCR
system and consequently reduce NOx emissions
and additive consumption.

These injection models are further used to
investigate the trajectories of fly ash particles
and can help to predict deposits or unfavorable
flow patterns. Combining particle tracking with
other codes, it is possible to numerically observe
the growth of the deposit and thereby caused
changes in flue gas flow.

A basic precondition for CFD simulation of the
gas phase of a boiler is the provision of exact
initial values by means of a suitable fuel bed
model [24]. A wide range of models is available.
This is due to the fact that many different effects
occur on the grate, which can be modeled in
different ways and are considered important by
some, while others neglect the same effect. Ensur-
ing transparency and understanding the fuel bed
model used are significant when working with
CFD. Therefore, it is often easier to develop a
new model which is designed to comply with
one’s needs instead of using other models with a
limited capacity for adaptation and tailored to
some other purpose.

Instead of modeling the total fuel bed model
with motion, gasification, and pyrolysis of the
waste, it is sometimes easier to just define the
heat or species release along the waste bed to
calculate starting values for CFD. These models
are more empirical and give no answer to what is
happening on the grate, but have proven to be good
enough for boiler design calculations or even
research topics in the gas phase combustion [25].

Of primary interest in simulation are the prac-
tical implementation and therefore the validity of
the model calculations. Validation is not of great
importance for thermodynamic water-steam cycle
calculation since these models are based on
energy and mass balances and therefore give
good results. CFD simulations on the other hand
are based on a wide range of models simplifying
reality. Choosing the right model is important to
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get realistic results. If there is any possibility, CFD
simulations are always validated by measure-
ments. In WTE plants for validation, a mass and
energy balance over the boiler is combined with
temperature measurements in the flue gas path to
perform accurate validations of CFD calculations.
For this purpose, grid measurements of the tem-
perature are performed in the area of the SNCR
level to obtain a two-dimensional temperature
profile, which then is compared with the temper-
ature profiles calculated by the CFD software.

In a project covering overall validation on an
industrial-scale WTE plant, the development of a
fuel bed model yielded improvements in the basic
boundary conditions for CFD simulation. Com-
prehensive measurements of temperatures, flue
gas concentrations, and velocities were performed
and compared with simulated values. Using the
model approaches selected, it was established that
the model for CO burnout and for a number of
other simplified partial models, such as heat dis-
sipation in the convective area of the heat

exchangers, did not permit accurate analysis or
forecasting for these subareas. However, good
matches were achieved, in particular with regard
to temperature and flue gas concentration values
for CO2 and O2. There were some mismatches in
the speed components due, above all, to the tur-
bulence prevailing in the first pass of WTE plants.
Nevertheless, it was possible to identify tenden-
cies correctly [26, 27].

NOx Reduction

Low NOx Technologies
Most of the waste’s nitrogen content is transferred
to the flue gas during combustion as nitrogen oxide
NOx. The limit values for NOx emissions continue
to decrease as a result of statutory or regulatory
requirements; it can be expected that they will
become even more stringent. At the same time,
the operators of thermal waste treatment plants
are increasingly being put under pressure to reduce

WTE: TheMartinWTE Technology, Fig. 35 CFDmodeling: NOx / NOx� SNCR calculation (NOx [mg/Nm3, referred
to 11% O2, dry])

WTE: The Martin WTE Technology 259



investment and operating costs. Compliance with
limit values is possible with the SNCR process,
which injects ammonia or urea into the furnace. In
some cases, SCR catalytic converters are neces-
sary. However, these involve higher costs
(investment/operation) and energy consumptions.

In this respect, various concepts of Low NOx

technologies were developed to significantly
reduce the NOx values downstream of the com-
bustion system via primary measures. This is due
to the fact that chemical reactions that convert the
primarily formed NOx back to nitrogen are pro-
moted as a result of the reduced excess air and
consequently higher temperatures in the lower
area of the furnace.

For a conventional combustion system setting,
the underfire air is set to be slightly super-
stoichiometric. An excess air rate of approx. 1.8
is achieved by supplying overfire air for flue gas
burnout. The NOx content is approximately
400 mg/Nm3. With a modified overfire air config-
uration in the upper furnace area, the NOx content
can be reduced to approximately 300 mg/Nm3.
This process option, known as LN (Low NOx),
has been tested on an industrial scale over longer
periods and is extremely suitable for being
retrofitted to existing plants. However, it can also
be implemented in the design of new plants.

The VLN process (Very Low NOx, Fig. 36) is
based on a classical grate-based combustion sys-
tem for municipal waste. This process achieves a
reduction in the levels of excess air and conse-
quently higher temperatures in the lower area of
the furnace by means of internal flue gas
recirculation. The “VLN gas” is drawn off at the
rear end of the grate and is reintroduced into the
upper furnace just below the ammonia injection
positions. The positive effect of this patented pro-
cess is twofold: on the one hand, drawing off the
VLN gas leads to combustion conditions which
promote the inherent NOx reduction processes
such that fuel NOx is largely reduced to nitrogen.
On the other hand, reinjection of the VLN gas
cools the flue gases down and enforces their
mixing with injected ammonia or urea. This
leads to improved efficiency of the SNCR system
and blocks the passage of flames or unreacted
gases.

It has been proven under continuous commercial
conditions that NOx values below 250 mg/Nm3 are
achieved with internal flue gas recirculation. These
values are reduced to less than 80 mg/Nm3 (all NOx

values referred to 11% O2, dry) by injecting ammo-
nia or urea. A further feature of this process is that a
NH3 slip of less than 10 mg/m3 is reached at the
same time.

• 850°C/2s from VLN level fulfilled
• Reduction of flue gas flow
• Reduction of raw NOx
• Increased efficiencyRaw NOx

< 250 mg/Nm³

VLN gas

Overfire air

Underfire air

VLN gas
offtake

WTE: The Martin WTE
Technology,
Fig. 36 Very Low NOx

(VLN) process (NOx

[mg/Nm3, referred to 11%
O2, dry])
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The VLN gas has a temperature below 300 �C
and is reinjected at a position at which the furnace
temperature is around 1000 �C. The overfire air
pressures are reduced to a level, which is consider-
ably lower than in conventional WTE plant design.
Nevertheless, super-stoichiometric conditions are
reached at the overfire air level. The 850 �C/2 s,
criteria for flue gas residence time, based on EU
legislation, is fulfilled starting from the last VLN
injection level in the furnace. The reduced excess air
rate allows cost reduction in the boiler and flue gas
cleaning and improved boiler efficiency. A further
advantage of theVLN system is the reduced flue gas
velocity in the lower furnace due to internal
recirculation via the VLN duct. This leads to a
reduction in the fly ash carried over to the boiler.

The VLN system has been successfully
retrofitted in the existing two lines of the WTE
plant Coburg (Germany) and implemented in the
following newly built commercial WTE plants:
Honolulu (USA), Bazenheid (Switzerland),
Buchs (Switzerland), Durham (Canada), and
Kemsley (United Kingdom).

Selective Non-catalytic Reduction (SNCR)
Nitrogen oxides are present in the flue gas due to
the high nitrogen content of the waste. Their levels
can be reduced on the one hand by means of
primary measures as the various concepts of
Low NOx technologies and on the other hand by
secondary measures as SelectiveCatalyticReduc-
tion (SCR) or Selective Non-catalytic Reduction
(SNCR).

The nitrogen oxides are reduced to nitrogen (N2)
and water (H2O) in the SNCR system, based on the
principle of selective non-catalytic reduction
(SNCR), by injecting aqueous ammonia (NH4OH)
into the furnace. The aqueous ammonia is injected
via nozzle lances at two levels within a temperature
range of 850 �C–1050�C. Moreover, the ammonia
can be converted to N2 or even to additional NOx in
secondary reactions at temperatures above 1050 �C
without NOx participation. Below temperatures of
approx. 850 �C, the DeNOx reactions occur only
very slowly. Compressed air (on request also soft-
ened fresh water) is used as the atomizing medium
in order to achieve the finest possible reducing agent
distribution.

The compressed air SNCR system (Fig. 37)
requires only one carrier medium (compressed air)
for injection and cooling and is adjusted to the
specific conditions of theMARTIN combustion sys-
tem and theirflowprofiles. Excess ammoniamust be
supplied due to the dependence on factors such as
the temperature window at the injection point,
mixing with flue gas and the secondary reactions
taking place. In order to remain within the tempera-
ture window, the compressed air SNCR system dis-
tributes the aqueous ammonia to two levels as a
function of the temperature. This means that there
are always two levels in operation at the same time.

The compressed air SNCR system consists of
several system components. The aqueous ammo-
nia storage tank serves as an area for delivery,
storage, and drawing off of aqueous ammonia.
As specified by regulations, the depressurized
storage tank is mostly designed as a double-
walled construction. The compressed air supply
unit, a screw-type compressor including refriger-
ant dryer, delivers compressed air continuously.
The pumping station includes NH4OH metering
pumps for the upper and lower injection level.
Distribution of the mass flows to the individual
nozzle rows in the boiler walls takes place in the
distributor stations. All lances are required to
introduce the aqueous ammonia into the furnace.
The compressed air flow ensures an extremely
fine distribution of aqueous ammonia droplets.

There are three control concepts that can be
optimized using an in situ NH3 measurement
device for reducing slip. They can be used to
regulate the amounts injected as required and to
optimize use of the aqueous ammonia with chang-
ing NOx raw gas concentrations and combustion
conditions. In addition, a balance control system
steplessly shifts the point at which NH4OH is
injected to the optimum temperature window
between the upper and lower injection level.

NOx values of up to 70 mg/Nm3 (referred to
11% O2, dry) are reliably achieved with a low
level of NH3 slip at the boiler outlet. Features of
the SNCR system are:

• Use of cost-effective standard components/
easy-to-replace spare parts

• Stable spray pattern
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• Defined setting of the NH4OH flow
• Rapid adjustment of the NH4OH flow when

temperature and NH3 slip change

Within the temperature window, the com-
pressed air SNCR system can achieve Low NOx

emission values. However, the NH3 slip increases
due to the excess aqueous ammonia required for
the SNCR reduction method. The system can
therefore be equipped with a raw gas catalytic
converter. This has the following advantages:

• Use of NH3 slip for further reducing NOx

• Only half of the catalytic converter volume is
used compared with a complete SCR system in
the raw gas area to achieve the same NOx

emission value
• Peripheral plant devices for reheating the raw

gas are not required

The NH3 slip and NOx emissions remaining in
the flue gas flow after the SNCR reaction pass

through the raw gas catalytic converter, e.g.,
downstream of the evaporator and upstream of
the inlet into the economizer bundles. The con-
verter is equipped with a sootblower system.

At theWTE plant in Brescia (Italy), a high-dust
selective catalytic reduction system has been suc-
cessfully implemented since 2006 (SNCR + high-
dust catalytic converter). The catalytic converter
is installed along the gas path where the tempera-
ture is already suitable for operation and reheating
is not needed. In this way a lower concentration of
NOx (< 70 mg/Nm3) is achieved in the flue gas as
well as lower ammonia consumption and lower
concentration of ammonia slip (2–6 mg/Nm3) in
the flue gas [28].

Combustion Residues

Materials recovery from waste by means of
thermo-recycling in grate-based WTE plants is
an important contribution to resource recovery.

WTE: The Martin WTE Technology, Fig. 37 Compressed air SNCR system
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The combustion residues bottom ash and fly ash
contain substantial amounts of raw materials
which are finite resources and whose primary
production is very often associated with high
environmental impacts. Bottom ash accounts
for the largest output by approx. 20–25% by
weight. It is usually discharged by means of
wet-type dischargers. On-site and/or off-site pro-
cessing currently comprises separation of ferrous
and nonferrous metals, as well as subsequent
aging for the potential reuse of the mineral frac-
tions which amount to approx. 80–85% by
weight as aggregates. But also precious metals
(e.g., gold, silver), glass, and stainless steel are of
great interest.

SYNCOM-Plus
In the SYNCOM process, as described earlier,
combustion air is enriched with oxygen, so that
fuel bed temperatures are considerably higher,
thereby causing increased sintering of the bottom
ash. To further improve bottom ash quality, the
SYNCOM-Plus process was developed, whereby
a downstream wet-mechanical treatment process
to separate a granulate (Fig. 38) is added to the
SYNCOM process [29, 30]. The separated fine
fraction and sludge as well as the boiler ash/fly
ash are then recirculated to the combustion system
for further sintering and the destruction of organic
compounds at high fuel bed temperatures of
approx. 1150 �C (Fig. 39).

A compact large-scale pilot plant consisting of
selected units for the continuous wet-mechanical
treatment of bottom ash as well as recirculation
of fine particles and boiler ash into the combus-
tion system was implemented in the SYNCOM
WTE plant in Arnoldstein (A). The continuously
accumulating bottom ash flow coming from a
wet-type discharger was first dry screened to
separate a fine fraction of <5 mm, then washed,
and wet screened to separate a granulate of
>2 mm and a suspension in a double-deck
screening machine. Because the wash water was
circulated, any particles <2 mm contained
therein had to be completely separated in order
to minimize the addition of fresh water.
A decanter centrifuge was used for this purpose.
The sludge that accumulated was fed into the

combustion system; the particle-free wash water
was conveyed into a storage tank for washing and
wet screening. The pilot plant operated continu-
ously and was always directly connected to the
bottom ash discharge.

An average of 428 kg/h fine fraction, 180 kg/h
sludge, and 58 kg/h boiler ash were recirculated. In
total, this amounted to approx. 6.5% of the entire
hourly waste input. No significant accumulation of
the fine fraction in the bottom ash total as a result of
recirculation could be detected after determining
the screening curves (comparison of particle size
distribution with/without recirculation). Analysis
of the combustion parameters (steam, fuel bed tem-
peratures, etc.) and the raw gasmeasurements at the
boiler outlet indicated no significant influence
being exerted by SYNCOM-Plus operation. The
granulate meets the criteria for solids and leachates
laid down by the recovery regulations and all
requirements pertaining to aggregates for unbound
materials and anti-frost layers for use in civil engi-
neering and road construction.

Figure 40 shows the entire input and output
mass flows in the SYNCOM-Plus process for the
SYNCOM WTE plant in Arnoldstein (A). The
greatest residue mass flow is the bottom ash out-
put (3.74 Mg/h). Of this, the SYNCOM-Plus pro-
cess produces 2.82 Mg/h of a granulate with good
recovery qualities. Fine fraction, sludge, and
boiler ash are recirculated; the filter ash contains
additives from flue gas cleaning and must there-
fore be disposed of.

WTE: The Martin WTE Technology,
Fig. 38 SYNCOM-Plus granulate
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Figure 41 is a graphic illustration of the energy
flow for the SYNCOMWTE plant in Arnoldstein
(A) during the SYNCOM-Plus trials showing
complete conversion of the waste input into elec-
tricity and specifying a value of 2.25 MW for
in-plant consumption. However, the components
of the SYNCOM-Plus process make only a small
contribution in this respect.

The SYNCOM-Plus trials at the SYNCOM
WTE plant in Arnoldstein (A) demonstrated suc-
cessful results in continuous operation mode and
therefore proved that both, wet-mechanical treat-
ment and recirculation, in continuous operation
are feasible. No influence on combustion or the
raw gas could be detected [31].

The removed material flows (fine fraction and
sludge), and the wash water can be recirculated
within the process so that SYNCOM-Plus pro-
duces no residues for disposal and the entire pro-
cess is effluent-free.

The characteristic features of the SYNCOM-
Plus process are listed below:

• Wet-mechanical treatment/recirculation feasi-
ble in continuous large-scale operation

• Optimized granulate quality with optional
recovery

• No vitrification of residues necessary/destruc-
tion of dioxins >90%

• Reduced amount of residues for disposal/
effluent-free process

Dry Bottom Ash Discharge
In conventional grate-based WTE plants, bottom
ash is removed from the furnace via a wet-type
discharger. In most of these plants, ferrous metals
are separated from the bottom ashes, but the
removal of other metals is difficult because the
ash particles and metal particles stick together due
to the moist conditions. Dry discharge of bottom
ash from waste combustion is becoming increas-
ingly important in the context of recycling raw
materials from combustion residues. Studies have
shown that the recovery rate of ferrous and non-
ferrous metals could be significantly increased by

dry bottom ash discharge. Particularly in Switzer-
land, but also in numerous other countries, dry
bottom ash discharge has generated a great deal of
interest.

MARTIN has developed a system of dry ash
discharge to enhance the possibilities for recover-
ing raw materials from combustion residues. On
the one hand, the discharge of classified dry bot-
tom ash is economically viable due to effective
metal separation, maximization of revenues from
metal recovery, reduction of disposal costs as a
result of weight reduction, and associated lower
transport costs. On the other hand, there are addi-
tional benefits due to the enhanced quality of the
discharged dry bottom ash and simpler bottom ash
handling in subsequent treatment, preparation,
and recovery processes. At the Monthey WTE
plant (Switzerland), dry discharge systems were
implemented in both combustion lines for
industrial-scale operation.

The MARTIN dry bottom ash discharge sys-
tem (Fig. 42) consists of the following
components:

• MARTIN ram-type discharger
• Air separator enclosed in container
• Dust extraction system
• Air system

For dry bottom ash discharge, the discharger is
operated without water. The dry-discharged bottom
ash is conveyed directly to an air separator (Fig. 43).
The fine fraction and bottom ash dust is extracted in
a defined manner. Depending on the extraction
speed, the fine fraction and dust particle size could
be set to defined values. The air separation area is
enclosed by a container, in which negative pressure
is constantly maintained, thereby preventing false
air from entering the furnace or dust from getting
into the boiler house. The exhaust air from the air
separator is conveyed to a dust extraction system,
where the fine fraction is separated. The unburdened
air, containing a minimal amount of residual bottom
ash dust, could be conveyed in a defined manner to
the combustion air system as part of the overfire air.
Similar to wet-type discharge, the surface
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temperature of the discharger lies in the range
40 �C–60 �C in the dry discharge mode. The simple
and robust technology used in the dry discharge
system is based on generally known process engi-
neering separation and transport procedures and
uses the advantages of a fractioned bottom ash
discharge.

Three material flows are separated from the
dry-discharged bottom ash by means of air and
dust extraction (cyclone separator, etc.):

• Coarse fraction >1 mm (contains recyclable
metal)

• Fine fraction �1 mm (contains almost no
metal)

• Bottom ash dust �100 mm

The coarse fraction, in which almost all metals
are present, undergoes appropriate separating pro-
cesses in order to extract the metals. The mineral
fractions contained in the coarse fraction can be
recycled, e.g., in road construction.

Due to its outstanding pozzolanic properties,
the largely mineral fine fraction can be used with-
out further treatment as a cement substitute, for
the solidification of waste, for example. Extensive
investigations [32] demonstrated that fine fraction
can also be transformed into an inert material
suitable for the production of hard, dense
ceramics. Processing involved the addition of

glass, ball milling, and calcining. This transforms
the major crystalline phases present in the fine
fraction to pyroxene group minerals. Following
this, the processed powders showed minimal
leaching and can be pressed and sintered to form
dense, hard ceramics that exhibit low firing
shrinkage and zero water absorption. The research
demonstrated the potential to beneficially
up-cycle the fine fraction into a raw material suit-
able for the production of ceramic tiles (Fig. 44)
that have potential for use in a range of industrial
applications.

The small quantities of bottom ash dust that
accumulate are returned to the combustion pro-
cess with the overfire air, but the dust can also be
separated by means of appropriate filter systems
and recycled together with the fine fraction.

The MARTIN dry bottom ash discharge sys-
tem could be implemented in new or integrated
into existing WTE plants without any influences
on combustion control or plant safety. There is no
need for major modifications to the combustion
system, boiler, or flue gas cleaning system.

Dry discharge offers significant advantages in
this respect. On the one hand, the quality of recy-
clable metals is improved. On the other, the fine
fraction and fibers can be separated more effi-
ciently from the coarse fraction. A TOC of the
coarse fraction of less than 0.5% by weight can
be achieved. Additionally the dust content of the

WTE: The Martin WTE
Technology,
Fig. 44 Ceramic tile
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coarse fraction is significantly reduced, which
means it can be transported without any problems
by conventional means.

Bottom Ash Treatment
Materials recovery from waste by means of
thermo-recycling in grate-based WTE plants is
an important contribution to resource recovery.
The bottom ash contains substantial amounts of
raw materials which are finite resources and
whose primary production is very often associated
with high environmental impacts. Various
advanced techniques and concepts for the recov-
ery of resources out of bottom ash have been
developed and installed in large-scale
implementations on-site WTE plants and pro-
cessing facilities.

Typically ferrous and nonferrous bulk metals
are recovered, but also precious metals (e.g., gold,
silver), glass, and stainless steel are of great inter-
est. The reuse of the mineral fractions which
amount to approx. 80–85% by weight varies in
different countries (e.g., aggregates, additives,
landfills). Specific analyses and tests are conducted
to identify processing and recycling opportunities.

However, the environmental and economic
benefits of bottom ash treatment are limited by
the efforts and economics of different treatment
concepts. System boundaries for integrated
on-site treatment must be identified, and a sensi-
tivity analysis for specified system parameters
must be conducted. A pre-concentration of reus-
able materials on-site and final recovery in special
facilities could be one approach.

Typical steps in the treatment of wet-
discharged bottom ash are storage, aging, grading,
magnetic separation, eddy current separation, and
size reduction. Once the bottom ash has been
partially dried and aged, it is fed to a treatment
system, in which ferrous metals are removed
using magnetic separators (drum and conveyor
magnets). Nonferrous metals are removed using
eddy current separators and scrap metal separa-
tors. Bulky metal items are usually sorted out
before that by hand.

When treating dry-discharged and wet-
discharged bottom ash in an identical system by
dry mechanical means, dry-discharged bottom ash
offers a significant advantage in the recovery of
ferrous and nonferrous metals. In concrete terms,
this means that the output of ferrous metals is
increased by 5% and that of nonferrous metals
by as much as 27% [33]. The dry-discharged
bottom ash, which has a reduced dust content, is
treated using the proven process steps and opti-
mized components of a system designed to treat
wet-discharged bottom ash by dry mechanical
means, without having to make immoderate
adjustments to the process or equipment. In addi-
tion, the dry-discharged bottom ash does not have
to undergo intermediate storage and dust removal.
Existing facilities for the treatment of wet-
discharged bottom ash can be converted to suit
the recovery of metals from dry-discharged bot-
tom ash, which is pretreated in an air separator.

After the bulky scrap items have been
removed, the dry-discharged bottom ash is con-
veyed to a cascade of screens with a total of
6 screening steps. More recyclables and unburned
residues are separated from the fraction >70 mm
after scrap items have been removed in the manual
sorting unit. The ferrous and nonferrous metals
contained in the fractions <70 mm are recovered
through a combination of magnetic and eddy cur-
rent separators, down to a fine fraction >0.7 mm.
The residual fractions >10 mm are crushed to
extract recyclables locked in agglomerates,
thereby maximizing recovery rates. This concept
for the recovery of recyclables has been validated
at an industrial-scale facility.

The MARTIN bottom ash treatment system
(Fig. 45) is modular in design and can therefore
be adjusted to suit any given technical and eco-
nomic requirements. It comprises the following
components:

• Tipping hall and material feeding system
• Grading
• Removal and refining of ferrous metals
• Removal of nonferrous metals (five stages)
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• Removal of stainless steel
• Optional removal of glass
• Receiver tanks for mineral residues

Access to the functional and separation equip-
ment can be easily provided via boom lifts and
crane systems. Nonferrous metals are separated
using eddy current separator cascades. This has
the advantage that the residual fraction is treated at
the same time and that the peripherals of the first
eddy current separator can be used when arrang-
ing a second separator directly downstream of the
first. This arrangement reliably minimizes the loss
of nonferrous metals while ensuring a constant
quality level. Thanks to this modular process con-
cept, a second sorting step can be retrofitted with-
out requiring significant modifications.

The recovery rate for ferrous metals rises from
approx. 83% to more than 90%. For nonferrous
metals, an increase of approx. 31% is achieved.
Although classical wet treatment systems have
markedly improved in terms of metal recovery
rates and quality in recent years, dry bottom ash
discharge still offers an additional economic
advantage as it allows for the recovery of recycla-
bles from very fine fractions and for the extraction
of metals in purer forms.

The economic viability of a plant can be
improved by recovering recyclables in a central
facility following decentralized pretreatment of
the dry bottom ash in the air separator of the
MARTIN dry bottom ash discharge system
described above (removal of dust). Centralized
treatment on behalf of an association of WTE

WTE: The Martin WTE Technology, Fig. 45 Bottom ash treatment system
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plants is the preferred solution because it reduces
fixed costs and improves efficiency. Such an asso-
ciation exists in the Swiss canton of Zurich, where
a central facility has so far treated 100,000 Mg/a
of dry-discharged bottom ash from 5 different
plants.

The integrated concept for the recovery of recy-
clables from dry-discharged bottom ash developed
byMARTIN is a very attractive solution both from
a technical and economic perspective. Thanks to its
modular design, it can be adjusted to suit cus-
tomers’ economic requirements. Centralized bot-
tom ash treatment aimed at increasing throughput
rates and combined with decentralized dry bottom
ash pretreatment steps further improves the eco-
nomic viability of a treatment facility.

Fly Ash Treatment/Recirculation
In view of the continual depletion of raw mate-
rials, sustainable processes for the recovery of
recyclables are becoming more and more impor-
tant. The process of selective zinc recovery from
the acid-scrubbed fly ash of thermally treated
waste is one example of a cost-effective, process-
integrated method for recovering economically
profitable heavy metals.

By means of this process, cadmium, lead, and
copper are separated, and the valuable metal zinc,
which is contained in high concentrations in the
fly ash, is recovered. After acidic fly ash scrub-
bing, the filter ash cake has an extremely low
heavy metal content. Any organic matter that
remains in the cake subsequent to scrubbing can
be returned to the combustion system so that it can
be destroyed (Fig. 46) [34].

The synergies associated with the residues
occurring with wet flue gas cleaning are used
during the process. During acidic ash extraction,
the heavy metals in the fly ash are mobilized and
extracted by the acidity of the quench water. At
the same time, the excess acid content of the
quench water is neutralized by the alkalinity of
the fly ash. In a filtration stage, the filter ash
cake, which has an extremely low heavy metal

content, is separated from the filtrate containing
heavy metals. The filtrate serves as the base
material for subsequent targeted heavy metal
separation and recovery. Cadmium, lead, and
copper are separated using a reductive process
and recovered as a metal mixture in lead works.
Zinc, which is present in the filtrate in econom-
ically interesting concentrations, is separated
from the pre-cleaned filtrate using a selective
liquid-liquid extraction method and then con-
centrated and recovered electrolytically as pure
zinc (Zn > 99.99%) [36]. In a waste water treat-
ment plant using lime milk, the filtrate with its
extremely low heavy metal content is neutral-
ized, filtered, and freed of all remaining traces of
heavy metals using selective heavy metal ion
exchangers. The resulting clean waste water
can be supplied directly to the receiving body
of water or can be used as process water. After
filtration, a small amount of residual metal
sludge consisting largely of gypsum and alka-
line earth metal hydroxides remains and is
disposed of.

To destroy the organic matter in the filter ash
cake, in particular the dioxins and furans, the filter
ash cake with its extremely low heavy metal con-
tent can be returned to the combustion system. As
proved in several industrial-scale trials at WTE
plants, recirculation of the filter ash cake has no
effect on plant operation, raw and clean gas
parameters, and the quality of the resulting
bottom ash.

By combining the individual process steps, the
residues from flue gas cleaning can be sustainably
and efficiently treated. Using the processes
described here, thermal waste treatment results
in bottom ash and metal fractions containing recy-
clables that can be selectively returned to the raw
materials cycle.

In addition to the sustainable recovery of sec-
ondary raw materials and closing of substance
cycles, this process also has economic advan-
tages. Value is added through the recovery of
zinc, and significant cost savings are made in
relation to the treatment of waste water with low
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heavy metal contents, thereby ensuring the cost
efficiency of the overall process. The process
could consequently achieve sustainable, ecologi-
cally relevant, and economically interesting
recovery of residues from flue gas cleaning sys-
tems in thermal waste treatment plants.

Reference Plants

In Figs. 47, 48, 49, 50, 51, 52, and 53, some
examples of WTE plants using MARTIN technol-
ogy are provided. A current reference list is avail-
able in [1]. In order to provide solutions for

customers with small waste volumes, modular
and standardized small-scale plants have been
specifically developed. These plants are suitable
for waste throughputs of 2.5 to 8 Mg/h per com-
bustion line.

Future Directions

Sustainability, recycling, resource conservation,
and global warming are the greatest global chal-
lenges facing us today and will continue to occupy
our attention in the years to come. Waste combus-
tion is an essential component of all modern waste

Reverse-acting grate
SYNCOM

Number of lines: 1
Waste capacity per line: 10.7 Mg/h
Thermal capacity per line: 29.6 MW
Steam output per line: 35.2 Mg/h
Steam pressure: 40 bar
Steam temperature: 400 °C

WTE: The Martin WTE Technology, Fig. 47 Arnoldstein (A)
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management concepts and plays a central role in
the handling of these issues, which will become
increasingly important as time goes on.

Experience and statistics from many countries
clearly show that the combustion of residual waste
does not conflict with the avoidance, recovery,
and recycling of waste in any way. The rate of
recycling of secondary raw materials is particu-
larly high in countries predominantly using com-
bustion, while their rate of landfilling of residual
waste is low.

There is no doubt that CO2 is produced and
released into the atmosphere with the flue gases
generated during waste combustion. However,
when assessing the relevance of these emissions
to the climate, a difference must be made in terms
of where the CO2 originates. Approx. 50% of this
CO2 is biogenic in origin (paper, cardboard,
wood, materials, leather, etc.) and therefore does
not increase the global CO2 balance, similar to the
combustion of biomass. The other half, however,
is fossil in origin (plastics, paints, varnishes, etc.)

Reverse-acting grate VARIO

Number of lines: 1
Waste capacity per line: 30.0 Mg/h
Thermal capacity per line: 81.3 MW
Steam output per line: 96.7 Mg/h
Steam pressure: 50 bar
Steam temperature: 425 C

WTE: The Martin WTE Technology, Fig. 48 Roskilde (DK)

276 WTE: The Martin WTE Technology



and therefore impacts on the climate. Conse-
quently, the technological groundwork must be
laid for building highly efficient waste combus-
tion plants and in order that the substitution effect
of standard fuels can be maximized to the greatest

extent possible. Far-reaching climate policies are
basically inconceivablewithout these plants because
their potential for reducing the greenhouse effect
and as a source of alternative energies cannot be
ignored. Development goals must serve to increase

Reverse-acting grate

MSW
Number of lines: 2
Waste capacity per line: 23.0 Mg/h
Thermal capacity per line: 88.3 MW
Steam output per line: 115.0 Mg/h
Steam pressure: 60 bar
Steam temperature: 450 °C

Biomass
Number of lines: 1
Waste capacity per line: 23.0 Mg/h
Thermal capacity per line: 100.0 MW
Steam output per line: 115.0 Mg/h
Steam pressure: 73 bar
Steam temperature: 480 °C

WTE: The Martin WTE Technology, Fig. 49 Brescia (I)
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the efficiency of these plants while integrating them
into the energy and material flow management sys-
tems of individual countries [37, 38].

ModernWTE plants and optimized technology
concepts are responsible for significant

improvements in the fields of combustion system
technology and energy concepts. Corrosion-
protected wall or radiant superheaters improve
energy efficiency significantly. In addition, many
other innovations have been developed and

Reverse-acting grate

Line 3
Number of lines: 1
Waste capacity per line: 25.0 Mg/h
Thermal capacity per line: 87.0 MW
Steam output per line: 103.5 Mg/h
Steam pressure: 40 bar
Steam temperature: 400 °C

Line 4
Number of lines: 1
Waste capacity per line: 29.0 Mg/h
Thermal capacity per line: 90.0 MW
Steam output per line: 103.5 Mg/h
Steam pressure: 40 bar
Steam temperature: 400 °C

WTE: The Martin WTE Technology, Fig. 50 Malmö (S)
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installed in several full-scale plants, for example,
the reverse-acting grate VARIO, the MICC sys-
tem, dry bottom ash discharge concepts for
highest metal recovery rates, intermediate super-
heating devices, and heat exchanger switching
technologies for improved boiler performance or
online boiler cleaning systems.

Figure 54 shows the next generation of WTE
plants with the main innovations using MARTIN
technology.

In addition to recovery of the energy inherent
in the waste, the treatment of dry-discharged bot-
tom ash is an important contribution to compli-
ance with raw material and climate policies and to

Reverse-acting grate Vario

Number of lines: 1
Waste capacity per line: 36.0 Mg/h
Thermal capacity per line: 80.0 MW
Steam output per line: 100 Mg/h
Steam pressure: 60 bar
Steam temperature: 418 °C

WTE: The Martin WTE Technology, Fig. 51 Brista (SE)
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the promotion of a closed substance cycle in gen-
eral. Furthermore, dry bottom ash discharge and
treatment represents a further step toward waste-
free operation and “after-care-free” landfills.

Further development and optimization of
existing technologies and concepts are needed
due to international requirements in the field of
thermal waste treatment using grate-based com-
bustion systems. It has been repeatedly proven
that innovative technologies must first be

developed and comprehensively investigated.
Additional skills and competence are needed for
plant design, process control, and operation. Nev-
ertheless, cost-benefit and eco-efficiency analyses
clearly show that these additional efforts should be
made. In the future, MARTIN will continue to
reliably ensure treatment of waste under ecological
and economic constraints, using innovations and
reliable process engineering technology and taking
international statutory requirements into account.

Reverse-acting grate VARIO

Number of lines: 1
Waste capacity per line: 12.4 Mg/h
Thermal capacity per line: 34.4 MW
Steam output per line: 39.6 Mg/h
Steam pressure: 51 bar
Steam temperature: 425 °C

WTE: The Martin WTE Technology, Fig. 52 Pilsen (CZ)
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Horizontal grate

1994
Number of lines: 4
Waste capacity per line: 30.0 Mg/h
Thermal capacity per line: 73.0 MW
Steam output per line: 77.0 Mg/h
Steam pressure: 43 bar
Steam temperature: 415 °C

2007
Number of lines: 2
Waste capacity per line: 33.6 Mg/h
Thermal capacity per line: 93.3 MW
Steam output per line: 102.0 Mg/h
Steam pressure: 130 bar
Steam temperature: 420 °C

WTE: The Martin WTE Technology, Fig. 53 Amsterdam (NL)
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Glossary

ACS Auxiliary control systems
BAT Best available techniques
CEMS Continuous emission monitoring system
CFD Computational fluid dynamics
CCS Combustion control system
CCS+ Enhanced combustion control system
CNG Compressed natural gas
DCS Distributed control system
ECS Equipment control systems
EfW Energy from waste (synonym to WTE =

waste to energy)
EPC Engineering, procurement, and

construction
FGT Flue gas treatment
GfR HZI grate for riddlings
HHV Higher heating value

HPS High-pressure steam
HZI Hitachi Zosen Inova AG
LEAP HZI low excess air process
LHV Lower heating value
LPS Low-pressure steam
LRD Load range diagram (or combustion

diagram)
MSW Municipal solid waste
O&M Operation and maintenance
PtG Power to gas
POP Persistent organic pollutants
RDF Refuse drive fuel
SCC Secondary combustion chamber
SCNG Synthetic compressed natural gas
SCR Selective catalytic reduction
SNCR Selective non-catalytic reduction
TOC Total organic carbon
VOC Volatile organic carbon: concentration of

organic compounds in flue gas
WWT Wastewater treatment

Definition of the Subject and Its
Importance

Traditionally, waste has been landfilled and still is
today, when cost is the main criterion for waste
management. The amount of waste worldwide is
growing faster than the global population, with
the production of municipal solid waste set to rise
from 1.4 billion tons at present to 2.2 billion tons
by 2025. “Out-of-sight, out-of-mind” has been the
early concept, before science provided a more
complete picture of the effects of landfilling on
land, water, and air for a long time after a landfill
has been filled [1].

The primary reason for these effects is the con-
tinuing decomposition of organic waste com-
pounds into methane and other gases that escape
to the air or to water-soluble compounds that dis-
solve in rainwater percolating through the waste
and may contaminate surface and groundwater.
Landfills account for 8% of the total greenhouse
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gas emissions, and its negative impact on human
habitat and the environment would be substantially
reduced by replacing it with state-of-the-art waste
treatment technologies (Fig. 1).

This is why today’s acknowledged hierarchy of
waste treatment options considers landfilling as
the least desirable option, and lack of landfill
capacity, the negative environmental impact,
urban hygiene, increasing costs, and tighter regu-
lations require alternative solutions. As natural
resources become scarcer, the recovery of energy
and raw materials from waste becomes more
important. As shown in the figure below, best
options are obviously “avoid” and “reuse,” both
of which reduce the amount of waste to be treated,
and then recycle whatever is reasonably possible
from the waste stream (Fig. 2).

Recovery of materials and energy from waste
using thermal and biological waste treatment is an
integral part of any modern waste management
system focused on maximizing utilization of all
resources contained in the waste and minimizing
the adverse impact on society and the
environment.

Separate collection of direct recyclables and
organic waste allows for material and energy
recovery, whereas thermal treatment is used to
recover energy and material from waste that can-
not be recycled directly. Hitachi Zosen Inova’s
in-house technologies for sustainable waste man-
agement aim to bring the world closer to a circular
economy (Fig. 3).

On the other hand, converting volatile electricity
into renewable, synthetic gases for a carbon-neutral

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 1 From landfilling to a
modern EfW plant (HZI EfW Plant Thun/Switzerland)
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only for source
separated organics

Waste reduction

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 2 Waste treatment
hierarchy as per Prof.
Themelis [2]
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economy is a key component of modern and sus-
tainable energy management. This evens out fluc-
tuations in the grid while enabling the long-term
storage of the electrical energy and making it avail-
able later on demand (Fig. 4).

Introduction

Swiss cleantech company Hitachi Zosen Inova
(HZI) is a global technology leader for energy
and material recovery from municipal solid
waste (MSW), refused derived fuel (RDF), and
organic waste. HZI acts as an engineering, pro-
curement, and construction (EPC) contractor
delivering complete turnkey plants with
in-house, innovative, and reliable solutions for
the entire plant life cycle.

HZI’s customers range from experienced waste
management companies and municipalities to
upcoming partners in new markets worldwide.
Its solutions have been parts of over 600 thermal
and 80 biological EfW plants delivered since 1933
and 1991, respectively.

Hitachi Zosen Inova’s roots go back to the
foundation of “L. von Roll Aktiengesellschaft”
in 1933, set up to focus on thermal waste treat-
ment. Six years later, it built its first plant in the
Dutch city of Dordrecht. From the very beginning,
the Swiss company developed proprietary and
improved technologies, including the reciprocat-
ing grate, advanced methods for flue gas cleaning,
and processes for the recovery of materials from
residues. In 1960, Von Roll entered into a long-
term license agreement with Hitachi Zosen Cor-
poration and opened its first offices in Germany

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 3 Sustainable circular
economy
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and Japan. Subsidiaries were founded in France
and Sweden in 1966, and in 1975 the company
established a presence in the USA. Since 2011, the
renamed company and its subsidiary KRB have
been part of Hitachi Zosen Corporation. As a
licensee of the Von Roll technology, Hitachi
Zosen Corporation implemented HZI’s core tech-
nology in more than 200 energy-from-waste
plants in Japan, China, and other countries
throughout East Asia. Hitachi Zosen Inova and
Hitachi Zosen Corporation combine the compe-
tencies of two strong partners in the EfW sector.

In addition to the HZI thermal EfW technolo-
gies, the Kompogas®, BioMethan, and EtoGas
technologies enhance Hitachi Zosen Inova’s port-
folio, allowing the company to extend its position
as one of the world’s leading providers of EfW
plants and solutions. Offering both thermal and
biological treatment of waste completed with
advanced material recovery and renewable energy

conversion solutions, Hitachi Zosen Inova is able
to address the specific market requirements of
modern waste and energy management.

This entry describes the Hitachi Zosen Inova
energy fromwaste (EfW) technologies, consisting
of thermal EfW Grate combustion technology,
Kompogas®; dry anaerobic digestion, BioMethan;
biogas upgrade and EtoGas; converting energy into
renewable gases.

The Hitachi Zosen Inova Thermal
Energy-from-Waste Grate Combustion
Technology

Thermal EfW not only decreases the volume of
waste; it saves natural resources such as land and
water. It also protects the air and climate because
EfW plants reduce the greenhouse gases coming
from landfill. It also recovers the energy contained

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 4 Components of
sustainable energy management
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in the waste and reduces municipal solid waste
(MSW) to a maximum 10% of its original volume
and to a chemically stable form (Fig. 5).

The Hitachi Zosen Inova energy-from-waste
technology is a mass-burn technology which
treats post-recycling MSW and RDF as collected
and without any pretreatment. The robust con-
struction of the grate and the heterogeneous
waste fractions explain why grate combustion
remains the most widespread method for thermal
treatment of residual waste today.

Hitachi Zosen Inova’s thermal EfW plants are
designed specific for plant requirements, for a big
variety of heating values, throughputs, and
methods of energy recovery. With the proven
reliability, both single- and multiple-train plants
are planned and built. The main question related
to single-train plants is if waste can be stored or
otherwise diverted as well as if it is acceptable to
have no heat and/or power output during service
periods. For larger plants, or if redundancy is
important, multiple trains can be combined in
one thermal EfW plant as needed.

The waste management market requires for
thermal EfW solutions with highest possible flex-
ibility regarding calorific values and composition
of wastes to be treated. With changing consumer
habits and waste management strategies, including

various recycling schemes, properties of feed
streams available for an EfW plant can signifi-
cantly change. At the same time, EfW solutions
must meet the highest environmental standards and
high thermal efficiency and be cost-effective. The
main objectives of the thermal treatment of waste
can be summarized as follows:

• Complete inertization and volume reduction of
waste

• Destruction of organic pollutants
• Recovery of metals and other useful products
• Concentration of inorganic pollutants in a

usable or inert form
• Highest recovery of energy contained in waste

for substitution of primary energy
• Cleaning of flue gases and liquid effluents to

very stringent environmental standards
• Cost-effective operation and maintenance for

equipment and processes

Specific main components that make up the
Hitachi Zosen Inova EfW technology and fulfill
mentioned requirements are described below in
detail.

Description of the Elements of the Hitachi
Zosen Inova Grate Combustion Technology
A thermal EfW plant with grate combustion tech-
nology consists of various elements such as waste
supply and feeding system, combustion grate and
its auxiliaries, bottom ash extraction, heat recov-
ery and utilization units, flue gas treatment, and
residue treatment.

Waste Supply and Feeding
The access road to the EfW plant directs waste
delivery trucks to the receiving office where truck
scales are installed to weigh the incoming and
outgoing traffic.

Mixed municipal solid waste or RDF from
sorting plants is stored in a waste pit, which is a
large concrete bunker for storage of the waste
delivered until it is treated. It serves to uncouple
the waste delivery in the tipping bay from the
waste treatment so that the plant can continue to
operate during weekends and holidays when

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 5 Energy recovery
from 1 ton of waste
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waste delivery is interrupted. It also enables waste
delivery, while the plant is shut down for periodic
maintenance (Fig. 6).

Another important function of the waste pit is
to provide the crane operator with the volume
needed to mix the waste, so that the plant can be
operated as stable as possible. To prevent the
combustible waste from igniting in the pit, infra-
red cameras are installed. When they detect a hot
spot, water cannons are used to cool it down.

Air is aspirated from the waste pit and used as
primary air for combustion. This also assures that
when the doors are open, air is drawn into the pit
and the odor is contained in the bunker.

A grapple crane is used to move the waste in
the waste pit for mixing, stacking, and transferring
waste to the feed hopper. A single crane can lift
loads of several cubic meters of waste in the
grapple (Fig. 7).

Scales are integrated into the crane in order to
weigh every load which is deposited into the feed

hopper. This allows the combustion control sys-
tem to calculate the operating point, monitor
trends of waste composition changes, and adapt
operating parameters accordingly. The crane oper-
ation can also be automated by advanced control
systems for certain periods of time so the operator
can follow other duties.

The feed hopper connects the waste bunker
with combustion chamber and ensures continuous
delivery of the waste onto the grate as shown in
(Fig. 8).

Additionally, with the flap gates installed at the
bottom part, the feed hopper ensures that:

• During start-up, until the minimum combus-
tion chamber temperature is reached, the waste
will not be transferred onto the grate.

• During operation, the waste thickness in the
feed hopper chute is high enough to prevent
any tramp air from entering the combustion
chamber.

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 6 Waste tipping bay
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 7 Waste bunker crane

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 8 Feed hopper
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• During shutdown, backflow of flue gas into the
waste bunker is avoided, even if the waste level
in the feed hopper chute is low (Fig. 9).

In order to prevent wear, certain key areas are
protected with wear-resistant steel sheet. The
slope of the hopper walls and the arrangement of
the hopper flap gate are designed to prevent arch
buildup and, thereby, ensure continuous delivery
of waste to the ram feeder table.

An open-circuit cooling system with a water
tank alternatively a closed-circuit water system
including circulation pumps and expansion tank
ensures the cooling-off of the feed hopper chute
parts, which are exposed to extreme thermal
loads. Depending on the requirements for auto-
mated operation, additional waste level scanner
and additional level detectors can be installed to
control waste feed and detect possible arc forma-
tions in the feed hopper.

The combustion chamber is heated up by start-
up burners gradually and in line with refractory
requirements until the temperature is reached
where wastes can be burned. Once this condition
is met, the gate in the feed chute is opened to admit
the waste onto the grate where it will start to burn
immediately. The waste descends in the feed chute
and falls on to the horizontal feeder table, over
which hydraulically driven ram feeders (one for
each grate lane) slide (Fig. 10).

As the feeders slide back, waste falls from the
feed chute to the feed table. As the feeders slide
forth, waste on the feed table is pushed onto the
incineration grate. Each lane has its own ram
feeder, and the continuous regulation of the for-
ward stroke allows uniform metering and

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 9 Feed hopper
flap gate

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 10 Ram feeder and ram
feeder table
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immediate adjustment of the waste volume, which
is crucial for a stable combustion process.

HZI Grate
The purpose of the grate is to incinerate the waste
and to ensure continuous and complete combus-
tion resulting in an adequate burnout of the bot-
tom ash to a level of typically less than 3% TOC

(total organic carbon).The waste is incinerated on
an optimal inclined forward-acting grate, which is
made to ensure a stable and continuous heat
release and a good burnout of bottom ash
(Fig. 11).

The size of the grate is designed to meet the
requirements indicated in the load range diagram
(throughput and thermal power of the waste).

The basic modules of the grate are the grate
elements, which are joined together longitudinally
to form one grate lane (Fig. 12).

Each grate element consists of grate block
rows, alternating between movable and stationary
rows. The grate blocks are supported andmounted
on stationary and movable retaining tubes, where
the movable ones move in the direction of waste
flow. Grate blocks carried on the block-retaining
tube are tightened by means of a tension rod,
which enables quick grate block replacement
and efficient revision. It also reduces grate rid-
dlings, prevents undesirable airflow between the
grate blocks, ensures effective grate block
cooling, and maintains a constant pressure drop
across the grate.

Each grate element is individually driven by
two hydraulic cylinders connected in series and
has a dedicated hydraulic control block.

Individual driven grate elements bring consid-
erable advantages to the combustion process:

• Regardless of the quality of the waste, individ-
ual adjustments in movement pattern, stroke
length, and speed of the grate zones, lanes

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 11 HZI grate with
two lanes

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 12 Grate element

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies 293



and elements guarantee consistent fuel bed
thickness and uniform thermal load on the
grate. As a result a stable combustion process
and a long grate service life can be ensured.

• Continuous grate movement improves com-
bustion behavior and allows a smaller oxygen
band, which is ideal for an operation with
lower O2 content. On the other hand, discon-
tinuous movement is still possible.

The grate blocks support and push the waste
through the combustion zone and as a result are
exposed to extreme thermal, chemical, and
mechanical stress. They are made of robust cast
steel and are perfectly surface-machined, to elim-
inate complicated site works. To reduce the ther-
mal stress on the grate block, it has to be cooled as

uniformly as possible. This is achieved by the air
that is guided through the grate block (Fig. 13).

The total opening of the air path through the grate
blocks is designed such that a minimum pressure
drop across the grate is maintained at all operation
points. This assures an even distribution of the pri-
mary air through all grate blocks and reduces the
risk of local superheating and associated excessive
wear and tear. The air openings are specially
designed to prevent fouling and blockages.

For high-calorific waste, the airflow alone does
not provide sufficient cooling of the grate blocks.

For this purpose the first water-cooled grate
was installed by Hitachi Zosen Inova in the year
1994 at the MSWI plant in Trondheim, and since
then in more than 25 thermal waste treatment
plants, over 40 water-cooled grates are taken in
operation. Aquaroll® water-cooled grate blocks
assure a low enough surface temperature of the
grate block with forced water circulation through
a cooling tube cast into the grate block (Fig. 14).

Water-cooling option by high-calorific value
waste has decisive advantages:

• By water-cooled grate, the primary air in the
combustion zone can be exclusively supplied
acc. to the combustion air requirement (and not
by the cooling demands of the grate), which
optimizes the combustion process.

• Water cooling reduces the wear-off of the grate
blocks and grate riddlings and improves pri-
mary air distribution within a grate zone,
resulting in a longer service time and reduced
maintenance costs.

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 13 Air-cooled grate
block rows

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 14 Aquaroll® water-
cooled grate block rows
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The heat received from grate cooling can be
used either to heat up the primary combustion air
via heat exchangers or in district heating, so that
maximum efficiency in the combustion process
can be achieved.

The power for the hydraulic cylinders for the
feed hopper, the ram feeder, the grate elements,
the bottom ash extractor, and the push floor under
the reactor is supplied by hydraulic station. Each
system has a separate hydraulic control block with
electrical control elements to perform the func-
tions of the feed hopper gate, ram feeder, and
grate. Depending on the bottom ash extractor
type, an additional pressure-controlled pump is
also installed in the unit (Fig. 15).

Grate Riddling Removal and Bottom Ash
Extraction
While all moving parts of the ram feeder and the
grate are designed with minimum gaps, the ther-
mal expansion of the materials between ambient
and operating temperatures unavoidably leads to
small gaps through which small parts in the waste
or the ash can fall through. For this purpose HZI
offers pneumatic and mechanical grate riddling
removal systems.

The pneumatic grate riddling removal system
conveys periodically the grate riddlings to the
bottom ash chute and prevents tramp air from
entering into the combustion chamber through
the grate (Fig. 16).

The mechanical grate riddling removal system
is composed of grate riddling chutes placed under
the ram feeder and under each grate element. These
chutes are connected to the bottom ash extractor
with expansion joints, where ram feeder and grate
riddlings are directly conveyed into the chain-type/
apron-type bottom ash extractor. Bottom ash chute
and bottom ash extractor are connected to each
other in an air tight manner and provide the isola-
tion to the combustion chamber (Fig. 17).

Also wet chain conveyor removal system can
be used for this purpose, where the chutes are
immersed under the water level inside the con-
veyor thus ensuring the exclusion of air intake.

The purpose of the bottom ash extractor is to
cool the bottom ashes from the furnace as well as
discharge bottom ashes and riddlings. It also acts
as an air seal between the furnace and the
environment.

HZI owns three different types of extractors to
remove grate riddlings and bottom ash remaining
at the end of the grate.

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 15 Typical hydraulic
station
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• Ram-type bottom ash extractor is an in-house-
designed product, where a hydraulically driven
discharge ram pushes the bottom ash from the
extractor to a crosswise arranged bottom ash
conveyor/into the bottom ash bunker.

• Chain-type bottom ash extractor, where bottom
ash and grate riddlings are discharged by an

endless scraper chain with a travel sensor onto
a bottom ash belt conveyor.

• Apron-type bottom ash extractor, where the bot-
tom ash extractor itself is a trough-shaped vessel
made of reinforced steel plate, of completely
welded construction. The chain of the apron con-
veyor is guided and reversed on rollers (Fig. 18).

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 16 Grate riddling
chutes for a five-zone grate

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 17 Mechanical grate
riddling removal
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The bottom ash extractor is driven by an elec-
tric motor and gear drive, where the appropriate
bottom ash discharge speed can be adjusted.

Combustion Air and Flue Gas Recirculation
Systems
The necessary air for an efficient combustion is
supplied by various systems and technologies.
The gases released from the waste in the bunker
serve as primary air. Secondary air is mixed with
recirculated flue gases above the grate, which
assures complete combustion and lowest CO,
NOx, and VOC emissions. Additionally flue gas
recirculation and low excess air enhance the
energy efficiency of the plant (Fig. 19).

Primary air system delivers the combustion air
to the grate at the right flow rate, pressure, and
temperature as required for optimum combustion
in the individual zones and assures the ventilation
of the waste pit area such that negative pressure is
maintained and odors are contained therein. Total
and individual primary airflow to each grate ele-
ment is set by combustion control system with a
variable speed drive of the primary air fan. In
areas where the calorific value of the waste is
very low, the primary air can be preheated by

means of a preheater. This feature improves dry-
ing of the waste in the first grate zone and ensures
proper burnout while improving plant’s overall
energy efficiency.

Some volatile components of the waste do not
immediately combust on the grate because they
may react more slowly or because oxygen is
missing at that particular location in the waste
bed on the grate. It is therefore necessary to
provide secondary air, which is drawn in from
the boiler house under the roof in order to recover
some energy from the radiant losses of the boiler
equipment. The flow rate is regulated by the
combustion control system with the variable
speed drive of the secondary air fan in a way
that the total combustion air is kept constant at
a specific operation point in the combustion dia-
gram. Similar to primary air system at very low
waste heat values, a preheater maintains the fur-
nace temperature while using internal steam
sources and increasing the plant’s overall energy
efficiency.

The tangential injection of secondary air and
nozzle arrangement cause a swirl flow in the sec-
ondary combustion chamber which leads to a
good combustion gas mixing, a uniform flow

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 18 Ram-type bottom ash
extractor
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distribution in the direction of the main flow and
reduction of NOx formation. The number of noz-
zles and their angles are defined according to CFD
models and the latest experience (Fig. 20).

Due to this swirl, the flow is homogenized with
respect to temperature, velocity, and concentra-
tions, which reduces the corrosion risk. Further-
more it enables reduction of CO concentration,
reduction of dioxin formations, and improved
burnout of fly ash. Flow optimized secondary
combustion chamber with swirl injection was
first installed by Hitachi Zosen Inova in the year
1996 at the MSWI plant in Darmstadt and is
applied today as a standard in all new plants.

Both primary and secondary air systems com-
prise the intake filter/screen, the PA/SA air fan,
preheater (if needed), as well as all associated
ducts, dampers, and expansion joints (Fig. 21).

Flue gas recirculation improves mixing and
provides additional cooling without the need for
more combustion air and enables improved over-
all energy efficiency of the unit. In flue gas
recirculation system, the flue gas draft off down-
stream the dust separation equipment, e.g., elec-
trostatic precipitator or fabric filter, is blown back
into the combustion chamber. It reduces the con-
tent of fresh air in the gas that is injected at the
secondary air injection level, where the flow rate
of recirculated flue gas is controlled by a variable
speed drive as calculated by the CCS.

In order to improve combustion conditions and
emission values, HZI engineers developed HZI
low excess air process (LEAP), where the injec-
tion of secondary air and recirculated flue gas is
done in two stages. In the first stage, the primary
gas from the grate is mixed and partially

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 19 Combustion air and
flue gas recirculation systems
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combusted with recirculated flue gas. Typically,
the primary gas from the grate on the ram feeder
side contains no residual oxygen but is rich in CO,
CO2, hydrocarbons, NOx precursors, and H2

(area A, see in figure below).
On the bottom ash discharge side, it is essen-

tially unused air (area B). These two fractions are
effectively mixed and partially combusted with
the injection of recirculated flue gas (Fig. 22).

LEAP reduces the combustion airflow rate and
allows boiler and flue gas treatment system to be
smaller and more efficient. With LEAP, the three
pillars of cost reduction are effectively improved:
efficiency, operating costs, and capital investment
(Fig. 23).

HZI Combustion Control System
Two interacting systems can be distinguished in the
HZI combustion control system: the standard

combustion control system (CCS) ensuring stable
operation under normal conditions and optional
enhanced combustion control system and optional
enhanced combustion control system (CCS+),which
further optimizes the combustion process usingmore
sophisticated control algorithms and additional sen-
sors. It is also possible to expand the CCS+ system
with additional modules at a later stage on demand.

As a general overview, the two sub-systems
and their purposes are described below (Fig. 24).

The HZI CCS assures the operation of the plant
within the permissible limits of continuous oper-
ation defined by the load range diagram by setting
program-internal limits, the adjustment of the
control strategies, and the follow-up on set points.
It is an integrated system that can handle varying
process conditions like fluctuating boiler pressure
and load increase or decrease without over- or
undershoot. It ensures maximum availability and

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 20 CFD simulation of
flue gas flow through
secondary combustion
chamber
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WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 21 Primary air/secondary
air ducts

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 22 Gas mix by
HZI LEAP

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 23 Benefits of the
low excess air combustion process
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automation of the combustion process. Effective
bunker management and waste mixing improve
the control performance so that standard devia-
tions down to 1.5% can be achieved as proven in

the energy-from-waste plant in Lausanne
(Switzerland) (Fig. 25).

Since waste is a highly variable fuel, this is not
a simple task. Various parameters must be

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 24 HZI combustion
control system consisting of basic CCS and enhanced CCS+

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 25 Control performance
of the HZI basic CCS in Lausanne (Switzerland)
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monitored, and various equipment need to be
controlled in a concerted way.

Developed by HZI engineers, the HZI combus-
tion control system (CCS), implemented in the
DCS, calculates the required waste feeding (ram
feeder speed) and transport of the waste (grate
speed), based on combustion parameters.

The control of the grate and ram feeder systems
takes place on three hierarchy levels:

• The combustion control system (CCS) calcu-
lating values for speed of the ram feeder and
grate

• The grate and ram feeder control system serv-
ing as the interface between the CCS and the
actuators, where monitoring, controlling, and
individual movement definition are realized

• Local control units for each grate element allo-
wing manual intervention to each element
(Fig. 26)

The ram feeder and grate control system ensure
correct movement of the grate at each movement
pattern to meet the requirements of the CCS. The
transport of the waste is realized by individual
movements of the grate elements and of the ram

feeder, where the movement of the hydraulic cyl-
inders of each grate element and the ram feeder is
controlled in the “grate and ram feeder control
cabinet.”Movement pattern and the stroke length
of each grate element enable easy adaptation
acc. to the waste characteristics.

The basic operation value calculation of the
CCS uses the plant-specific combustion design
parameter to compute adequate start values for
all the control variables, based on the required
operating point in the combustion diagram. The
operating point is defined by the preset live steam
set point and the expected waste NCV (net calo-
rific value). The fire position adjustment lets the
operator adjust the fire end line to specific needs
and optimize the combustion process in an intui-
tive way (Fig. 27).

Developed by HZI engineers, enhanced com-
bustion control system (CCS+) is an integrated
solution in addition to HZI CCS. The purpose of
the system is to allow the implementation of more
sophisticated and elaborate control strategies,
leading more stable operation of the plant and to
a higher degree of automation. In addition, more
advanced and demanding operating modes
become available, where the plant can be operated

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 26 Grate and ram
feeder control cabinet/local
control unit
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closer to the design limits, potentially opening the
field for increased revenues.

The software consists of several modules. Two
basic modules are always included as they are
essential and directly improve the control perfor-
mance: module “improved feed rate control” and
module “online waste NCV analysis.” Additional
functionalities can be installed – also at a later
stage – upon demand; the system is expandable
and can be upgraded at any time. The primary goal
of these two essential modules is to gain more
insight about the otherwise largely unknown
waste characteristics such as net calorific value,
which would only possible by calculating after
combustion in a retrospective way without
CCS+. The module “improved feed rate control”
adapts the combustion automatically to changing
physical characteristics of the waste, while the
module “online waste NCV analysis” can calcu-
late the heating value of the waste (chemical char-
acteristics) and automatically preset the
combustion to this waste. Thus, the user input

“NCV class” of the CCS can become fully
automated.

The high variability in the physical properties of
waste is the major source of disturbance for the
combustion process. The improved feed rate control
includes severalmeasures to equalize the fuel supply
to the grate and to maintain the solid matter balance.

With the waste volume in the feed hopper
measured by a 3D laser scanner and the crane
weight, the CCS+ compares the measured and
the theoretical waste volume flow and adjusts the
ram feeder delivery rate accordingly. The density
is estimated by comparing the volume before and
after the crane has released the waste. This infor-
mation is processed in the CCS+ as it is an indi-
cation about the physical properties such as
compressibility (Fig. 28).

The ram feeder hydraulic pressure is used to
equalize the waste feeding rate and to detect dis-
turbances caused by very light or very heavy
waste. In addition, this signal may serve as an
indication of a waste blockage in the feed hopper.

Waste weight [kg]
Waste volume [m3]

Heavy waste fraction

Light waste fraction

Ram feeder pressure [bar]

Ram feeder pos. [mm]

ρ

Differencial pressure [mbar]

PA volume flow [m3/h i.N.] F

ΔP

ΔP

ΔPexpf(F)
Wr =

s

P

P

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 28 Module “improved
feed rate control.” Left sketch of the principle, right image of the 3D laser scanner
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To estimate waste layer height and waste poros-
ity, waste resistance coefficient of the corresponding
grate element is calculated. The waste resistance
coefficient is used to stabilize the amount of waste
on the grate and to prevent starving and overfilling.

The module “fire end position control,” which
uses a combustion camera to calculate the fire end
position, and the module “feed hopper blockage
detection” are optional and can be added to CCS+
anytime during the course of operation (Fig. 29).

Heat Recovery and Heat Utilization
By means of a steam boiler, the energy in the flue
gases is used to produce superheated steam, which
is then expanded in a turbine generator to generate
electricity. Alternatively, the heat can be used for
process steam supply for nearby industrial facili-
ties or also combined with the heat from flue gas
condensation for district heating purposes. Most
common configurations are shown in figures
below (Figs. 30 and 31).

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 29 Example of
automated stable fire
position at two different
lines in Plant Lucerne
(Switzerland)

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 30 An EfW plant with
electricity production
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Alternatively the combined cold and power
plant concept allows the use of heat in countries
where rather air conditioning is required than
heating. The electricity produced by the generator
is fed into a public electricity network. Part of the
steam is extracted from the turbine at a higher
pressure. It drives an adsorption chiller that con-
verts the heat into cold water, which reaches the
consumers via a district cooling network.

The steam boiler is described by its configura-
tion in terms of the number and arrangement of
passes. A pass is a section of the boiler in which
the flue gases flow in the same direction.
Depending on the plant requirements and con-
structional limitations, the boiler can be designed
in various configurations (Fig. 32).

The main components of HZI’s in-house-
designed steam boiler are economizer, evaporator,
superheater, and boiler steam drum. In econo-
mizer, the pressurized feed water is preheated to
close to conditions and fed into the steam drum. In
evaporator, water is recirculated from and to the
steam drum until it partially evaporates. Steam is
separated in the steam drum and water is
recirculated again. In superheater the steam is
separated in the steam drum which is further
heated to desired conditions.

Depending on the boiler design, in radiation
and convection passes, the heat transfer takes
place through membrane walls. The first pass is
located above the incinerator grate and consists of
membrane walls. Since these are exposed to the

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 32 Different boiler
designs depending on plant requirements

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 31 An EfW plant with
district heating supply and energy production
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hottest temperatures, flame impingement, and
aggressive flue gas/boiler ash, they have to be
protected by refractory lining and/or inconel clad-
ding. Refractory lining improves also waste igni-
tion and burnout by protecting membrane walls
und preventing excess heat transfer (Fig. 33).

The steam drum is placed above the first boiler
pass on the steel structure. It is the central part of
the steam boiler, where water and steam are sep-
arated and the water level and the steam pressure
are monitored. It includes a feed water preheater

coil as well as separating baffles or cyclones to
efficiently separate water from the steam (Fig. 34).

In power plants it is extremely important to
monitor the water steam quality, which could oth-
erwise lead to corrosion of the inner part of the
boiler tubes or to other serious malfunctions. The
boiler is therefore equipped with several sample
collecting and cooling units. All elements of the
sampling installation, which will be in contact
with the samples of water or steam, are made of
stainless steel.

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 34 Boiler steam drum

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 33 Surface protection by
refractory lining and inconel cladding in the first boiler pass
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The online/manual sampling station analyzes
the following streams:

• Condensate (pH and conductivity)
• Boiler water (pH and conductivity)
• Steam (conductivity, SiO2, Na)
• Feed water (oxygen, pH, and conductivity)

A waste incineration boiler is inevitably
exposed to high fly ash loads. Hence, the effec-
tiveness of the heat exchanger surface in the

bundles is reduced during the operation time by
fouling (Fig. 35).

The purpose of online cleaning of the heat
exchange surfaces is to extend the operating
period and reduce maintenance cost. This can be
accomplished by various means. The main
options are:

• Radiation pass cleaning system (water shower
cleaning)

• Sootblowers

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 35 Clean vs fouled
bundles

Efficient cleaning of:
• Boiler cover
• Membrane walls
• Platen type heating

Possible entry
nozzles

Cleaning cone

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 36 Boiler water
shower cleaning system
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• Pneumatic rapping system for convection
passes

• Shock pulse generator

Radiation pass cleaning system (a water
shower cleaning system) can be installed for the
online cleaning of the empty boiler pass (Fig. 36).

It enables an automatic cleaning of the mem-
brane walls by means of water injection. The
evaporation of the water on the dust layers results
in sudden cooling and contraction of the ash layer
which lets the ash layer crack and fall off.

During the beginning of operation campaign,
the clean surfaces of the evaporator sections take
more heat out of the flue gases than in the average,
and less heat is available in the superheaters, lead-
ing to inadequate steam temperature. For this rea-
son thewater shower system is not often used in the
beginning, whereas with proceeding of the opera-
tion campaign, it is used more and more to assure
that the flue gas temperatures at the inlet to the
superheaters do not exceed design temperatures.

Sootblowers allow an effective online cleaning
of tenacious fouling at heating surface banks with
high flue gas temperatures with superheated steam
or compressed hot air as blowing agent. They are

installed in before, after, and between the bundles
in a vertical boiler pass (Fig. 37).

The shock wave generator uses an explosive
gas mixture of natural gas and oxygen which is
ignited to generate an explosion in controlled
conditions outside the boiler. The pressure wave
from this explosion is released into the boiler
through a discharge pipe, which directly removes
deposits and simultaneously vibrates walls and
tube bundles for short periods for enhanced
cleaning effect (Fig. 38).

Pneumatic rapping system is used to clean the
tube banks in the horizontal pass. Pneumatic
driven cylinders impact on the bottom collectors
of the bundles. The impact is transferred to the
collector by a ram and, from there, further to the
tubes. Owing to the impact, parts of the precipi-
tated ash on the tubes fall down into the hoppers
and are removed by the ash handling system.

Hitachi Zosen Inova owns two different types
of boiler rapping systems.

By in-house-designed pneumatic rapping with
a carriage, the rapping system is installed on an
automatically moving conveyor on one/both sides
of the boiler and strikes each rod at a given inter-
val with a defined force (Fig. 39).

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 37 Retractable
sootblower
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The key in this technology is to hit the bundle
at the right place with the right force to achieve
ideal vibrations and acceleration. For cleaning to
work, the harp must deflect sufficiently at impact,
and only a small amount of damping is allowed,
since, otherwise, the impact energy applied by the

rapping device would be negated. An optional
online monitoring of boiler rapping enables high
automation and effective cleaning of the bundles.
In this system inductive sensors record the move-
ment of the ram and bundles after every hit of the
hammer, and the local control unit evaluates the

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 38 Shock wave
generator

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 39 Automated rapper
system with carriage
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measured data and passes on any alarm messages
to the process control system (Fig. 40).

(Left) Sufficient deflection and number of
oscillations: the rapping device has a good
cleaning effect. (Right) Deflection too small and
no oscillations: the rapping device has no cleaning
effect.

If deviations from the reference measurements
are detected (e.g., at the beginning of the

operating period), remedial action can be initiated.
Consequently the inspections can be better pre-
pared (procuring spare parts, estimating the time
input) and carried out because weak points are
often missed when the plant is cold.

By pneumatic rapping with single impact cyl-
inder, the lower header of the bundles is hit with
individual cylinders, which are flanged on the ram
housing (Fig. 41).

WTE: Hitachi Zosen InovaMoving Grate and Anaerobic Digestion Technologies, Fig. 40 Example of a good and
poor rapping point

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 41 Boiler rapping
with individual impact
cylinders
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Feed water system provides the required feed
water flow at the right pressure for the boiler and
superheaters. It also provides spray water as
cooling water for the attemperators of the boiler,
the HP steam bypass station, and the HP-LP steam
pressure reduction station. The feed water system
consists of the deaerator with feed water tank, the
redundant feed water pumps, and all the associ-
ated piping and valves (Fig. 42).

A reagent injection system is provided to facil-
itate conditioning of the boiler water. Ammonia
water NH4OH is fed continuously into the feed
water pipe between the feed water tank and the
feed water pumps. The purpose of the chemical
dosing system is to condition the water-steam
cycle by the addition of chemicals such that
required water and steam properties are
maintained. At the same time, a demineralized
water system assures continuous supply of
demineralized water for the boiler with sufficient
capacity and redundancy. It cleans the available
raw water to obtain the required purity and

chemistry for a steam boiler and turbine system
in order to prevent corrosion and equipment dam-
age. Additional water purification steps may be
needed if the rawwater source for the EfW plant is
of low quality.

The boiler produces high-pressure superheated
steamwhich is sent to the turbine/generator to create
electrical energy during normal operation. In order
to compensate for possible variations in load, the
steam is first sent to the high-pressure steam (HPS)
system. From there the high-pressure steam is deliv-
ered further to several consumers, e.g., steam tur-
bine, HP steam bypass station, and HP-LP steam
pressure reduction station. In addition, there may be
other HPS consumers as per plant or external steam
consumer requirements (Fig. 43).

The low-pressure steam system distributes
low-pressure steam, which is usually taken from
the turbine bleed port to the LP header to several
consumers, e.g., deaerator, primary air preheater,
secondary air preheater, and evacuation equip-
ment, possibly district heating system.

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 42 Feed water tank
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Turbine System
The superheated steam coming from boiler is
transformed into rotary motion and electrical
energy in a turbogenerator set that is used to
cover the plant’s own electricity needs and to
feed the public electrical grid. Within the turbine,
the steam expands and cools down. Thereafter it is
condensed in an air- or water-cooled condenser.
To close the cycle, the condensate is pumped back
into the boiler as feed water and converted to
steam again (Fig. 44).

If there is a beneficial use for heat, the steam
cycle can be adjusted in various ways depending
on the amount and temperature level of the
required heat. The heat may be supplied directly

as process steam for industrial use or transferred
as hot water to public district heating networks. In
a combined heat and power production plant,
while a higher heat demand reduces electricity
production, it increases the total efficiency of the
complete plant.

Bleed pipes located at different locations on the
turbine body allow to extract steam at several pres-
sure levels, so that different steam consumers in- or
outside the EfW plant can be supplied (Fig. 45).

To cool down the oil circuit of the steam tur-
bine, the generator, the steam/water sampler, as
well as other process equipment that requires
active cooling, a cooling system is designed as a
closed circuit.

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 43 HP steam header

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 44 Steam and
condensate circle
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Condenser and Condensate System
During regular plant operation, the exhaust steam
from the turbine condenses in the air- or water-
cooled condenser, which is situated normally near
to turbine house. In case of start-up, shutdown,
overload, or trip of the turbine, all or a part of the
live steam flows into the condenser via the turbine
bypass system. The thermal capacity of the con-
denser is high enough so that it is able to condense
the saturated steam that bypasses the turbine. In
transitions from normal operation to exceptional
cases, such as island mode and bypass operation,
excess steam may need to be blown off for a short
period of time during in order to prevent a possi-
ble shutdown of the turbine or the plant. The lower
the condensation temperature which can be
achieved, the higher is the electrical energy effi-
ciency of the turbine and the EfW plant.

Condensers can typically be one of the follow-
ing two types:

• Air-cooled condenser
• Water-cooled condenser

An element of the air-cooled condenser con-
sists of tubes with steam circulating and condens-
ing inside and cooling air flowing outside. The
elements of the condenser form a roof on the top
where the steam pipe distributes the steam to the
condensing surfaces. The condensate is collected

at the bottom of the “roof.” Air-cooled condenser
causes negligible impacts to the environment and
the neighborhood and other parts of the plant
(Fig. 46).

Water-cooled condenser system consists of a
straight tube condenser with integrated hot well,
condensate pumps, equipped with electrical motor
and frequency converter and the condensate pip-
ing. A mechanical tube cleaning system is
installed to minimize the built-up of contamina-
tion on the heat transfer surfaces.

The condensate from the condenser is col-
lected and transported to the feed water tank.
All drainage and condensate returned from
other consumers, e.g., air preheater, are collected
in an auxiliary condensate tank and delivered to
the feed water tank by auxiliary condensate
pumps.

Flue Gas Treatment
A multistage flue gas treatment consisting of var-
ious processes ensures the effective cleaning of
the flue gases. These processes can be briefly
listed as nitrogen oxide (NOx) reduction, acidic
gas, and particle/solid separation. The clean gas
after flue gas treatment systems is continuously
monitored by a continuous emission monitoring
system (CEMS) before being released into the
atmosphere via the stack in order to fulfill the
strictest emission requirements.

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 45 Typical steam
turbine and generator
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Nitrogen Oxide (NOx) Reduction
Measures Harmful nitrogen oxides (NOx),
mainly consisting of NO and NO2, are generated
as by-product in every combustion process.
Nitrogen in the combustion air and the nitrogen
chemically bound in the waste react partially
with the oxygen at combustion temperatures
and form NOx. Nitrogen oxide reduction
includes multiple measures with the goal to
have lowest concentrations of it in the flue gas
leaving the plant.

The flue gas recirculation and low excess air
process mentioned above are powerful means to
minimize the formation of NOx, whereas the NOx,
which has already been formed during combus-
tion, can be reduced by chemical reaction as
shown below and form nitrogen and water vapor.

2 NO þ 2 NH3 þ O2 ! 2 N2 þ 3 H2O

2 NO2 þ 4 NH3 þ O2 ! 3 N2 þ 6 H2O

This reaction can technically be realized at
different temperature ranges:

• At high temperatures, as a spontaneous and
selective reaction, referred to as the selective
non-catalytic reduction (SNCR)

• At lower temperatures, only with the aid of a
catalyst, referred to as the selective catalytic
reduction (SCR)

The in-house-designed HZI SNCR process
has been perfected through years of operating
experience and extensive R&D works. It is
based on the principle of injecting an ammonia-
containing reagent into the post-combustion
chamber of the furnace where the temperature
range is between 850 �C (1,560 �F) and 950 �C
(1,740 �F). The narrow temperature window of
850–950 �C is necessarily required for success-
fully reduction of NOx due to the fact that tem-
peratures higher than 1000 �C trigger the
undesired secondary reactions according to the
below shown formulas and are responsible for
higher ammonia water/urea solution consump-
tion. On the other side at temperatures below
800 �C, the efficiency of the NOx separation
declines considerably, and a large portion of the
injected ammonia is routed to the flue gas treat-
ment system without having been used.

Main reactions

4 NO þ 2 NH3 þ O2 ! 2 N2 þ 6 H2O

2 NO2 þ 4 NH3 þ O2 ! 3 N2 þ 6 H2O

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 46 Air-cooled condenser
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Secondary reactions

4 NH3 þ 5 O2 ! 4 NO

þ 6 H2O at temperatures

> 1000
�
C

4 NH3 þ 3 O2 ! 2 N2 þ 6 H2O

Because the temperature profile in this area of
the boiler is subject to fluctuations, several injec-
tion points in the post-combustion chamber are
required. The key of a good SNCR process is to
inject the reagent at exactly the right temperature
level and to mix it evenly into the flue gases. For
this purpose the post-combustion chamber is
divided virtually into several vertical segments.
Each segment consists of a distribution module
and injection nozzles on several levels (Fig. 47).

The configuration of the nozzles makes it pos-
sible to achieve full-area coverage of the injection
medium across the entire cross section of the post-
combustion chamber. By means of optional IR
pyrometers for DyNOR®, the optimum position
for ammonia/urea injection is detected (Fig. 48).

Developed by Hitachi Zosen Inova engi-
neers, DyNOR® (Dynamic NOx Reduction) is
an improved SNCR process that succeeds in
doing what previously was only possible with
a SCR process. It reduces nitrogen oxides to
very low levels with minimized ammonia slip
and with minimum initial investment. For
maintaining stronger NOx limits, each distribu-
tion module must be controlled independently
by an infrared pyrometer installed at the
according segment.

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 47 HZI SNCR setup

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 48 Ammonia
injection nozzles
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By means of the selective catalytic reduction
(SCR) process, the reaction of nitrogen oxides in
the flue gas with ammonia can be efficiently done
at low temperatures between 180 �C and 240 �C in
the presence of an appropriate catalyst (Fig. 49).

The aqueous ammonia solution (NH4OH) is
sprayed upstream of the catalyst into the flue gas
duct together with compressed air or to the
NH4OH evaporator. Similar to SNCR process,
the nitrogen oxides are converted to nitrogen and
water. The SCR process involves the following
global chemical reactions:

4 NO þ 4 NH3 þ O2 ! 4 N2 þ 6 H2O

2 NO2 þ 4 NH3 þ O2 ! 3 N2 þ 6 H2O

The reaction reaches separation efficiencies of
up to 90% at stoichiometric quantities of ammonia
injected, and thus a minor ammonia slip appears.
The conversion of a small amount of sulfur diox-
ide (SO2) to sulfur trioxide (SO3) occurs as an
undesired side reaction.

The homogeneity of the flue gas before enter-
ing catalyst is crucial for the proper NOx separa-
tion. It is usually obtained by means of a static
mixer installed in the flue gas duct before the
casing inlet. The catalyst elements used are
TiO2/V2O5/WO3-based honeycomb elements
with a large number of square holes and a pitch
of a few millimeters. This design provides a very
large specific surface area for catalytic reduction
of nitrogen oxides at a reasonable pressure drop,
whereas they have to be cleaned regularly in order
to maintain low-pressure drop (Fig. 50).

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 49 SCR reactor
with layers, catalyst module, and element

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 50 Cleaning of the
catalyst modules
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At operating temperatures below about 220 �C
(430 �F), the catalyst needs to be periodically
regenerated. This can be done during operation;
in order to evaporate possible salt deposits from
the surface of the catalyst modules, the flue gas
entering the catalyst is heated up to about 320 �C
(610 �F) over a period of about 6 h.

A gas-gas heat exchanger is only needed in tail-
end configuration. The flue gases entering the cat-
alyst have to be reheated. The most economical
way to reheat flue gases is by transferring the heat
by means of a gas-gas heat exchanger. This can be
done by a plate or tube-type steel heat exchanger.
Final preheating can also be done with a steam-gas
heat exchanger, where steam from the boiler steam
drum is used for this purpose. Alternatively if
steam is not available or if the flue gases have to
be heated above the temperature range that is prac-
tical for a steam preheater, like for regeneration, the
gas can be heated with a duct burner.

Acidic Gas and Dust Removal Acid gases such
as hydrogen chloride (HCl), hydrogen fluoride
(HF), sulfur dioxide (SO2), and sulfur trioxide
(SO3) are formed when wastes containing chlo-
rine, fluorine, and sulfur are burned. Removal of
acid gases involves the use of an alkaline reagent,
which reacts with the acid and forms a nonvolatile
salt, which in most cases has to be disposed of.

Depending on the physical state in which the
reaction takes place, Hitachi Zosen Inova pro-
vides various flue gas treatment solutions:

• Dry flue gas treatment – HZI XeroSorp®:
The reagent, lime or sodium bicarbonate, is
injected, and the reaction products are removed
as a dry powder. Temperature control happens
upstream of the process.

• Wet flue gas treatment – HZI wet scrubber:
The contaminants in the flue gases are
absorbed in an aqueous solution and either
internally or externally neutralized with an
alkaline reagent.

• HZI SemiDry® flue gas treatment: Semidry
means the reagent is injected as a dry powder but
is subsequently conditioned by a separate water
injection. The water evaporates in the process so
the reaction products are removed as a dry

powder. The flue gas temperature is controlled
in the process by the amount of water added.

• HZI SemiDry® flue gas treatment combined
with scrubber, where the scrubber purge can be
used in the semidry reactor. This allows a high
efficient FGT system without liquid effluent.

Dry flue gas treatment – HZI XeroSorp® is
designed to remove all dust particles, most of the
acidic gaseous contaminants by neutralization
with sodium bicarbonate or hydrated lime and
organic pollutants (PCDD/F) as well as mercury
and other heavy metals by adsorption on activated
carbon/lignite coke. Flue gas is contacted with the
additives in a reactor; to achieve best performance
and minimal additive consumption, solids from
the fabric filter are recirculated into the reactor,
where the chemical reactions take place (Fig. 51).

In these reactions the sodium bicarbonate
(NaHCO3) decomposes into sodium carbonate,
water, and CO2 at flue gas temperatures above
150 �C. This intermediate process (so-called ther-
mal activation) further enlarges the active reaction
surface of the absorbent. The acidic gases are then
neutralized by sodium bicarbonate, and the residues
produced in this process are mainly salts. As H2O
and CO2 will be formed in each reaction and will
leave the process in gaseous state, the total amount
of residues is less compared with lime-based pro-
cesses. With CFD analysis, the optimum injection
point and the reactor shape are designed (Fig. 52).

On the other hand, if used as adsorbent,
hydrated lime (Ca(OH)2) binds the gaseous con-
taminants, where salts CaSO3, CaSO4, CaCl2, and
CaF2 remain as residue.

Solids in the flue gas coming from the reactor
are separated in the fabric filter and collected in
the filter hoppers. Chain conveyors transfer the
solids to collecting bins, from where they are
either recirculated back to the reactor or trans-
ported to residue silos.

The XeroSorp® flue gas treatment process is
characterized by the following features:

• Lowest additive consumption due to residue
circulation, reducing additive and residue cost.

• Damping of peaks due to high-residue capacity
in the recirculation system.
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• Dry injection of additives; no water injection,
therefore no energy loss and simple operation.

• High energy efficiency due to low total system
pressure drop.

• High availability due to simple construction
and compact design.

• Low maintenance and operation costs.
• Low manpower requirement due to very sim-

ple operation.
• Lime is a very common additive in industry

and largely available at low costs.

In the HZI SemiDry® flue gas treatment pro-
cess, the separation of acidic gaseous contami-
nants is done by hydrated lime – injected as a
dry powder. The flue gas is subsequently condi-
tioned by a separate water injection. Similar to dry
flue gas treatment process, activated carbon/lig-
nite coke is used as adsorbent for mercury,
dioxins, and other semi-volatile organic pollut-
ants, whereas other condensed heavy metals are
separated in the fabric bag filter.

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 52 Example CFD
model of XeroSorp® reactor; on top right side, fresh addi-
tive injection; at down in the middle, recirculated solid
injection

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 51 HZI XeroSorp®

process
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The flue gas enters the reactor centrally from
below and forms a fluidized bed, which lifts the
injected solids in a turbulent way to the top sec-
tion. Due to the intensified gas/solid contact in the
fluidized bed, gaseous pollutants are bound to the
solid particles via chemical reactions at approx.
145 �C. Injection of atomized water ensures the
right flue gas temperature and reactivation of
recycled lime particles. The water supplied from
the tank by high-pressure pumps is injected
through a nozzle, which is specially developed
for this purpose and automatically cleaned by
pressurized air.

The solids separated and collected in the filter
hoppers are fluidized by means of air blowers and
recirculated to the reactor by gravity in an
adjusted flow (Fig. 53).

Three control loops ensure low emissions and
minimized hydrated lime consumption: regulated
solid flow control, flue gas temperature control,
and hydrated lime control. Also with an optional

dry lime slaker, the hydrated lime supply costs can
be minimized considerably.

Basically, HZI SemiDry® process is character-
ized by the following features:

• High availability and low maintenance/opera-
tion costs due to simple and compact
construction.

• Thanks to residue recirculation optimized use
of absorbent, reducing cost of consumables,
and residue amount.

• High buffering capacity and tolerance against
highly fluctuating raw gas contaminants.

• Dry injection of hydrated lime (Ca(OH)2) makes
the process independent from water injection,
which is not the case with lime slurry injection.

• Scrubber blowdown can be injected to the
semidry reactor, which makes achieving
strictest emission values without liquid affluent
possible and improves water balance of the
plant (Fig. 54).

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 53 HZI SemiDry®

process
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In wet flue gas treatment system, HZI wet
scrubber, the flue gases are cooled down to satu-
ration temperature, and acids are absorbed in the
liquid phase. Acids may be neutralized internally
or externally (in an effluent water treatment).
In terms of process engineering, the scrubber can
be generally characterized as a quenching cross-
current column followed by a countercurrent
absorption column, with a variety of internals.
The scrubber is used to remove acid gases from
the flue gas, as well as submicron particles, heavy
metals, and salts in vapor and aerosol form.

The individual scrubber stages efficiently
remove the various contaminants of the flue gas.
In general, the scrubber comprises the following
stages in direction of the flue gas flow:

• Scrubber stage 1: Quench stage with/without
secondary injection

• Scrubber stage 2: Packed bed stage (with/with-
out NaOH injection)

• Scrubber stage 3: Ring jet stage (with/without
NaOH injection) (Fig. 55)

In the quench stage, the flue gases are pre-
conditioned and cooled down in order to reach the
vapor saturation temperature of approx. 60 �C,while
the gaseous contaminants HCl, HF, and Hg are
absorbed to a significant extent. Thewater is injected
into the quench stage via nozzles, and this process
protects the downstream scrubber stages from exces-
sive flue gas temperatures as most system compo-
nents in the wet section of the flue gas cleaning
system are made of plastics, which will not with-
stand a continuous temperature exceeding 90 �C.
The scrubber tower component is set up as a vertical
vessel (countercurrent column) with a variety of
internals like mist separator, packed bed stage, and
ring jet stage in different combinations, depending
on the plants flue gas requirements (Fig. 56).

After each stage an individual mist separator
stage, which prevents contaminant-laden water
droplets from being entrained into the next stage,
is located. The inertia of the droplets causes them
to settle on the mist separator plates which are
specially shaped in order to prevent the separated
liquid from bouncing back into the gas stream.

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 54 HZI SemiDry® FGT
plant in Dublin (Ireland)
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In packed bed stage, the flue gas is intensively
scrubbed as it flows through the packed bed made
up of high-performance packing elements. The
large specific surface area of the packing elements
results in a very good absorption of HCl and HF in
the scrubber liquid (Fig. 57).

The flue gas flows from below through the mist
separator stage and the separating bottom into the
ring jet section. In this scrubber stage, mainly
submicron particles and aerosols are efficiently
removed from the flue gas as it flows through the
ring jet nozzles. The ring jet is designed as a multi-
venturi stage, in which the gas stream is sub-
divided into several subsidiary flows of about
2000 m3/h (Fig. 58).

A scrubber with integrated condensing stage
allows heat recovery by means of condensation
and transferring the heat with a water/water HEX

to a district heating system. Alternatively a sepa-
rate condensing scrubber with packed bed stage
can be supplied. Depending on the heat require-
ments by the district heating system, the condens-
ing scrubber can be run in condensing or non-
condensing mode, whereby the condensing
mode is the normal operating mode.

In a case where there is no possibility for
effluent discharge, a combination of HZI Semi-
Dry® flue gas treatment with wet scrubber can be
a perfect fit. In this process scrubber water blow-
down from the quenching stage is directed to the
semidry reactor for flue gas cooling, while water
balance of the plant is improved (Fig. 59).

Particle Separation Fabric filter and electro-
static precipitator are two solutions provided by
HZI to separate solids from flue gas. Fabric filter is
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WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 55 Schematic view of
typical Hitachi Zosen Inova
Scrubber design (three
stages)
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integrated in every HZI SemiDry® and
XeroSorp® process; however both fabric filter
and electrostatic precipitator can be supplied addi-
tionally to any process depending on emission
requirements and FGT setup.

The fabric filter separates the solids from the
flue gas using the filtration on the surface of a gas-

permeable fabric. Due to the intensive contact of
the flue gas and the adsorbents in the filter layer,
the removal of pollutants from the flue gas is
further improved.

The fabric filter is a multi-chamber bag filter
with several compartments, and each chamber can
be isolated from the flue gas stream by means of
automatic driven flap gates in case of a leakage in
the filter material. The flue gases enter into the
respective filter chamber and are deflected by a
distributor panel, located right under the filter
cover, to assure a uniform distribution of the
gases through the filter and separate a large part
of the solids carried with the flue gas (Fig. 60).

The gases flow around the outside of an array of
the filter bags suspended in the chamber. Then they
pass through the filter media routed at the end to the
clean gas duct. The filter bags are automatically
cleaned in relation to the pressure drop, and heaters
on the hoppers prevent dew point undershoot dur-
ing start-up and shutdown phases as well as during
operational interruptions (Figs. 61 and 62).

Electrostatic precipitator enables particle sepa-
ration of the flue gas coming directly from the
boiler passes with high temperatures, using one
to three sections in series. The electric field in one
section is created by emission and collecting elec-
trodes arranged in narrow channels. The voltage
converter applies a high DC voltage (several thou-
sand volts) to the emission electrodes (negative
charge) and collecting electrodes (positive
charge). This creates a corona discharge in the

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 56 Scrubber tower

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 57 Scrubber packed
bed stage elements
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vicinity of the emission electrodes, causing elec-
trons to be emitted at the electrode surface. Some
of the electrons become attached to the dust par-
ticles, giving them a negative charge. In response
to the electric field, the electrically charged dust
particles migrate to the collecting electrodes,
where they are deposited as a dust layer.

As soon as a sufficiently thick dust layer has
been formed on the collecting electrodes, rapping
units (periodic rapping pulses) detach the accu-
mulated dust layer from the plates. The dust drops

into the dust hopper located underneath the elec-
trodes and is removed from there by a drag
conveyor.

The system size, the shape of the electrodes,
and the spacing between the emission and the
collecting electrodes are optimized for specific
operating conditions in terms of electrical,
mechanical, and flow-related characteristics
(Fig. 63).

Additives (reagents and sorbents) to the flue
gas treatment are stored and transported by the
additive feed system. The reagent (hydrated lime)
storage is done in silos, whereas the sorbent stor-
age (activated carbon) can be a silo or a big bag,
depending on the size of the plant, and typically
contains a few days’ to a week’s supply. The
discharge from the storage is ensured by a
mechanical discharge and dosing system. Then
the additive is conveyed to the reactor pneumati-
cally and injected as dry powder together with the
transport air directly into the flue gas system.

Cleaned flue gas, coming from flue gas treat-
ment, is pushed by induced draft fan (ID fan),
which also maintains an under pressure in the
combustion chamber, through flue gas ducts and
the stack. It is driven by a variable speed drive. At
the end stack expels the clean flue gases to the
atmosphere at a high enough point to ensure

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 59 Schematic view of
typical HZI SemiDry/
Scrubber combination

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 58 View from the
bottom of scrubber ring jet stage
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adequate dispersion. The flue gas ducts, ID fan,
and flues of the stack are thermally insulated to
avoid excessive condensation along the walls
(Fig. 64).

Since the stack is normally the most visible
part of an EfW plant, there are ideas how a stack
could be converted to a landmark with architec-
tural treatment as done in HZC plant in Osaka,
Japan (Fig. 65).

Emission limits for EfW plants are more strin-
gent than for any other thermal power or process

plant. This requires best available technologies
(BAT) for pollution control. During the operation
continuous emission monitoring system (CEMS)
monitors the quality of the flue gas exiting the
stack and to provide signals to the various control
loops of the air pollution control systems. While
all legal emission limits can be safely kept, it is
also possible to design plants which lead to sub-
stantially lower emissions as required by the
referenced national limits by combining different
stages, e.g., a semidry and wet scrubbing system.

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 60 Filter chamber cover
and look to the inside of chamber from top

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 61 Cleaning
procedure of the fabric
filter. Left, pulse air supply
to each filter bag; right,
cleaning of the particle layer
with air pulse
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WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 63 Electrostatic
precipitator plant in Giubiasco (Switzerland)

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 64 Flue gas ducts,
ID fan, stack

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 62 Fabric filter in a
HZI SemiDry FGT
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Residue Treatment
Thermal waste treatment plants produce bottom
ash and flue gas treatment residues which can be
at least partly be reused or landfilled. Bottom
ashes are continuously discharged at the end of
the grate, along with siftings falling through the
small gaps between the grate blocks or through
grate for riddlings (GfR), into the bottom ash
discharger where it is quenched in water or col-
lected dry for dry bottom ash treatment. The bot-
tom ash consists mostly of noncombustible waste
components such as glass, minerals, or scrap
metals. The volume and nature of the residues
produced in the flue gas cleaning depend mainly
on the composition of the waste. With a secondary
treatment process, large parts of these materials
are reused, where it can be taken to a treatment
facility for metal recovery and reuse of the inert
material for road construction.

InovaRe by HZI enables valuable metals to be
recovered from waste, where thermal treatment in
the furnace is followed by a dry discharge of
bottom ash. This allows metals, such as iron,
aluminum, zinc, copper, silver, and gold, to be
recovered.

The effluent treatment process neutralizes
blowdown from wet flue gas scrubbers or from
fly ash washing and removes contaminants such
as heavy metals, ammonia, or persistent organic
pollutants (POPs). Depending on the plant con-
figuration, some contaminants such as mercury or
zinc can be recovered for recycling. The only
remaining components in the cleaned effluent are
naturally occurring salts such as sodium and cal-
cium chlorides and sulfates.

HZI InovaRe It has long been known that the
residue from the combustion process is much
more than simply bottom ash and actually con-
tains valuable metals and minerals. Recovering
metals from bottom ash is an increasingly signif-
icant aspect of urban mining for the operators of
energy-from-waste plants. InovaRe is a modular
system from Hitachi Zosen Inova that enables
operators to boost the profitability of their plant
by efficiently treating discharged bottom ash. The
process has four key benefits:

• It enables the profitable recycling of valuable
raw materials such as copper, aluminum,
and gold.

• It reduces the amount of residual bottom ash
that has to be transported and put in landfill.

• It saves huge amounts of CO2 compared with
primary production thanks to recycling.

• It secures a high-quality mineral fraction suit-
able for subsequent reuse.

This modular system is based on four underly-
ing products: dry bottom ash discharge, dry
mechanical bottom ash treatment for conventional
wet discharge, the grate for riddlings, and HZI
DryMining. The latter two focus on the <10 mm
fine fraction, which makes up around 40% of the
total bottom ash and contains a significant portion
of the valuable metals. As can be seen in the

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 65 Stack of the
HZC plant in Osaka, Japan
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following figures, around 70% of the valuable
nonferrous metals, such as aluminum, copper,
and zinc, as well as silver and gold, are to be
found in the <10 mm fine fraction of the bottom
ash (Fig. 66).

With conventional discharge methods, this
fraction is largely lost to setting reactions with
inert minerals or oxidation processes. This
makes separating the metals much more difficult,
resulting in poor recovery rates. In order to pre-
vent oxidation, there are two solutions available:

• Dry discharge with integrated or downstream
sieving

• HZI grate for riddlings

HZI’s dry mechanical treatment system
enables the effective recovery of minerals and
metals from bottom ash extracted. These can
then be processed further or recycled as secondary
rawmaterials and materials for use in construction
(Fig. 67).

The grate for riddlings (GfR) separates the fine
fraction directly from the grate to give access to
the valuable small particles. The fine particles fall
through narrow gaps of predefined width between

the grate elements, helped by mechanical back
and forth movements and special deflectors on
the grate, and land in a substructure (Fig. 68).

Dry fine bottom ash can be eventually sent to
HZI DryMining, a fully automated dry treatment
tower, where the ferrous metals are separated first,
with nonferrous metals then sieved and sorted by
density to ensure the recovered particles are of
high quality.

Wastewater Treatment HZI provides also
wastewater treatment in order to minimize the
environmental effects of the plant. The aim of
this process is to neutralize the wastewater, to
precipitate the heavy metals, and to separate all
particles and pollutants. The treated wastewater
has the quality which allows drainage into a
sewer.

It consists of different procedures: wastewater
neutralization, liquid/solid separation, and sludge
dewatering.

The wastewater may contain pollutants like
HCl, HF, Na2SO4, and various heavy metals.
Adding of lime slurry [Ca(OH)2] at the neutrali-
zation stage increases the pH value to a level of
approximately 9.5, leading to a hydroxide

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 66 Distribution of metals
in bottom ash and CO2 footprint savings in aluminum recycling
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precipitation of most of the heavy metals. Addi-
tionally to improve flocculation and precipitation
of heavy metals, a sulfur component (sodium sul-
fide or organic sulfur precipitants like TMT15®

and FeCl3) is added. Liquid/solid separation may
be done by sedimentation or by filtration with
candle filters. Finally to achieve the lowest possi-
ble emission values, the clear wastewater is
passed through selective heavy metal ion
exchangers to remove the remaining heavy metals
and eventually through an activated carbon filter
to absorb traces of organic pollutants (Fig. 69).

Acidic Fly Ash Washing: FLUWA The fly ash
essentially consists of three components: matrix
elements (like iron/alumina oxides), alkaline/
alkaline earth compounds, and heavy metals
(Fig. 70).

The acidic filter ash leaching process
(FLUWA) aims to split the ash in three fractions:

• A concentrate of heavy metals (mainly zinc but
also cadmium, lead, copper) as an secondary
raw material for zinc recovery

• A decontaminated ash, ready for landfill
• A liquid effluent with neutral salts

The acid used is preferably the acidic blow-
down of the wet scrubber. The separation of the
heavy metals from the liquid phase is combined
with the wastewater treatment process.

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 67 Dry mechanical
bottom ash treatment in HZI plant in Poznan (Poland)

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 68 HZI grate for
riddlings (GfR)
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The Hitachi Zosen Inova Energy from
Organic Waste Technologies:
Kompogas® and BioMethan

In recent years organic waste has been the subject
of growing public interest as a renewable natural
resource. While traditional composting recycles
only the material components of organic waste
into solid natural fertilizer, the Kompogas® con-
tinuous dry anaerobic digestion process produces
also biogas and liquid fertilizer. This process
plays a key role in helping create a circular and
regenerative energy economy by producing nat-
ural fertilizer and renewable energy in the form
of heat, electricity, and biogas, which can be
further upgraded to biomethane with HZI
BioMethan system. Combining the Kompogas®

and HZI BioMethan technologies, Hitachi Zosen
Inova can offer solutions covering the entire

WTE: Hitachi Zosen InovaMoving Grate and Anaerobic Digestion Technologies, Fig. 69 Basic process flow of a
wastewater treatment system

WTE: Hitachi Zosen Inova Moving Grate and Anaer-
obic Digestion Technologies, Fig. 70 Filter ash com-
ponent distribution
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process from bio-waste to biomethane – all from
a single source (Fig. 71).

Both the compost and liquid natural fertilizer
produced are valuable sources of nutrients for
farming and facilitate the formation of humus. In
areas where the use of liquid fertilizer is pro-
hibited, the presswater-free Kompogas® anaero-
bic digestion process can be used to convert the
digestate exclusively into high-quality compost
and biogas without the liquid fraction.

Biogas can be fed into the gas grid or further
compressed to be used as fuel for gas-powered
vehicles. Alternatively it can be used to generate
environmentally friendly power and heat in a
combined heat and power unit (CHP). A small
amount of the heat produced is used to maintain
the temperature in the digester. The rest can either

be used in buildings nearby or fed into district
heating networks.

This way 1metric ton of organic waste can yield
up to 1,000 kWh of energy and around 850 kg of
high-quality natural fertilizer. Burning fossil natu-
ral gas would produce five times the greenhouse
gas emissions for the same amount of electricity
and heat. So using biogas reduces fossil carbon
emissions and thus makes a long-term contribution
to environmental and climate protection.

HZI Kompogas® Technology
The continuous, horizontal plug-flow digester
allows a high biogas yield and assures highest
operating reliability due to simple and efficient
control systems. A low-speed agitator ensures
the optimum biogas conversion. The special

WTE: Hitachi Zosen InovaMoving Grate and Anaerobic Digestion Technologies, Fig. 71 The ecological cycle in
the Kompogas® process
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design of the agitator paddles prevents sedimen-
tation of heavy and undesired matter in the sub-
strate. Fermentation involves various upstream
and downstream processes. In the feed unit, the
organic waste is shredded, and metals and other
non-digestible materials are removed. A discharge
pump withdraws the digestate. Around one-third
is pumped back for inoculation. The rest is either
dewatered to produce compost and liquid fertilizer
or mixed with green waste using the liquid fertil-
izer free partial flow process (Fig. 72).

After passing through an odor trap, all organic
waste is unloaded in the reception area – either a
pit bunker or a special flat area for tipping and
delivery. A fully automated crane system takes the
organic matter to the shredder, which means the
Kompogas® plant can be fed around the clock,
7 days a week. To prepare for digestion, the shred-
der chops the organic matter into small pieces
which are sieved to a maximum particle size of
60 mm using a star screener. The prepared sub-
strate is then automatically conveyed to the
digester feed-in point, while the sieve rejects are
taken back to the bunker.

The core of the Kompogas® facility is the
digester. A built-in heating system facilitates

thermophilic anaerobic operation and makes sure
that the digestate is completely sanitized, while a
patented inoculation system ensures a stable bio-
logical process ending with carbon-neutral biogas.
The process lasts approximately 2 weeks, with an
operating temperature of 55 �C and 75% moisture
content ensuring the gas potential is fully exploited.

A feed screw conveyor transports the prepared
organic matter into the digester. Recirculate from
digestate rich in microorganisms is added to
immediately activate and accelerate the anaerobic
digestion process (inoculation). At the same time,
the addition of process water ensures the optimal
moisture content for decomposition.

The organic material is transported inside the
digester in what is known as the plug-flow process.

Regularly feeding fresh material pushes the
digestate slowly through the digester and enables
it to be pumped out continuously at the discharge
outlet. Meanwhile, a steadily turning agitator
ensures that the digestate is thoroughly mixed
and that biogas is released.

The Kompogas® plug-flow digester’s water-
and gas-tight construction assures a high level of
operational safety and 100% availability. An agita-
tor featuring patented plow-shaped blades mixes

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 72 The Kompogas®

technology
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and de-gases the substrate optimally at low drive
power and prevents sedimentation. For this reason,
Kompogas® digesters can also be used to treat
organic waste with a high proportion of impurities.

The digesters are available in two series as
concrete or steel digesters. Both series are
equipped with the same robust agitator compo-
nents and can be deployed for all input materials,
bio-waste, green waste, and organic elements
from the general waste collection. The digesters’
compact size and modular construction also make
them ideal for upgrading existing plants, and two,
three, or more digester modules can be combined
to form larger plants (Fig. 73).

Downstream of the anaerobic digestion pro-
cess, HZI KOM + Press dewatering unit ensures
effective dewatering of the digestate with separat-
ing the digestate into solid and liquid fractions.
Following sieving and brief posttreatment, the

solid digestate can be used directly in agriculture
as a raw organic fertilizer or soil conditioner.
Alternatively, it can be further processed into
compost. In many places the liquid digestate is
also used as organic fertilizer. Where government
regulations prohibit the use of liquid fertilizer in
agriculture, there are two alternatives: either pass-
ing the liquid fraction into a wastewater purifica-
tion system or partial stream anaerobic digestion.
With presswater-free partial stream anaerobic
digestion, only the energy-rich component of the
bio-waste is fed into the digester. Meanwhile, the
highly structured green waste bypasses the diges-
tion process and is subsequently mixed back into
the digestate after being shredded (Fig. 74).

The KOM + Press dewatering unit is mainly
used in Kompogas® plants but can also be built,
along with the control unit, into existing plants
from other manufacturers.

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 73 The concrete
digester in HZI Kompogas
plant in Wauwil
(Switzerland)

WTE: Hitachi Zosen
Inova Moving Grate and
Anaerobic Digestion
Technologies,
Fig. 74 HZI KOM + Press
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The entire anaerobic process takes place in a
completely enclosed system to prevent the emis-
sion of gases and odors. All exhaust air from the
plant’s work areas and other spaces is collected
and cleaned in an acid scrubber. A biofilter made
of torn root wood and tree bark then neutralizes all
odors biologically before the purified air is
released into the atmosphere.

Hitachi Zosen Inova BioMethan
Technology

Demand for renewable energy is growing all over
the world. Biomethane from organic waste can be
stored in the form of compressed natural gas
(CNG) and easily transported. As CNG, it can
also be used as a carbon-neutral fuel for vehicles.
Alternatively, the biomethane is pure enough to be
fed into the gas grid and transported cost and
energy efficiently to where it is needed. This fact
makes it the ideal supplement to a heavily fluctu-
ating supply of solar and wind power (Fig. 75).

In the biogas to biomethane upgrading pro-
cess, the raw biogas is dried, desulfured, and
refined to natural gas quality using two state-of-
the-art technology carbon dioxide separation
processes.

One of these is pressure-less amine scrubbing
or alternatively a pressure-controlled membrane
process.

The membrane technology is a pressure-driven
physical process for upgrading biogas. It is most
suited for use in situations where low-cost process
heat is not available.

By means of membrane-based gas permeation,
the raw biogas is dried efficiently using minimum
primary energy. It is then desulfurized, and the
low-calorific carbon dioxide is subsequently sep-
arated using high-quality membrane modules.
These consist of several thousand extremely fine
hollow fibers; the ends are embedded in resin and
bundled in stainless steel pipes. The membranes
are characterized by high pressure and tempera-
ture resistance, pressure stability, and different gas
permeability. Carbon dioxide and methane

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 75 BioMethan utilization
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selectivity enable maximum separation, methane
purity of up to 98%, and methane slip of below
0.5% (Fig. 76).

The pressure-less amine scrubbing process is
heat-driven and based on chemical absorption.
This technology is ideal for installations that can
draw on a source of low-cost process heat in the
form of waste heat from a nearby CHP unit or
other sources. This enables particularly profitable
operation. With methane purity of up to 99.5%
and methane slip of 0.1% at the most, installations
with amine scrubbing technology deliver out-
standing performance and efficiency.

HZI EtoGas Power-to-Gas Technology

HZI power-to-gas (PtG) technology makes it pos-
sible to convert virtually unlimited amounts of
power from volatile renewable sources into stor-
able synthetic gas. EtoGas GmbH, a subsidiary of
Hitachi Zosen Inova, develops and constructs turn-
key power-to-gas plants for producing synthetic
gases such as hydrogen and methane. These gases
are fed into the existing infrastructure, and can be

used as a fuel for vehicles or heat, or converted
back into electricity at any time. This evens out
fluctuations in the grid while enabling the long-
term storage of the electrical energy and making it
available later on demand (Fig. 77).

PtG is an integral part of the efforts to ensure the
reliable supply of energy. It facilitates the energy
transition by harnessing the ideal long-term storage
capacity of the existing natural gas infrastructure.

The EtoGas portfolio comprises three main
system solutions and a comprehensive service
offering: power-to-SNG turnkey plants, power-
to-hydrogen (electrolysis), and hydrogen-to-
SNG (methanation).

Using PtG technology, electricity from regen-
erative sources is first converted into hydrogen
using electrolysis. This can be combined with
CO2 in a proprietary catalytic reactor to produce
methane, which can then be fed into the existing
natural gas infrastructure without any restrictions.

The methanation process requires CO2 and is
particularly suitable for processing biogenic gas
mixtures (biogas, sewage gas) or other industrial
sources of CO2. PtG technology thus makes a sub-
stantial contribution to sustainable decarbonization.

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 76 BioMethan membrane
technology
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The technology can also be used to produce
hydrogen for direct use in industry and transpor-
tation and to generate oxygen. The heat it pro-
duces can also be used for industry and district
heating networks.

The PtG plants are structured as separate mod-
ules (each delivering 1 MWel), which means they
offer flexible scalability and can be easily adapted
to client wishes.

Future Directions

In addition to the HZI grate combustion technol-
ogy, the Kompogas®, BioMethan, and EtoGas
technologies enhance Hitachi Zosen Inova’s port-
folio, allowing the company to extend its position
as one of the world’s leading providers of EfW
plants and solutions. Offering both thermal and
biological treatment of waste, Hitachi Zosen
Inova is able to address the specific market
requirements stemming from the separate collec-
tion of organic waste.

Considering over 600 thermal EfW and
80 Kompogas® reference plants built worldwide

since the 1930s and 1991, respectively, it is evi-
dent that the Hitachi Zosen Inova technology is
mature. However, from the very beginning on, the
Swiss company puts emphasis on innovation and
technical improvement. Development works con-
centrate mainly on the following areas:

• Increase energy efficiency and electricity pro-
duction of EfW plants

• Improve the automated control of the EfW
plants in order to further increase average
plant capacity and availability

• Improve monitoring of plant components in
order to allow operators to track the plant effi-
ciency and better plan preventive maintenance
actions

• Further improve stack emission limits
• Further improve bottom ash quality and

recycling options for bottom ash

However, since EfW technology in many areas
still commercially competes with relatively cheap
landfilling or is not available for large economic
areas, one goal of development is always concen-
trated on plant economics:

WTE: Hitachi Zosen Inova Moving Grate and Anaerobic Digestion Technologies, Fig. 77 Utilization of HZI
EtoGas technology
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• Achieve the same performance with less and
simpler equipment

• Find less expensive materials of construction,
in terms of investment and maintenance cost

• Further improve the operation flexibility and
availability of the plant thus reducing O&M
cost

Last but not least, the goal must be to do all that
is necessary to make EfW plants politically
acceptable and a part of the infrastructure in the
densely populated areas. Wastes are created and
energy is needed where the people live. EfW
plants are an essential part needed to close the
loop of the material cycle [3]. Whatever cannot
be reused or recycled can be efficiently treated for
energy recovery in an EfW plant.

An excellent example is the EfW plant in Paris.

• It is located in the middle of the Paris metro-
politan area about 5 km (3 miles) from the
Eiffel Tower along the river Seine.

• It is an integrated part of the city’s recycling
activities and contains a plastic sorting and
recycling facility.

• It serves a population of about 1 million people
all living within a short distance from the plant.

• It provides electricity to the national electrical
grid as well as heat to the city’s district heating
system.

• The EfW plant was designed with high archi-
tectural qualities.

It is an excellent example of sustainability
within the material and energy cycles. Research
and development are focusing on all aspects
needed to make such a concept available to more

and more highly urbanized areas with high
energy/district heating demand. This includes
emissions and architecture to increase acceptabil-
ity to the public as well as efficiency, reliability,
and total cost in order to increase its affordability
to communities in developing nations.
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Glossary

APC Air pollution control system of a plant
BAT Best available technology (BAT). The most

effective method for achieving a high level of
protection for the environment, developed on a
scale that allows implementation under techni-
cally and economically viable conditions
(in the USA, called maximum achievable con-
trol technology: MACT)

BREF Reference document on the best available
techniques

ENE Energy equivalence factor
MSWI MSW incineration, most commonly

called waste to energy, or WTE
MSW Municipal solid waste; waste from house-

holds as well as commercial, industrial, and
institutional waste that, by its nature and com-
position, is similar to waste from households.
This includes, e.g., bulky waste, residual waste
after recycling operations

RDF Refuse-derived fuel. The categories of
waste that may be treated in a WTE plant are
listed in the permit by the competent authority

R1 Energy efficiency factor determines whether
a WTE plant can be classified as a recovery
operation, under EU legislation

R1 formula Used to calculate the R1 factor
under EU legislation

Definition of the Subject and its
Importance

In the EU, waste-to-energy (WTE) plants are
classified either as “recovery” or as “disposal”
operations.

The European Commission has quantified this
distinction by means of the R1 energy efficiency
formula. A plant can only be classified as a recov-
ery operation when its R1 factor is at least 0.60 for
existing and 0.65 for new plants. The R1 formula
is established using equivalence factors.

The R1 factor provides a major incentive for
WTE plants to improve their energy efficiency.
High R1 factors increase the contribution of WTE
plants to the national energy supply, saving
primary fossil fuel resources and reducing the
emission of greenhouse gases. The R1 factor
also serves as a driving agent in the competition
among operators of WTE plants to reach a higher
ranking than other facilities.

Introduction

The three main purposes of WTE plants are to
reduce the volume of waste by means of thermal
treatment, effectively control the emissions of this
operation, and recover as much energy content as
possible from wastes.

Material Flow
The aim of the WTE process is to reduce the
quantity of waste and produce as many recover-
able materials from the residues as possible, so
that only a very small part needs to be deposited in
a landfill. The technologies used to achieve the

# Springer Science+Business Media LLC, part of Springer Nature 2019
N. J. Themelis, A. C. (Thanos) Bourtsalas (eds.), Recovery of Materials and Energy from Urban Wastes,
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material flow are shown in Fig. 1 [1, 2]. They
primarily depend on the type of grate or other
combustion device, the composition and calorific
value of the waste to be incinerated, the operating
conditions in the furnace (e.g., % excess air), and
the combustion temperature.

Pollutants and Emissions
One of the aims of combustion of wastes is to
destroy organic pollutants and to separate heavy
metals and inorganic pollutants that are contained
in the incoming waste. By employing highly effi-
cient flue gas cleaning technology, WTE plants
can ensure that emissions into the ambient air are
negligible. The data in Fig. 2 for the input and fate
of pollutants in a WTE plant are from a life cycle
assessment (LCA) study [3]. The destruction of
organic pollutants takes place in the combustion
chamber and in the first pass of the boiler,
maintained at a temperature above 850 �C; this
is followed by adsorption of the remaining
organic pollutants followed in the APC system,
by means of the injection of activated carbon or
other method.

The heavy metals and other inorganic pollutants
in the MSW depend on their volatility volatilized
during combustion. The higher the bed temperature,
which should not exceed the melting point of

bottom ash, the fewer pollutants will remain in the
bottom ash. This is an important quality criterion for
beneficial use of the bottom ash. The volatilized
metals and inorganic pollutants are then captured
in an air pollution control system, as described in
detail in other entries of this encyclopedia. As a
result,WTE plants designed and operated according
to the Waste Incineration BREF [4] can meet the
very stringent EU emission standards for waste
incineration plants [5].

Energy from Waste
A WTE plant should aim to recover as much
energy as possible available in the MSW feed.
Figure 3 shows how the chemical energy stored
in the waste is distributed in a WTE plant. The
MSW feed into a WTE plant is a mixture of
several fractions with very different calorific
values, ranging from 1.6 to 4.3 MWh/t and an
average value, for Europe, of 2.8 MWh (about
10 GJ) per ton of “as received” MSW (Fig. 3).
An appropriate calculation method, based on the
main data of a plant, is described in section net
calorific value of MSW (NCV; also called low
heating value or LHV).

In the waste bunker, the different components
of the MSW are mixed by the overhead crane, to
ensure optimal combustion within the furnace and
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to avoid the need to use auxiliary fuel, except
during start-up or shutdown of a unit. The impor-
tance of the combustion control system within the

furnace is discussed in detail in the AE&E Tech-
nology and the Martin WTE Technology sections
of this encyclopedia.

100
%

59%

41
%

77
%

23%

45%

100
%

100
%

Σ Heavy
metals

~3 kg/t wet

Inorganic
pollutants

Cl, S, F

6−8 kg/t wet

Inorganic pollutants
Cl, S, F

Organic pollutants
(TE-dioxin,furanes)

In
or

ga
ni

c
po

llu
ta

nt
s 

0.15 0.007 0.07

O
rg

an
ic

 p
ol

lu
ta

nt
s

(T
E

-d
io

xi
n,

fu
ra

ne
s)

1%
Inorganic
pollutants

Cl, S, F

Organic pollutants
(TE-dioxin,furanes)

Incinerator

Flue gas-cleaning

(emissions)

energy release

(boiler)

Organic pollutants
(TE-dioxin, furanes)
~ 35 μg/t wet

54% organic pollutants
are destroyed by BREF
flue gas cleaning systems

Σ 
H

ea
vy

 m
et

al
s 

Σ Heavy metals 

Σ Heavy metals
Generally with very low leachability

Municipal solid wasteMunicipal solid wasteMunicipal solid waste

Clean gas (emission)Clean gas (emission)Clean gas (emission)

APC residuesAPC residuesAPC residues

bottom ashbottom ashbottom ash

WTE: Energy Contained in Solid Wastes, Fig. 2 Path and percent distribution of pollutants contained in MSW
processed in a WTE plant in Europe [3]

Incinerator

Fluegas-cleaning

Energy release
(boiler)

100%

~18 (11−25)%

~82 (75−90)%

~ 3 %

~2.5 (1.5−5)%

~2.8 (1.6−4.3) MWh/t wet

Very low emissions

Usable as heat and/or
electricity by citizens,
industry, hospitals etc.

Municipal solid wasteMunicipal solid wasteMunicipal solid waste

Losses inLosses in
flue gasflue gas

Losses in
flue gas

Energy inputEnergy inputEnergy input

ExternalExternal
energyenergy

External
energy

Losses by bottom- /Losses by bottom- /
filter ash and radiationfilter ash and radiation

Losses by bottom- /
filter ash and radiation

Recovered energyRecovered energy
as heatas heat

Recovered energy
as heat

WTE: Energy Contained
in Solid Wastes,
Fig. 3 Flow diagram and
distribution of energy
contained in MSW
processed in a WTE plant

WTE: Energy Contained in Solid Wastes 341



Projected Energy Losses of the Incineration
Facility
The heat loss in the bottom ash, the convection
and radiation losses of furnace and boiler, and the
loss associated with incomplete burnout of carbon
in the ash correspond to about 3% of the energy
input in the MSW feed. In the R1 formula, they
are taken into account by the fixed correction
factor of 0.97. This is the reason why only 97%
of the heating value of MSW (plus any auxiliary
heat used in the plants) is entered into the denom-
inator of BREF WI [4].

Boiler Efficiency and Flue Gas Temperature After
Boiler
The temperature in the flue gas leaving the boiler
affects the energy recovery by the boiler. It is inde-
pendent of the heating value of the MSW, and in
state-of-the-art systems is in the range 180–230 �C.
This range is associated with steam parameters of
40 bar/400 �C and results in amean boiler efficiency
of 82% [6]; in other words, 18% of the input energy
in the MSW is lost in the flue gas.

Figure 4 shows the calculated boiler efficien-
cies of 97 European WTE plants, investigated by

the Confederation of European WTE Plants [6],
using the formula:

• % boiler efficiency = energy contained in
steam generated/0.97 (energy contained in
MSW feed + energy in any auxiliary fuel
used in steam generation). The red squares
show the actual data provided by the plant
operators (2001–2004 data) and the blue tri-
angles the calculated data according to the
BREF WI formula.

It can be seen that many of the boiler efficien-
cies reported by the operators differ considerably
from the BREF formula. This can be due to
several factors, such as low or high estimate of
heating values of MSW, inaccurate measurements
of steam rates, etc.

When the steam energy is to be transformed to
electricity, high steam parameters are required. In
this case, relatively higher temperatures (up to
450 �C) and pressures (up to 100 bar) of the
steam are technically possible, but the surfaces
of the boiler membrane walls, at least in the first
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and second pass and the superheater tubes, must
be protected against corrosion and abrasion, by
cladding or other means.

ModernWTEplants can reach boiler efficiencies
over 85%. Even higher efficiencies are achievable
with wastes containing lower chlorine than MSW,
which contains 0.4–0.6% per ton of wet MSW.

Net Calorific Value (NCV; Also Called Low Heating
Value or LHV) of MSW
Many NCV (or LHV) data reported by the opera-
tors show a large deviation from the correct values
of NCV. Because of this, a NCV formula has been
defined by the BREF WI that in effect uses the
furnace and boiler as a giant calorimeter. It is
based on a simple energy balance between the
energy inputs and the output of a WTE plant:

Formula 1: Formula for Calculation of the Net
Calorific Value (NCV or LHV in the USA) of
MSW Feed, According to BREF Waste Incin-
eration (WI) Using Measured or Calculated
Data:

NCV ¼ 1:133� mst w=mð Þ � cst x þ 0:008�Tbð Þ
=1:085, in GJ=t wet MSW

where

NCV

¼ net or lowerð Þ calorific value NCVð Þ of MSW,

in GJ=t wetð Þ

mstw ¼ mst x � mf � cf=cst xð Þ � �bð Þ,
in t steam=t wet MSW

and

mst w = mass flow of steam produced from waste
combustion, in t/year or t/day

mf = mass flow of steam from auxiliary fuel
combustion, in t/year or t/day

mst x = total amount of the steam produced, in
t/year or t/day

m = mass of waste combusted, in t/year or t/day
cst x = net enthalpy of steam (i.e., minus enthalpy

of boiler water), in GJ/t wet
cf = net heating value (LHV) of auxiliary fuel

used for steam production, in GJ/t
Tb = temperature of flue gas after boiler

(at 4–12% O2) � T input of air, in �C

0.008= specific sensible heat capacity of flue gas,
GJ/t wet/�C

1.133 and 1.085 = constants derived from regres-
sion equations

�b= efficiency of gas-to-steam heat transfer in the
boiler (approx. 0.80)

Because the greatest part of the energy output
goes to the steam exiting the boiler (mst x

� cst x),
accurate measurement of the steam rate is very
important in using the above formula to calculate
the NCV (or LHV) of the waste. An example of
“double counting” errors in the steam rate is steam
used to preheat the combustion air. On the other
hand, steam quantities that should be included in
the steam rate of the plant are steam extracted
ahead of the steam measuring device for heating
the flue gases (e.g., before SCR, after wet scrub-
bers, before fabric filters) or injection of water
for continuous boiler cleaning or in the form of
NH4OH for NO x reduction; the energy needed to
evaporate these sources of water is not counted by
the steam measuring device.

An example of NCV (or LHV) calculation,
based on the NCV formula of BREF WI, is
shown in Table 1 for a WTE plant with the annual
energy flows shown in Table 1 [7, 8].

The calculations made in Table 1 show that by
taking into account all relevant energy flows in
this WTE plant, the calculated NCV (LHV) of the
waste was 10.0 GJ/t of MSWat a boiler efficiency
of 85.3%. In comparison, for a simplified NCV
calculation, using only the energy of measured
steam minus imported energy, the NCV would
increase to 10.3 GJ/t, and the boiler efficiency
would decrease to 83.4%.

To get accurate and comparable NCVs of the
waste combusted at WTE plants of different con-
figurations, it is necessary to collect the complete
energy flows from each plant. Figure 5 shows the
results of an investigation that compared the net
calorific values (NCV or LHV) of 97 European
WTE plants, as calculated by the BREF WI for-
mula (blue triangles) and reported by the plant
operators (red squares; data for 2001–2004).
A similar variation between these two values is
observed in Fig. 4 that compared calculated and
reported boiler efficiencies.
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WTE: Energy Contained in Solid Wastes, Table 1 Example of calculation of NCV (or LHV) using the BREF WI
formula

A Boiler efficiency (1,738,100 + 15,992)/(0.97 * (210,000 *
10.038 + 12,100)) * 100 = 85.3%

�b 85.3 %

B.1 Municipal waste incinerated mw 210,000 t/year

B.2 Measured steam quantity after boiler with the main
measuring device

mst x 630,000 t/year

B.3 Net enthalpy of steam 40 bar/400 �C/130 �C boiler water cst
(3,214 + 544)

2,670,000 kJ/kg

B.4 Delivered steam to a third party with a second measuring
device

mw 20,000 t/year

B.5 Net enthalpy of steam 45 bar/257 �C with no backflow of
condensate

cst � (2,800) 2,800 kJ/kg

B Total energy output based on measured steam quantities mst x � cst x 1,738,100 GJ/
year

C.1 Light fuel oil for start-ups and shutdowns mf steam
producing

120 t/year

C.2 Light fuel oil for keeping combustion temperature >850 �C mf steam
producing

215 t/year

C.3 Sum of used light fuel oil mf steam
producing

335 t/year

C.4 Energy input by fuel mf � cf (42,73
GJ/t)

12,100 GJ/
year

C Included in total energy output from measured stream �b � mf � cf 10,321 GJ/
year

D.1-1 Steam for soot blowing and for NH4OH injection SNCR
(both extracted after total steam measuring device)

mst x 12,500 t/year

D.1-2 Net enthalpy of steam 40 bar/400 �C/0.2 bar/220 �C steam in
flue gas

Cst � (3,214 �
2,918)

296 KJ/kg

D.1 Energy by double measured steam quantity for soot blowing
and NH4OH injection of SNCR

mst x � Cst x 3,700 GJ/
year

D.2-1 Steam for heating up primary combustion air from 20 �C to
130 �C (extracted after steam measuring device)

mst x 37,600 t/year

D.2-2 Net enthalpy of steam 3 bar/144 �C/100 �C in condensate Cst x (2,748 �
419)

2,329 kJ/kg

D.2-3 Energy input by steam mst x � Cst 87,570 GJ/
year

D.2 Energy by double measured steam quantity for heating up
primary combustion air from 20 �C to 130 �C

�b�mst x� Cst

x

74,698 GJ/
year

D.3-1 Liquid quantity as water and NH4OH injected before the total
steam measuring device

mliquid 4,600 t/year

D.3-2 Net enthalpy as steam 0.2 bar/220 �C in flue gas Cst � (2,918) 2,918 KJ/kg

D.3 Not measured energy by injected liquids into the combustion
chamber before steam measuring device

mliquid � Cst flue

gas

13,423 GJ/
year

D.4-1 Steam extracted before the steam measuring device for
heating up flue gas from 110 �C to 120 �C

mst x 6,600 t/year

D.4-2 Net enthalpy of steam 45 bar/257 �C/90 �C condensate Cst � (2,800 �
377)

2,423 KJ/kg

D.4 Not measured energy for heating up flue gas from 110 �C to
120 �C with steam out of the boiler drum

mst x � Cst 15,992 GJ/
year

D.5-1 Energy extracted by grate cooling before the steam
measuring device for heating up the backflow of district heat

3,800 MWh/
year

(continued)
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The observed differences in calorific value
among different European WTE plants may be due
to several factors, including the prevailing rate of
recycling, the degree of industrialization, and the
economic development of the community served
by the WTE plant. Figure 6 classifies NCV data
from 231 European WTE plants into three regions:
northern, middle, and southern Europe [9].

The reason for the relatively wide range of
calorific values of MSW combusted at different
WTE within a region are most likely the different
fractions of high heating value wastes treated at
different plants (e.g., industrial and commercial
waste, nonrecyclable wrapping, and waste wood).
For example, in northern Europe, which is the
coldest climate zone, high calorific waste is used
to complement the available MSW and provide
the demand for district heating and reduce the
consumption of fossil fuels.

The low heating values in southern Europe are
most likely due to the incineration of relatively
larger quantities of food and green wastes and
smaller quantities of plastics and paper.

Recovery of Usable Energy from Waste

The potential for energy recovery from WTE
depends not only on the combustion technology
used but also on location and size of the plant,
whether only electricity or heat are generated, and
the incentives provided by the government for the

recovery of renewable energy and reduction of
greenhouse emissions.

Status of Energy Recovery from Waste in
Europe
Table 2 presents an overview of energy forms and
average recovery rates of 231 European WTE
plants, in 2004–2007. Forty-one plants produce
only heat, seventy-five only electricity, and one
hundred fifteen both heat and power (CHP). The
“specific” values denote energy recovered per ton
of MSW; the percent values indicate the energy
output (MWh of heat and/or electricity recovered)
per MWh energy input in the MSW feed plus any
external energy used in the plant operation.

ForWTE plants producing only heat, the energy
recovery is over 70%, with a maximum of 96.8%
for the most efficient plant (only hot water produc-
ing). Plants producing electricity exhibit a thermal
efficiency of over 20%, with a maximum of 32.4%
for the best plant. However, it should be kept in
mind that electricity is a more valuable source of
energy than heat. The EU BREF multiplies MWh
of electricity by the factor of about 2.6; therefore,
the 20% mentioned above corresponds to 52%
actual thermal efficiency.

In the case of WTE plants that supply both heat
and power (CHP), the thermal efficiency is over
35% for heat plus over 14% for electricity gener-
ation; the maximum value reported was 89.6% for
aWTE plant recovering heat combined with 1.2%
for electricity generation.

WTE: Energy Contained in Solid Wastes, Table 1 (continued)

D.5-2 Transferred from MWh into GJ 3.6 GJ/
MWh

D.5 Not measured energy from grate cooling for heating up the
backflow of district heat

13,680 GJ/
year

D Sum of double or not measured energies included in total
energy output from measured steam

�b � mf � Cf �35,303 GJ/
year

S (B � C + D): NCV relevant energy flows of this example 1,692,476 GJ/
year

NCV determination by BREF WI formula based on the investigated, NCV relevant energy
flows (�b = 85.3%)

10.038 GJ/t
MSW

NCV determination by BREF WI formula based only on the energy from the measured
steam in B (�b = 83.4%)

10.265 GJ/
MSW
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Classifying European WTE Plants as Recovery
or Disposal Operations
As noted earlier, European WTE plants can be
classified as recovery or disposal operations,
depending on their thermal efficiency [10]. The
energy produced is calculated as the sum of
energy exported plus energy used to operate the
facility in a proper way, i.e., meeting at least all
requirements specified by the permit of the plant.

Boundary Limits for Energy Balance
In order to calculate the energy efficiency of a
plant, it is important to define the boundary limits
of the plant, as illustrated in Fig. 7.

R1 Energy Efficiency Factor for the Member
States of the European Union
The R1 energy efficiency factor is a non-
dimensional figure based on the first law of ther-
modynamics. Its purpose is to increase energy
efficiency of WTE plants and minimize the
demand of primary energy in the European
Union [10]. This factor is calculated according to
the following formula [11]:

R1= energy efficiency factor= (Ep� (Ef + Ei))/
(0.97 � (Ew + Ef))

where
Ep = energy produced per year as electricity or

heat; electrical energy is multiplied by 2.6; heat
produced for commercial use is multiplied by
1.1

Ef= energy input per year to the plant from fossil
fuels

Ei = other external used per year in the plant
Ew = energy input per year to the plant from

waste, on the basis of its net calorific value
(or LHV)

The factor 0.97 accounts for heat losses due to
bottom ash and external radiation/convection

In the absence of external fossil fuels and elec-
tricity, formatting the R1 formula reduces to:

R1 ¼ Energy efficiency factor

¼ Ep= 0:97� Ewð Þ:

The equivalence factors for energy are based on
savings of primary fuels in dedicated power and/or
heat plants. In the R1 formula, electrical energy is

Reimann 2010

Turbine
generator
inside the

facility

Oven and boiler

R1 formula boundary limits of a WTE facility

Flue gas
cleaning
system 

Ei x 1.1 

Ei x 2.6

Ew x 1 

Ei x 1

Ef x 1
x 1.1 Ep(th)

Ep(th) used
by the facility

LossesWaste

Fuels

Electricity

Other energy:
steam, heat

x 2.6 Ep(el)

x 2.6 Ep(el)

Ep(el) used
by the facility

Ep(el) exported

Ep(th) exported

x 1.1 Ep(th)

Ep(el) x 2.6

Ep(th) x 1.1

WTE: Energy Contained in Solid Wastes, Fig. 7 Boundary limits for the determination of the energy efficiency of a
plant
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multiplied by the equivalence factor 2.6 and heat
by the factor 1.1. To reach the “recovery” status
(R1), the computed R1 factor, according to the
above formula, must be equal to or higher than:

• 0.60 for plants in operation and permitted, in
accordance with applicable EU legislation,
before January 1, 2009

• 0.65 for plants permitted after December
31, 2008

Figure 8 is based on the data presented in
Table 2 for 231 WTE plants in Europe. It divides
these plants into three classes: plants producing
only heat, producing only electricity, and produc-
ing both heat and electricity (2003–2007 data).
For each class, the maximum, average, and mini-
mum R1 factors are shown. The average values of
energy efficiency are calculated in two ways: on

the basis of the R1 formula and from the Sankey
energy balance, as discussed earlier.

The highest R1 average based on CEWEP
(0.88) was recorded for a CHP plant, producing
both electricity and heat. The second highest aver-
age R1 factor was attained by a heat-generating
WTE. The average R1 factor of WTE facilities
generating only electricity was 0.71.

Potential for Increasing Energy Recovery
of WTE Plants

Reimann [8] has suggested several ways to
increase the energy efficiency of existing or new
WTE facilities. For example, operators can aim to
reduce excess air by optimal use of secondary air
and recirculation of part of the flue gas stream.
Other low-cost measures are avoidance of fouling
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 to BREF WI for imported fuel 1 MWh fuel=1.0 MWh fuel equ. Self used heat in Ep as described under 2) in Table 2.

WTE: Energy Contained in Solid Wastes, Fig. 8 Analysis of R1 energy efficiency factors of 231 WTE plants in
Europe [9]
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in boiler, ensuring a low flue gas temperature after
boiler, reducing the use of fossil fuel during start-
up and shutdown, preheating the combustion air,
and heating the flue gas for selective catalytic
reduction (SCR) by self-produced steam instead
of fossil fuels.

More costly measures recommended are fre-
quent cleaning of heat exchanger tubes, providing
for cooling of condenser by water sprinkling dur-
ing high-temperature excursions, increasing the
boiler water temperature, use of a multistage tur-
bine with reheating and dewatering of extracted
steam in between the stages, and using boilers
with higher steam parameters.

By far, the most effective means to increase
WTE thermal efficiency is by using the low-
pressure steam for district heating or for providing
heat to nearby industrial plants as base load, e.g., a
paper recycling plant that requires a lot of heat. Of
course, such measures are more applicable to new
WTE plants and depend on the presence of cus-
tomers for heat and the length of the heating or
cooling period at a certain location.

Future Directions

EveryWTE plant should strive not only to reach the
R1 standard required for classification as a recovery
plant but to exceed it. Higher recovery rates have
several environmental and economic benefits,
including the conservation of nonrenewable fuels
and the reduction of greenhouse gas emissions
with their climate change implications.
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CHP Combined heat and power
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heating and cooling
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DHC District heating and cooling
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EfW Energy-from-waste
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MRF Material recovery facility
MW Megawatt
NO Nitric oxide
NOx Nitrogen oxides
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furans
RDF Refuse-derived fuel
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SRF Solid-recovered fuel
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WID Waste WTE directive
WTE Waste-to-energy

Definition of the Subject

Historically, waste materials from cities were sim-
ply dumped in huge piles of polluting material.
The liquid runoff usually polluted water bodies,
and the rotting material continued to emit green-
house gases, methane, and carbon dioxide for
many years. The area of land required also
became a problem, and most societies now
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consider such waste dumps to be unacceptable.
An important factor is the recognition that dump-
ing of wastes without recovering reusable mate-
rials is unsustainable and waste should be
(a) minimized at source, (b) the recovery of reus-
able or recyclable materials should be optimized,
and (c) the recovery of energy-from-waste (EfW)
must be maximized.

Minimization of waste at source poses many
problems. For example, most cultures have cele-
brations, such as weddings, which result in waste
from gift packaging. Yet these events contribute to
the quality of life, and it would be unpopular to
ban them. However, packaging consists of paper
and cardboard which are biofuels similar to wood,
and their combustion in a waste-to-energy (WTE)
plant simply returns captured carbon dioxide to
the atmosphere and displaces fossil fuel that
would otherwise be used. The important point is
that waste material that is not reused or recycled
should be used as fuel in a WTE plant.

Waste consists of a wide variety of materials
such as cans and paper that are initially separate
but become mixed in a crude waste collection
system. The subsequent separation, or de-mixing,
requires considerable cost and energy and usually
results in cross-contaminated products. Thus,
in accordance with the principle of entropy
(or disorder), wastes should be separated at the
source, wherever it is viable. Material handling
machines can recover some recyclable material
such as metal, paper, and some plastics. The res-
idue, which amounts to at least about 50% of the
raw waste, sometimes known as solid-recovered
fuel (SRF), can be burned or possibly gasified to
generate power.

Composting of raw municipal waste converts
much of the material to carbon dioxide without
recovering energy and leaves a semi-toxic resi-
due, whereas methane generation by anaerobic
digestion is generally more suitable for wet food
wastes.

This presentation focuses on the recovery of
energy from solid wastes by combustion. This is
now a mature and bankable technology that is
delivering electricity at hundreds of plants world-
wide. Attention is drawn to the fact that the
efficiency of the electrical power generation is

only about 23% due to boiler corrosion problems.
Fortunately, there is an engineering solution to
this situation since the remaining energy is avail-
able to heat water that can be used for district
heating (or building cooling), thus raising the
energy conversion efficiency to about 90%. Not
only does this save fossil fuels, but because most
of the waste residue is biomass, the net carbon
dioxide emission is quite low, while the heat is
generated close to the consumer and transport of
waste is minimized.

A key feature of this environmentally friendly
“trash-io-resource” strategy is that it helps to
reduce global warming by reducing the net emis-
sions of carbon dioxide to the atmosphere. In the
light of these observations, it is clear thatWTE is a
key technology for modern society. The aim of
this entry is to present the rationale, the underpin-
ning scientific principles, and the key engineering
aspects of this topical subject.

Introduction

The impending fossil fuel poverty that is develop-
ing in the world largely explains why countries
such as Denmark, which have no national fossil
fuels, have developed efficient energy-from-waste
(EfW) systems incorporating district heating that
exploit low-grade heat from waste and integrate it
with low-grade heat from their electricity power
generation. The result is that two thirds of their
buildings are already connected to district heating,
and these two systems should be generally con-
sidered together for an energy-efficient city.
Furthermore, the common perception that old
cities cannot have district heating is false since
many old cities like Vienna and Paris have suc-
cessfully installed very extensive heat distribution
networks.

The relation between process plant-scale and
plant-capital cost generally follows the 0.6 power
law, leading to the relative economy of large-scale
process plants. WTE plants follow this rule.
However, in many cases, the problem of large-
scale waste supply is solved by the use of waste
transfer stations to integrate the wastes sources
from several towns.
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An important point that is not usually empha-
sized sufficiently is the relative efficiency of dif-
ferent energy-from-waste technologies. Firstly,
many studies assume that the low-grade heat
from power generation can be ignored. However,
as pointed out above, the efficiency of power
generation is usually less than 25%, and this
results in ignoring about 60% of the energy that
is available to displace fossil fuels currently used
to heat buildings. Surely, society will not be able
to ignore this issue for long.

The recent development of materials recovery
facility (MRF) plants that separate recyclables
from residual waste are already starting to produce
millions of tons per year of solid-recovered fuel
(SRF or RDF). The SRF from a particular process
will be much more consistent in quality than raw
MSW. Complex process plants such as gasifiers
generally require the feed to be tightly specified
and, hence, will be better suited to use such
wastes. It is also noteworthy that SRF can be
shipped and stored more easily than raw MSW.
An important factor is the need to apply the Waste
WTEDirective (WID) to emissions from all waste
combustion systems. The importance of defining
the status of new fuels derived from wastes there-
fore requires considerable attention, especially
with regard to the emission of organic material
and inorganics, such as heavy metals.

The importance of the moisture content of
wastes must be also recognized. In the case of
thermal processes, this simply represents 2 MJ/kg
heat gain for every 10% reduction in moisture
content. The calorific value (CV) of raw MSW is
about 10 MJ/kg; hence drying results in a very
significant gain in CV. The significance of reduc-
ing this moisture in order to recover energy from
materials such as AD and sewage sludge requires
appropriate recognition. The UK sewage industry
often uses centrifuges and thermal systems to dry
sewage sludge before burning it in an autothermal
fluidized bed; however, the additional use of a belt
press can result in a waste cake that delivers
enough heat to generate power.

A similar question arises when the power-
generation capability of different technologies is
compared. In the case of WTE, a typical plant
generates electrical energy at 0.6 MWh/t plus

2.5 MWh/t of heat for buildings. By comparison,
an anaerobic digestion plant generates electrical
energy at 75–160 kWh/t of the organic fraction of
the waste. In the future, new thermal gasification
plants could double the electrical energy that can
be generated from each ton of waste.

Brief Overview of Materials and Energy
Recovery from Solid Wastes

Municipal solid wastes (MSW) can be treated by
various methods, as illustrated in Fig. 1. However,
direct combustion, in the past called incineration,
of post-recycling-mixed MSW is currently the
main route for energy and metals recovery prac-
ticed by the global WTE industry.

The modernWTE plants burn wastes of a wide
range of calorific values on a moving grate, with-
out any waste preprocessing. However, in some
countries, these combustion systems suffer from
unfavorable public perception. The main treat-
ment alternatives to WTE are:

1. Production of solid-recovered fuel (SRF) from
mechanical/biological treatment

2. Pretreatment of MSW to “refuse-derived fuel”
(SRF) as discussed in another section of this
document

3. Gasification of preprocessed or as-received
waste followed by either combustion or use
of the gas as a fuel

Such processes have potentially higher energy
efficiency when compared to WTE and perhaps
more flexibility in the use of primary products.
However, further technology developments with
appropriate regulatory drivers are still required
for them to compete effectively with controlled
combustion.

Another thermal route available for treating the
high calorific components of MSW is pyrolysis, in
order to produce cheap and storable fuel products.
Pyrolysis is normally only suitable for specific
types of waste material such as plastics or waste
wood, where it is used to produce charcoal, a
storable fuel product.
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Energy Recovery by Thermal Treatment
of Wastes

The energy output available from a material is
conveniently specified by its calorific value in
MJ/kg. Thus, if the fuel feed is 1 kg/s (i.e., 3.6 t/h
or�31,500 t of waste per year), a typical municipal
waste fuel containing 10 MJ/kg can produce a
maximum of 10 MJ/s, that is, 10 MWof combined
heat and power. In practice, the efficiency of the
appropriate electrical power generating system is
only 23%, so a more realistic figure for the electri-
cal output would be 2.3 MWe of electricity. How-
ever, the rest of the thermal energy is available as
low-grade heat that is suitable for district heating
and can provide about 6.2 MWh of district heating.

Putting these figures into perspective, the aver-
age person in the EU produces approximately half

a ton of nonrecyclable waste per year, so the
example above would correspond to a fairly
large city with a population of 60,000 and
20,000 homes. Heating each home requires up to
5 kWh; hence the number of homes that could be
heated from their ownMSW is 6,200/5= 1,240 or
a proportion of 20%. The electricity generated
from the waste also provides power for a similar
proportion of households in a community served
by EfW.

Therefore, the energy available from the waste
generated by a local population can make a sig-
nificant contribution to fulfilling the local demand
for heat and electricity, while also replacing the
use of an important amount of nonrenewable fos-
sil fuel. Furthermore, by doing so, the local urban
population assumes the responsibility for manag-
ing their waste instead of sending it to pollute a

WTE: Combustion Phenomena on Moving Grate, Fig. 1 Various methods for recovering materials and energy from
municipal solid wastes
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rural area. The fact that the waste volume is
reduced by a factor of 10 in an energy-from-
waste plant is also an important consideration in
minimizing the transportation involved in waste
management.

To access the energy available in the waste, it
must be converted from chemical energy to heat
and/or power. This process involves all the
complex reaction processes of pyrolysis, gasifica-
tion, and oxidation. The other two processes
(gasification and pyrolysis) produce intermediate
products of combustion that can be burned for
energy generation or used as a feedstock,
depending on process conditions. Furthermore, a
gasification or pyrolysis system used to produce
heat and power energy also involves combustion
of the gas or char and thus conversion of the initial
feed to carbon dioxide, water, and ash. Each alter-
native process should therefore be considered
holistically, where one starts from the raw waste
and then follows the process to completion of the
reaction of the fuel with air, the production of heat
and power, and the disposal of the ash residue.
Also, any gas cleaning operation that is required
to meet the air and water environmental control
regulations must be included in such a comparison
of alternatives.

An important consideration is the internal use
of power within the plant; systems should be
compared on the basis of net power production
rather than the output of the electricity generator.
The internal power-consuming devices include
waste preprocessing shredders, fans, material con-
veyers, pumps, etc.

WTE is a mature technology that can meet all
regulations and that is bankable. Why then are
other technologies being considered? The reason
lies in the potential efficiency of electrical power
production. In the case of the mass-burn system,
the combustion gases are used to raise steam
for use in the turbine/generator with a Rankine
power-generation cycle. Thermodynamic consid-
erations show that the efficiency of the power
generation depends on the top temperature of
steam generation. This temperature is limited by
the acceptable material life of the superheater
steam tubes. In a conventional coal-fired power
station, steam temperatures are typically about

565 �C and result in a power-generation efficiency
of about 35%. In the case of a conventional
energy-from-waste plant, the composition of the
flue gas is more corrosive, and a steam tempera-
ture yielding an acceptable superheater tube life is
about 400 �C, resulting in power-generation effi-
ciency of about 23–25%. Although most of the
balance of the energy is available as heat for a
district heating system, electricity is a more valu-
able form of energy than heat; hence, research
workers are striving to develop a more efficient
system.

In principle, if one could generate gas from
waste with an efficiency of about 70% and use
the gas in an internal combustion engine or a
combined gas turbine/steam turbine generator
with an efficiency of 45–55%, then an overall
power-generation efficiency of 31.5–38.5% should
be attainable. However, this target has been
elusive and remains a “gleam-in-the-eye” at
the present time. For this reason, the following
discussion will largely focus on conventional
moving combustion as the route to produce
energy-from-waste. Furthermore, since the waste
combustion process is particularly complex and
its study is a specialty of the authors, this entry
will focus on this aspect of energy-from-waste.

Energy Recovery from MSW by
Controlled Combustion

Typical WTE systems are moving grate combus-
tion chambers that operate at high temperatures
(i.e., 850 �C at the furnace exit) and with excess
air (typically 50–80% of stoichiometric air) in
order to ensure efficient combustion of waste
material and complete destruction of toxic organic
pollutants. As mentioned above, mass-burn incin-
erators can handle wastes with a wide range of
calorific value without any specific waste pre-
treatment, which is a key advantage of this
technology.

The major public issues concerning the WTE
option are pollution, health risks, and low energy
efficiency. All combustion systems inevitably
generate certain amounts of pollutants. In the
case of WTE, the main flue gases are nitrogen,
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oxygen, water vapor, carbon dioxide, acidic
gases, NOx, particulates, heavy metals, and
dioxins. The pollutants are efficiently removed
by a combination of gas cleaning technologies to
a level below the emission limits set by the Waste
Directive of the EU (Table 1). Modern incinera-
tors operate well below these emission limits.
Dioxins and fly ash are of particular public inter-
est. However, the dioxin level from modern WTE
systems is far below the European emission limits,
for example, the total UK dioxin emissions from

WTE account for only about 1% of the UK
national total [1]. A similar result was also
reported for Germany and other nations.

WTE with Combined Heat and Power
(CHP)

As noted above, due to corrosion problems the
efficiency of electricity generation by incinerators
using a steam turbine is about 25%, which is rather
low compared to about 35% for coal-fired power
plant. However, the use of combined heat and
power systems (CHP) can dramatically increase
the overall energy efficiency by exploiting the
low-grade heat from the steam turbine for heating
(or cooling) domestic, commercial, and industrial
buildings. The overall energy efficiency of a CHP
system using conventional or waste-derived fuels
is as high as 85%. The best example in the UK is
the Sheffield WTE plant operated by Veolia Shef-
field Ltd. (Fig. 2). It produces up to 60MW thermal
plus 19 MW electrical energy from a waste
throughput of 225 kt/year and supplies heat to
commercial properties and over 5,000 residential
buildings through a network of 42 km of piping.

An important factor concerning EfW plants in
the UK is their eligibility for the Renewable

WTE: Combustion Phenomena on Moving Grate,
Table 1 Daily average values of air emission limits for
WTE plants in WID

Pollutants Values

Total dust 10 mg/m3

Total organic carbon 10 mg/m3

HCl 10 mg/m3

HF 1 mg/m3

SO2 50 mg/m3

NOx 200 mg/m3

CO 50 mg/m3

Hg 0.05 mg/m3

Cd/Tl Total 0.05 mg/m3

Sb, As, Pb, Cr, Co, Cu, Mn, Ni, V Total 0.05 mg/m3

PCDD/Fs 0.1 ng I-TEQ/m3

WTE: Combustion Phenomena on Moving Grate, Fig. 2 Sheffield incinerator
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Obligation Certificates (ROCs), which provides
an incentive to promote electricity generation
from renewable sources, such as the biomass con-
tent of wastes.

WTE is capital intensive (Fig. 3). The major
cost factors are equipment and building costs,
land acquisition, planning, labor, maintenance,
and ash disposal. The costs are very much site
dependent and are affected by a number of param-
eters such as:

• Scale of the plant (typically ranging from 50 to
400 kt/year)

• Requirement for flue gas treatment
• Treatment and disposal process for the bottom

and fly ash, including recovery of metals from
the bottom ash and their sale

• Efficiency of energy recovery

The Waste Combustion Process

Two alternative technologies are available to burn
waste. These are the mass-burn grate and the
fluidized bed. The former consists of a moving
grate that burns waste traveling on a grate from a
feed shaft to the ash pit. The latter consists of a
fluidized bed of near mono-size sand particles
enveloping the burning waste material. Air

passing up through the bed is almost universally
used as the source of oxidant.

The two systems differ in the peak temperature
achieved during combustion. In the case of
a mass-burn grate, the maximum temperature
is about 1,300 �C, whereas the fluidized bed
operates at about 850 �C. Because the ash melting
temperature lies between these two temperatures,
the ash from a mass-burn grate can contain large
pieces of slag. These two processes also differ in
the amount of power that is used within the pro-
cess. In the case of a fluidized bed, the waste must
be preprocessed by shredding, which incurs a
significant cost and efficiency penalty; also the
air pressure needed to suspend the fluidized bed
is much greater than that used with a mass-burn
grate. The overall effect is that the net electrical
power output of a fluidized bed system tends to be
less than with a mass-burn grate. These and other
considerations have led to a preference for instal-
lation of the mass-burn system in Europe, where
there is more emphasis on power production,
whereas in Japan the balance between the uses
of each system is more nearly even.

Mathematical Modeling of Combustion
in an Energy-From-Waste Plant

Traveling grate combustion systems such as that
illustrated in Fig. 4 are commonly used in industry
for WTE of MSW waste. In this type of reactor,
waste burns on top of the moving grate with
primary air supplied from below. The fresh
waste fed onto the grate at one end ignites by
radiation from the hot environment and the igni-
tion front propagates into the bed, as it is slowly
transported to the discharge end of the moving
grate. The combustion products are released to a
gas plenum above the bed, where further oxida-
tion of combustible gases takes place. Secondary
air is injected through jets into the gas in the shaft
above the bed to enhance the gaseous mixing and
combust the volatile gases and carbon monoxide
that emanate from the burning bed of solids.

Mathematical modeling of the burning bed of
waste particles (“FLIC” code) was developed at
Sheffield University for thermal processes in a

WTE: Combustion Phenomena on Moving Grate,
Fig. 3 Curve-fitted and updated (2009) for various plant
scales
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packed bed such as moving grate combustion,
fixed bed air-steam gasification, and slow pyroly-
sis. After establishing the governing equations for
the two-phase reacting bed, the heat transfer and
reaction parameters are optimized using test
results carried out in parallel in a so-called pot
burner. This code is usually coupled with a gas
flow modeling (“FLUENT” code) to provide
comprehensive information on the thermal pro-
cesses in a furnace. This novel simulation tech-
nique has been applied widely to provide a
detailed understanding of the combustion process
and to help optimize the design and operation of
energy-from-waste plants worldwide.

To segregate recyclables, the unsorted MSW
can be mechanically treated before being fed into
the furnace, as shown in Fig. 5. This can be an
attractive waste disposal route for local authorities
in order to meet the recycling targets by post-
collection segregation and reduce landfilling.
Based on a least-cost optimization of the waste
management options, WTE with mechanical
treatment of waste is most likely to be adopted in
the near future. However, the recent trend is for
more recyclables to be source separated and col-
lected [3] rather than for post-collection

segregation of unsorted wastes, principally due
to the poor quality of recyclables sorted out from
mixed MSW.

Mass and Energy Balance in the WTE
Process

WTE furnaces are generally operated at tempera-
tures between 850 �C and 1,100 �C with a large
excess of oxygen and converts waste materials
into ash and exhaust gas while producing ther-
mal/electrical energy from the chemical energy
of waste. The overall reaction for WTE can be
written as

waste þ air productsð Þ
w H2Oð Þ•CxHyOz •Ash
þ 1þ lð Þa O2 þ 3:76N2ð Þ ! xCO2

þ wþ 2=yð ÞH2Oþ alO2

þ 3:76 1þ lð ÞaN2 þ Ash

where l : excess air ratio and a ¼ x

þy=4� z=2:

The chemical composition of waste varies sig-
nificantly between locations and seasons. For an

WTE: Combustion Phenomena on Moving Grate, Fig. 4 Typical EfW plant [2]
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indicative mass and energy balance calculation,
typical ultimate and proximate analyses for MSW,
such as that shown in Table 2, must be obtained.
In this case, the combustible component of
MSW becomes C20H37.3O11.6 with 31.2% by
weight of moisture and 24.2% by weight of non-
combustible ash.

A simple mass and energy balance for WTE
based on the above properties of waste is shown in
Fig. 6. For 1,000 kg of waste, the amount of air
required at 70% excess air (l = 0.7) is 5,377 kg.
The amount of solid residues is 242 kg. Most of
these are bottom ash, and the balance is collected
in bag filters as fly ash. The amount of exhaust gas
is 6,120 kg in which the fraction of oxygen is
8.8% on a dry basis. The typical temperatures of
exhaust gas in the gas cleaning process, and at the
chimney are 200 �C and 130 �C, respectively. The
electricity output is 2.15 GJ from 8.6 GJ of chem-
ical energy stored in 1,000 kg of waste. This is
based on 25% electrical energy efficiency which
is typical in a large-scale WTE plant with a steam
turbine. As mentioned above, for WTE with com-
bined heat and power (CHP), the energy effi-
ciency can be as high as 85%.

Moving Grate Modeling Equations

A mathematical model [4], also known as the
FLIC code, is used to predict the fixed bed com-
bustion of the waste materials. This model
assumes the fuel bed to be a unidimensional bed
of uniform spherical particles and gas voids and
tracks the combustion in the bed as a function of

time. The combustion processes of moisture evap-
oration, devolatilization, and char burnout for the
solid phase and also the reactions in the gas phase
are simulated by various sub-models and modes
of heat transfer. The details of the model assump-
tions, governing equations, various sub-models
for reaction and heat transfer, and the numerical
scheme are presented below. Application of the
FLIC code to the mathematical modeling of the
characteristics of a burning bed has provided very
valuable results for various solid fuels in fixed or
moving bed furnaces.

Early development of solid waste reaction
models was largely based in previous work on
coal combustion and was linked to biomass com-
bustion due to the fact that a large proportion of
municipal solid wastes is biomass or originates
from it [4–6]. The devolatilization rate depends
not only on fuel type but also on particle size,
heating rate, and final temperature. For experimen-
tal studies, thermogravimetric analysis (TGA) has
been used at low heating rates. However, the

WTE: Combustion Phenomena onMoving Grate, Fig. 5 Schematic of mass flow for mechanical treatment followed
by controlled combustion

WTE: Combustion Phenomena on Moving Grate,
Table 2 Ultimate analysis of MSW

Material % by weight

Water 31.2

Carbon 24.0

Hydrogen 3.2

Oxygen 15.9

Nitrogen 0.7

Sulfur 0.1

Chlorine 0.7

Ash 24.2
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pyrolysis processes in an actual WTE furnace or
packed-bed pyrolyser differ from the conditions
of TGA tests in terms of sample weight and par-
ticle sizes. Furthermore, evidence [7] indicated
that a bed filled with charcoal at elevated temper-
atures could reduce tar concentration in the exit
gases by 95%; therefore, mathematical models for
an actual solid-fuel pyrolysis system should
include the tar-cracking and re-polymerization
processes. In the following discussion, solid
waste pyrolysis is modeled by two different
methods, and the effect of devolatilization rate
on the combustion of MSW is investigated by
numerical simulations. A specific tar-cracking
feature is also mathematically simulated to opti-
mize the process operation.

Char from solid wastes constitutes an impor-
tant part of the waste-to-energy conversion pro-
cess as the burnout time of char can be more than
ten times the devolatilization time. In addition,
chars from different parent fuels are expected to
have different kinetic rates since minerals in the
ash can act as catalysts and, also, the burnout rate
of char also depends heavily on mass transport
between the gas and solid phases through the
outer ash layer. Thus, collapse of this outer ash
layer or particles breaking down into smaller frag-
ments during the char burnout processes can sig-
nificantly affect the results. This effect is taken

into account in the mathematical model by intro-
ducing a particle mixing coefficient in a packed
bed agitated by a moving grate; numerical pre-
dictions indicate that the overall burning rate of
the solid fuel can be doubled. To investigate the
effect of grate movement on the combustion pro-
cesses, a transient mathematical model has also
been developed which can reflect the random
nature observed for the dynamic processes.
However, to analyze the effect of fuel properties
and most of the other operating parameters such
as airflow rate, the transient mathematical model
is unnecessary. Therefore, the average or “steady-
state”mathematical model has been generally used.

One of the earliest models for packed-bed solid
combustion was proposed by [6]. Early models
were generally based on the assumption of ther-
mally thin particles; however, in the case of
MSW combustion, particle sizes may be very
large in some cases. To correctly model the com-
bustion processes of thermally thick particles, an
advanced double-mesh numerical model was
developed that takes into account the three-
dimensional nature of the boundary conditions
for an individual particle in a packed bed. The
advantage of such a model is its ability to take
into account the temperature gradient inside ther-
mally thick particles, making the modeling more
realistic.

WTE: Combustion
Phenomena on Moving
Grate, Fig. 6 Typical
mass and energy balance for
WTE with combined heat
and power
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Radiation penetration is important in packed-bed
waste combustion as it is the major mode of heat
transfer inside packed beds of burning solid fuels
and one of the major factors influencing
the combustion characteristics. The absorption and
scattering coefficients of the packed-particle assem-
bly are therefore important parameters required for
advanced modeling of heat transfer inside packed
beds. Detailed 3D calculations of radiation penetra-
tion in packed beds of various bed configurations
were carried out by employing the discrete ordinates
method and treating the particle surface as wall
boundaries. The radiation absorption and scattering
coefficients for the particle assembly were thus
deduced and correlated to particle size, shape, sur-
face emissivity, and bed porosity.

Most of the model developments have been
validated against small-scale benchtop experi-
ments for obvious economic and practical reasons.
Scale-up rules allow for the developed models to
be applied to large-scale industrial plants, which is
the ultimate goal of all the modeling work.

Steady-State Model for Packed-Bed
Combustion

A schematic description of a solid-to-energy con-
version bed is shown in Fig. 7. Layers of solid
particles are packed on a grate and underfire

airflows upward through the bed. Solid material
is supplied continuously at one end of the grate
and the force of gravity and motion of the grate
slowly propel the solids to the discharge end of the
grate. Most of the combustible material in the
solid is burned within the bed and the freeboard
zone above the bed, producing CO2, H2O, and
minor traces of CO and unburned hydrocarbons.
The combustible gases are later burned in the
over-bed region by adding secondary air. The
solid products are bottom ash and fly ash carried
in the combustion gases.

It is assumed that the major bed properties, i.e.,
temperatures of gas and solid phases inside the
bed, gas compositions (O2, H2, CO, CO2, etc.),
and solid compositions (moisture, volatiles, fixed
carbon, and ash), can be described as continuous
functions of space. It is also assumed that the
bed can be treated as a porous medium, where
mass and heat transfer take place between the
solid and gas phases and that the shape of
the particles is spherical (the surface-volume-
averaged diameter is used). Under such assump-
tions, the individual bed processes (moisture
evaporation, devolatilization, and char burning)
can be viewed as taking place layer by layer
from the bed top to the bottom. This model is
suitable for thermally thin particles. However,
for much larger particles, the combustion pro-
cesses may not occur layer by layer from the bed

WTE: Combustion Phenomena on Moving Grate, Fig. 7 Schematic of the solid combustion processes in a moving
packed bed
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top to the bottom. Instead, the burning process
may be more on an individual particle basis, and
the numerical model for thermally thick particles
must be used.

General Transport Equations

The general governing equations for both the gas
and solid phases in a moving bed include mass
and momentum conservation, heat transfer, and
species transport. For the gas phase, the following
equations apply:

Continuity @ frg
� �

=@t

þ ∇• frg Vg � VB

� �� �
¼ Ssg

(1)

Momentum @ frgVg

� �
=@t

þ ∇• frg Vg � VB

� �
Vg

� �
¼ �∇rg þ F vð Þ

(2)

Speciestransport @ frgYig

� �
=@t

þ ∇• frg Vg � VB

� �
Yig

� �
¼ ∇• Dig∇ rgYig

� �� �
þ Syig

(3)

Energy @ frgHg

� �
=@tþ∇• frg Vg � VB

� �
Hg

� �
¼ ∇• lg∇Tg

� �þ Sa h0s Ts � Tg

� �þ Qh

(4)

In the above equations, F(v) represents resis-
tance of solids to fluid flow in a porous medium
and is calculated by Ergun’s equations. The fluid
dispersion coefficients, Dig for mass and lg for
thermal, consist of diffusion and turbulent contri-
butions. For Re >5, the corresponding cross-flow
and inflow dispersion coefficients are given by the
following equations [8]:

Dr ¼ E0 þ 0:1dp j Vg j and Dax

¼ E0 þ 0:5dp j Vg j (5)

lr ¼ l0g þ 0:1dp j Vg j rgCpg and

lax ¼ l0g þ 0:5dp j Vg j rgCpg

(6)

For the solid-phase processes, the equations of
particle movement, species transport, and heat
transfer are described below:

Continuity : @rsb=@tþ ∇• rsb Vs � VBð Þð Þ
¼ Ss (7)

Momentum : @rsbVs=@t
þ∇• rsb Vs � VBð ÞVsð Þ ¼
�∇•s� ∇• tþ rsbgþ A

(8)

Species : @rsbYis=@tþ ∇• rsb Vs� VBð ÞYisð Þ
¼ ∇• Ds∇ rsbYisð Þð Þ þ Syis

(9)
Energy : @rsbHs=@tþ ∇• rsb Vs � VBð ÞHsð Þ

¼ ∇• ls∇TSð Þ þ ∇• qr þ Qsh

(10)

The fourth term on the right-hand side of (8) is
included to account for particle random move-
ments (mixing) caused by the mechanical distur-
bance of the moving grate and other random
sources. However, for simplicity, the particle
velocities are not actually calculated from (8).
Instead, predetermined values are given to the
horizontal average particle velocity, and the verti-
cal velocity is then calculated by means of (7).

The solid bed effective thermal conductivity ls
in Eq. 10 consists of two parts: the solid material
conductivity, ls0, and the thermal transport caused
by random movement of the particle, lsm.

lg ¼ ls0 þ lsm (11)

The transport coefficients of the solid phase,
i.e., ms, Ds, and lsm, in a packed bed have to be
estimated. “Particle Prandtl number” can be
defined as Prs and “particle Schmidt number,”
Scs, by analogy to the fluid phase; by assuming
that Prs/Scs = 1,

ms ¼ rshDs and lsm ¼ msCps

¼ rshCpsDs (12)

In the above transport equations, steady state is
achieved by setting the time differentiation term
to zero.
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As discussed previously, thermal radiation is
the major heat transfer mode in the packed bed
under combustion conditions. The radiation heat
transfer in the bed is represented by a four-flux
radiation model [9]:

dIr
�=dr ¼ � ka þ ksð ÞIr� þ 1=4kaEb

þ1=4ks Ix
þ þ I�x þ Iþz þ I�z

� �
(13)

where r= x or r= z. The scattering coefficient, ks,
is assumed zero as the first approximation, and the
absorption coefficient, ka, is taken as [10]

ka ¼ �1=dpln fð Þ (14)

Evaporation of Moisture

It is assumed that the progress of drying is limited
by the transport of heat inside the particle and the
moisture evaporation rate is approximated by (6)

_rM ¼ fM
Ts � Tevop

� �
rMcpM

DHMdt
if Ts � Tevap

0 if Ts < Tevap

8<
:

(15)

where fM = 1.
To overcome potential numerical instability

during the computation, the above equation is
modified with fM = XM/M, where M is the initial
moisture content in the fuel.

Devolatilization

There are two types of models that are generally
used to simulate solid-fuel pyrolysis:

1. Parallel reaction models
2. The functional group, depolymerization,

vaporization, cross-linking (FG-DVC) model

The FG-DVC model is advocated by
Advanced Fuel Research, Inc. in the USA [11]

and was originally developed for coal pyrolysis.
The model combines two previously developed
models, a functional group (FG) model and a
depolymerization-vaporization-cross-linking
(DVC) model. The DVC subroutine is employed
to determine the amount and molecular weight of
macromolecular fragments, the lightest of which
evolves as tar. The FG subroutine is used to
describe the gas evolution and the elemental and
functional group compositions of the tar and char.
The reaction rates are assumed to follow first-
order kinetics with distributed activation energy
of width s. In particular, the rate constant ki for
release of the i-th functional group (also called
pool) is expressed by an Arrhenius expression of
the form

ki ¼ Aiexp �Ei � s
RT

� �
(16)

where Ai is the pre-exponential factor, Ei is the
activation energy, and si is the width of distribu-
tion in activation energies.

Direct application of the FG-DVC model data
to large particles and fuel batches may encounter
difficulty due to secondary cracking of tar and
re-polymerization, both inside a pyrolyzing parti-
cle and on the activated surfaces of other particles;
this can significantly increase the char yield and
reduce tar production. It has been found that char
yield can increase as much as 30–100% in the
packed-bed pyrolyser as compared to standard
TGA tests on which the FG-DVC model data are
based. Parallel reaction models, on the other hand,
provide a much simpler tool to predict the distri-
bution of char, tar, and gases under more realistic
conditions, but the elemental composition of each
of the products is not predicted. Parallel reaction
models are also known as two-stage, semi-global
models [12]. In these models, the virgin material
is considered as a homogeneous single species,
and reaction products are grouped into gas, tar,
and char. The virgin fuel undergoes thermal deg-
radation according to primary reactions giving as
products gas, tar, and char. Tar may undergo sec-
ondary reactions in the gas/vapor phase within the
pores of the solid matrix, related either to
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cracking, to give light hydrocarbons, or to depo-
lymerization to give char, as illustrated in the
following:

The functional group model can be reduced to
the more traditional one-step global reaction
model if a representative single species is
employed:

du=dt ¼ kv u1 � uð Þ s�1 (17a)

where kv ¼ Av exp �Ev=RTsð Þ (17b)

In the above equations, u1 denotes the ultimate
yield of volatile and u the remaining volatile
amount at time t. Av and Ev are parameters deter-
mining the kinetic rate.

Char Burnout

The primary products of char combustion are CO
and CO2:

C sð Þ þ aO2 ! 2 1� að ÞCOþ 2a� 1ð ÞCO2

where the ratio of CO and CO2 can be expressed
as [13]

CO=CO2 ¼ 2500exp �6420=Tð Þ (18)

for temperatures between 730 and 1170 K. Ratios
outside of this temperature range are calculated
using one of the limiting temperatures.

The char consumption rate is expressed as [9]

RC ¼ PO2
= 1=kr þ 1=kdð Þ (19)

where kr and kd are rate constants due to chemical
kinetics and diffusion, respectively.

Combustion of Volatiles in the
Porous Bed

Gaseous fuels released from the devolatilization
process have first to mix with the surrounding air
before they can be combusted. Therefore, burning
of the volatile hydrocarbon gases is limited not
only by the reaction kinetics (temperature depen-
dent) but also by the mixing rate of the gaseous
fuel with the underfire air. The mixing rate inside
the bed is assumed to be proportional to energy
loss (pressure drop) through the bed and by
recalling the Ergun equations can be expressed as

Rmix¼ Cmixrg 150
Dg 1� fð Þ2=3

dp
2f

(

þ1:75
Vg 1� fð Þ1=3

dpf

)
min

Cfuel

Sfuel
,
CO2

SO2

� 	

(20a)

whereCmix is an empirical constant,Dg the molec-
ular diffusivity of the combustion air, Vg the air
velocity, dp the particle diameter, f the local void
fraction of the bed, C the molar fractions of the
gaseous reactants, and S their stoichiometric coef-
ficients in the reaction.

In the freeboard area immediately above the
bed surface, “flame tongues” form, and the mixing
rate of the volatile gases with surrounding air
decreases with increasing distance from the bed
surface. Detailed CFD calculations with simu-
lated particle beds were conducted and have pro-
duced the following correlation between mixing
rate and the distance from the bed top:

Rmix ¼ R0
mixo 2:8e�0:2yþþ � 1:8e�2yþþð Þ

min
Cfuel

Sfuel
,
CO2

SO2

� 	
(20b)

yþþ ¼ yþ=lp (20c)

where R0
mixo is calculated from (20a) without the

species concentration terms at the bed surface. y+

denotes the physical distance from the bed top.
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A representative hydrocarbon species,
CmHnOl, can be assumed in the devolatilization
products. It is oxidized to produce CO and H2:

CmHnOl þ m=2� l=2ð ÞO2 ! mCOþ n=2 H2

CO is then burned by further oxidization to
form CO2:

COþ 1=2O2 ! CO2

and H2 is combusted to H2O:

H2 þ 1=2O2 ¼ H2O

The kinetic rate for CmHnOl oxidation,RCmHnOl
,

is assumed to be the same as that for CmHn:

RCm
HnOl ¼ 59:8TgP

0:3 exp �12200=Tg

� �
CCm

HnOl
0:5CO2

(21)

and the kinetic rate for CO, Rco was shown by [14]
to be

Rco ¼ 1:3� 1011 exp �62700=Tg

� �
CCOCH2O

0:5CO2

0:5 (22)

The kinetic rate for H2, RH2
is adopted from

[15] as

RH2
¼ 3:9� 1017 exp �20500=Tg

� �
� RH2

0:85CO2

1:42 CCmHnOl

�0:56 (23)

where the original CC2H4
has been replaced with

CCmHnOl
as an approximation.

For tar combustion, a similar reaction rate as
CmHnOl is adopted.

In the above equations, CCO, CH2O , CO2
, and

CCmHnOl
represent species concentrations, and

P represents the pressure (taken as atmospheric
for the packed-bed combustion). The actual reac-
tion rates of volatile species are taken as the min-
imum of the temperature-dependent kinetic rates
and their mixing rates with oxygen:

R ¼ Min Rkinetic,Rmix½ � (24)

NO Formation and Destruction

Fuel nitrogen is assumed to be the dominant source
of NO formation in the moving furnace. Fuel nitro-
gen is released from the solids during pyrolysis
either as HCN or NH3, depending on fuel type
and heating rate. In the presence of oxygen, NH3

or HCN is further oxidized to produce NO, and, at
the same time, it can also act as a de-NOx agent to
reduce the already-formed NO to nitrogen mole-
cules. In this study, NH3 is assumed to be the only
intermediate product and the well-knownDe-Soete
model is used to calculate the rates:

RNO ¼ 4:0

� 106XNH3X
h
O2
exp

134, 400

RT

� �
s�1

(25)
and

RN2
¼ 1:8

� 106XNH3
XNOexp

134, 400

RT

� �
s�1

(26)

where RNO and RN2
are the NO formation and

destruction rates, respectively.
It is assumed that the nitrogen remaining in the

char after devolatilization can be heterogeneously
oxidized to NO at a rate proportional to the rate of
char burnout by a factor related to the relative dis-
tribution of carbon and nitrogen in the char [16]. At
the same time, the surface oxidation of the char
carbon by NO to form N2 can be calculated from

d NO=dtð Þ ¼ 4:18� 104exp �34:70 Kcal=RTð Þ
AEPNO moles= sec

(27)

where AE is the external surface area of the char in
m2/g and PNO is in atmospheres.

Solution Technique

Except for radiation, the governing equations
described above (summarized in Table 3) are gen-
eralized into a standard form:
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@t

þ ∇• rVFð Þ ¼ ∇• l∇Fð Þ þ SF (28)

where r represents density, V velocities, F the
parameter to be solved, l transport coefficient,
and SF the source term. The whole geometrical
domain of the bed is divided into a number of
small cells and Eq. 28 is discretized over each cell
and solved numerically using the SIMPLE algo-
rithm [17]. For each cell, the equation becomes

ai, jFi, j þ ai�1, jFi�1, j þ aiþ1, jFiþ1, j
þai, j�1Fi, j�1 þ ai, jþ1Fi, jþ1 ¼ Si, j

i ¼ 1,M; j ¼ 1,Nð Þ
(29)

The radiation equations are solved by the
fourth-order Runge-Kutta method.

Modeling Validation

The modeling predictions have been investigated
experimentally for a number of sample materials,
where the model parameters were not changed
other than the fuel properties. In the simulation,
the fuel bed was generally divided into 200 cells,
and the time step was fixed at 2 s.

Figure 8a and b shows the measured tempera-
ture history, gas composition, and mass left on the
grate for cardboard samples at a low airflow rate
(468 kg/m2 h). This type of temperature history is

typical for fixed bed combustion as reported in the
literature. The temperature plot in Fig. 8a shows
two distinct stages with different combustion
characteristics. In the ignition propagation stage
designated as “A” in Fig. 8a and b, the ignition
front initiated by the start-up burner propagated
into the bed. As the ignition front passed one of
the thermocouples in the bed, the volatiles from
the burning particles ignited and formed local
flames around them and above. This resulted in
the temperature increases to around 800 �Cwithin
a few minutes. The heat released from the reaction
of volatiles and char with air transfers downward
toward the fresh particles (below the ignition
front). This heat is then consumed for further
evaporation and heating of fresh fuel. Since oxy-
gen is consumed first by the volatile gases, a layer
of char normally accumulates above the ignition
front as it propagates downward.

When the ignition front reaches the grate
(y = 0 cm), the devolatilization of the particles
terminated and only the gasification of the
remaining char takes place. This stage is desig-
nated as “B” in Fig. 8a and b. Glowing char
particles without flames and high bed tempera-
tures characterize this stage of the combustion
process. The temperature at y = 0 cm dropped
immediately due to the convective cooling. At the
same time, the temperatures at y = 9 and 16 cm
increased rapidly due to active char gasification in
this region. As a result, the level of CO immedi-
ately began to rise and reached a peak within 150 s

WTE: Combustion Phenomena on Moving Grate,
Fig. 8 (a) Bed temperatures for cardboard combustion at
an airflow rate of 468 kg/m2h. (b) Gas composition and

mass left on the bed for cardboard combustion at an airflow
rate of 468 kg/m2h
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as shown in Fig. 8b. Note that there were about
60 s delays in the indicated gas composition due to
the retention time needed for the sample gas to
reach the gas analyzer. The char gasification
stages for the cases at an airflow rate of 587 and
702 kg/m2h did not have a CO peak and were
shorter than for the above case.

Figure 9a–c shows the results predicted by the
FLIC code for cardboard and waste wood both at
an airflow rate of 468 kg/m2h. The thin burning
layer and hot spot at 800 s (Fig. 9a) illustrate the
key features of bed combustion. As shown, the
predicted temperature, weight loss, and gas com-
position results were in good agreement with the

measured data. There was someminor discrepancy
between the predicted and measured results for CO
and CO2 during the char gasification stage,
although the overall trendwas similar. The possible
reasons are underprediction of char by the CO2 to
CO reaction or the unaccounted effect of the water
gas shift reaction (CO + H2O$ CO2 + H2) in this
model. In a later model, the char was assumed to be
pure carbon, although the char contains a small
amount of H element, which is released to the gas
phase in the char gasification stage. There was also
discrepancy in the bed height in the char gasifica-
tion stage. Therefore, more information is required
on the properties of char particles.

WTE: Combustion Phenomena on Moving Grate,
Fig. 9 (a) Predicted solid temperature for cardboard com-
bustion at an airflow rate of 468 kg/m2h. (b) Predicted

process rates for cardboard combustion at an airflow rate
of 468 kg/m2h. (c) Predicted and experimental gas compo-
sition for waste wood at an airflow rate of 468 kg/m2h
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Figure 10 compares the predicted and mea-
sured mass loss, ignition rate, and burning rate
as a function of airflow for samples of cardboard
and waste wood. The predicted ignition rate for
cardboard shown in Fig. 10a was reasonably close
to the measured values, but the burning rate was
underpredicted. This point will now be discussed
to illustrate some of the issues to be taken into
account when modeling the combustion of munic-
ipal wastes.

Particle size determines the surface to volume
ratio of a particle, which directly affects the heat
transfer (i.e., radiation penetration through the
bed and convection) and the reaction rates of
char. Since the model herein assumes the fuel
particles to be spherical, the particle diameter
was determined to be 10 mm in order to maintain
the specific surface area (surface area to volume
ratio of a particle). However, the cardboard parti-
cle has internal corrugated layers, which signifi-
cantly increase the area available for mass transfer
and heterogeneous reactions. The ignition rate is
not significantly affected by the particle size since
the bulk density of the bed and the calorific value
are unchanged. However, it directly increases the
predicted burnout time for char, which gives
slower burning rates than the measured values.
The char gasification stage also appears at high
airflow rates in the prediction. Therefore, more
parametric studies for different particle sizes and

corresponding model improvement would be
required for cardboard. The introduction of a
shape factor would be essential in the model in
order to consider the actual surface area of a
complex particle shape.

However, as expected, the FLIC model predic-
tion for the waste wood shown in Fig. 10b
matched well with the measurements. The pre-
dicted ignition rate and burning rate had maxi-
mum values at an airflow rate of 936 kg/m2h and
gradually decreased at higher airflow rates.

Future Directions

• TheWTE of a bed of waste by combustion on a
moving grate is a widely used and mature
technology. Numerical modeling has helped
engineers and scientists to understand the key
features of the process and optimize plant
design and operation.

• The Sheffield CHP/DHC system represents a
successful demonstration of this technology.
This waste management strategy is already used
widely in several European cities but could be
applied inmany other towns and cities worldwide
to reduce fossil fuel consumption and achieve
socioeconomic and environmental objectives.

• As indicated above, the potential electricity
output of energy-from-waste plants could be
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almost doubled by the development of an effi-
cient waste gasification system operating with
a gasification efficiency of about 70%. The use
of this fuel gas in a modern combined cycle gas
turbine power plant that has an efficiency of
55% would give and overall efficiency of elec-
tricity generation of 38.5%. Since electricity is
a more valuable form of energy than low-grade
heat, this is an attractive opportunity for further
research and development

Nomenclature

A Particle surface area, m2m�3

Ar Pre-exponent factor in char burning rate,
kgm�2s�1

Av Pre-exponent factor in devolatilization
rate, s�1

C Constant; molar fractions of species
Cfuel Fuel concentration, kgm�3

Cpg Specific heat capacity of the gas mixture,
Jkg�1K�1

Cmix Mixing rate constant, 0.5
Cw,g Moisture mass fraction in the gas phase
Cw,s Moisture mass fraction at the solid surface
Dig Dispersion coefficients of the species Y i,

m2s�1

dp Particle diameter, m
Eb Black body emission, Wm�2

Er Activation energy in char burning rate,
Jkmol�1

Ev Activation energy in devolatilization rate,
Jkmol�1

E0 Effective diffusion coefficient
Hevp Evaporation heat of the solid material,

Jkg�1

Hg Gas enthalpy, Jkg�1

Hs Solid-phase enthalpy, Jkg�1

hs Convective mass transfer coefficient
between solid and gas, kgm�2s�1

hs0 Convective heat transfer coefficient
between solid and gas, Wm�2K�1

Ix+ Radiation flux in positive x direction,
Wm�2

Ix� Radiation flux in negative x direction,
Wm�2

ka Radiation absorption coefficient, m�1

kd Rate constants of char burning due to
diffusion, kgm�2s�1

kr Rate constants of char burning due to
chemical kinetics, kgm�2s�1

kv Rate constant of devolatilization, s�1

ks Radiation scattering coefficient, m�1

pg Gas pressure, Pa
Qh Heat loss/gain of the gases, Wm�3

Qsh Thermal source term for solid phase,Wm�3

qr Radiative heat flux, Wm�2

R Universal gas constant; process rate,
kgm�3s�1

Rmix Mixing rate of gaseous phase in the bed,
kgm�3s�1

S Stoichiometric coefficients in reactions
Ssg Conversion rate from solid to gases due to

evaporation, devolatilization, and char
burning, kgm�3s�1

Syig Mass sources due to evaporation,
devolatilization, and combustion,
kgm�3s�1

Syis Source term, kgm�3s�1

t Time instant, s
T Temperature, K
U x velocity, ms�1

V y velocity, ms�1

VM Volatile matter in fuel, wt%
x Coordinate in bed forward-moving

direction, m
y Coordinate in bed height direction, m
Yig Mass fractions of individual species (e.g.,

H2, H2O, CO, CO2, CmHn, etc.)
Yis Mass fractions of particle compositions

(moisture, volatile, fixed carbon, and ash)
es System emissivity
sb Stefan-Boltzmann constant, 5.86 � 10�8

Wm�2K�4

u Remaining volatile in solid at time, t
u1 Ultimate yield of volatile
F Void fraction in the bed
lg Thermal dispersion coefficient,

Wm�1K�1

lg
0 Effective thermal diffusion coefficient,

Wm�1K�1

ls Effective thermal conductivity of the solid
bed, Wm�1K�1
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Subscripts

env Environmental
g Gas phase
i Identifier for a component in the solid
p Particle
s Solid phase
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Glossary

Combustion Oxidation of combustible materials
at elevated temperatures.

Fluidized bed Intensively mixed bed of solid
particles by means of an upward gas flow
through the bed that keeps the particles in
motion, somewhat like bubbling of gas
through a liquid bath.

Definition of the Subject and Its
Importance

Natural resources are often simply differentiated
in “renewable” (i.e., plant and animal life) and

“nonrenewable” (i.e., minerals and fossil fuels).
Efficient use of both renewable and nonrenewable
resources is vital for sustainability and the future
quality of life on earth. Energy recovery from used
materials, also called waste-to-energy, is comple-
mentary to material recovery (i.e., recycling).
Currently, about 90% of all presently consumed
fossil fuels go directly to combustion and the
generation of electricity or mechanical energy.
The rest is used to produce plastics and other
synthetic materials.

There are two major combustion technologies
for recovering energy from “wastes,” the moving
grate bed and the fluidized bed technologies. The
basic principles of the fluidized bed technology,
their applications and limitations for waste treat-
ment, some selected reference projects, and future
perspectives for further applications of fluidiza-
tion are presented in this entry. In the case of
municipal solid wastes (MSW), the feedstock to
the fluidized bed furnace must be pre-shredded by
means of high-torque, low-speed shredders.

Introduction

The overall process of heat production by com-
bustion of waste comprises the processes of initial
“drying” (evaporation of water), “gasification” of
volatile organics, and combustion of volatiles and
fixed carbon. These processes may be spatial/tem-
poral overlapped during combustion depending
on the internal waste composition and external
thermal-chemical reaction conditions such as tem-
perature and environment. The terms “incinera-
tion,” “combustion,” “thermal treatment,” and
“generation of synthetic gas,” followed by some
form of combustion, are often used to describe the
waste-to-energy (WTE) process.

Figure 1 illustrates the mass and heat transfer
occurring in the four distinct phases of drying,
volatilization, gasification, and combustion. The
overall process of combustion is similar to the
frying of a steak: At first, the meat shrinks due to
evaporation of water; it then starts to release
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organic fumes, and if the cook is distracted, the
steak gradually turns into black charcoal and
finally into gray ash that consists of the inorganic
elements in the steak.

The process of combustion involves heat and
mass transfer, including the supply of oxygen
necessary for oxidation and removal of the carbon
dioxide product. The necessary conditions for
complete combustion are determined by the
so-called “3 T” criteria: “Temperature” (e.g.,
850 �C), “Time” (e.g., 2 s of residence time of
the flue gas in the combustion chamber at a certain
high temperature), and “Turbulence,” i.e., full
mixing of the gas flow to ensure complete oxida-
tion of the organic compounds. The combustion
process can effectively be monitored by the
important parameters of temperature and concen-
trations of oxygen and carbon monoxide.

The basic principles of fluidized bed reactors
can be illustrated by the experiment (Fig. 2) of a
large number of spherical particles placed in a
vertical cylinder in which gas flows upward
through in the bottom plate at a gradually increas-
ing flow rate (Fig. 2). At low gas flows, the packed
bed of particles remains static. However, as the
gas flow increases, the pressure drop through the
bed also increases to a point where the bed of
particles starts “bubbling” and particles are lifted
by the gas flow and float like a “fluid.” The fluid-
ized bed behaves much like a liquid: It can be
stirred and the bed surface remains horizontal
when the vessel is tilted; and part of the bed will

flow out like a liquid through an opening near the
surface of the fluidized bed (“overflow
stream”) [1]. At even greater gas flow, some or
all of the particles will be carried upward in the
gas flow (pneumatic transport or carryover
stream”).

Fluidized bed bed systems can be described
according to observation of their behavior, as
“bubbling” or as “circulating” fluidized beds, in
which the particles carried out of the reactor in the
gas flow are separated out in a cyclone separator,
after the fluidized bed reactor, and separable par-
ticle will return to the reactor.

Technical Features and Limitations for
Thermal Treatment in Fluidized BedWTE

Fluidized bed systems allow for intensive mass
and heat transfer between the solid particles and
the gas flow, thus enabling complete chemical
reaction. The three key parameters, turbulence,
temperature, and time, can be controlled within a
narrow range. Because of precise control of mass
flow (airflow as well as the feed rate of solids), the
maximum temperature can be kept within a very
narrow range at near 900 �C, i.e., just above the
temperature necessary for complete gasification
and combustion. Therefore, combustion in a flu-
idized bed system allows for very low formation
of thermal NOx (nitrogen oxides), an undesirable
reaction that occurs at temperatures above

Heat input

Heat outputAir, O2

H2O,
CO2, etc.

C  +  CO2     →    2 CO

C  +  H2O    →    H2  +  CO

2 C  +  O2   →    2 CO

2 CO +  O2     →  2 CO2

2 H2  +  O2 →     2 H2O

Waste fuel
3 Gasification of carbon:

4 Oxidation of gases at high
   temperature:

Composition:
Moisture,

combustible dry matter,
ash

Mass- and heat transfer 1 Drying

2 De-gasification (pyrolysis)

WTE: Fluidized Bed Technology, Fig. 1 The phases of the combustion process
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1,000 �C. However, it should be noted that the
formation of fuel NOx still occurs at this temper-
ature. This is why the NOx emission of most
MSW incinerators is over 300 ppm in the absence
of gas control system.

The waste combustion rate in a fluidized bed
furnace is much higher than that in a moving grate
one. Therefore, there are very low concentrations
of unburned organic substances in the bottom and
fly ash residues and in the flue gas. Also, due to
the precise process control, the excess air needed
for complete combustion can be kept at a lower
level than in the moving grate process; this
decreases the heat loss in the flue gas and also
the size of the air pollution control system.

Figure 3 is a schematic diagram of the inter-
nally circulating fluidized bed of a WTE serving
Vienna: The “primary air” used for fluidization is
preheated in a heat exchanger. The input of “sec-
ondary air,”which provides for complete combus-
tion of the volatile gases emerging from the
fluidized bed, is a mixture of recirculated gas
and separately supplied air. There is an additional
supply of primary air (without need for pre-
heating) by a separate ventilator for fostering
internal circulation (“rotation”) of the fluidized
bed.

The intensive turbulence within the fluidized
bed also allows for extensive sorption processes to
occur between gas and solid particles, e.g., the
reaction of sulfur oxide with calcium and magne-
sium oxides. The sorption agents may be already
present in the feedstock or can be added to the

fluidized bed, e.g., in the form of calcium carbon-
ate powder (limestone).

The large thermal inertia and close control of
fluidized bed systems also allow for the combus-
tion of a broad range of calorific values of the
feedstock. Thus, fluidized bed systems can be
designed for waste fuels ranging from 5 MJ/kg
to values exceeding 30 MJ/kg (e.g., mixed plastic
wastes). Also, in extreme cases where the calorific
value of the waste to be incinerated is below
3 MJ/kg (e.g., in the case of mechanically
dewatered sewage sludge), the combustion air
can be preheated and part of the waste flow pre-
dried, using the low-pressure steam exhaust from
the steam turbine generator of the WTE plant.

The operating range of fluidized bed reactors
also allows for reduced thermal load, e.g., as low
as 50% of the maximum design capacity, and for
very short shutdown times in case of an emer-
gency, because there is little unburned fuel within
the fluidized bed at any particular time. Emer-
gency shutdowns require only a few minutes to
stop the supply of solid waste and reduce or shut
off the air supply.

On the other hand, one of the limitations of
fluidized bed systems is the maximum allowable
particle size suitable for controlled and safe
mechanical feeding. In general, it is required to
limit particle size to less than 8 cm, by pre-
shredding the feedstock in high-torque, low-speed
shredders.

Some waste materials are not suitable for either
fluidized bed or grate systems due to potentially

pile of solid
particles

V gas flow

Δp pressure
drop

Δp

solids on
fixed bed

“grate’’

fluidized
bed

pneumatic
transport

“FBC’’ “dust firing’’

0

0 V

WTE: Fluidized Bed Technology, Fig. 2 Pressure drop increase with gas flow through a fixed bed results in a fluidized
bed and finally pneumatic transport of particles
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hazardous properties. Therefore, large rotary kilns
with an integrated afterburning chamber are typi-
cally used for mixtures of hazardous wastes or for
closed containers with partly unknown content
(e.g., infectious and other medical wastes, labora-
tory wastes). Tables 1 and 2 provide a general
comparison of fluidized bed systems with other
important systems for thermal waste treatment
and waste-to-energy such as grate systems and
rotary kiln with an afterburning chamber.

In fluidized bed furnaces, a much larger fraction
of the ash is in the form of fine particles (fly ash)
than in the case of moving grate furnaces. This is of
advantage with respect to maximum recovery of
specific materials, but it can also be a disadvantage
for the disposal of untreated solid residues at a lower
cost. The quantity of fly ash in a moving grate

system combusting municipal waste may be only
about 10–20% of the total ash content, whereas in
the case of a fluidized bed, the fly ash may be about
30–50% of the total ash. Therefore, some fluidized
bed systems use additional cyclones for particulate
removal from flue gas in the boiler system at about
400 �C, in order to recover most of the fly ash before
the capture of chloride and sulfide compounds and
the injection of activated carbon in the gas flow, to
capture dioxins and volatile metals. The bottom ash
from municipal waste combustion, either moving
grate of fluidized bed, generally qualifies as a non-
hazardous material and may be disposed in mono-
fills, at low cost in landfills.

Specific attention must be given to potentially
high content of metallic aluminum in waste com-
bustion for two reasons: Economic opportunity
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Bed
Burner

Colander
System

Vertical
Conveyor

Discharge
System

Discharge System
(Cooling Screw)
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Re-circulation
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WTE: Fluidized Bed
Technology,
Fig. 3 Example of an
internally circulating
fluidized bed system
(Integral 2004)
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for recovery and recycling of aluminum and the
potential risk of operational problems and hazard-
ous properties of fine ash. Aluminum content in
municipal waste has increased significantly in
recent years (e.g., packaging, laminated materials,
various aluminum products). Aluminum alloys
have a melting point around or somewhat below
700 �C; thus, metallic aluminum will be
completely “dissolved” at such temperatures in
the turbulence of fluidized bed systems. The
very fine aluminum droplets (with a very stable
surface of a thin layer of protective aluminum
oxide) are carried by the flue gas and eventually
either adhere in layers on surfaces with lower
temperature (also causing risk for sudden exother-
mic reactions) or become part of the removed fine

ashes. These ashes have naturally high alkalinity,
and thus the fine aluminum will react in case of
contact with water with the release of hydrogen
gas (up to 1.3 l of H2 per g of Al).

The types and installed capacities of various
waste-to-energy technologies vary significantly
between various regions. On the basis of many
years of experience in Austria and some other
European countries, different technologies for ther-
mal waste treatment andwaste-to-energy are needed
and applied. For example, the City of Vienna and
the industrialized State of Upper Austria illustrate
the successful operation of various technologies for
waste-to-energy. Vienna operates four fluidized bed
WTE lines for sewage sludge and waste-derived
fuel including mechanically pretreated municipal

WTE: Fluidized Bed Technology, Table 1 Comparison of WTE technologies

Parameter

Incineration technology

Grate Fluidized bed Rotary kiln

Maximum fuel capacity per line Approx. 90 MW Approx. 160 MW Approx. 40 MW

Excess air (oxygen) ratio Medium Low High

(Specific quantity of flue gas)

Range of calorific value for waste and waste-derived fuel Low High Medium

Fuel-processing requirements Low High Medium

Controllability of incineration and shutdown operation Medium High Low

WTE: Fluidized Bed Technology, Table 2 Suitability of selected wastes to specific WTE technologies

Type of waste

Incineration technology

Grate Fluidized bed Rotary kiln

Mixed municipal solid waste (residual mixed waste) Well suited Pretreatment
required

Suitable

Sewage sludge Limited in terms of
quantity

Well suited Suitable

Screening material from sewage treatment Suitable Pretreatment
required

Limited
suitability

Shredded plastic wastes Limited in terms of
quantity

Well suited Limited
suitability

Scrap tires (from vehicles) Limited suitability Unsuitable Limited
suitability

Shredder waste (from metal scrap recycling) Limited in terms of
quantity

Well suited Limited
suitability

Shredded waste wood (e.g., from processing bulky
wastes)

Well suited Well suited Suitable

Lacquer and paint sludge, oil sludges Unsuitable Suitable Suitable

Wastes in closed containers (e.g., medical and
laboratory waste)

Limited suitability Unsuitable Suitable
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waste, seven moving grate combustion lines for
mixed residual municipal wastes, and two rotary
kilns for hazardous wastes that serve the entire
Austria as well as some other European cities.

In the State of Upper Austria, there are a large
number of fluidized bed systems processing
municipal solid wastes. Also, there are several
fluidized bed systems that recover energy from
biomass wastes, such as mixed waste wood,
bark, and sawdust from wood processing, reject
materials from paper recycling, and residues from
industrial and municipal wastewater treatment.

Use of Fluidized Bed Reactors for
Wastewater Sludge

In 1980, two fluidized bed incinerators based on the
principle of “bubbling bed”were installed in Vienna
for treating mechanically dewatered sewage sludge,
using as auxiliary fuel waste oil or heating oil. These
waste-to-energy plants are still in successful opera-
tion today, along with an additional similar fluidized
bed system installed in 1992 [2]. An additional
fluidized bed incinerator was installed at the same
site in 2003 for treating sludge cake as well as
municipal solid wastes. The inputs and outputs of
the four fluidized bed incinerators and two rotary
kilns for hazardous wastes, at the Simmering site of
Vienna, are shown in Fig. 4.

The overall mass and energy balance for thermal
treatment of residues from a large municipal waste-
water treatment in afluidized bed system is presented
in Figs. 5 and 6. In order to operate the plant solely
on residues from municipal sewage treatment (i.e.,
without auxiliary fuel), part of the mechanically
dewatered sludge is dried in a heat exchanger using
the low-pressure exhaust steam from the turbine of
the waste-to-energy cogeneration facility.

Large waste-to-energy facilities (up to 160 MW
thermal capacity per line) for cogeneration of pro-
cess heat and electricity at industrial sites are typi-
cally based on “externally circulating fluidized bed
systems,” as illustrated by the example of Lenzing in
Upper Austria (Figs. 11 and 12). This project was
developed and planned in 1993 with subsequent
heated debate in the media and public hearings,
nevertheless resulting in a successful start-up of
operation in 1998. Based on the experience and
know-how derived from this first plant of its kind,
several other and much larger waste-to-energy
plants have been built or are currently under con-
struction by the supplier (ANDRITZ Energy &
Environment, Fig. 7).

Emissions and Environmental Impact
Assessment

In the past, there has been strong opposition to
such projects because of the fear of pollution from

WTE: Fluidized Bed Technology, Fig. 4 Waste-to-energy facilities at Simmering, Vienna: Four fluidized bed and two
rotary kilns
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waste incineration by the local population. Fur-
thermore, the legal ban on landfilling wastes
exceeding 5% TOC (total organic carbon) had
not been established, and the whole issue
was open for controversial public discussion.
Figure 8 summarizes the basic concept and
technical features of a fluidized bed WTE at
Lenzing, Austria.

In extensive public discussions, justification
for the considerable size of the project (thermal
power of about 110 MW from combustion of
up to 1,000 tons of waste per day) and the choice
of the location (surrounded by organic farms
and in the tourist region of Lake Attersee)
was successfully presented using the following
three arguments:

1. Steam requirement for the industrial production
of Lenzing (elimination of two old boilers from

1938 to 1939 at the site of the new plant, substi-
tution of imported natural gas by waste-to-
energy)

2. Improvement of local air quality by utilization
of the malodorous air emitted from viscose
fiber production for the necessary combustion
air in the waste-to-energy boiler

3. Avoiding future disposal of reactive organic
wastes in landfills (so-called reactor dumps),
thus avoiding uncontrollable emissions from
landfills and contaminated sites for future
generations

The argument in favor of the proposed capacity
at the highest level of energy efficiency in a fluid-
ized bed boiler with high-steam parameters
(80 bar, 500 �C) for cogeneration (based on con-
tinuous demand for process steam throughout the
year) was illustrated by the comparison to a
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modern municipal waste incineration plant (with
maximum production of electricity in a condens-
ing turbine) as indicated in Fig. 9.

The fear of uncontrolled atmospheric emis-
sions and possible adverse health impacts was of
highest concern to local citizens in public discus-
sions. Therefore, it was a priority to inform the
public by providing continuous measurements
and recording all relevant parameters. The devel-
opment and planning of the waste-to-energy pro-
ject was based on the most stringent EU emission
standards. The public was also informed about the
composition of the cleaned flue gas leaving the
stack (Fig. 10). Subsequently, public concerns
were expressed regarding the unknown organic
pollutants as indicated by the summary parameter
TOC (total organic carbon). However, the com-
parative calculation shows that the maximum
allowable emission through the smokestack is
equivalent to the organic carbon emissions of

14 passenger cars driving somewhere in the
region (e.g., on the nearby highway A1).

The negative public opinion regarding emis-
sions from waste incineration is generally due to
ignorance of the progress made in the air pollution
control systems of modern WTE plants. Table 3
shows the progress made in Austria and Switzer-
land in the period 1970–2000 (see Fig. 18). The
comparison of strict emission standards for various
new sources of industrial production and heat and
power generation indicates the outstanding envi-
ronmental standard of waste-to-energy (Fig. 19).

Growth of Circulating Fluidized Bed
Technology in China

In the past 20 years, the development of WTE in
China has been accelerated by governmental reg-
ulations and policies that advocate the “zero waste
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to landfill” approach and the implementation of
renewable energy power sources. As in the case
for other developing countries, the Chinese MSW
contains a high fraction of food wastes and mois-
ture, and a relatively small fraction of paper, in
comparison to American and European wastes.
This results in a much lower heating value of
Chinese MSW (4–7 MJ/kg), than that of US
MSW (11 MJ/kg) and EU MSW (8–11 MJ/kg).

The first MSW incineration plant in China was
built in 1988 in Shenzhen, Guangdong province
using reciprocate moving grate provided by
Mitsubishi Japan with a capacity of 3 � 150
t/day. Due to the high content of moisture, the
unsorted waste was very difficult to burn out on
the grate. Many unignited wood, clothes, and
cardboard were found in the bottom ash. More-
over, the capital cost of Shenzhen project was very
high as the main equipment was directly imported
from Japan. At the same time, the low cost

fluidized bed furnace was well known for its
high combustion efficiency and was widely used
in China for burning lignite, peat, and coal wash-
ing sludge. In the 1990s, research group at Hang-
zhou Zhejiang University began to burn solid
waste in CFB incinerator firstly, and their pioneer
work was accompanied by colleagues at Beijing
Tsinghua University and Chinese Academy of
Sciences. In 1998, by collaborating with Hang-
zhou Jinjiang Group, Zhejiang University built
the first commercial operating CFB MSW incin-
erator in China at Hangzhou Yuhang district with
a capacity of 150 t/day. The incinerator was
retrofitted from a coal-fueled chain-grate furnace.
The received MSW with a moisture of 40–50%
was shredded to a size below 150 mm before
feeding. The heating value of the burned MSW
was just 4,186 kJ/kg, and cheap coal was injected
to help waste burning. The combustion efficiency
of this first CFB MSW incinerator was very
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promising, and the unburned carbon in the bottom
ash was well below 5%.

Till 2016, there are total 115 CFB WTE plants
under operating in China, and 35,000 tons of
MSW are burned. The capacity of single inciner-
ator ranges from 150 to 800 t/day. Thirty-five of
these plants are operated by Jinjiang Group using
CFB technology from Hangzhou Zhejiang Uni-
versity, and another 20 plants are using the CFB
incinerator developed by Chinese Academy of
Sciences. The CFB technology provided by
Tsinghua University is adopted by another six
plants. The rest plants are using various incinera-
tor provided by boiler manufactures like Wuxi
boiler company, Jiangxi boiler company, etc. In
addition to the technology developed by domestic
company, two plans, respectively, located at

Harbin, Dalian, and Taiyuan are using CFB incin-
erator from Ebara Japan.

Figure 11 shows the three main CFB technol-
ogies widely used in China. Although they all
have the same components, their layout and detail
design are different from each other.

The CFB technology of Zhejiang University is
directly developed from their previous CFB inciner-
ator burning coal washing sludge in the later 1980s.
In 1998, they built the first CFB MSW incineration
plant in China, Yuhang green energy plant with
Jinjiang Group, as shown in Fig. 12. This plant is
also the first MSW plant that invested and operated
by a private company inChina. By using cheap coal,
it can burn MSW with moisture over 55%.

Due to the success of Yuhang project, the tech-
nology of Zhejiang University was quickly
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implemented and improved from the first genera-
tion as shown in Fig. 13a to second generation as
shown in Fig. 13b and the third generation as
shown in Fig. 11a. For the first generation, the
superheater exchanger is placed before the
cyclone separator and buried heat exchange
tubes were placed in the bed to control the tem-
perature to avoid bed material slagging when coal
was injected as auxiliary fuels. In order to main-
tain the combustion temperature without coal, in
the second generation of ZJU CFB incinerator, the
whole chamber was covered with refractor mate-
rial, and the heat absorption in the chamber is
significantly reduced. Moreover, the cyclone sep-
arator was placed before heat exchanger. The sec-
ond generation is the most widely used design in
China with capacity ranging from 200 to 500 t/

day. In 2012, Zhejiang University developed the
third generation of CFB incinerator, as shown in
Fig. 11a, with a capacity of 800 t/day at Cixi city
of Zhejiang province. It is the largest CFB MSW
incinerator in China.

The CFB technology of Chinese Academic sci-
ence was developed by research group of the insti-
tute of engineering thermophysics from their coal
burning CFB technology which features of its exter-
nal heat exchanger (EHE) as shown in Figs. 14 and 15.
Their design was similar to that of Lurgi CFB
technology. The EHE was imbedded in standpipe
of the cyclone separator. A part of the hot ash
separated from the flue gas would enter the
exchanger where the steam from the boiler drum
was heated up to 5.3 Mpa and over 480 �C. Due to
the high density of the ash particles, the specific

WTE: Fluidized Bed Technology, Table 3 Advances made in air pollution control of WTE plants in Austria and
Switzerland [2] (concentrations in mg/Nm3, except for PCDD/F: ng I-TEQ/Nm3)

Year Dust Cd HCl SO2 NOx Hg PCDD/F

1970 100 0.2 1,000 500 300 0.5 50

1980 50 1.1 100 100 300 0.2 20

1990 1 0.005 5 20 100 0.01 0.05

2000 1 0.001 1 5 40 0.005 0.05

WTE: Fluidized Bed Technology, Fig. 11 CFB incinerator developed by (a) Zhejiang Univ.; (b) Chinese Academy of
Sciences; and (c) Tsinghua Univ.
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heat exchanging rate is almost doubled than that in
furnace. The advantage of EHE is the compacted
sized and the corrosion caused by the HCl in the
flue gas can be significantly reduced.

The first demonstration plant was commis-
sioned in 2000 at the Shangzhuang of Beijing
city with a capacity of 100 t/day. This project
was supported by the minister of Science and
Technology of China. Based on the experiences

from Shangzhuang project, they built their com-
mercial operating plant at Pengzhou city of Sich-
uan province with the same capacity as shown in
Fig. 15. In 2003, the company of Chinese Acad-
emy of Sciences, “China Science General Energy
and Environment Co.,” built the 300 t/day BOT
WTE serving Jiaxing city of Zhejiang province.

The CFB technology from Tsinghua Univer-
sity is a combination of grate and CFB, or grate-

WTE: Fluidized Bed
Technology, Fig. 12 The
first CFBMSWincineration
plant in China (1998,
Yuhang, China)

WTE: Fluidized Bed Technology, Fig. 13 (a) First-generation and (b) second-generation CFB incinerator of
Zhejiang Univ.
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CFB incinerator, as illustrated in Fig. 16. The
grate was used feeder, and the high moisture
MSW was dried on the grate by the hot flue gas
drawn from the furnace exit and by the heat radi-
ated from the combustion chamber. After drying,
waste fell into the dense phase zone of and ignited
quickly. It is expected to allow the waste to be fed
and dried simultaneously. The combination of
grate and CFB also allowed wastes with relatively
large sizes (up to 50 cm) to be incinerated directly
without shredding.

In 2000, the first full scale waste-to-energy
incineration facility using the grate-CFB design
was built in Chaolai Agricultural Park, Beijing

with a capacity of 2 � 150 t/day. In the October
of 2005, another MSW incineration plant in
Changchun city of Jilin province was commis-
sioned where two incinerators were constructed
each with a capacity of 260 t/day.

In addition to the combustion of MSW, there
are many CFB incinerators burning municipal
sewage sludge in China. Figure 17 shows the
sludge drying and combustion system developed
by Zhejiang University, the sewage sludge with a
moisture of ~80% was dried to a moisture below
50% with stirring blade dryer using the low-
temperature steam from gas turbine. Then the
dried sludge particles were screwed into the CFB
incinerator and burned with coal. In order to con-
trol the ash particle concentration, a grid separator
was used in the bottom of “U-type” evaporation
heat exchanger after the cyclone, and the sepa-
rated ash was send back to bed. In order to help
sludge ignition and maintain the combustion tem-
perature, the CFB chamber was fully covered with
refractory material. So the heat absorption in the
fluidized bed can be minimized. The heat was
recovered by the U-type evaporation wall, and
the overall heat efficiency reached 85% which is
much higher than that of MSW incinerator
(Fig. 18).

In 2012, by using upper technology, Zhejiang
Qingyuan thermal power company built the larg-
est sludge incineration plant in China at Fuyang
city for burning the paper mill sludge.

WTE: Fluidized Bed Technology, Fig. 14 External heat
exchanger in the CFB incinerator of Chinese Academic
science

WTE: Fluidized Bed Technology, Fig. 15 CFBMSWincineration project of Chinese Academic science: (a) the 100 t/day
demonstration project at Shangzhuang, Beijing 2000; (b) 100 t/day commercial project at Pengzhou, Sichun, 2001
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WTE: Fluidized Bed Technology, Fig. 18 Sewage sludge drying and CFB incineration developed by Zhejiang
University, 2008

WTE: Fluidized Bed
Technology,
Fig. 19 Treatment of end-
of-life vehicles based on
experience in Austria and
EU with special need for
treatment of shredder
residues for recovery of
material and energy
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Till 2016, there are over 150 CFB waste burn-
ing plants under operating in China. Comparing
with grate incinerator, the operating and mainte-
nance of these CFB system requires more experi-
ence and in 2014, Zhejiang University built the
first technical guideline to regulate the construc-
tion and operation of solid waste plant using flu-
idized bed incinerator in China, and this guideline
was issued by the ministry of Housing and Urban-
Rural development (RISN-TG016-2014).

Future Perspectives

On the basis of international experience, it is clear
that waste-to-energy is an integral part of sustain-
able waste management and that fluidized bed
systems are and will be an important WTE tech-
nology. The future challenges for waste-to-energy
in fluidized bed systems include recovery of valu-
able materials prior, during, or after the thermal
treatment process. This will be especially relevant
for the treatment of shredder residues from end-
of-life vehicles and other wastes containing
metals and rare elements. The recovery mandated
in the European Directive 2000/53/EC for end-of-

life vehicles is 95% and will be a significant
challenge for further development of fluidized
bed technologies (Fig. 11). Part of the solution
may be provided by circulating fluidized bed sys-
tems, operating at about 600 �C, followed by
high-temperature combustion at 1,400 �C in an
ash vitrification furnace, similar to systems that
are already developed and operating in Japan [4]
(Figs. 19 and 20).
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Glossary

Arc plasma a gas that is heated electrically to
temperatures up to 20,000 K by means of an
arc struck between two electrodes

Arc plasma torch device used to generate a
thermal plasma

Efficiency of energy generation ratio of net
electrical energy generated to chemical heat
input, per ton of MSW processed

MSW municipal solid waste, mixed waste that is
collected by a given collection system

Non-transferred arc plasma torch the two
electrodes are located within a water-cooled
plasma torch

Torch thermal efficiency ratio of enthalpy input
to the plasma-forming gas to electrical energy
input to the plasma torch

Transferred arc the material to be processed
serves as an electrode

Vitrification also called glassification,
converting WTE ash to a glassy substance by
melting at high temperatures

WTE acronym for waste to energy, i.e., thermal
treatment of solid wastes to recover their chem-
ical energy content

Definition of the Subject and Its
Importance

The thermal plasma technology [1, 2] has been
used for over 30 years mainly for surface coat-
ing, metal welding and cutting, powder treat-
ment and synthesis, and metal melting and
smelting. More recently, thermal plasmas have
also been used for the pyrolysis of hazardous
liquids and gases and the compaction of solid
wastes [3]. Examples of the latter technology
are the destruction of asbestos-contaminated
waste materials and the vitrification of the ash
by-product of waste-to-energy plants. Efforts to
apply plasma in the thermal treatment of munic-
ipal solid wastes (MSW), in the absence of par-
tial combustion, have not been successful
because of the required high “investment” of
electricity per unit of mass treated. Therefore,
in this entry, we are examining processes where
thermal plasma is used in conjunction with par-
tial oxidation and gasification of the organic
compounds contained in the MSW, thus reduc-
ing the consumption of electricity per ton of
material treated. Such processes exist and are
in different stages of development. Collectively,
they can be called “plasma-assisted WTE” tech-
nologies and are the subject of this entry.

Introduction

Although both conventional waste-to-energy
(WTE) and plasma-assisted WTE processes
involve a certain degree of combustion, there is

# Springer Science+Business Media LLC, part of Springer Nature 2019
N. J. Themelis, A. C. (Thanos) Bourtsalas (eds.), Recovery of Materials and Energy from Urban Wastes,
https://doi.org/10.1007/978-1-4939-7850-2_407

Originally published in
R. A. Meyers (ed.), Encyclopedia of Sustainability Science and Technology,# Springer Science+Business Media LLC 2017
https://doi.org/10.1007/978-1-4939-2493-6_407-3

393

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-7850-2_407&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-7850-2_407&domain=pdf
https://doi.org/10.1007/978-1-4939-2493-6_407-3


an important difference: In conventional WTE,
carbonaceous materials are combusted, and the
heat of combustion is transferred to steam that
powers a turbine generator of electricity. Per ton
of MSW processed, the ratio of net electric energy
generated for the grid/input chemical energy
contained in MSW is called the thermal efficiency
of energy generation.

In the case of plasma-assisted gasification, the
objective is to partially oxidize the carbon content
of MSW to carbon monoxide (CO) and produce a
synthetic gas that contains as high as possible
concentrations of carbon monoxide and hydrogen
and, conversely, a low concentration of carbon
dioxide. This synthetic gas or “syngas” can gener-
ate electricity in a gas engine or turbine at a higher
thermal efficiency than a steam turbine. The heat
generated by the plasma torch is used to provide
some of the heat for gasification, to break down
long hydrocarbons to CO and H2, and to vitrify the
ash product of the gasification process. The syngas
product can either be quenched by means of a
water stream or passed through a heat recovery
exchanger to produce steam to be used in a steam
turbine to produce additional electricity.

Themain difference between traditional combus-
tion and gasification is the amount of oxygen used.
Full combustion of the carbonaceous materials in
MSW requires a large excess of air, typically
70–100% of the stoichiometric requirement. Gasifi-
cation is carried out with a sub-stoichiometric
amount of oxygen in order to produce mostly car-
bon monoxide and hydrogen. Of course, in order to

utilize the energy content of the syngas, it is neces-
sary to combust it in a gas engine or turbine. The
potential advantages of gasification are: (a) a much
lower excess oxygen is required, thus simplifying
the gas control system; (b) the thermal efficiency of
the gas engine can be substantially higher than that
of the steam turbine used in combusting the solid
wastes. Figure 1 shows the reaction sequence in
gasification systems [4].

Composition and Chemical Heat Content
of MSW

The calorific value of MSW varies considerably,
depending on their content of food and green wastes,
which introducemoisture, and petrochemical wastes,
such as plastics and textiles, which are associated
with higher calorific values than paper fiber and
wood. Metals, glass, and other inorganic materials
in theMSW do not contribute to its heating value; in
fact they reduce it somewhat. Figure 2 shows the
typical composition of US MSW in 2007 [4].

On the basis of the MSW composition (e.g.,
Fig. 2) and the chemical composition of the con-
stituent materials, it has been shown [5] that the
chemical structure of organic compounds (both
biogenic and fossil-based) in MSW can be
approximated by the formula C6H10O4; it is inter-
esting to note that there are about ten organic
compounds in nature that have the same chemical
structure [6]. In the absence of moisture and inor-
ganic materials, C6H10O4 would have a calorific
value of about 18,500 MJ per kilogram. However,
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since mixed MSW contains other noncombustible
materials, the resulting calorific value can be
expressed as follows [5]:

Heating value of mixedMSW

¼ heating value of combustiblesð Þ
�Xcomb � heat loss due to water in feedð Þ � Xwater

� heat loss due to glass in feedð Þ
�Xglass � heat loss due to metal in feedð Þ � Xmetal

where Xcomb, Xwater, etc. are the mass fractions

of combustible matter, water, etc. in the MSWand
Xcomb + Xwater + Xglass + Xmetal = 1.

Substituting numerical values for the heat of reac-
tion, evaporation of moisture, and heat carryover in
the WTE ash results in the following equation:

Heating value of MSW ¼ 18:5:Xcomb

� 2:6:Xwater

� 0:6Xglass

� 0:5Xmetal MJ=kgð Þ

The effect of moisture on the calorific value of
several types of solid wastes is shown graphically
in Fig. 3.

In the case of conventional WTE processes, the
inlet moisture in the MSW is evaporated, the
organic compounds in MSW are completely
combusted, and the inorganic compounds end up
in the WTE ash. The exothermic chemical reac-
tion of US MSW in the combustion chamber can
be represented by the following equation:

C6H10O4 þ 6:5O2 ¼ 6CO2 þ 5H2O

þ2800 kWh per ton of MSW

A study of 97 incinerator power plants in the
European Union (Fig. 4) [7] showed that the

Composition of U.S. MSW, 2007
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WTE: Thermal Plasma Processes, Fig. 2 Composition
of the US MSW [4]

WTE: Thermal Plasma
Processes, Fig. 3 Effect
of constituent materials and
moisture on heating value
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average MSW combusted in the EU has an aver-
age calorific value of 10 MJ/kg (about 2800 kWh
per ton of feed). Some of the electricity produced
is used in the WTE plant operation. Therefore, a
WTE grate combustion facility operating at a
typical net thermal efficiency of 22% would pro-
vide to the grid about 600 kWh/ton of MSW. For
WTE plants that provide electricity and use the
low pressure steam for district heating, as is done
in Denmark and other northern European coun-
tries, the thermal efficiency can be significantly
higher.

Thermal Plasma Torches

The most common way to create a thermal plasma
jet is by heating a gas stream to high temperatures
(up to 20,000 K) by means of a DC- or
AC-sustained electric arc between the cathode
and the anode of the torch. The plasma jet is a
mixture of ions, electrons, and neutral particles
and, because of its high temperature, can vaporize
and destroy any chemical compound if the

material is properly “mixed” with the gas phase.
The partly ionized gas exits the plasma torch at
high velocity, thus creating what is called a plasma
jet. The main advantages of thermal plasma are
high energy density, resulting in extremely high
heat and mass transfer rates, compact size of the
heat source, and rapid start-up and shutdown.
However the use of electricity is a drawback
since it is an expensive form of energy. Further-
more, the plasma torch needs to be water-cooled,
thus introducing a heat loss that ranges from 10%
to 40% depending on the torch configuration.

Thermal plasmas can also be generated by
radio-frequency induction and microwaves. How-
ever, for the treatment of waste, plasma is prefer-
entially generated by DC electric discharge with
two kinds of torch configurations, non-transferred
and transferred arc. Combining classic gasification
with plasma technology allows a higher efficiency
in the production of the syngas, and lower emis-
sions, as wewill see later on. Figure 5 below shows
that subjecting the products of gasification to
plasma treatment creates a higher-quality syngas
by increasing the H2-to-CO ratio.

WTE: Thermal Plasma Processes, Fig. 4 Calorific values of MSW of 97 EU WTE facilities [7]
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Non-transferred Arc Plasma Torch
Non-transferred arc plasma torches are commonly
used in the treatment of wastes. Electricity is trans-
formed into thermal energy by means of an electric
discharge between the cathode and the anode
contained in a water-cooled torch. This device
can be used either with hot (thermo-ionic) rode-
type cathode (Fig. 6) or with water-cooled cathode.

Figure 7 is a schematic of the Europlasma non-
transferred plasma torch that utilizes a cold
cathode:

Transferred Plasma Arc
In the case of transferred arc, one of the electrodes
is external to the torch. The electricity flows

through the gas jet issuing from a graphite elec-
trode (cathode) into the molten metal or slag
below the torch, which is connected to the exter-
nal electrode (anode, Fig. 8). The peak tempera-
ture within the arc plasma can range from
12,000 K to over 20,000 K.

Since the plasma is produced outside of the
water-cooled body of the torch, this device is
thermally more efficient than the non-transferred
arc torch. The cathode can be either a water-
cooled metal tube or a non-cooled graphite tube
that is consumed slowly by sublimation. In this
case, the thermal loss is reduced, but the cathode
needs to be replenished. The anode is generally
made from a high thermal conductivity metal that

WTE: Thermal Plasma Processes, Fig. 5 Effect of plasma on products of gasification [1]

WTE: Thermal Plasma
Processes, Fig. 6 Non-
transferred arc plasma
torch [8]
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is water-cooled at the outer end so as to avoid
melting it. This device has been used extensively
for vitrifying WTE ash and also asbestos-
containing wastes.

Energy and Material Balances in Plasma-
Assisted Gasification of MSW

As described earlier, plasma-assisted gasification
volatilizes MSW in an oxygen-deficient

environment where the waste materials are
decomposed and partially oxidized to the basic mol-
ecules of CO, H2, CO2, and H2O. Thus, the organic
fraction of the waste is converted into a synthesis
gas (“syngas”) that contains most of the chemical
energy of the waste. Also, the inorganic fraction of
the MSW can be converted into an inert vitrified
glass so that there is no ash remaining to be
landfilled. Furthermore, the plasma reactor can
treat all waste materials, as the only variable is the
amount of energy needed to melt the waste. Any
kind of feedstock, other than nuclear waste, can be
directly processed. Controlling the temperature of
the output gases by modifying the temperature
allows for better control of the syngas composition.

For a typical MSW of total calorific value of
2.8 MWh/ton, the two steps of the overall process
can be represented by the following chemical
equations:

• Gasification by means of partial combustion
with oxygen (assuming zero reactor heat loss):

C6H10O4þ3O2¼ 3COþ3CO2

þ4H2þH2Oþ1300kWhper tonof MSW

(1)

• Gas turbine combustion (assuming zero tur-
bine heat loss):

WTE: Thermal Plasma Processes, Fig. 7 Europlasma non-transferred arc DC plasma torch [9]

WTE: Thermal Plasma Processes, Fig. 8 Transferred
arc plasma torch [8]
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3COþ 4H2 þ 3:5O2 ¼ 3CO2 þ 4H2O

þ 1500 kWh=ton MSW

(2)

Typically, the syngas produced in plasma-
assisted gasification has about 30% of the heating
value of natural gas.

At an assumed thermal efficiency of 50% of the
gas turbine, the electricity generated will be equal
to 1500 kWh x 50% = 750 kWh/ton of solid
wastes. The oxygen required for partial combus-
tion should be provided in the form of industrial
oxygen, to avoid the introduction of about four
parts of nitrogen per part of oxygen. The produc-
tion of 1 ton of industrial oxygen (95% O2)
requires about 250 kWh of electricity. Since the
gasification reaction (1) requires three moles of
oxygen per mole of combustibles, the gasification
of 1 ton of MSW containing 20% of moisture and
20% of inorganic materials will require.

1000 � 60%=146� 96=1000
�250 kWh

¼ 75 kWh of electricity per ton of MSW processed:

Thermodynamic considerations show that gas-
ification of various types of waste will yield the
syngas compositions as shown in Table 1. Figure 9
shows the composition of syngas produced by the
gasification of a typical MSW.

Plasma-Assisted Processes for
Treating MSW

Plasma processes have been used widely for the
destruction of asbestos and other hazardouswastes.

However, due to their high consumption of elec-
tricity, sole use of plasma energy is not viable
economically for the treatment of low-value mate-
rials, such as MSW. However, plasma-assisted
gasification processes are being developed and
may offer environmental and economic benefits.

There are several plasma-�assisted gasification
technologies where plasma torches are used to
accelerate the gasification process, to crack the prod-
uct of volatilization to CO and H2, and to vitrify the
inorganic component of MSW. The processes to be
described in this entry are the gasification process of
Alter NRG that is based on the Westinghouse
Plasma Technology and the plasma-assisted process
developed by Europlasma. The potential main
advantages of plasma-assisted processes, as com-
pared to conventionalWTE plants, are the reduction
of exhaust gas flow rate, an overall installation with
smaller footprint because of more compact equip-
ment, lower capital investment for a given through-
put, and faster start-up and shutdown times.

WTE: Thermal Plasma Processes, Table 1 % Molar (volume) composition of the syngas from different feedstocks

CO H2 CO2 CH4 H2O HCL H2S

MSW (typical) 41.0 33.7 13.8 4.1 6.3 0.13 0.13

Carpet 33.2 43.1 6.8 8.8 4.9 0.02 0.03

Tire 56.9 18.9 1.5 22.2 0.3 0.04 0.00

Biomass 27.5 36.1 20.1 1.4 14.7 0.03 0.00

Med waste 27.9 37.8 18.2 1.8 13.7 0.03 0.65

ASR 29.8 37.4 17.3 2.1 12.0 0.00 0.64

Oil 48.8 25.6 2.2 21.1 0.6 1.61 0.00

Bituminous 55.9 23.9 4.1 12.8 1.0 1.71 0.00

CO
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33.70%

41%
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13.80%
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Molar composition of syngas for classic
gasification of MSW

WTE: Thermal Plasma Processes, Fig. 9 Composition
of syngas from gasification of typical MSW
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The Alter NRG Westinghouse Plasma
Corporation Process
In 2006, Alter NRG acquired the Westinghouse
Plasma Corporation (WPC), a leading plasma
gasification technology. The non-transferred
plasma torch consists of a pair of tubular water-
cooled copper electrodes, the operating gas being
introduced through an annular space between the
electrodes. A schematic diagram of the operation
of the torch is shown in Fig. 10. Figure 11 shows
two views of the largest plasma torch of Alter
NRG that has an operating range of 80–500 kW
(Marc 11 plasma torch).

The WPC torches have been used extensively
in metal melting cupolas, but their most important

applications have been in the destruction of haz-
ardous waste and the vitrification of WTE ash,
mostly in Japan. Since the WPC torch is water-
cooled, the efficiency of converting electricity
into heat ranges from 60% to 75%.

The MSW gasification process developed by
Alter NRG is based on a cupola furnace fired by
the WPC plasma torches (Fig. 12). This technol-
ogy is well proven and currently used in several
processing plants in Japan. Alter NRG has tested
and offers this process for the gasification of
MSW, biomass, petroleum coke, and hazardous
wastes to produce syngas.

The Alter NRG-WPC process uses up to six
plasma torches at the bottom part of the gasifier.

WTE: Thermal Plasma Processes, Fig. 10 The WPC non-transferred arc plasma torch [10]

WTE: Thermal Plasma Processes, Fig. 11 Side and front view of the Alter NRG Marc 11 plasma torch
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A bed of coke is formed within the cupola using
metallurgical coke (“met coke”) to absorb and
retain the heat energy from the plasma torches
and provide a “skeleton” that supports the MSW
feed as it descends through the gasification reactor
and is converted to gas and liquid slag; this action
is similar to the phenomena occurring in an iron
blast furnace. The met coke and the MSWare fed
from the top of the refractory-lined gasification
vessel. Figure 13 is a photograph of the Alter
NRG pilot reactor at Madison, Pennsylvania,
USA.

In 2010, Alter NRG was using its industrial
size pilot plant at Madison, PA, to gasify wood
chips to syngas that is stored in large gas tanks and
is then used by another company, located next to
the Alter NRG plant, to produce ethanol. There
were four industrial plants using the Alter NRG
gasifier: two in Japan (one on MSW plus automo-
bile shredder residue; the other on MSW and
wastewater sludge) and two in India (Pune and
Nagpur) processing hazardous waste. All these
plants use the smaller Marc 3 torches (300 kW
capacity), quench and clean the syngas, and then

combust it with air to generate steam. The largest
plant, in Japan, has a nominal capacity of 300 tons
of MSW per day, while the Indian plants are of
72 ton/day capacity.

Operating experience has shown that the elec-
trodes of the Marc 3 torch have a lifetime of up to
500 h. Used electrodes are repaired and reused.
The largest WPC torch, Marc 11, is currently used
in Quebec for metal smelting. The lifetime of this
torch is up to 1200 h. Six Marc 11 torches will be
required for a 750 ton/day plant processing MSW.

This process can handle any moisture content
in the MSW since water is vaporized along with
the syngas. However, the feedstock must be less
than 25 cm in size to facilitate feeding into the
furnace. The process is controlled by maintaining
the temperature of the gas exiting the gasifier
between 1000 �C and 1100 �C. At the bottom of
the cupola, the inorganic components in the MSW
are melted into a slag layer and a metal layer
underneath the slag. These liquids are tapped
intermittently from the furnace.

The plasma torches are controlled indepen-
dently of each other, and a torch can be removed
for maintenance while the furnace is operating.
The gasifier is working at slightly negative pres-
sure to avoid gaseous leaks. There is a small gap
between the torches and the furnace wall so that a
small amount of air infiltrates into the furnace
(Fig. 14).

As in the case of other gasification processes,
the syngas produced contains about one third of

WTE: Thermal Plasma Processes, Fig. 12 The Alter
NRG plasma gasifier [10]

WTE: Thermal Plasma Processes, Fig. 13 The Alter
NRG gasification reactor viewed from the bottom [4]
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the energy content of natural gas. Therefore, the
gas turbine used to generate electricity has to be
compatible with a lower energy gas. The ultimate
goal of Alter NRG is to operate with MSW feed
plus 4% of met coke and generate power bymeans
of the integrated gasification combined cycle
(IGCC, Fig. 15).

Regrettably, since the publication of the first
edition of ESST, the Alter NRG technology suf-
fered a serious setback when a 950 ton/day,
50 MW WTE plant, based on this technology
and built by Air Products and Chemicals at Tees-
side, Northern England [12], was closed in 2015
for undisclosed “technical reasons” [13].

Another large project on plasma gasification of
MSW was announced in 2006 as a partnership

between Alter NRG and Geoplasma, at Ste.
Lucie, Florida. The initial plan was to construct
a plan processing one million tons of waste per
year. However, due to the lack of investors and
public opposition, the project was scaled down to
a 500 ton/day plant (about 150,000 ton/year). This
plant was to consist of two lines of total nominal
capacity of 500 ton/day, but it has not been
constructed as yet. The projected met coke and
limestone use will be 4% and 7.9% of the MSW
feed, respectively. The input materials to the gas-
ification reactor are shown in Figs. 16, and 17 is a
schematic flow sheet of this potential application.

An overall energy balance for the Alter NRG
process was included in the thesis of Caroline
Ducharme [4], which is one of the most detailed
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studies of plasma gasification. The electricity
needed to shred the MSW was estimated at less
than 10 kWh/ton. As noted earlier, a typical MSW
has a calorific value of about 10 MJ/kg which
corresponds to 2800 kWh/ton. The energy

contained in the metallurgical coke (LHV:
32.8 MJ/kg) was calculated from

One ton of MSW� 4%� 32:8 MJ=kg
� 1000 kg=ton
¼ 1312 MJ or 335 kWh=ton MSW

The thermal energy provided by six 600-kW
torches used in the Alter NRG reactor is
6 � 600 � 75% = 2700 kWh (the plasma torches
need to be water-cooled so that their average effi-
ciency of converting electricity to heat is assumed
to be 75%). The electricity consumed by the six
plasma torches in a plant of 750 ton/day (31.25 ton/h)
would be 3600 kWh/h, corresponding to about
115 kWh of electricity per ton of MSW processed.
Table 2 shows the distribution of energy inputs to
the gasification plant.

The energy outputs are the heat loss from the
reactors, the heat loss in the cooling water of the

Increase of
temperature

electricity

DI water

Velocity plasma
plume ≈ Mach 2

electricity

Waste bed

Syngas

900°C<T<1100°C

Taverage =1600°C

Met coke (4% by weight)MSW

Met coke bed

DI water

Slag/metals out

WTE: Thermal Plasma Processes, Fig. 17 Flows of materials and energy into the WPC reactor [4]
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WTE: Thermal Plasma Processes, Fig. 16 Input com-
position to WPC reactor by weight [10]
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torches, the heat carryover in the vitrified ash, and
the chemical plus sensible heat in the syngas
product. Assuming a 10% heat loss from the gas-
ification reactor plus the water-cooling system of
the torches and the vitrified ash, the syngas should
carry 90%of the energy input by theMSW, coke, and
plasma torches. An estimated 80%of this energy is in
the form of chemical energy in the syngas, and 20%
is thermal energy, in the form of sensible heat. When
the syngas is quenched, as in the present Alter NRG
process, the sensible heat is not recovered. Therefore,
the chemical energy content in the syngas will be
0.90 � 0.80 � 3136 = 2258 kWh. If the syngas is
used to power a gas turbine at 45% efficiency, the
gross electrical energy generated will be 1015 kWh
of electricity per ton ofMSW. However, some of this
energymust be used in the operation of the plant, i.e.,
shredding of MSW, production of industrial oxygen
for combustion, operation of plasma torches, and all
other uses of electricitywithin the plant (Table 2). The
consumption of electricity for oxygen productionwas
estimated earlier at 75 kWh per ton of MSW:

• Shredding of MSW: 10 kWh/ton of MSW.
• Operation of the air separation unit: As per

earlier discussion, an estimated 75 kWh of

electricity would be used per ton of MSW
processed.

• Operation of the plasma torches: 115 kWh ton
of MSW processed.

• All other needs of plant (assumed to be 75% of
those of a conventional WTE plant that has to
clean a much larger volume of gas): 75 kWh.

By subtracting the above internal uses of elec-
tricity from the 1015 kWh generated by the syn-
gas, turbine yields the net electricity generated by
this plant per ton of MSW processed: 740 kWh.
This calculated number is somewhat higher than a
conventional grate combustion WTE of the same
size that generates 650 kWh per metric ton of
MSW containing 2800 kWh of chemical heat.
Figure 18 shows the projected composition of syn-
gas produced by the WPC gasification of MSW.

The Europlasma WTE Process
Europlasma is a French company and one of the
world leaders in plasma technology as applied to
the thermal treatment of wastes. They have been
very successful in using non-transferred arc
torches for vitrifying incinerator residues and

WTE: Thermal Plasma
Processes,
Table 2 Energy inputs to
Alter NRG plant, per ton of
MSW processed

Inputs In kWh In % of total inputs

MSW 2800 85.8

Met coke 335.8 10.3

Energy from torches 115.2 3.5

Total 3251 100

Molar syngas composition for MSW gasified
with Westighouse CO

CO2

N2

H2

CH4

H2S

29.20% 31.50%

8.33%

12.10%
16.20%

1.00%

0.02%

0.03%

HCI

H2O

WTE: Thermal Plasma
Processes,
Fig. 18 Syngas
composition for MSW
gasified by the WPC
process
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have also developed a process for treating
asbestos-contaminated wastes. The plasma torch
consists of two tubular, coaxial, water-cooled,
copper electrodes separated by a tubular gap
through which flows the plasma-forming gas.
The thermal efficiency of the Europlasma torches
is in the order of 75–80%. Europlasma has also
developed a special plasma torch for cracking the
gasification syngas, called “Turboplasma.”

Figure 19 shows the Europlasma gasification
process. It includes a stoker grate autothermal
gasifier, a plasma-fired chamber for cracking the
gasification gas to hydrogen and carbon monox-
ide, and a second plasma torch for vitrifying the
solid product of gasification; the gas flow from the
vitrification unit flows into the gasification unit
and provides the required heat for gasification.
The clean syngas may pass through a heat
exchanger to recover its sensible heat and then

through a scrubber to remove acid gases and par-
ticulate matter, or quenched directly by scrubbing.
Figure 20 is a schematic diagram of the processes,
such as Europlasma, which use two torches for
syngas cracking and ash vitrification.

It includes a heat.
Europlasma is currently constructing their first

MSW gasification plant at Morcenx, France; start-
up is planned for the end of 2011. The plant
capacity will be 50,000 tons of waste per year.

Since there are no data as yet from theMorcenx
plant of Europlasma in France, Ducharme [4]
relied on an energy analysis conducted by Sun-
beam for Credit Suisse of a proposal to build a
Europlasma plant in New Jersey. This plant was to
process 400 ton/day of MSW mixed with 3%
shredded tires. The assumed plant availability
was 90% corresponding to a nominal capacity of
120,000 tons per year. The LHVof the MSW was
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WTE: Thermal Plasma Processes, Fig. 19 The Europlasma process [9]
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2800 kWh/ton and of the shredded tires
9690 kWh/ton. Therefore, the MSW-tire mix had
an average LHVof 3090 kWh/ton.

According to Sunbeam, the proposed 400 ton/
day plant would use 4800 kW for the plasma
torches distributed as follows: 4000 kW (83%)
for the syngas polishing torch and 800 kWh
(17%) for the ash vitrification torch. Thus,
according to the Sunbeam data, the electricity
consumption per ton processed would be.

4800 kW� 24=400¼ 288 kWh per ton of MSW

On a per ton MSW basis, this projected value is
more than double the electricity consumption of the
Alter NRG plant and, therefore, questionable.
Therefore, it is necessary to wait for operating data
after the start-up of the Europlasma plant at
Morcenx.

Environmental Impacts

The first noticeable difference of plasma-assisted
processes from classic grate combustion is that the
syngas is cleaned before combustion, which
should be less costly than post-combustion
cleaning of WTE flue gas. The final emissions of
a plasma-assisted process will depend on the level
of cleaning of the syngas, with the exception of
NOx that will not be formed during the gasifica-
tion process. However, some NOx will be formed
during combustion in the power generation equip-
ment. Dioxins and furans can be avoided due to
the high heat of the plasma treatment, but they can
form “de novo” during the cooling of the syngas.

However, the dioxin emissions of modern grate
combustion WTE plants are so low (less than
0.5 grams TEQ per million tons of MSW) that
they are insignificant.

In contrast to conventional grate combustion
that has no liquid effluents, quenching of the
syngas results in an aqueous stream that must be
cleaned before discharging.

A definite advantage of plasma-assisted pro-
cesses is that the vitrified slag is impervious to
leaching and can definitely be used for
construction.

Future Directions

Plasma torches have been highly developed and
are an excellent tool for converting electricity to
an extremely high-temperature gas. As described
in this entry, plasma torches are used for thermally
treating hazardous materials such as asbestos and
can be used, in combination with partial combus-
tion, for treating any type of solid wastes, includ-
ing MSW. Such plasma-assisted WTE processes
are in operation in Japan and India and an indus-
trial plant is under construction in France. The
advantages they offer over conventional grate
combustion are a much reduced volume of pro-
cess gas to clean and the potential of higher ther-
mal efficiency in using the syngas in a gas turbine,
rather than generating steam for a steam turbine,
as in the case of conventional grate combustion.

Asmentioned in other sections of this entry, the
major cost factor of thermally treating 1 ton of
MSW is the repayment of the capital cost. This is
where plasma-assisted WTE and other gasifica-
tion processes can compete with grate combustion
and also widen the application of WTE over
landfilling: by offering gasification plants that,
because of their compactness and higher rates of
reaction, will be less costly to build than the giant
WTE plants that are based on grate combustion.

With regard to higher energy production,
plasma-assisted WTE processes must “invest” elec-
tricity in the operation of the plasma torches. There-
fore, it is preferable to use the syngas in a gas turbine
that offers higher thermal efficiency than in steam
turbines such as are used by grate combustion

O2

Plasma torch 1

Plasma torch 2

MSW

Oils, C, CO, H2
SYN-GAS
(CO+H2)

Inorganic solids:
CaO, NaO...

Vitrified ash

WTE: Thermal Plasma Processes, Fig. 20 Flow sheet
of plasma-assisted gasification process
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processes. An analysis of several plasma-assisted
WTE processes at different stages of commerciali-
zation by Ducharme [4] showed that most are quot-
ing numbers of electricity generation (e.g.,
1000 kWh/ton MSW) that are much higher than
the numbers calculated from material and energy
balances. Also, the produced syngas has a calorific
value equal to one third of natural gas. To overcome
this problem, the developing companies have two
options, either to blend syngas with natural gas or to
use specially adapted turbines.

In conclusion, plasma-assisted gasification of
solid wastes is a very interesting process with
potential for future application. First, using a
reducing atmosphere and producing a relatively
smaller amount of process gas facilitate the gas
cleaning system. Second, controlling the amount
of heat input to the process by means of the
plasma torches allows controlling the composi-
tion of the syngas. The hydrogen-to-carbon mon-
oxide ratio can be modified easily, according to
the needs of the user. The next decade will show
how plasma-assisted gasification of MSW
evolves. The plants under planning or construc-
tion should provide reliable information on capital
and operating costs per ton of solids treated, and
this technology may provide an alternate route for
the thermal treatment of MSW.
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Glossary

Gasification Thermal process that involves the
reaction of carbonaceous feedstocks with
oxygen-containing reagents, usually air, oxy-
gen, steam, or carbon dioxide, generally at
temperatures in excess of 800 �C

MSW Municipal solid waste
PET Polyethylene terephthalate
PVC Polyvinylchloride
Pyrolysis Thermal process that implies the deg-

radation of the organic materials at tempera-
tures in the range of 400–800 �C and in the
absence of oxygen or other reagents

RDF Refuse derived fuel
Slag Molten ash
SR Shedder residue

Definition of the Subject and Its
Importance

The major technologies used in Japan for energy
recovery from municipal solid waste (MSW) are
moving grate waste-to-energy (WTE) plants,
some combined with ash vitrification and dispos-
ing of ash in monofills. However, shortage of
landfill space and the Japanese Containers and
Packaging Recycling Law have stimulated active
R&D and commercialization of relatively novel
thermal treatment processes based on gasification
and liquefaction of MSW.

The purpose of this entry is to introduce novel
gasification and liquefaction processes for MSW
that are already commercialized in Japan and are
potential future alternatives to moving grate com-
bustion for effective resource recovery fromMSW.

Introduction

In Japan, about 40 million tons of municipal solid
wastes (MSW) are incinerated each year. Of these,
about 20 million tons are used as fuel in waste-to-
energy (WTE) power plants that produce about
1000 MWof electric power. Most of these waste-
to-energy (WTE) plants are large-scale plants
exceeding 200 t/day scale.

The major technologies used in WTE plants in
Japan are stoker-type moving grates combusting
as-received MSW, where the final residues such as
ash are landfilled. However, shortage of landfill
space and also new regulations for detoxifying the
fly ash of WTE plants by vitrification, as of 2004,
have driven manymunicipalities to accept relatively
novel processes such as direct gasification and
smelting and, also, rotary kiln or fluidized bed gas-
ification combined with melting of the ash to a
vitrified slag.
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Also, many municipalities have started to
source-separate and collect the plastic materials
contained in MSW, under the Japanese Containers
and Packaging Recycling Law enacted in 1995.
The segregated plastic materials are managed by
three methods: material recycling, chemical
recycling, and production of solid fuel. One of the
technologies in the chemical recycling technology
is the pyrolysis of plastic wastes to liquid fuels.

There are about 30 Japanese companies
engaged in the development of gasification and
ash-melting systems, which can be divided into
three main types: (1) vertical shaft reactors that
melt the entire amount of wastes directly, (2) flu-
idized bed reactors that gasify the wastes directly
with slagging, and (3) kilns that gasify the wastes
indirectly with slagging.

This entry introduces three novel MSW ther-
mal treatment processes developed and commer-
cialized in Japan: (1) the EBARA fluidized bed
gasification and ash-melting process, (2) the JFE
high-temperature gasifying and direct melting
process, and (3) the TOSHIBAwaste plastics liq-
uefaction (pyrolysis) process. These processes
have the potential to be future alternatives to the
existing mass burning processes for maximizing
the effective recycling and utilization of MSW.

EBARA Fluidized bed Gasification and
ash-Melting Process

Process Description
Since the year 2000, the EBARA fluidized bed
gasification and ash-melting process (TwinRec
process) is in operation in large commercial instal-
lations [1]. It is based on fluidized bed gasification
in combination with ash melting. The following
description is focused on the core components of
the TwinRec system: the fluidized bed gasifier and
the cyclonic ash-melting chamber.

Any type of waste can be fed into the gasifier.
Only bulky wastes need to be cut to pieces smaller
than 30 cm in length. The gasifier is a proprietary
internally circulating fluidized bed of compact
dimensions, operated at temperatures between
500 �C and 600 �C. The resulting syngas (fuel
gas) and fine particles are entrained into the gas

flow leaving the gasifier. The low gasification
temperature in the fluidized bed leads to easily
controllable process conditions.

The main function of the gasifier is to separate
the combustible gases and the dust from the inert
and metallic particles of the waste. Metals contained
in the waste, such as aluminum, copper, and iron,
can be recycled as valuable products from the bot-
tom off-stream of the gasifier as they are neither
oxidized nor sintered with other ash components.
Together with these metals, larger inert particles are
removed from the furnace. Smaller inert particles
are returned to the gasifier where they serve as bed
material. The fine inerts are blown out of the gasifier
and enter the next stage of the process.

Figures 1 and 2 show the operating principle of
the gasifier and the ash-melting furnace and the
process flowsheet, respectively. The fuel gas and
carbonaceous particles that are produced in the
gasifier are combusted in the cyclonic ash-melting
chamber at temperatures between 1350 �C and
1400 �C by the addition of secondary air. Here,
the fine particles are collected on the walls, where
they are vitrified and slowly flow downward
through the furnace.

The molten slag collected in the furnace is then
quenched into a water bath to form a granulate with
excellent leaching resistance; this vitrified material
meets all regulations for recycling in construction.

The high combustion temperature ensures that
the most stringent dioxin emission regulations,
below 0.1 ng-TEQ/Nm3, are met by means of
minimal air pollution control measures.

The gasifier and the ash-melting furnace oper-
ate at atmospheric conditions, without any auxil-
iary fuels, except for start-up of the process or
industrial oxygen. Due to the low excess air ratio
that is required for complete combustion, the
steam generator, boiler, and air pollution control
system are very compact. The energy content of
the waste is converted into electricity and/or dis-
trict heat with a high net efficiency.

Recycling and Recovery
The Ebara TwinRec process can treat a wide range
of materials generate product streams that match
their characteristics and enable optimal resource
recovery:
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• Metals and alloys are not oxidized in the gas-
ifier and can be recycled.

• Inert mineral materials are free of dust and
organic matter and are also suitable for
recycling.

• Mineral dust and metal oxide powder are vitri-
fied into slag and can be used as construction
materials.

• Any toxic organic substances are completely
destroyed, and the total organic content is
transformed into energy.

• Volatile metal salts are concentrated into the
secondary fly ash and can be used for zinc,
lead, and copper recycling in the zinc industry.

• The amount of final residues for landfilling is
reduced to very low values.

The energy efficiency of TwinRec is better than
the thermal waste treatment processes that require
oxygen and therefore internal consumption of elec-
tricity. Also, the ash-melting furnace is integrated
into the water-steam cycle, making use of the
highest temperature level for steam production.

The slag granulate is the largest fraction for
recycling. For successful application in the construc-
tion industry, it must satisfy technical criteria and
pass the respective environmental certification.
Technically, the granulate qualifies for various appli-
cations, replacing cullet, gravel, or sand. It can be
applied as loose bulk material or as filler in combi-
nation with inorganic or organic binders. In Japan,
the granulate is also used as a filler in asphalt.

Commercial Operational Experience
The first TwinRec commercial plant for MSW
was built for Sakata Clean Union. The Sakata
plant has a capacity of 2 � 98 t of MSW per day.
Since the start-up of the first plant, several other
TwinRec plants have been started, resulting in
15 plants in operation to date. Twelve of these
plants treat MSW and are listed in Table 1.

Figure 3 shows a photograph of the largest
plant at Kawaguchi that treats 420 t of MSW per
day in three process lines generating 12 MW. In
addition to vitrification of its own ashes, bottom
and fly ash of another grate-type incinerator is also
vitrified in the ash-melting furnace. Additionally,
some of the secondary fly ash is recirculated, and

even the inert gasifier bottom ash, after metal
separation, is ground and fed back to the ash-
melting furnace. In this way, over 97% of the
waste input is transformed into energy, metals,
and recyclable glass granulate.

Figure 4 shows a photograph of the Tokyo
Waterfront Recycle Power plant located in
Tokyo Bay area and treating 22.9 t/h of industrial
waste in two process lines. In this plant, industrial
wastes (plastic wastes and crushed/separated res-
idue of construction wastes) are received in shred-
ded form. Ash is melted under high temperatures
into slag that is granulated and used as construc-
tion material. This plant generates 23 MW of
electricity by recovering the heat generated in
this plant and in another facility, next to this
plant, in which medical wastes are treated.

The JFE High-Temperature Gasifying
and Direct Melting Process

Process Description
JFE is a new company resulting from the merger
of Nippon Kokan (NKK) and Kawasaki Steel.
The JFE high-temperature gasifying and direct
melting process (JFE process) resembles a small
iron blast furnace where wastes are fed through
the top of a vertical shaft (Fig. 5).

Air is introduced into the furnace through pri-
mary, secondary, and tertiary tuyeres located along
the height of the shaft. The primary air, near the
bottom of the shaft, is enriched to about 35% oxy-
gen in order to generate the high temperatures
required to transform the ash to molten slag and
metal. In the gasifying zone, the gas produced in
the lower part is partially combusted at approxi-
mately 600 �C by an air sent through the secondary
tuyeres while maintaining a fluidized state. By
means of this heat, the wastes charged from the
furnace top are preheated and thermally
decomposed. Also, the fluidization ensures the
downward flow of the bed within the shaft. In the
gas reforming zone (“freeboard”), a tertiary air flow
is injected to maintain the freeboard outlet tempera-
ture at 850 �C and decompose organic gases and tar
in reducing atmosphere. Ample space in the free
board stabilizes the gas flow and reduces the veloc-
ity resulting in lower dust carryover in the gas flow.
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The slag and metal overflow from the furnace are
quenched in a water tank to form small spherical
particles of granulated slag and metal.

The process requires the addition of coke (less
than 5% of wastes), which is also added at the top
of the shaft along with sufficient lime to form a
fluid slag at the bottom of the furnace. The JFE
process produces slag and metal globules that are
used beneficially and fly ash which contains vol-
atile metals and is landfilled.

Commercial Operation Experience
Up to 2010, JFE has delivered ten Direct Smelter
plants in Japan, as shown in Table 2 [2]. All of them

process as-received MSWexcept for the Fukuyama
plant where RDF is combusted. The most recent
plant serves the Chikushino/Ogori/Kiyama Associ-
ation in Fukuoka Prefecture (Kyushu) introduced.
This plant is called “Clean-Hill Homan” and will be
described in the following sections.

An Example of the Performance of the JFE
Direct Melting Process
Figure 6 shows the process flowsheet, and Fig. 7 is
a photograph of the most recent JFE Direct
Smelting plant at Fukuoka.

Table 3 shows the principal components of the
Fukuoka plant.

WTE: Gasification and Pyrolysis in Japan, Table 1 List of operational TwinRec plants

No. Customer Location Capacity Type Inst. year Electricity kw

Municipal waste

1 Joetsu union Niigata 15.7 t/24 h TIFG Mar.
2000

45 Night soil
sludge

2 Sakata clean union Yamagata 196 t/24 h TIFG Mar.
2002

1990

3 Kawaguchi city Saitama 420 t/24 h TIFG Nov.
2002

12,000

4 Ube city Yamaguchi 198 t/24 h TIFG Nov.
2002

4100

5 Chuno union Gifu 168 t/24 h TIFG Mar.
2003

1980

6 Minami-Shinshu union Nagano 93 t/24 h TIFG Mar.
2003

800

7 Nagareyama city Chiba 207 t/24 h TIFG Feb.
2004

3000

8 Chubu clean union Shiga 180 t/24 h TIFG Mar.
2007

3000

9 Dalsung Korea 70 t/24 h TIFG Jun.
2008

– (HEEC
license)

10 Eunpyeong Korea 48 t/24 h TIFG Sep.
2009

– (HEEC
license)

11 Hwasung Korea 300 t/24 h TIFG Mar.
2010

4400 (HEEC
license)

12 Kurahama clean union Okinawa 309 t/24 h TIFG Mar.
2010

6000

Industrial waste

1 RER Aomori renewable
energy recycling co., ltd.

Aomori 450 t/24 h TIFG Nov.
2002

17,800 Shredder
dust, sludge

2 Nikko Mikkaichi
recycling co., ltd.

Toyama 63 t/24 h TIFG Jun.
2001

– Shredder
dust, waste
plastic

3 Tokyo waterfront
recycle power co., ltd.

Tokyo 550 t/24 h TIFG Aug.
2006

23,000 Industrial
waste

WTE: Gasification and Pyrolysis in Japan 415



Table 4 shows the mass balance of this plant
in 2008. The total weight of MSW treated was
49,348 t, and the slag, metal, and fly ash were
11.1%, 0.7%, and 2.3% of the solids feed,
respectively. The use of the cyclone shown in

Fig. 6 reduced the amount of fly ash signifi-
cantly. All the slag recovered was utilized as a
secondary concrete material or as a subbase in
road construction. The metal and fly ash recov-
ered were also recycled.

WTE: Gasification and
Pyrolysis in Japan,
Fig. 3 Photograph of the
Kawaguchi plant

WTE: Gasification and
Pyrolysis in Japan,
Fig. 4 Photograph of the
Tokyo Waterfront Recycle
Power plant
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Table 5 shows the electric power balance
including the power usage in the recycling center
of this plant. The 49,000 t of MSW generated
22,000 MWh of electricity of which 9.100 MWh
were sold to the grid.

Table 6 shows the exhaust gas emission data
along with the national standards. All the emis-
sion data were well below the regulation values.

Table 7 compares the results of leachability and
concentration tests for various metallic

WTE: Gasification and Pyrolysis in Japan, Fig. 5 JFE high-temperature gasifying and direct melting process

WTE: Gasification and Pyrolysis in Japan, Table 2 List of operational JFE process plants

Municipality/owner Capacity � line Input waste Completion

1 Kagamihara City, Gifu 192 t/day
(64 t/day � 3)

MSW (incl. Bulky wastes) 2003.03

2 Amagi/Asakura/Mitsui association,
Fukuoka

120 t/day
(60 t/day � 2)

MSW (incl. Bulky wastes) 2003.03

3 Hidaka-chubu association,
Hokkaido

38 t/day (19 t/day � 2) MSW (incl. Bulky wastes) 2003.02

4 Morioka/Shiwa area association,
Iwate

160 t/day
(80 t/day � 2)

MSW (incl. Bulky wastes) 2003.03

5 Saiki area association, Oita 110 t/day
(55 t/day � 2)

MSW (incl. Bulky wastes) 2003.03

6 Fukuyama recycle power Corp.,
Hiroshima

314 t/day
(314 t/day � 1)

RDF 2004.02

7 Ibaraki environment protection
foundation, Ibaraki

145 t/day
(72.5 t/day � 2)

MSW and industrial waste
(incl. Bottom ash)

2006.03

8 Aki area association, Kochi 80 t/day (40 t/day � 2) MSW (incl. Bulky wastes,
landfill wastes)

2006.03

9 Hamada area association, Shimane 98 t/day (49 t/day � 2) MSW (incl. Bulky wastes) 2006.11

10 Chikushino/Ogori/Motoyama
association, Fukuoka

250 t/day
(125 t/day � 2)

MSW (incl. Bulky wastes,
disaster wastes)

2008.03
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contaminants with the standard values of Japan. It
can be seen that in all cases, the test data were
substantially below the standard values.

Slag Utilization
Japanese government has a policy of encouraging
the vitrification of ash (bottom ash to slag) as part
of the hierarchy of waste management and for
extending landfill life. Therefore, the production
of slag has been increased remarkably during the
last 10 years. Slag is standardized by JIS (Japan

Industrial Standard) for usage as asphalt and con-
crete aggregate. As a result, slag utilization is
progressing, and a considerable fraction of slag
has acquired an economic value. Figure 8 shows
the increase in number of ash-melting furnace
plants with time. Figure 9 also shows that both
the tonnage of slag produced and the slag used
beneficially have increased with time.

The various uses to which the slag is put are
shown graphically in Fig. 10.

The TOSHIBA Process for Liquefaction of
Plastic Wastes

Social Background
The Plastic Waste Management Institute of Japan
reported [3, 4] that the domestic plastic waste
produced in 2006 had reached a total of 10 million

WTE: Gasification and
Pyrolysis in Japan,
Fig. 7 Photograph of the
Clean-Hill Homan plant

WTE: Gasification and Pyrolysis in Japan,
Table 3 Outline of the Clean-Hill Homan plant

Capacity 250 t/day (125 t/day � 2 furnaces)

Furnace type Shaft melting process (high-
temperature gasifying and direct
melting furnace)

Energy recovery
system

Boiler 22.0 t/h,
400 �C � 3.92 MPa, steam turbine
generator (4990 kW), hot-water
supply system

Exhaust gas
treatment system

Cyclone, bag filter, Denox reactor

Slag treatment
system

Water-granulation conveyor,
magnetic separator, attritor

Fly ash treatment
system

Dioxins cracking unit

WTE:Gasification andPyrolysis in Japan, Table 4 Mass
balance of MSW disposal (total MSW disposal was 49,348 t)

Recovered
material

Amount of
emergence (t)

Ratio (wt
%)

Slag 5502 11.1

Metal 352 0.7

Fly ash 1116 2.3
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tons, made up of about 5 million tons of house-
hold waste and another 5 million tons of industrial
waste. Of this waste, 72% (7.21 million tons) was
reutilized as materials, fuels, electricity, or heat,
among others. However, 28% (2.84 million tons)
was incinerated without energy recovery or
landfilled. According to the Japan Containers
and Packaging Recycling Association [5], the
quantity of plastic containers and wrapping,

within household plastic wastes, was 550,000 t.
Of this amount, 23% (130,000 t) was used in
materials recycling operations and 46%
(250,000 t) in chemical recycling operations,
under the Container and Packaging Recycling
Law; the remaining 31% was incinerated or
landfilled. The breakdown of chemical recycling
activities (250,000 t) in 2006 was coke ovens
(61%), gasification (22%), blast furnaces (15%),
and liquefaction (2%). The waste plastics lique-
faction operations of the Sapporo Plastics
Recycling Co., Ltd. (SPR) are classified as a
chemical recycling technique in Japan. Two plas-
tic liquefaction facilities have been operating
commercially in Japan: the Niigata Plastics Liq-
uefaction Centre (6000 t/year) and the Sapporo
Waste Plastics Liquefaction Plant (14,800 t/year).
The waste plastics liquefaction technique is dif-
ferent to other recycling techniques, and, after
overcoming initial problems, SPR process has
maintained high levels of safety, stability, and
productivity.

Process Description
In 2000, SPR started operating a liquefaction pro-
cess that includes the unique characteristic of
dechlorination of plastic wastes that contain poly-
vinylchloride chloride (PVC). The flowsheet of
the SPR plastic waste liquefaction process is
shown in Fig. 11. In the pretreatment stage, bales
of compacted waste plastics are shredded, and
then foreign materials, such as pieces of metal
and water, are removed, and the remaining plas-
tics are pelletized. The pellets are then fed into the
dechlorination process where they are heated elec-
trically to 300–330 �C, melted, and the hydrochlo-
ric gas resulting from the thermal decomposition
of PVC is incinerated at 1200 �C in dechlorinating
furnace; scrubbing of this gas yields a solution
containing less than 20% HCl which is sold. The
molten polymer that is obtained in the dechlorina-
tion process is fed into the pyrolysis reactor where
it is heated at 400–450 �C for about 10 h and
separates into a gaseous product that is conveyed
to the distillation process and a residue that is fed
to the solid fuel production process.

The gaseous product of the pyrolysis reactor is
liquefied by spray quenching at 120 �C, and the

WTE: Gasification and
Pyrolysis in Japan,
Table 5 Electric power
balance (including recycling
center)

Item

Electric
power
(MWh)

Generated 22,349

Purchased 989

Sold 9070

Consumed 14,268

WTE: Gasification and Pyrolysis in Japan,
Table 6 Exhaust gas emission data

Item
Regulation
value Analysis value

Dust (g/m3N) <0.02 <0.005

SOx (ppm) <50 0.3–6.0

NOx (ppm) <50 6.0–32.0

HCl (ppm) <50 <8.6

CO (ppm) <30 2–7

Dioxins
(ng-TEQ/m3N)

<0.05 0.00000009–0.0048

WTE: Gasification and Pyrolysis in Japan,
Table 7 Result of slag measurement (example)

Elution (standard
value, mg/l)

Content (standard
value, mg/kg)

Cd <0.005 (<0.01) <10 (<150)

Pb <0.005 (<0.01) <10 (<150)

Cr6+ <0.04 (<0.05) <10 (<250)

As <0.005 (<0.01) <10 (<150)

T-hg <0.0005 (<0.005) <0.1 (<15)

Se <0.005 (<0.01) <10 (<150)

F <0.08 (<0.8) <150 (<4000)

B <0.1 (<1.0) <150 (<4000)
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resulting pyrolysis oil is fed into the distillation
tower where it is separated into three fractions:
light oil at 120 �C, “medium” oil at 200 �C, and
heavy oil at 280 �C. The remaining volatile hydro-
carbon gas is used as fuel in the plant operation.

Some of the light oil product is used as a raw
material for manufacturing plastic, and the rest is
used as fuel in the plant. The “medium” oil is sold
to local companies and used as boiler fuel. Some
of the heavy oil product is provided to local

WTE: Gasification and Pyrolysis in Japan, Fig. 8 Increase in number of ash-melting furnace plants

WTE: Gasification and Pyrolysis in Japan, Fig. 9 Increase of slag production and beneficial use

WTE: Gasification and
Pyrolysis in Japan,
Fig. 10 Beneficial uses
of slag
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central heating and air-conditioning companies,
paper manufacturing companies, and other com-
panies and used as fuel, and the rest is used to
power cogeneration diesel engines. The sludge
residue derived from the filtering of the heavy
oil is mixed with pyrolysis residues and used as
a solid fuel. Almost all the plastic, except for the
foreign material and water, is being reclaimed. As
a result, in 2006, the recycling rate, excluding
water contained in the feedstock bales, reached
96%.

Main Technical Challenges
In the first year of operation (2000), it was difficult
to maintain normal processing due to corrosion
and clogging due to the presence of polyethylene
terephthalate (PET) in the plastic waste. The oper-
ational problems were due to the formation of
benzoic acid (C6H5COOH) and terephthalic acid
C6H4(COOH)2, during the thermal decomposi-
tion of PET (Table 8). The cause of the problems
was investigated, and it was found that the organic
acids were mainly formed in the operating

temperature range between 170 �C and 250 �C.
This problem was solved by adding hydrated lime
[Ca(OH)2] to the plastic waste pellets, and plant
operation was stabilized.

Composition of rawMaterial and Properties of
Reclaimed Products
The composition of typical municipal plastic
waste is shown in Fig. 12. Polypropylene, poly-
ethylene, and polystyrene (PP/PE/PS:3P), which
are easily processed by liquefaction, make up
70–90% of the waste. However, PVC and PET
constitute 2–7 t% and 2–15% of the waste, respec-
tively. PVC causes corrosion and quality degrada-
tion of the recycled product, and PET can cause
corrosion and clogging. Because the problems
caused by corrosion and clogging were overcome
by the countermeasures mentioned above, the
operation of the SPR process is presently stable
and safe.

The properties of the reclaimed oil are shown
in Table 9. The sulfur, nitrogen, and chlorine
contents were below the limit values specified in

WTE: Gasification and Pyrolysis in Japan, Fig. 11 Flowsheet of the Sapporo plastics recycling (SPR) plastics
liquefaction process. Hx heat exchanger
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Japanese Industrial Standards (JIS; technical
specification Z 0025 for pyrolytic oil from waste
plastics). The SPR reclaimed oil contains
0.003–0.08% sulfur (JIS level: 0.2%),
0.08–0.14% nitrogen (JIS level: 0.2%), and
50–70 ppm chlorine (JIS level: 100 ppm).

The properties of the solid fuel produced
from waste plastics are shown in Table 10.
Solid fuel pellets are produced from thermally
degraded residue and heavy oil sludge. Inor-
ganic chloride levels of 1–4% are found in the
solid fuel because CaCl2 is formed by reactions
between hydrated lime [Ca(OH)2; tat as noted
above is added to the process to mitigate the
problems caused by PET] and chlorine. There-
fore, this solid fuel is used in a blend with other
solid fuels (e.g., wood or coal) at low levels of a
few percent (usually below 5%) to minimize
environmental problems.

The measured results for gas emissions from
the SPR off-gas-fired furnace are shown in
Table 11. Some of the light oil is used as
in-plant furnace fuel and the heavy oil for
powering the cogeneration engines. According
to periodic analysis of the gaseous emissions of
these processes, nitrogen oxides (NOx), sulfur

oxides (SOx), dust, dioxins, and HCl levels are
below the required standards.

Development of Recycled Products and
by-Products
In the SPR process, sludge is separated from the
heavy oil by a centrifugal filtering method that
was installed after initial operation; this resulted
in much better quality of the heavy oil product of
this process, and, since then, heavy oil has been
sold to other companies for use as a fuel. The
light oil has been sold to a petrochemical com-
pany and is used as raw material for the produc-
tion of naphtha since 2004. It is also used in the
production of plastics. The Japanese recycling
law considers only hydrocarbon oil as a recycled
product; thermal degradation residue, off-gas
(flammable gas), and hydrochloric acid are not
considered as recycled products.

The off-gas of the SPR process has been
reused as fuel within the plant since 2000.
Initially, most of the thermal decomposition
residue and oil sludge were discarded as indus-
trial waste, but since 2004, they are supplied to
other companies and are used as solid fuel.
Hydrochloric acid, after neutralization, was

WTE: Gasification and Pyrolysis in Japan, Table 8 Influence of organic acids on the recycling process

Temperature
(�C) Phase

Concentration
(wt%)

Trouble
(●; serious)

In Out
Benzoic
acid

Terephthalic
acid Clogging Corrosion

Heavy oil Hx
(upper)

250 170 Liquid <27 <1 ● None

Heavy oil Hx
(lower)

170 80 Liquid – – Minor None

Fire heater
tube

200 300 Liquid None ●

Distillation
tower (upper
middle
column)

210 Liquid <90 <2 None ●

Distillation
tower (middle
column)

220 Liquid <24 <15 None ●

Distillation
tower (bottom
column)

270 Liquid <7 <3 Minor None

Hx heat exchanger, wt% weight percent
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initially discharged into the sewage system, but
since 2004, it is also used by other companies
as a neutralizer.

The actual recycling rate of the SPR plastics
liquefaction plant in 2006 is shown in Fig. 13.
The recovered hydrocarbon oil amounted to
54.4% of the weight of the initial waste plastic;
the gaseous fuel, the solid fuel, and the hydro-
chloric acid products amounted to 35% of the
weight of the initial waste plastic. Since SPR
recycles almost all of the input waste plastics,

except for the water and the foreign materials, a
high recycling rate of 96%, excluding the water
content, has been achieved (Fig. 13). Also, most
of the recovered materials are reused in the local
Hokkaido district; as a result, the resource recov-
ery rate for local communities in Hokkaido has
reached 93%.

Productivity Improvement
The changes in recycling rate and productivity
with time of the SPR process are shown in

WTE: Gasification and Pyrolysis in Japan, Fig. 12 Composition of municipal waste plastics. PET polyethylene
terephthalate, PVC polyvinylchloride, PVDC polyvinylidene chloride, PE/PP/PS polyethylene, propylene, polystyrene

WTE: Gasification and Pyrolysis in Japan, Table 9 Properties of the oils recovered in the SPR process

Property Light oil Medium oil Heavy oil
JIS TS Z0025 (Japanese technical
standard)

Density g/cm3 (15 �C) 0.814 0.824 0.856

Flash point �C <21 78 114

Pour point �C <�50 �35.0 47.5

Reaction pH Neutral Neutral Neutral

Ash Wt% <0.001 <0.01 <0.01 ≦0.05

Sulfur Wt% 0.002 0.03 0.08 ≦0.2

Nitrogen Wt% 0.08 0.14 0.1 ≦0.2

Chlorine Wtppm 50 70 60 ≦100

Gross heating value Kj/kg 42,070 45,040 45,360
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Fig. 14. Productivity is expressed as the total
operating cost of electric power, commercial fuel
oil, other supplies, etc.; these costs have decreased
by a factor of three since the plant started opera-
tions in 2000. The measures that have contributed
to productivity improvement are as follows:

• Reduction of hydrocarbon oil consumption
during processing

• Reduction of amount of water used by produc-
ing and selling hydrochloric acid for use as
neutralizer

• Reduction of industrial waste volume by
selong solid fuel to others

• Introduction of an energy-saving burning
system

WTE: Gasification and Pyrolysis in Japan, Table 10 Properties of the solid fuel produced in the SPR process

Property Solid fuel (eco pellet) Degradation residue Sludge

Lower heating value (kJ/kg) 15,160 17,570 31,650

Carbon (wt%) 41.8 45.6 67.5

Sulfur (wt%) 0.09 0.06 0.04

Nitrogen (wt%) 0.43 0.4 0.39

Hydrogen (wt%) 5.7 2.6 6.3

Calcium (mg/kg) 88,000 125,000 46,700

Silicon (mg/kg) 12,000 52,300 19,800

Aluminum (mg/kg) 13,000 12,700 940

Total chlorine (wt%) 2.82 4.96 1.42

Inorganic chlorine (wt%) 2.82 4.79 1.42

Bulk specific gravity (kg/l) 0.72 0.389 0.868

WTE: Gasification and Pyrolysis in Japan, Table 11 Properties of gas emitted from the off-gas-fired furnace of the SPR
waste plastics liquefaction plant

Periodic survey (twice a year) Result of measurement Emission standard Date

Dust (particulates) <0.02 g/Nm3 0.15 g/Nm3 2007/11/21

Sulfur oxide (SOx) <0.05 Nm3/h 3.12 Nm3/h 2007/11/21

Nitrogen oxide (NOx) 95 vol ppm 150 vol ppm 2007/11/21

Optional survey

Hydrogen chloride (HCl) 2.3 mg/Nm3 80 mg/Nm3 2004/1/13

Dioxin 0.000018 ng-TEQ/Nm3 0.0006 ng-TEQ/Nm3 2004/1/20

TEQ toxicity equivalency quantity, Nm3 gas volume at 1 atm and 0 �C

WTE: Gasification and Pyrolysis in Japan,
Fig. 13 Actual recycling rate of the SPR plant in 2006
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Summary

Through its technological improvements and
operational know-how, SPR has been able to pro-
cess municipal waste plastics of almost all quality
grades, even those containing PVC and PET. SPR
can also process the sorted waste plastics from
material recyclers or mechanical recyclers, thus
allowing for a more efficient recycling of plastic
waste that combines mechanical and chemical
recycling. SPR has achieved an extremely high
recycling rate (93% in 2006) from mixed plastic
wastes and developed a system that allows for the
use of the light oil product as a petrochemical raw
material.

Future Directions

In direct comparison with the currently more com-
mon stoker grate incineration of MSW, the
EBARA TwinRec and the JFE Direct Smelting
processes offer a number of advantages: high
recovery of metals and inert materials directly
from the bottom ash and vitrification of fine ash
particles into an inert construction material [1, 3].

These processes are based on gasification and
require a lower amount of excess air, resulting in a
compact air pollution control system. Also, as
shown by the feedstock of the reference plants
noted above, these processes are more flexible
with regard to feedstock.

The processes described in this entry have
demonstrated, through the range of capacity of
commercial plants and the use of multiple feed-
stocks, that gasification of solid wastes is mature,
reliable, efficient, and a good solution for current
and future waste management applications.

Another approach to enhance the recycling of
MSW is to segregate plastic materials and liquefy
them, as demonstrated commercially by the SPR
process. In the past, it was difficult to recycle
municipal waste plastics that contained PVC and
PET. Thus, material recycling methods have tra-
ditionally sorted out only PP/PE/PS from munic-
ipal waste plastics, and nearly one half were
disposed as residue. The SPR commercial lique-
faction plant has shown that it is possible to pro-
cess mixed plastics containing PVC and PET.
This plant has attained a very high recycling rate
achieved a high recycling rate of 93% of the solids
in the feedstock to the process.

WTE: Gasification and Pyrolysis in Japan, Fig. 14 Annual trends of actual recycling rate and productivity
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Glossary

CBA Cost-benefit analysis.
CHP Combined heat and power: production of

electricity combined with delivery of heat, e.g.,
for district heating.

EfW Energy from waste, synonym of WTE.
LCA Life-cycle analysis.
MSW Municipal solid waste: residential, com-

mercial, and other urban waste. It is the resid-
ual part, which is the non-source separated
stream.

R1/D10 EU legislative distinction between reuse
and disposal of waste.

RDF Refuse-derived fuel: pretreated waste,
mainly by shredding and recovery of some
recyclable materials and removal of inert and
wet fractions. It consists mainly of packaging
paper and plastics.

WTE Waste to energy: thermal treatment of
wastes with energy recovery.

Definition of the Subject

This entry describes the history of WTE and tech-
nological developments with regard to increasing
the energy efficiency of this process and ways to
assess energy efficiency.

In the history, four distinct stages are described
involving improvements on the combustion sys-
tem, flue gas cleaning, and energy efficiency.

An overview of options to improve energy
efficiency is given, with the technical limitations
to raise steam parameters, resulting efficiencies,
and ways to evaluate the energy performance of
WTE installations.

Introduction

Over the last century, waste to energy was devel-
oped in a few distinct stages. Originally, the objec-
tive was to manage urban wastes in order to avoid
the spread of diseases. In the second stage, reduc-
tion of smoke issuing from the stack became the
point of attention. Later, discovery of the effects
of invisible pollutants, such as volatile metals and
dioxins, in the stack gases led to important
advancements of the air pollution control systems
of WTE plants. Currently, sustainability and
energy and materials conservation have shifted
the focus of WTE research and development on
obtaining higher energy efficiency and recovery
of metals. This entry describes briefly the history
of WTE and presents technological developments
with regard to increasing energy efficiency.

Waste to Energy History

Pre-Nineteenth Century
Managing of waste became an urban issue when
cities reached a certain size. Nuisance factors,
both visual and unpleasant odor effects, led to

# Springer Science+Business Media LLC, part of Springer Nature 2019
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the adoption of some rules for dealing with waste.
In the nineteenth century, landfills were created to
deal with the mounting amount of waste, and
collection was organized either by public or by
private companies. The cholera epidemic that
started in 1892 in Hamburg, swept over Europe,
and even reached America was a general political
trigger for public responsibility for sanitation.

1900–1960: Hygiene
As a response to this political pressure, waste
collection, sewer systems, and drinking water dis-
tribution were quickly developed in many
European cities. Landfills were moved out of the
cities and waste incinerators were built in many
places. The focus of these incinerations was to
dispose of the waste hygienically and reduce the
amount of materials that had to be transported to
landfills. In order to increase landfill space, in
many cases the landfilled waste was often burned
in the open. When the waste was burned in dedi-
cated incineration facilities, the focus was on
hygiene, and there were good examples of inte-
grated systems of waste collection, transportation,
and transfer into the bunker of the incineration
plant. These systems were designed to minimize
manual contact with the waste and keep it in
closed containers to avoid rats, mice, birds, and
flies.

However, in this focus on sanitation, there was
not much attention paid to atmospheric pollution.
A stack plume of black smoke was common and
was considered to be a sign of economic activity
and prosperity rather than a problem. Also, the
bottom ash, and fly ash collected in a simple
cyclone, of incinerators was landfilled or spread
on roads to harden the surface. The incinerators
were generally run as batch operations.

With regard to energy, most of these installa-
tions did not provide for energy recovery, but
some were heating water for district heating. The
very simple combustion systems were inade-
quately controlled, resulting in large amounts of
air used, incomplete combustion causing massive
amounts of black smoke and carbon monoxide,
and very wide temperature fluctuations. This also
led to corrosion problems so that only very simple
and small heat exchangers were used to extract

some of the combustion heat. As a result, the heat
recovery was very small, and most of the combus-
tion heat was lost in the flue gases leaving the
stack.

Some incinerators in the first part of the twen-
tieth century were equipped with a boiler for
steam production that was used for either indus-
trial use or electricity production. Electrical effi-
ciency was very low, at about 5% in the best cases.

1960–1990: Dust Removal
Over time, the black deposits of the smoke and fly
ash of waste incinerators became noticeable and
gradually unacceptable. Therefore, standards
emerged limiting smoke and dust for the next
generation of incinerators. Technology improved
in boiler designs, control of the fire, and fly ash
separation by means of electrostatic precipitators
that resulted in stacks without black smoke. This
also enabled the recovery of more heat from the
combustion gases and continuous operation of the
incinerator and boiler for a period of a month or
more. During this period, some cities were pro-
vided with a district heating network using hot
water. This was done with a simple and inexpen-
sive hot water boiler but did not take advantage of
the potential work that can be done with the
energy of cogenerating electricity and heat. For
combined heat and power (CHP), a steam boiler is
needed plus a turbine for electricity production. In
this period, CHP installations were mainly small
backpressure turbines that were used to produce
the heat and electricity.

Steam pressure from the boiler was initially in
the range of 10–20 bar, but as designs improved, it
was gradually raised for newer installations,
reaching a common acceptance of about 40 bar as
state of the art at the end of the 1980s. This 40-bar
boiler pressure, and 400 �C superheater tempera-
ture, resulted in an acceptable compromise between
excessive corrosion of the boiler wall and super-
heater tubes and thermal efficiency achieved.

Also, energy loss in the flue gases was lowered
by decreasing the boiler outlet temperature to
250–300 �C. The resulting energy efficiencies
were gradually improved to about 80% for hot
water boilers and from 10% to 18% for
electricity-producing plants.

430 WTE: Boiler and Power Generation



In this period, some plants in Germany were
built with higher steam parameters (e.g., Mann-
heim, 120 bar/525 �C; Düsseldorf, 90 bar/495 �C;
Frankfurt, 60 bar/500 �C; Stuttgart, 74 bar/
525 �C). However, these were based on coal-
fired boiler concepts. In the case of burning
municipal solid waste, the high chlorine-to-sulfur
ratio results in high corrosion rates, and, also, the
fly ash tends to be very stick at the higher temper-
atures of flue gas and boiler wall. The resulting
large downtime periods for repairs and plant avail-
abilities in the range of 70–80% lead to adapta-
tions in the design of boilers that use municipal
solid waste (MSW) as their fuel. But changing the
steam parameters of a WTE plant is generally not
possible without major rebuilding of boiler parts
and turbine. Therefore, existing plants could not
be retrofitted economically and had to continue
operating at low plant availability.

The general consensus developed that 40 bar/
400 �C was the optimal compromise for the steam
parameters, balancing corrosion and associated
shutdowns and maintenance with the returns for
the electricity produced. The overall efficiency
with these parameters was commonly up to
about 14–18%, but most operators paid little
attention to improving electrical efficiency as the
revenues from power production and sale were
generally less than a quarter of total revenues.

1990–2005: Chemical Cleaning
At the end of the 1970s, it was discovered that
although there was no visible smoke, dioxins and
some volatile metals were present in alarming
quantities in the flue gas ofWTEplants. This raised
great concerns, and, within a period of about
10 years, political measures were taken to drasti-
cally limit the allowable quantities of emissions of
dioxins and other critical pollutants such as mer-
cury, other heavy metals, chlorine, sulfur dioxide,
carbon monoxide, and particulate matter. The con-
cerns were such that the new limits for dioxins
were set at the detection limit, i.e., at about a factor
1000 lower than average dioxin emissions of the
time. In some EU countries, standards emerged
which were EU-wide implemented following the
year 1991. These have by now been taken over by
nearly all other countries with WTE installations.

The new standards have led to closure of many
of the 1980s WTE plants and the addition of state-
of-the-art air pollution control systems in all oper-
ating plants. As a result, in a period of
10–15 years, the WTE industry, worldwide, has
been transformed from a major emitter of pollut-
ants to being one of the cleanest power generators,
having stricter limits than almost any other indus-
try. For example, for dioxins, the emissions have
been reduced by a factor 1000 till a maximum
limit of 0.1 ng/normalized cubic meter. As a
result, by 2005 the issue of emissions from WTE
was resolved. Although there remain some local
debates at different countries, these are more a
remnant of the past image rather than because of
actual impacts of WTE plants.

With the focus on cleaning the WTE stack
gases, there has been little attention to improve-
ments with regard to energy efficiency. In many
cases, there was an actual lowering of energy
production, because of the increased use of energy
within the plant for gas cleaning.

Some of the existing WTE plants have
experimented with adding energy-saving
improvements, such as additional heat exchangers
in the flue gas (e.g., a second economizer or a
condensing heat exchanger) so as to improve the
recovery of heat for district heating or to replace
internal heat consumption and to increase the
plant’s electrical efficiency.

Plants that were designed and built in this
period generally followed the consensus of the
40 bar/400 �C steam parameters. However, on
the average, energy efficiency increased some-
what during this period, by reducing boiler outlet
temperature (from about 250 �C to 180 �C),
reducing the use of excess air from 1.8 to 1.6
(lowering oxygen content in the stack gas from
12% to about 8%), and simplifying the gas
cleaning designs. Few plants that deliver only
heat were built, as CHP was commonly
employed to produce electricity and heat. When
the plant is small compared to the heat demand,
backpressure turbines were used. For bigger
WTE plants, a vacuum turbine with a steam
bleed was used. This allows maximum electricity
production, while the heat extraction can be con-
trolled according to demand.
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Some exceptional WTE plants were built in
this period with high thermal efficiencies, such as:

• Falls (Bucks County, PA, USA, 1994): 90 bar/
500 �C and a boiler outlet temperature of about
180 �C resulted in about 28% net electrical
efficiency.

• Moerdijk (The Netherlands, 1996): 100 bar/
400 �C is directly coupled with a combined
cycle gas-fired power plant that further super-
heats the steam and includes it in its cycle. The
total efficiency is in the order of 45%, but as
natural gas can normally yield 58% efficiency,
the net efficiency corresponding to the chemi-
cal energy from the waste is about 30%.

• Brescia (Italy, 1998): 61 bar/450 �C two lines
(plus a third line in 2004 operating at 73 bar/
480 �C) and a boiler outlet temperature of
135 �C result in about 25.8% net electrical
efficiency plus 58% of heat for district heating.

• The Bilbao (Spain), 265,000 t/year WTE plant
combusting presorted waste was started in
2004. The WTE steam parameters are 100 bar/
330 �C, but this steam is then superheated to
540 �C in a combined cycle gas turbine and
reheated halfway the turbine. The efficiency is
similar to the Moerdijk WTEmentioned above.

Alternative thermal treatment technologies for
treating solid wastes (e.g., fluidized bed, pyroly-
sis, and gasification) have not proven in practice
to have as high energy efficiencies as the classical
WTE installations that use the common grate
technology. This is mainly due to the difficult
physical and chemical properties of municipal
solid waste (MSW) or refuse-derived fuel (RDF)
and associated operational problems, as compared
to coal or biomass (e.g., wood chips).

2005 to Present: Sustainability
Since the mid-1990s, nickel-chromium alloys have
been used to repair and protect corrosion-affected
parts in WTE boilers. Especially, the alloy Inconel
625 has proven to be extremely successful in sur-
viving the corrosive conditions encountered in
MSW boilers. The gain in plant availability has
paid for the high additional investment costs, and
by the year 2000, nearly all WTE plants were
testing or using this alloy. Its high cost however

prohibited its use by contractors for new installa-
tions. However, by 2005, this alloy was proven to
be so effective that in some new construction pro-
jects its use was prescribed for cladding the first
pass of the boiler already at construction of the
plant. Steam parameters were still mostly around
the conventional 40 bar/400 �C.

At the same time, sustainability and the green-
house gas effect came very much in focus, partly
due to Al Gore’s film, the “Inconvenient Truth.” In
two legal proceedings in the EU about cross border
transport of waste, it was ruled that the efficiency of
the installation receiving the waste was the key
criterion for deciding whether this should be allo-
wed. This resulted in an efficiency formula in the
EU “Best Available Technology” descriptions. In
the new EU Waste Framework Directive, this
resulted to the legal distinction between reuse/
recovery (R1) and disposal (D10) status. This
also meant that energy efficiency determines
whether waste can be traded cross border and
whether it may be used in the statistics for recovery.

The combination of more attention for energy
efficiency and the availability of Inconel 625 as a
good performing corrosion-resistant material led
to the use of higher steam parameters in new plant.
Some examples are:

• In Amsterdam (The Netherlands), alongside
the existing plant (1993, 800,000 t/year,
42 bar/430 �C), the 530,000 t/year waste-
fired power plant was completed in 2007.
The superior properties of Inconel 625 allo-
wed in 2001 the choice for increasing the
boiler steam parameters to 125 bar/440 �C
[1]. This high pressure with moderate super-
heater temperature was made possible by a
steam-to-steam reheater, using drum steam to
reheat the steam halfway the turbine. Energy
efficiency was increased further by reducing
boiler outlet temperature, reducing the com-
bustion excess air ratio till 1.4 (equivalent to
lowering oxygen content in the stack gas from
8% to about 6%), heat recovery from the gas
cleaning system, reducing of internal heat and
electricity consumption, and improved design
of turbine and condenser. The net electrical
efficiency of this unit is 30.4% and 34.5%
gross.
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• In Rüdersdorf near Berlin (Germany, 2009), a
250,000 t/year RDF plant was started with
steam parameters of 90 bar/420 �C. Also,
reheating halfway the turbine is used, albeit
with the reheating accomplished by a heat
exchanger tube bundle in the flue gas. The net
electrical efficiency of this plant is 29.1% and
31.8% gross.

• In Hameln (Germany), a 200,000 t/year plant
was started in 2010 with steam parameters of
41 bar/400 �C and external superheating of the
steam to 520 �C. The excess air ratio is only
1.39. The net electrical efficiency from the
energy in the waste is 26.6% and 29.7% gross.

• Biomass combusting plants with reheaters were
erected in Bischofferode (Thüringen, Germany,
128 bar/532 �C), Leipzig (Germany, 20 MW
fluidized bed boiler, fresh wood from forestry,
128 bar/532 �C), Eberswalde (Germany, 80 bar/
480 �C), and Simmering (Vienna, Austria,
120 bar/520 �C, 23.4 MWel, gross efficiency of
36.4%). The temperatures and hence efficiencies
in these plants can be higher because the biomass
combusted contains less chlorine than MSW,
which results in less aggressive conditions in
the boiler.

The above developments indicate that the
focus on sustainable waste management along
with favorable legislation and the availability of
new corrosion-resistant materials have shifted the
frontier of what WTE efficiencies can be commer-
cially achieved. Especially, the general accep-
tance of using the high-cost Inconel 625 as a
cladding on the boiler membrane walls has been

a breakthrough in maintaining high availabilities
with increasing steam parameters.

Historical Overview
Table 1 shows schematically the different genera-
tions of WTE power plants.

Improving Energy Efficiency from Waste

Waste-to-energy plants all use a boiler to produce
steam and a steam turbine to convert this steam to
electricity in a Rankine cycle. The efficiency of
this Rankine cycle depends directly on the ratio
between maximum and minimum temperature,
i.e., the superheated steam and the steam con-
denser at turbine outlet. The strongly corrosive
properties of the combustion gases are limiting
the maximum steam temperature that can practi-
cally be handled. This explains why WTE power
plants cannot achieve the high energy efficiencies
of a clean fuel like natural gas.

In designing WTE boilers, great care has to be
paid to the layout of superheaters with regard to
their position in the boiler and the flue gas temper-
atures. The introduction of high-temperature
corrosion-resistant alloys for the cladding of the
membrane walling the first pass of the boiler has
allowed to operate at higher boiler wall tempera-
tures. This also allows for increasing steam pres-
sure and the introduction of reheating of the steam
halfway the turbine. The reheating increases effi-
ciency even with moderate superheater tempera-
tures. The following graph relates the steam
parameters to the estimated corrosion resistance

WTE: Boiler and Power Generation, Table 1 Changing paradigms for WTE plants

Generation Period Paradigm Boiler
Heat
efficiency

Electrical
efficiency

0 Pre-1900 Landfill – – –

First 1900–1960 Sanitation, incineration Hot water or low
steam parameters

�50% Some cases

Second 1960–1990 Nuisance, dust separation Medium steam
parameters

<70% �5–14%

Third 1990–2005 Pollution, chemical flue gas
cleaning

40 bar/400 �C CHP �15–22%

Fourth 2005– Sustainability, energy efficiency,
and material recovery

Higher steam
parameters

CHP �25–31%
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of normal boiler steel (e.g., 15 Mo3) and cladding
of the steel with Inconel 625 (Fig. 1).

As shown in the above figure, a classical WTE
boiler is operated at superheater temperatures of
40–60 �C below the temperatures where corrosion
starts to become important. However, it should be
noted that the surface of the steel tube is between
20 �C and 50 �C above the temperature of the steam
in the tube. The superheater temperatures for the

new concepts can be increased till it is close to the
transition area when the boiler design is optimized
for this. Key parameters for this are especially low
flue gas speeds in empty passes and in the super-
heater bundle. A long residence time of the flue gas
allows for gradual cooling and a chemical equilib-
rium when reaching the superheater. Experiences
with the use of Inconel in superheater bundles are
mixed and are not generally cost-efficient. The good

WTE: Boiler and Power Generation, Fig. 1 Corrosion: material properties and temperatures of steam and flue gas

434 WTE: Boiler and Power Generation



properties at high flue gas temperatures can best be
exploited by cladding the membrane walls in com-
bination with drum pressures of 80–150 bar, thus
raising drum temperature by 50–80 �C. These high
pressures require the use of reheating halfway
through the turbine in order to prevent too high
levels of steam wetness in the turbine. For this
there are three rivaling concepts.

Reheating can be done by a bundle in the boiler
(Rüdersdorf plant) which allows reaching high
reheating temperatures (�450 �C) but requires
an additional bundle near the superheaters. As a
consequence, the flue gas at inlet of the bundles
has to be hotter, leading to more molten fly ash
deposits and corrosion. This makes this a
maintenance-intensive solution.

In the alternative solution, the steam is
reheated halfway the turbine by a steam-steam
heat exchanger that uses steam from the drum.
The temperature of the reheating is limited by
drum steam temperature (�330 �C), but the
advantage is that it is a low-maintenance solution
because in this case, the heat transfer is shifted
from bundles to membrane wall, which is much
lower in maintenance due to the Inconel.

The third alternative is to use external super-
heating (Moerdijk, Hameln, Bilbao) to circumvent
the corrosion by using heat from another fuel to
superheat or reheat the steam. This is thermody-
namically a very good solution combining the low-
temperature heat from waste (because the corro-
sion limits) with the high temperature from a good
fuel like natural gas. However, the total thermal
efficiency of a plant using auxiliary fuel must be
divided into the efficiency expected by the fossil
fuel and that achieved only from the energy in the
waste. Therefore, the reference efficiency for gas
(combined cycle gas turbine ca. 58%) must be
deducted from the total output. The resulting effi-
ciencies from the energy in the waste have been
shown to be in the same range as the steam
reheating concepts, and they depend on the pres-
sure at which the steam is delivered. Also,
matching the scale of WTE boiler and the gas
turbine can lead to practical problems since gas
turbines are chosen preferably to be of high capac-
ity (>200 MWel) in order to be more efficient.
Also, an economic disadvantage is that a WTE

plant must be run in base load which means that
the gas plant cannot be switched off during periods
of low demand for electricity. This requires burn-
ing natural gas at times when electricity prices are
low and makes maintenance planning critical.

Also, new WTE plants with classical steam
parameters tend to have higher efficiencies due
to energy optimization at other points:

• Lowering deaerator temperature from the com-
mon 135 �C to 115 �C

• Lowering boiler outlet temperature of 180 �C
further till 150 �C

• After dust separation, a second economizer (for
condensate preheating or for district heating)
cooling the flue gases till 90–100 �C (below the
acid condensation point)

• A third economizer at the end of the flue gas
cleaning (before induced draft fan) to extract
the condensation heat of the flue gases (for
condensate preheating)

• Large condenser design to improve turbine
vacuum

• Flue gas recirculation as high-quantity second-
ary air/gas, with tertiary air above it

• Low stoichiometric combustion at 1.4
resulting in oxygen surplus of only 6%

• High efficient motor drives and the use of
frequency converters to control them in order
to avoid throttling by control valves

• Recovery of heat from blowdown water and
steam bleeds (like deaerator off gas)

• Optimized steam bleeds from the turbine for
staged heating of condensate, two-stage
heating of water for district heating and pri-
mary air heating

Assessing the Energy from Waste

Efficiency Formulae
The simplest indicator of energetic efficiency of
WTE power plants can be expressed as follows:

Energy efficiency ¼ Heatþ Electricity

Input from waste
(1)

In this formula, the total energy content in the
waste (lower heating value) is the input to the
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system, and the total output is the sum of the
produced heat and electricity. Many different var-
iations have been proposed for energy efficiency.
In a Dutch study alone, there are listed 11 methods
that are used in different legislation ( [2], p. 14).
This is mainly due to different definitions, devia-
tions from the laws of physics, and using specific
parameters and assumptions.

The definitions of the energy streams can be
different, e.g., the place where the electricity is
measured can be chosen at the generator (gross
electricity production) or at the point of delivery to
the grid (net electricity delivery). The difference is
the in-plant consumption of electricity that can
amount to 2–4 percentage points in efficiency. The
time frame can be chosen as a specificmeasurement,
e.g., over a short time of good operation (e.g., a day),
or a year, including all variations in waste, opera-
tional disturbances, shutdowns, and start-ups. The
difference between short-term and long-term aver-
age efficiency is typically 1–2 percentage points in
efficiency. Also, corrections are needed to account
for fossil fuels that may be used occasionally.

The R1/D10 formula in the EU Waste Frame-
work Directive is an energy efficiency formula
developed specifically for WTE:

R1=D10 efficiency factor

¼ Ep� Ef þ Eið Þ
0:97� Ewþ Efð Þ (2)

where

• Ep, annual primary energy substituted by the
produced heat and electricity

• Ef, annual energy input to the system from
fuels contributing to the production of steam

• Ew, annual energy contained in the treated waste
calculated using the lower net calorific value

• Ei, annual energy imported excluding Ew and
Ef (GJ/year)

• 0.97, factor chosen for accounting for energy
losses due to bottom ash and radiation

This formula is now the basis of a new EU
ruling that determines the distinction between
considering a WTE plant as reuse (R1 status) or
disposal (D10 status) plant. The threshold is

R1 = 0.6 for plants built before 2008 and
R1 = 0.65 for new WTE plants. The figure is
not to be compared with the energy output effi-
ciency as in formula (1) shown earlier. This for-
mula expresses how much primary fuel is
replaced by the energy recovered from the waste.

Ep ¼ 1:1�Heatþ 2:6�Electr (3)

The equivalence factors 1.1 and 2.6 are
expressing that the heat produced is substituting
another boiler with an efficiency of 90% and the
produced electricity is substituting a power plant
with an average efficiency of 38%
(1/90% = 1.0989 and 1/38% = 2.6316).

The EU R1/D10 formula for energy approach
has some fundamental advantages:

• The equivalence factors account for the differ-
ence in thermodynamic quality of electricity
and heat, which is a definite improvement
over formula (1).

• Electrical efficiency for a plant can be mea-
sured by an established definition (ISO 1940).

This approach has some disadvantages:

• For both heat and electricity, the gross produc-
tion is to be used, so internal consumption also
contributes to a higher value.

• The energy efficiency definition is a new polit-
ical definition, setting WTE power plants apart
from electrical power production industry.

• Material/metal recovery is not taken into
account.

• The offset from the biogenic content in the
waste is not taken into account.

• The equivalence factors 1.1, 2.6, and 0.97 have
no real physical background [3]. Heat is over-
valued which makes it easy to fulfill the criterion
in colder countries where district heating is
common.

• The equivalence factor for heat does not take
the temperature (and thereby enthalpy) of the
heat delivery into account. This rewards (and
stimulates) low-temperature district heating,
but underestimates the even better effect of
high-temperature steam delivery to industry.
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The use of exergy instead of energy is a possi-
bility to physically correctly relate heat and
electricity.

Many existing plants will meet the 0.6 crite-
rion; only small plants delivering electricity only
will be below. For new plants to be built, the 0.65
is not challenging for full optimization. Values up
to the range of 0.9 till 1.1 have been reported.

Alternative Efficiency Evaluations
In order to address the performance of a WTE
power plant in a specific context, several more
integrated methods are available:

• Instead of efficiency (which is a ratio), the direct
output can be expressed. Classical plants deliver
about 500–650 kWh/t of waste when this has the
average calorific value of 10 MJ/kg (standard
waste, lower heating value (LHV)). For the
high-efficiency plants, this can be raised to as
much as 850 kWh/t of waste. For presorted high
calorific wastes with a calorific value of
12–14 MJ/kg, the recovery can reach 900–1100
kWh/t of waste. Additionally, 1500–2500 kWh
heat/t of standard waste can be delivered with
only a small derating of the capacity to produce
electricity. Derating depends on the temperature
at which the heat is delivered and the configura-
tion of the turbine and can be 13–20% of the
amount of heat extracted from the turbine, i.e.,
delivery of 1 kWh of heat reduces electrical
output with 0.13–0.20 kWh.

• The use of exergy instead of energy is a possi-
bility to physically and thermodynamically
correctly relate heat and electricity; see [4, 5].
Exergy is the equivalent amount of work that
can be performed by a stream of heat. A small
formula uses the temperature to convert heat
energy in it to equivalent exergy. This solves
the use of arbitrary equivalence factors as used
in the R1/D10 formula and expresses the out-
put of a CHP plant in an equivalent amount of
electricity that plant could produce if no heat
was extracted from the turbine.

• CO2 evaluation is calculating the overall impact
of the greenhouse gas effects. This constitutes the

direct emission of CO2 which originates partly
from fossil origin (�450 kg/t of waste). The
other half of the carbon in the waste is of bio-
genic origin content of the waste which is CO2

neutral. The direct emissions are offset by the
external effect of substitution of other fossil
energy power production by the energy produced
from waste. Also, the substitution of mining and
material processing by the recovery ofmetals can
be calculated. For normal WTE installations, the
combination of biogenic content and substitution
results in a net greenhouse effect of +100 to
about zero kgCO2/t ofwaste. For high-efficiency
WTE installations, the higher substitution leads
to a net avoidance (�negative emission) of up to
�200 kg CO2/t of waste [6].

• Life-cycle analysis (LCA) is doing the same as
a CO2 evaluation, but it also adds a list of other
impacts on the environment and health, like
human toxicity, ecotoxicity, acidification,
eutrophication, injuries, mineral extraction,
land use, nonrenewable energy, and ozone
layer depletion. In the LCA for different
methods to manage wastes, it is generally
shown that energy efficiency has a major effect
in reducing the impact of waste management
options. The process to conduct these studies is
much more complicated but allows detailed
analyses of the impacts [7].

• Cost-benefit analysis (CBA) is doing the same
as an LCA but monetizing all the effects. So
comparisons of alternatives in a specific situa-
tion can be done using a single economic
value. The economic value of different impacts
has however high uncertainties which make
the use of CBA often complicated and strongly
depending on the boundary definitions of the
system to be considered.

Future Directions

In the EU, there are strong legal drivers (e.g.,
formula for R1/D10 distinction and Best Avail-
able Technology Reference (BAT-BREF) docu-
ments) and in many nation members economic
incentives (sustainable energy premiums) that
encourage striving for higher efficiency of WTE.
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This promotes the use of more of the available
energy efficiency optimization options. Even with
classical steam parameters, new plants tend to be
more energy efficient. WTE plants that produce
only heat are becoming rare (with the exception of
steam delivery to industry), and even in the case of
combined heat and power (CHP), electrical output
is optimized. In the USA, there is renewed interest
in WTE which could also result in new high-
efficiency plants. In Asia, a first wave of conven-
tional installations is being built in China, while in
Japan there is up to now more focus on ash treat-
ment than on energy efficiency.

It is to be expected that Europe will keep its
technological leading position in getting more
energy out of waste. After new advances in tech-
nology have been proven in the EU, it is expected
that they will also be implemented elsewhere.

As LCA studies have shown, consistently, that
energy efficiency is a key parameter for reducing
the overall cost as well as the environmental
impact of waste management, it is expected that
minimum standards for energy efficiency will be
raised over time. Economical modeling shows
that the additional energy produced by WTE
power plants is among the least-cost sources of
sustainable, and also renewable, energy.
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Glossary

Energy from waste (EfW) Synonym of WTE
used by some companies

Greenhouse gases (GHGs) Carbon dioxide,
methane, and other gases contributing to the
greenhouse effect

Integrated waste management Using a combi-
nation of all possible means of waste manage-
ment so as to minimize adverse environmental
impacts and optimize resource conservation

Waste-to-energy (WTE) Recovery of the chem-
ical energy contained in used materials by
means of thermal treatment

Definition of the Subject

Globally, we are consuming natural resources at
an increasing rate due to economic development
and growing population. There is international
agreement that a long-term solution to energy
and climate change issues must include a low to
carbon neutral energy supply. There is also growing

agreement that more careful attention to how we
manage wastes and materials is critical to mini-
mizing environmental impacts, including global
climate change. Moving away from our current
linear model of material extraction through
manufacturing, use, and disposal to a more circu-
lar economy model where materials are increas-
ingly returned to useful products can help reduce
the significant energy consumption and environ-
mental impacts of waste and materials manage-
ment. At end of life, waste should be viewed as a
resource that, when managed correctly with com-
mercially proven technologies, can be a sustain-
able source of materials and energy for the global
economy.

Recognition of the importance of sustainable
waste and materials management is gaining trac-
tion. The 2010 Davos Report from the World
Economic Forum included a recommendation to
follow the European Union’s waste model and
increase energy from waste by phasing out the
use of landfills because burying waste in landfill
is “increasingly considered environmentally
unacceptable” [1]. The published outcome of the
2012 UN Conference on Sustainable Develop-
ment in Rio included the following discussion
on waste management:

We recognize the importance of adopting a life
cycle approach and of further development and
implementation of policies for resource efficiency
and environmentally sound waste management. We
therefore commit to further reduce, reuse and recy-
cle waste (3Rs), and to increase energy recovery
fromwaste, with a view to managing the majority of
global waste in an environmentally sound manner
and, where possible, as a resource. See commitment
#218 of [2]

Information provided in this chapter quantifies the
value and benefits of a more sustainable waste and
materials management system comprised of
greater recycling (inclusive of composting and
anaerobic digestion with reuse of digestate),
followed by energy recovery through waste-to-
energy (WTE) and minimization of disposal in
landfills.

# Springer Science+Business Media LLC, part of Springer Nature 2019
N. J. Themelis, A. C. (Thanos) Bourtsalas (eds.), Recovery of Materials and Energy from Urban Wastes,
https://doi.org/10.1007/978-1-4939-7850-2_404

Originally published in
R. A. Meyers (ed.), Encyclopedia of Sustainability Science and Technology,# Springer Science+Business Media LLC 2017
https://doi.org/10.1007/978-1-4939-2493-6_404-3

439

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-7850-2_404&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-7850-2_404&domain=pdf
https://doi.org/10.1007/978-1-4939-2493-6_404-3


Conceptual Model
One approach to more sustainable waste and
materials management is through application of
the waste management hierarchy adopted by the
European Union [3] and the United States Envi-
ronmental Protection Agency (US EPA). [4, 5].
An expanded, more detailed, version of the waste
hierarchy, developed by Columbia University sci-
entists, is provided in Fig. 1.

The general concept of the hierarchy is that the
“most sustainable” option is at the top because it
conserves natural resources, saves or recovers
energy, and reduces the emission of greenhouse
gases. Options lower in the hierarchy are consid-
ered to be less desirable because, generally, they
are not as effective at mitigating impacts. The
hierarchy is a guideline. Life cycle assessment
(LCA) and life cycle thinking are important tools
to ascertain relative impacts in specific situations,
as the optimal solution with the lowest environ-
mental and social impacts may not always follow
the hierarchy. The use of these tools is also impor-
tant to avoid burden shifting: the potential
increase in impacts in a sector resultant from a
reduction of impacts in a different sector.

Principles Versus Practice
Sustainable waste and materials management is
not a revolutionary concept. We have for centu-
ries, if not millennia, to varying degrees of suc-
cess, employed source reduction, reuse, recycling,
and energy recovery as waste management

approaches. The economic efficiency through
which we can now manufacture goods and gener-
ate energy has, however, put pressures on sustain-
able use of materials and waste management,
necessitating concerted policy frameworks to
drive success. The best example of a proven and
successful policy framework encouraging sustain-
able waste and materials management is the
European Union’s Waste Framework Directive.
This directive establishes the waste hierarchy
and goals for diversion of wastes from landfills
[3]. The US EPA also recognizes that proper
materials management can provide greenhouse
gas mitigation while yielding multiple environ-
mental, human health, and economic benefits for
communities and the nation [5]; however, this
position has not been implemented nationally as
a matter of policy, legislation, or regulation.

Despite the abundant and growing analysis that
supports management of MSW as a resource, and
the progress made by the European Union (EU),
the practices of many countries lag behind.
Table 1 presents the amount of MSW managed
by recycling, energy recovery, and landfills in
three major geopolitical regions. These areas
were selected due to readily available information
on each and their disparate waste management
strategies.

The EU has continued to move toward a sus-
tainable waste and materials management system.
Germany has been one leading pioneer, with over
30 years of legislative efforts to change their waste

Waste Reduction

Recycling

Anaerobic
digestion

Aerobic composting

Waste-to-energy

Sanitary landfill recovering and using CH4

Sanitary landfill capturing and flaring CH4

Non-regulated landfills

only for source
separated organics

WTE: Sustainable Waste
and Materials
Management, Fig. 1 The
hierarchy of waste
management [6]

440 WTE: Sustainable Waste and Materials Management



management system. North America’s perfor-
mance is largely driven by the USA where there
has not been a policy or regulatory driver to
change the strong dependence on landfills. East
Asia is interesting for several reasons. China is
one of the world’s largest economies and has
adopted a policy to divert MSW from landfills
by providingWTE capacity. China also influences
the demand for recycled commodities, with both
North America and Europe sending significant
quantities of materials to China for recycling.
China has, in recent years, put an emphasis on
the quality of incoming recyclable materials
through its Green Fence and National Sword pro-
grams, which continue to change the dynamics of
the international trade in recyclables.

The potential to diversify waste management
on a national basis is demonstrated by a review of
waste management trends in different European
Union (EU)member states (Figs. 2, 3, 4, 5, 6, and 7)
[8]. While the EU’s overall direction is set by the
Waste Framework Directive, the Landfill Direc-
tive, and other common policies, different mem-
ber states have taken a variety of approaches with
vastly different outcomes. Some member states
have performed extraordinarily well, effectively
leading the path, and others have struggled to
comply with the minimum requirements.

Figure 2 presents the average results for the
27 member states and the general trend where
MSW is being diverted from landfills to recycling
and to a lesser extent to WTE. Figures 3 and 4
present results for Germany and the Netherlands,
respectively, two countries that have a long-term
history of leading Europe in waste management
and environmental concerns in general. Figures 5,
6, and 7 demonstrate trends in Spain, Italy, and
Greece. Italy has experienced slow and steady

growth in WTE, which, when coupled with a
faster growth rate in recycling, has resulted in a
pronounced drop in landfilling since 2000. In
Spain and Greece, a relatively constant percentage

WTE: Sustainable Waste and Materials Management, Table 1 Allocation of MSW for existing practices

Reference information Tons of MSWa Percent of total

Region 2004a Landfill WTE Recycling Landfill (%) WTE (%) Recycling (%)

European Union 379 234 46 99 62 12 26

North America 371 252 22 96 68 6 26

East Asiab 442 345 53 44 78 12 10
aMSW values (as million tons) and allocation as % of total is from [7]
bIncludes China, Hong Kong, Japan, North Korea, South Korea, Mongolia, and Taiwan
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of MSW has historically been managed by WTE,
which in the case of Greece is nearly zero. Both
countries have had modest declines in landfilling,
but Spain couples a relatively steady 10% WTE
rate with a significantly higher recycling rate than
Greece.

Over the past decade, waste management prac-
tices in the USA have remained largely
unchanged. Table 2 presents waste management
data for the USA from two different sources. One
set is from the US EPA’s annual solid waste report
[9] with the second set from Columbia University
Earth Engineering Center (EEC) scientists
[10–12]. US EPA’s results are based on a survey
of manufacturing information with waste genera-
tion rates being estimated from consumption rates
of resources, whereas the EEC data is based on
surveys completed by solid waste departments
from all 50 states using data reported by waste
management operations. The significant differ-
ence in results is largely attributable to the large
difference in the studies’ estimates of MSW
landfilled in the USA, with US EPA estimating
134 million tons and the EEC estimating 247 mil-
lion tons in 2011. The EEC data is likely more
accurate. The EPA’s study has been found to sig-
nificantly underestimate overall US waste gener-
ation and landfilling, in part on the basis of landfill
data reported to the US EPA itself [13]. The US
EPA itself uses the EEC data in its GHG inventory
report (see Sect. 7.1 of [14]).
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There is insufficient data to track long-term
performance of the three waste management
options in China. However, long-term data from
the USA and EPA support the following observa-
tions and conclusions:

• The EU’s 47% average recycling and
composting rate is significantly better than the
US average rate, with several EU countries
exceeding 60% recycling and composting.

• The USA continues to landfill the majority of
its MSWeven though it is generally recognized
to be the least sustainable approach.

• National policies, such as those adopted by EU
member states to comply with the Landfill
Directive and the Waste Framework Directive,
can catalyze diversion of MSW from
landfilling to more sustainable alternatives
higher on the waste hierarchy.

• Even in the presence of a binding Directive,
improvements have stalled in certain EU mem-
ber states subject to the requirements.

• The recycle rate is not impeded by WTE. As
depicted above, recycling rates have increased
both with and without concurrent growth in
WTE. In the case of the Netherlands, recent
recycling growth has actually come at the
expense of WTE. It is clear that recycle rates,
and their growth over time, are dependent on a
national policy and not the presence of a WTE
industry.

Life Cycle Assessment (LCA) Methodology
The European Union formulates environmental
directives according to a thematic strategy that is
a multidisciplinary plan to assure that directives

consider the big picture and interrelationship
between different media including air, water,
waste, toxics, etc. Their Integrated Pollution Pre-
vention and Control (IPCC) [15] approach is an
example of the multidisciplinary approach to
decision-making and introduces the concept of
LCA into the decision-making process. An LCA
is a multidisciplinary evaluation methodology to
assure that long-term implications across the
value chain are considered when selecting an
option.

There are a variety of life cycle analysis tools
available internationally specifically designed for
waste and materials management application
[16]. The US EPA has two tools available for
public use, the Waste Reduction Model
(WARM) [17], a screening level tool focused on
GHG emissions and energy, and the Municipal
Solid Waste Decision Support Tool
(MSW-DST), a full LCA tool offering more com-
prehensive analysis of air, water, and land
impacts; a full suite of reporting options and cus-
tomizable inputs. Table 3 provides a general com-
parison of the two tools.

Evaluation of Waste Management System
Options
The following sections address several of the
major parameters that warrant consideration
when evaluating and/or designing an integrated
waste management system:

• Energy – does the proposed system provide
energy recovery and energy savings relative
to a baseline scenario, or is it a net energy
consumer?

WTE: Sustainable Waste and Materials Management, Table 2 US waste management trends: 2000–2011

Data source Practice

Yeara

2000 2005 2007 2011

US EPA Recycling and composting 28.6 31.6 33.3 34.7

WTE 13.9 12.5 12.5 11.7

Landfill 57.5 55.9 54.2 53.6

EEC Recycling and composting 32 28.5 28.6 28.9

WTE 7 7.4 6.9 7.6

Landfill 61 64.1 64.5 63.5
aBiocycle data from 2004 are used in 2005 and from 2006 in 2007 to enable a comparison
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• Greenhouse gases – does the proposed system
provide overall net life cycle mitigation
(reduction) of greenhouse gases (GHGs) or is
it a source?

• Air emissions – does the system and its com-
ponents provide for mitigation of air emissions
including air toxics?

• Land management – can the proposed system be
located in close proximity to the point of waste
generation and what are the long-term impacts?

Energy is addressed first because it is a key
parameter in determining the GHG and air emis-
sion characteristics.

Energy

A two-step approach is used to present and eval-
uate the energy parameter. Step 1 identifies the
energy savings/sink for specific components man-
aged by various waste management options. Step
2 applies these component-based factors to
national inventories as a means to present the

energy recovery/savings for an integrated waste
management system. A similar sequence is also
followed with greenhouse gas (GHG) emissions
in order to understand the relationship between
energy and GHG emissions.

Derivation of Energy Factors
Primary energy represents all of the energy con-
sumed, including the energy required to produce,
generate, distribute, and transmit the electricity,
petroleum, and natural gas used. This metric is
used by the International Energy Association
(IEA) and the US Energy Information Adminis-
tration (EIA) and is well suited to compare differ-
ent waste management options which generate
electricity (i.e., WTE, landfill gas to energy) and
save electricity and fuels (recycling).

The primary energy savings or consumption
for the three options was determined by US EPA
for various waste components and composites
through an LCA. Table 4 presents the US EPA’s
LCA energy factors for various components man-
aged by recycling, WTE, and landfills [18]. Land-
fills are further subdivided into three types: vent

WTE: SustainableWaste andMaterials Management, Table 3 Comparison of primary input and outputs ofWARM
and MSW-DST

Parameter MSW-DST WARM

Input options

WTE efficiency Variable Constant

Landfill gas collection efficiency Variable Three options

Oxidation of methane by soil Variable Constant

Carbon intensity of electricity Variable Discrete options

Landfill carbon storage Optional and separate
report

No option or separate
report

Output values

Energy saved/consumed Yes Yes

GHG emissions Yes Yes

Detailed GHG reporting by gas (including biogenic CO2)
and source

Yes No

Criteria pollutant emissions (e.g., SO2, NOx, CO, filterable
particulate)

Yes No

Air toxic emissions (e.g., lead, ammonia, HCl) Yes No

Solid waste Yes No

Water discharges Yes No

Economics Yes No

Impact assessment capability Yes No

444 WTE: Sustainable Waste and Materials Management



(no gas collection and no energy recovery), flare
(gas collection but no energy recovery), and land-
fill gas to energy (LFGTE).

Recycling
The energy factor associated with recycling rep-
resents the average energy impact of collecting,
processing, and remanufacturing the component
relative to manufacturing the same from virgin
inputs. When considering recycling factors, it is
important to keep in mind the following:

1. There is only one energy factor for each com-
modity collected. In reality, the energy savings
per ton of material collected will vary based on
the quality and level of contamination in the
materials collected. For example, single-
stream recycling programs can result in higher
diversion rates relative to single-stream
recycling, but increased contamination can
lead to lower finished product yields and, as a
consequence, a lower rate of energy savings
per recycled ton.

2. Manufacturing processes, including for both
processing of raw materials and recycled
inputs, change over time, thereby potentially
changing the relative savings of manufacturing
products from recycled, rather than virgin,

inputs. For example, a large fraction of mate-
rials separated for recycling in North America
and Europe, particularly paper, are recycled in
China. The impact of energy savings in China
versus other manufacturing locations is not
considered by the US EPA factors.

Waste-to-Energy
US EPA’s factors are based on operating charac-
teristics of WTE facilities 20 years ago when the
evaluation was completed. As a result, the esti-
mated energy generation from WTE in WARM is
low for several reasons:

1. Net energy distributed to the grid is based on a
nominal thermal energy efficiency of 18%
which is quite low in comparison to new units
in Europe and North America that operate at up
to 30% thermal efficiency (electricity genera-
tion only) and 60–80% when they also provide
steam for local district heating.

2. Nearly all existing WTE facilities and all new
WTE facilities recover both ferrous and non-
ferrous metals. This increases the energy sav-
ings because these materials are used in
downstream recycling operations. WARM
does not consider nonferrous recovery.

WTE: Sustainable Waste and Materials Management, Table 4 Energy factors for discrete components and mixed
recyclables (MMbtu/ton) [17]

Component Recycling WTE

Landfill

LF-vent LF-flare LF-energya

Aluminum cans �152.76 0.60b 0.27 0.27 0.27

Steel cans �19.97 �17.14 0.27 0.27 0.27

HDPE �50.20 �19.34 0.27 0.27 0.27

Cardboard �15.07 �6.64 0.27 0.27 �0.50

Office paper �10.08 �6.40 0.27 0.27 �0.92

Mixed recyclablesc �14.82 �6.58 0.27 0.27 �0.23

Yard trimmings 0.58d �2.48 0.27 0.27 0.07

Food waste �1.40e �2.06 0.27 0.27 �0.17
aReflect typical operation of LFG collection systems and national average landfill moisture conditions
bWARM does not account for nonferrous recovery from ash, which is now common at WTE facilities
cDefined in WARM v14 as aluminum cans 1.4%, steel cans 2.7%, glass 6.4%, HDPE 1.2%, PET 1.9%, corrugated
containers 54.1%, magazines/third-class mail 7.6%, newspaper 10.6%, office paper 8.1%, phonebooks 0.4%, textbooks
0.7%, and dimensional lumber 5.0%
dFactor for composting
eFactor for anaerobic digestion
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Landfills
US EPA has a separate factor for three different
landfill designs: landfill gas venting, either through
pipes or the landfill cap, collection and flaring, and
collection with combustion in a reciprocating
engine. There are no expected energy savings for
landfills with vents or flares. The energy savings per
ton of MSW buried for landfills for gas to energy
systems is dependent on the amount of gas recov-
ered. Factors are dependent on a four-tiered system
of gas collection scenarios (e.g., typical, aggressive,
worst-case, California) and precipitation, both of
which impact lifetime gas collection. The absence
of verifiable and proven long-term collection effi-
ciencies and power generation over the life of waste
in a landfill leads to greater uncertainty in these
factors relative to those for WTE.

The results in Table 4 are consistent with the
waste hierarchy. Recycling saves the greatest
amount of energy, followed by WTE and, lastly,
by landfill gas to energy. A separate and indepen-
dent analysis by the Earth and Environmental
Engineering Department of Columbia University
yielded similar results using a Resource Conser-
vation Efficiency (RCE) metric [19].

The recycling of certain materials, like alumi-
num, saves large amounts of energy underscoring
the importance of recovery of aluminum from the
waste stream. However, the recycling of materials
like paper, cardboard, plastics, and even steel has
the largest impact when considering their preva-
lence in the overall waste stream.

Several major observations regarding Table 4
are:

• Recycling saves approximately 2.3 times as
much energy as WTE, when looking at a
mixed basket of recyclables, and over
60 times as much energy as landfilling the
same materials at a landfill equipped with
energy recovery.

• Landfills with vents and flares are energy sinks
(consume energy) considering the energy
required for transportation, landfill construction,
operations, closure, and ongoing maintenance.

• The amount of energy recovered/saved byWTE
is 27–30 times more than landfills with energy
recovery when considering mixed recyclables.

• A separate peer-reviewed life cycle analysis
completed using the US EPA’s MSW-DSTesti-
mated that average WTE recovers 9–14 times
the energy, as electricity delivered to the grid
than landfill gas to energy [20].

The energy factors in Table 4 aggregate impacts
and net benefits over the different time require-
ments for each option. Both recycling and WTE
are relatively short-term processes with WTE
being a nominal 1-h process after MSW is charged
to the grate. Recycling is also a short-term process
when considering the time to transfer separated
components to a transformation process where
those components are converted to a recycled com-
modity. In comparison, landfilling is a long-term
process. Depending on climate (i.e., annual rain-
fall), significant landfill gas generation from anaer-
obic decomposition can continue for 100 years or
more. The duration of landfill gas collection and
destruction is driven by regulatory requirements
and, for those landfills which recover gas for
energy production, the quantity and quality of
recovered landfill gas. Landfill operators may oper-
ate LFGTE systems well beyond regulatory
requirements provided it continues to be econom-
ical to recover energy. However, we have little
direct experience with the long-term (100-year+)
operation and maintenance of modern landfills.

Application of Energy Factors
More sustainable waste management, through the
application of the waste hierarchy globally, has
the potential for 12.4 EJ of primary energy sav-
ings if there was an immediate change in waste
management practices [21]. This is over double
the world’s primary energy demand currently met
by wind, solar, and geothermal combined [22]. By
2054, primary energy savings increases to 35.8
EJ, greater than all of the current primary energy
demand met by nuclear. Even greater energy sav-
ings can be achieved through the incorporation of
reuse or source reduction strategies. A 10% global
reduction in waste generation combined with
more sustainable waste management by results
in an energy savings in excess of 20% relative to
business as usual practices by 2054.
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The energy saving is associated with the use of
improved, yet currently available, technology and
reallocation of global waste from 79% landfill, 7%
combustion, and 15% recycling in the business as
usual case to 18% landfill, 36% WTE, and 46%
recycling. The energy savings are driven by
recycling and WTE. The global average energy
savings per ton estimated in 2054 are 14.25 GJ t-1
and 8.3 GJ t-1 for recycling and WTE, respec-
tively. In contrast, LFGTE saves, on average, only
0.7 GJ t-1. However, since not all landfills are
expected to be equipped with LFGTE, especially
in emerging regions, landfilling remains an over-
all energy sink on an absolute basis.

Columbia University scientists developed a
screening level metric called the Resource Con-
servation Efficiency (RCE) to enable a quick anal-
ysis and comparison of the sustainability of waste
management practices [19]. The RCE metric was
applied to two leading cities in the USA, San
Francisco and Honolulu, to evaluate their sustain-
able use of MSWas a resource. San Francisco has
a higher recycle rate (34.4%) than Honolulu
(27.2%); however 65.6% of MSW was landfilled
yielding an RCE of 60.4. Honolulu minimized
landfill (4.9%) with WTE managing 67.9% for a
total RCE of 73.1. While Columbia’s RCE metric
is a different energy-based approach to evaluate
sustainable use of MSW as a resource, its conclu-
sions are consistent on a component basis and
when applied to a larger source.

The amount of potential energy that can be
saved/recovered from a sustainable allocation of
MSW is significant on an absolute and relative
basis. For the USA alone, the energy savings is
equivalent to over 2% of our primary energy con-
sumption, equivalent to the energy currently gen-
erated from wind and solar combined. For the
USA, Europe, and China together, the energy
savings is equivalent to the coal consumption of
nearly 200 large 500 MW coal plants.

Greenhouse Gas Emissions

Overview
Climate change has been correlated to an increase
in the concentration of greenhouse gases (GHGs)

driven predominately by anthropogenic emission
sources. How we manage materials, from raw
material extraction through manufacturing, trans-
portation, and end-of-life management, is a sig-
nificant contributor to GHG emissions.

The US EPA has estimated that materials and
waste management is associated with an approx-
imately 42% of US GHG emissions [5]. Looking
strictly at end-of-life management, landfills, the
predominate form of waste management, are
a leading source of anthropogenic methane
[23, 24]. Methane is the second largest contributor
to global climate change (see Figure SPM.5 of
[25]). As a short-lived climate pollutant (SLCP)
increasingly under international scrutiny, methane
has a much larger climate impact than previously
reported, and its atmospheric concentrations con-
tinue to rise [26]. According to the IPCC’s 5th
Assessment Report, methane is 34 times stronger
than CO2 over 100 years when all of its effects in
the atmosphere are included and 84 times more
potent over 20 years (see p 714 and Tables 8–7 of
[27]). Methane may be also lingering longer in the
atmosphere today than before, as a result of a
possible decline in the atmosphere’s oxidative
capacity, adding to its impact [28]. Many models,
including the US EPA’s WARM and MSW-DST,
still use the outdated 100-yearmethaneGWPof 25.

Controlling methane is vital to addressing
global climate change. According to the Climate
and Clean Air Coalition, “fast action to reduce
SLCPs, including methane, has the potential to
slow down the global warming expected by
2050 by as much as 0.5 Celsius degrees”
[29]. A failure to address SLCPs, like methane,
significantly increases the risk of crossing the 2 �C
temperature increase threshold widely discussed
as most likely to limit severe climate change
impacts [30].

Reducing GHG emissions will take a multifac-
eted approach. In 2004, the journal Science
published a pivotal paper by Pacala and Socolow
that simplified the situation by considering two
situations over a 50-year period, one where emis-
sions are flat and one where emissions increase
according to the existing rate. This yields a right
triangle or “stabilization wedge” with a growth
of 7 billion tons of carbon over a 50-year period.
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The right triangle could then be broken down into
more manageable “wedges,” each of which could
achieve a reduction in GHG emissions of at least
1 Gt of carbon equivalents per year (Gt CE/year)
by 2054 [47]. Seven 1 t wedges would stabilize
carbon emissions. Fifteen stabilization wedges
were presented in six categories: energy efficiency
(vehicles, buildings, power plants), fuel shift
(switching from coal power to nuclear, wind, or
natural gas), CO2 capture and storage, nuclear
fission, renewable energy (wind, photovoltaic,
biogas), and forest and agricultural soils
(reduced forestation and tillage).

Individual waste management options and an
integrated system were not considered by this
initial analysis. However, application of an inte-
grated solid waste management policy based on
the waste hierarchy was subsequently identified as
a stabilization wedge [7].

GHG Emission Characteristics of Waste
Management Options
Each of the three waste management options con-
sidered in the energy section has GHG emission
characteristics that must be considered in any
discussion on sustainability. Table 5 presents an
overview of the general GHG characteristics of
each relative to CO2 and CH4 emissions.

In addition to the characteristics above, land-
fills are potential reservoirs of carbon for those
portions of biogenic MSW components that do
not degrade. The treatment of, and accounting for,
carbon storage is inconsistent. Some tools, includ-
ing WARM, include an estimate of long-term
carbon storage in landfills as part of a single,

aggregate, net CO2e emission figure. Other
models, such as the US EPA’s Municipal Solid
Waste Decision Support Tool, do not include car-
bon storage by default yet provide for separate
reporting and transparently report biogenic CO2

emissions and carbon storage estimates separately
consistent with international reporting protocols
[18]. The accounting methods in the ICLEI (Local
Governments for Sustainability) community pro-
tocol exclude carbon storage, allowing users to
report estimates of carbon storage for informa-
tional purposes only [31].

The GHG emission characteristics in Table 6
are estimated life cycle GHG emissions for each
waste management option. The change in GHG
impacts associated with moving from one manage-
ment approach to another (e.g., from landfilling to
recycling) can be evaluated by taking the differ-
ence between the corresponding values in Table 6.

Observations from Table 6 on discrete compo-
nents and different options are:

• Recycling is an effective GHGmitigation strat-
egy, especially when considering the potential
for increased forest carbon sequestration.

• Management of paper and cardboard by
recycling and WTE are GHG mitigation strat-
egies; however, recycling is generally the pref-
erable option from a GHG emission
perspective.

• Landfills are a net source of GHG emissions
even when factoring in landfill gas collection
and, for all waste components except for yard
wastes, when estimates of carbon storage are
considered.

WTE: Sustainable Waste and Materials Management, Table 5 Overview of GHG emission characteristics

Option GHG Characteristic Mechanism

Recycling and
composting

CO2 Mitigation Energy savings = avoided fossil CO2

CH4 Mitigation Avoided landfill CH4

Energy from
waste

CO2 Mitigation Power generation = avoided fossil CO2

CH4 Mitigation Avoided landfill CH4

Landfill
(disposal)

CO2 Mitigation or
source

Mitigation for landfills with energy recovery – avoided fossil CO2.
A GHG source for landfills with vent or flares

CH4 Source All landfills emit CH4 with the amount dependent on the effectiveness of
the landfill gas collection system
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Recycling, inclusive of composting, is gener-
ally recognized as a demonstrated GHG mitiga-
tion technology because it generally reduces GHG
emissions from manufacturing (both associated
with energy consumption and process emissions),
increases forest carbon sequestration and soil car-
bon storage, and avoids landfill methane emis-
sions. Forest carbon sequestration and soil
carbon benefits are of particular importance to
the recycling and composting of biogenic mate-
rials. Recycling biogenic materials reduces the
demand for new forest products manufactured
from timber, which, in turn, results in fewer net
carbon withdrawals from forest resources.
Composting and anaerobically digesting biogenic
materials and returning the resultant materials to
land result in a long-term storage of carbon in the
soil. Both mechanisms are complex, resulting in
uncertainty with regard to the magnitude of GHG
benefit. In particular, assessment of forest carbon
sequestration requires consideration of the impact
of timber harvesting for forest products on forest
growth and associated carbon sequestration rates,
which can vary on a stand (forest plot) level.

It is clear that recycling is a preferred manage-
ment option for both energy savings and GHG
mitigation. For those materials remaining after
recycling, LCAs performed to date have generally
concluded WTE is preferable to landfilling,
resulting in net GHG reductions relative to
landfilling [32]. The magnitude of this net reduc-
tion is dependent on a variety of factors, including
the waste composition; the efficacy of landfill gas
collection and, if applicable, energy recovery; the
efficiency of the WTE facility; the carbon inten-
sity of the displaced grid-connected electricity;
and the presence of ferrous and nonferrous recov-
ery systems.

In particular, the selection of the timeframe for
the global warming potential (GWP) for methane
can have a large impact on the calculated net GHG
reduction. Many in the scientific community have
called for a separate look at methane and other
short-lived climate pollutants (SLCPs) [33, 34].
The use of a 20-year global warming potential
further underscores the benefits of recycling,
composting, and WTE relative to landfilling.
There is no single appropriate timeframe for a

WTE: Sustainable Waste and Materials Management, Table 6 GHG emissions as ton CO2e/ton MSW

Material

Recycling Landfilla

Process, energy,
and transport

Forest carbon
sequestration and soil
C storage Total WTE

Excluding
carbon
storage

Including
carbon
storage

Aluminum
cans

�9.11 0 �9.11 0.04b +0.02 +0.02

Steel cans �1.81 0 �1.81 �1.57 +0.02 +0.02

HDPE �0.87 0 �0.87 1.23 +0.02 +0.02

Cardboard �0.06 �3.06 �3.12 �0.51 +0.95 +0.23

Office
paper

+0.20 �3.06 �2.86 �0.49 +1.34 +1.22

Mixed
recyclablesc

�0.32 �2.50 �2.82 �0.44 +0.69 +0.04

Yard
trimmings

+0.01 �0.24 �0.15d �0.18 +0.36 �0.18

Food waste +0.07 �0.24 �0.18d �0.14 +0.63 +0.54

Mixed
MSW

Not applicable �0.07 +0.56 +0.35

aWARM v14. Values presented are for national average rates of landfill gas management practices (e.g., flare, gas-to-
energy, no control), typical landfill gas collection efficiency, and national average moisture conditions
bWARM does not account for nonferrous recovery from ash, which is now common at WTE facilities
cSee Table 4 for definition
dFactor for composting
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global warming potential [35, 36], and California
has adopted the use of 20-year GWPs in its SLCP
plan, noting that it better reflects both the impor-
tance of SLCPs like methane and the speed at
which they impact the atmosphere [37].

Application of GHG Emission Factors
Application of an integrated solid waste manage-
ment policy based on the waste hierarchy has been
identified as a stabilization wedge by Bahor et al.
[7]. The analysis demonstrated that if MSW is
allocated to recycling, WTE, and landfilling in
descending order in lieu of existing “business-as-
usual” practices, with each option using modern
technology and best practices, the system would
reduce greenhouse gas emissions by more than
1 Gt of carbon equivalents (Gt CE) per year by
mid-century. This integrated waste management
system reduces CO2 by displacing fossil electrical
generation and avoiding manufacturing energy
consumption and methane emissions from
landfills.

As mentioned above, the concept of a stabili-
zation wedge is to examine the GHG mitigation
over a 50-year period on the premise that it takes
that much time to implement change. However,
immediate progress toward more sustainable
waste management can reap sizable benefits as
well. Table 7 presents the GHG mitigation asso-
ciated with immediate implementation of an inte-
grated waste management system alongside the
future projections which form the basis of the
waste wedge.

The GHG mitigation for Europe, North Amer-
ica, and East Asia in the waste wedge was approx-
imately 0.4 GtCE/year when considering growth
of waste quantities by 2054, equivalent to the
annual GHG emissions of approximately

350 large coal-fired power plants, over 285million
automobiles, or the energy consumption of every
home in the USA [38]. An immediate reduction of
existing MSW in the three geographic areas,
based on 2004 data, indicates an immediate reduc-
tion of about 0.2 GtC.

This is a conservative and significant factor. It
uses a 100-year global warming potential of
21, whereas the IPCC has raised the 100-year
GWP to 28 and 34, when all of methane’s impacts
are considered [39]. The use of a 100-year GWP
of 34 increases the baseline attainable GHG sav-
ings to 1.48 GtCE/year. As described earlier, a
short-term GWP may be more appropriate when
considering near-term actions which can have an
immediate impact on radiative forcing. Lastly, the
factor omits the benefits of additional forest car-
bon sequestration as a result of decreased fiber
demand on global forests.

Other Air Emissions

A direct comparison of emissions from the three
options is difficult for a variety of reasons. First,
recycling of various separated commodities
occurs at different operations (pulp and paper,
smelting, arc furnaces, etc.), each of which has a
different set of standards in the USA alone, and
many recyclable commodities are exported and
subsequently processed internationally. WTE
emissions are well characterized, as a result of
continuous emission monitoring systems
(CEMS), periodic stack testing, and emission
standards, including those set by the US EPA
and the EU. As large area sources with minimal
history of direct measurement, landfill emissions
are much harder to characterize.

WTE: Sustainable Waste and Materials Management, Table 7 GHG mitigation attributable to an integrated waste
management system

Geographic region

Current potential, 2004 Future potential, 2054

(106 t CE) (106 t CE)

Europe 40 74

North America 60 98

East Asiaa 94 219
aIncludes China, Hong Kong, Japan, North Korea, South Korea, Mongolia, and Taiwan
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WTE has been subject to extensive regulation
in the EU through the Waste Incineration Direc-
tive (WID) [40] and through the Clean Air Act
Amendments of 1990 (CAAA) in the USA
(As codified in 40 CFR Part 60). While these
two sets of regulatory standards differ, the results
are similar in that each regulates similar pollutants
(Table 8) and have resulted in similar air pollution
control strategies. In fact, the air pollution control
equipment installed under both sets of require-
ments is remarkably similar.

A directly comparable national standard for
WTE was not available for China and Canada;
however WTE projects in China are being permit-
ted in accordance with the EU WID, and recent
projects in Canada have also been permitted in
accordance with the EU WID or more stringent
standards.

Continuous or intermittent measurement of
emission from landfills is relatively complicated.
Landfills generally have two basic kinds of air
sources: (1) an area source of landfill gas that is
not collected by the landfill gas collection system
and (2) emissions from the flare and/or engine
where collected gas is combusted. Neither EU
nor US EPA regulations require periodic emission
testing of fugitive emission from landfills. Only
minimal testing or monitoring (largely flue gas
temperature) of combustion gas from the flare or

engine is required (Table 9). EU regulations are
more rigorous, apparently due to the overall
objective being to reduce negative impacts to the
local environment (surface water, groundwater,
soil, and air) and global environment including
the greenhouse effect and any resulting risk to
human health during the whole life cycle of the
landfill. However, the EU standards do not require
routine stack testing or monitoring in a manner
similar to WTE.

US EPA’s draft update of emission factors for
landfills listed 170 air pollutants of which 45 are
Title III air toxics including several known car-
cinogens and many more reasonably anticipated
carcinogens [44]. A comparison of landfill emis-
sion with either recycling or WTE operations is
difficult because landfills are not required to test
for these with the result being a minimal database.

Historically, municipal waste combustors were
a leading source of dioxin emissions. However,
advancements in boiler design, operations, and air
pollution control equipment have drastically
reduced the footprint of the industry. In fact,
according to recent peer-reviewed research by
Columbia University scientists, the total dioxin
emissions of all US energy from waste plants in
2012 represented just 0.54% of total controlled
combustion sources and just 0.09% of total con-
trolled and open burning sources of dioxin [45].

WTE: Sustainable Waste and Materials Management, Table 8 Overview of monitoring and testing requirements
of WTE

Pollutant European Union WID US EPA CAAA

CEM

Sulfur dioxide Yes Yes

Nitrogen oxides Yes Yes

Carbon monoxide Yes Yes

Particulate Yes Yesa

Hydrogen chloride Yes Manualb

Hydrogen fluoride Yes Noc

Hydrocarbons Yes Noc

Manual testing

Metals Yes Yes

Dioxins and furans Yes Yes
aParticulate emissions are evaluated in the USA through continuous opacity monitors as well as by specific reference
methods during annual stack testing
bHCl is measured during annual stack testing
cNot a national federal requirement. However, facility-specific permits may include this requirement
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Land Management

Each of the threeMSWmanagement options has a
land impact, the relative extent of which decreases
as one moves up the waste management hierarchy.
In this manner, land impacts follow the general
pattern of energy, climate, and emission impacts.

Recycling results in a significant avoidance of
land impacts, particularly with regard to the
avoidance of forestry and mining. There are
some negative impacts as well, associated with
landfilling of residues and unrecyclable contami-
nants collected with recyclables. US EPA’s life
cycle assessment of MSW management options
recognized that when any material is separated for
recycling, some portion of that material is
unsuitable for use and is discarded. The loss
rates for different separated commodities were
reported with a range of 0.4 (office paper) and
0.02 (steel cans) (see Exhibit 2-1 of [46]). The
typical mixed basket of recyclables, excluding
compost, yields a loss factor of about 0.13, mean-
ing that for every ton of recycled products, there is
0.13 ton of material that must be managed by
either WTE or landfill.

The automatically controlled combustion pro-
cess at a modern WTE facility converts a ton of
MSW into 0.25 tons of total inert residue in a
nominal 1-h period. This reduction in mass is

proportional to a 90% reduction in volume. This
essentially extends the lifetime of a landfill by a
factor of 10 if both a WTE and landfill were to
accept the same amount of material for any given
period of time.

Landfills have the largest land impacts, as little
to no materials are diverted once they enter the
landfill “supply chain.” The use of certain waste
materials as landfill daily cover can help preserve
landfill space, as can advanced compaction strat-
egies and leachate recirculation, which helps
speed decomposition of wastes. However, early
waste decomposition often exasperates methane
emissions, as it can shift the timing of methane
generation to those periods of a landfill’s life prior
to the installation of a final cap and cover. After
landfill closure, some landfills are candidates for
conversion to parks or other recreational areas.
Diversion of MSW from landfills to recycling
and WTE systems would provide significant
energy savings and a significant reduction in the
emissions of GHGs.

Summary

There is extensive information that documents
that an integrated waste management system that
manages municipal solid waste as a resource

WTE: SustainableWaste andMaterials Management, Table 9 Landfill testing requirements in the European Union
and USA

Parameter
European Union
Landfill Directive [41] US EPAa

Gas collection system
installation

All landfills that accept
biodegradable waste

Only those landfills with modeled NMOC emission above
50 Mg per year

Gas collection period Implies forever Shutdown allowed 15 years after initial startup of system
provided total NMOC collected is below 50 Mg/year

Testing – bulk emissions
(CH4, CO2, O2, N2, H2S)

Operating landfill –
monthly

Quarterly surface monitoring of CH4 concentrations

Closed landfill –
semiannual

Testing – criteria Pollutants
and air toxics

No No

Continuous emission
monitoring

No No

a40 CFR 60 Subpart WWW. The U.S. EPA promulgated new requirements in August 2016 which would have lowered the
NMOC thresholds from 50 to 34 Mg [42] but those requirements were stayed in 2017 [43]
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would provide a sustainable solution for both
generation of renewable energy and reduction of
greenhouse gas emissions.

The countries, states, and communities that have
been most successful in moving toward more sus-
tainable waste management have done so through
concerted policy efforts. The European Union’s
concerted efforts through the Waste Framework
Directive have been a major driver of success for
both recycling and energy recovery. Concurrently,
China’s development of WTE has been largely
spurred by goals set forth in the 12th and 13th 5-
year plans. In contrast, a dearth of national level
policies in the U.S. has resulted in a stagnation of
recycling andWTE and a continued overwhelming
reliance on landfills, the lowest cost option.
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Glossary

Carbon dioxide (CO2) Is a by-product of the
combustion of fossil fuels or organic materials.
Carbon dioxide is the principal greenhouse gas
(GHG) in the earth’s atmosphere.

Carbon dioxide equivalents (CO2,eq) Carbon
dioxide equivalents influence the Greenhouse
gases (GHG) effect in different degrees. Their
contribution is calculated in volume (or mole)
equivalents to carbon dioxide.

Combined heat and power generation (CHP)
Is the simultaneous generation of both electric-
ity and useful heat. Energy at a high tempera-
ture level is first converted to electricity, and
the remaining energy, at a low level, is used to
produce heat (e.g., district heating).

Global warming factor (GWF) Expresses the
amount of released CO2,eq for a combusted unit
of fuel, in Mg CO2,eq/Mg of fuel, and can be
expressed as generated amount of electricity, in
Mg CO2,eq/MWhel, or heat, in Mg CO2,eq/
MWhth.

Greenhouse gas (GHG) Gases in the atmo-
sphere that absorb and reemit infrared radia-
tion; they cause the GHG effect that results in
the heating up of the atmosphere.

Lower heating value (LHV) Also known as net
calorific value (CV) of a fuel, defined as the
amount of heat released by the combustion of a
unit mass of fuel; the LHVassumes that thewater
produced in combustion is in vapor state and that
the latent heat of vaporization is not recovered.

Municipal solid waste (MSW) Predominantly
household wastes (domestic wastes) and simi-
lar commercial and bulky wastes collected by a
municipality. They are in a solid or semisolid
form; sludge or liquids are excluded as well as
industrial wastes.
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Nitrous oxide (N2O) Also known as laughing
gas and is a major greenhouse gas with
298 times higher impact factor than carbon
dioxide in a 100-year period.

Selective catalytic reduction (SCR) Is the
reduction of nitrogen oxides in combustion
gases to nitrogen, using a catalyst and anhy-
drous ammonia, aqueous ammonia, or urea to
diatomic nitrogen and water.

Wet weight (ww) Substance in its original state,
including combustibles, water, and ash.

Definition of the Subject

Waste management in general plays an important
role in the GHG reduction targets of every coun-
try. Usually, the generated municipal solid wastes
(MSW) are landfilled, and in many cases these
landfills are not controlled, and their emissions are
not collected. Collection and treatment of the
emissions of regulated landfills can reduce their
GHG effect by up to 75%. The reduction of wastes
going to landfill and the replacement by amechan-
ical, biological, and/or thermal treatment lower
the released GHG emissions significantly.

By means of these processes, the contribution of
waste management to the GHG emissions of a
nation can be reduced from 3.3 to 1.2% (e.g., in
Germany [1]). In addition, the use of waste inciner-
ation in a modern waste management system pro-
duces electrical power and heat from the wastes.
This results in a further decrease of GHG emissions.

Introduction: Importance of Waste
Incineration

The principal method of disposing MSW world-
wide is landfilling. After the initial wastes are
covered by other wastes, atmospheric oxygen
cannot reach them, and under the prevailing
anaerobic conditions, the biogenic carbon in
MSW is converted to methane (CH4) and CO2.
If the landfill is not equipped for landfill gas
collection, this CH4 is emitted into the atmo-
sphere. The global warming potential of CH4,

relative to CO2 and for a time horizon of
100 years, is between 21 and 25 [2].

In developed nations, more and more landfills
are equipped with a landfill gas collection system.
The collected biogas is then used to generate
electricity or heat. This results in reducing GHG
emissions, both by reducing the emission of meth-
ane and also by the use of fossil fuels substituted
by the landfill gas.

Even though modern landfills are secured by
ground and surface covers, during operation or if
landfill covers are broken after closing the landfill,
hazardous substances can be emitted in the envi-
ronment. The major task of waste incineration
plants recovering energy (waste to energy (WtE)
or energy from waste (EfW)) is the environmen-
tally friendly disposal of waste and the destruction
of hazardous substances during the combustion
process. Modern air pollution control systems
clean the flue gas to emission levels below the
EU standards. However, the production of the
greenhouse gas (GHG) CO2, resulting from the
oxidation of carbon in the MSW, is unavoidable.
Also, a small amount of another greenhouse gas,
nitrous oxides, is emitted; although this amount is
small, as compared to CO2 emissions, it has to be
assessed, because NOx has a lifetime of 114 years
in the atmosphere and its global warming poten-
tial is 298, in a time horizon of 100 years [2].

The thermal energy in the WTE flue gases is
transferred to water and steam in a boiler and is
used to generate electricity in a steam turbine or
for district heating. Overall, the combined effect
of WTE, that is, reducing landfill emissions and
generating electricity, results in a GHG reduction
of 1 t of CO2 per ton of MSW combusted, for
landfills that do not capture landfill gas, or half a
ton of CO2 for those that do (www.wte.org).

Release of Greenhouse Gas Emissions by
Waste Incineration

A modern waste incineration plant consists of the
combustion chamber where the waste is converted
into ash and hot flue gas. The wastes are used as
fuel, and an airflow provides the oxygen needed
for combustion. The thermal energy of the
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combustion gases is transferred to steam in the
boiler and superheater tubes, and the steam is used
to generate electricity and also process steam and
district heating. The cooled flue gas is treated in a
flue gas purification system, and the clean gas is
emitted to the atmosphere – necessary oxygen.
A fossil fuel, for example, natural gas or fuel oil,
is used only for start-up and shutdown operations.
Water is used in the water steam cycle and, in
some cases, in the flue gas purification system.
The cleaned gas consists of nitrogen, CO2, water,
and oxygen. The residues include the incineration
ash and the flue gas purification residues. Figure 1
shows the incoming and outgoing material and
energy flows in a waste incineration plant.

For the calculation of GHG emissions, the
waste fuels and any use of auxiliary energy are
taken into account. Air, water, and auxiliaries do
not produce significant GHG emissions. The clean
gas containing the GHG and the delivered energy
amounts, substituting energy produced and there-
fore their avoided GHG, need to be considered.

DeterminationMethods for Determining
the Fossil-Based and Biogenic Carbon
Content of MSW

In order to estimate the carbon footprint of waste
incineration, it is necessary to know the fossil-

based carbon content of MSW. The carbon
contained in the biogenic fraction of MSW and
the corresponding CO2 emissions are, by defini-
tion [4], classified as carbon neutral. The determi-
nation of the biogenic and fossil parts of the
carbon can be made by means of a direct proce-
dure (determination by the composition of the
waste mixture) or an indirect one (determination
in the flue gas) as discussed below.

In manual sorting, the waste mixture is sepa-
rated to different waste fractions, and the biogenic
and fossil parts in these single fractions are
determined.

Selective extraction is a wet chemical proce-
dure where oxidation of biogenic to non-biogenic
components is used to identify the biogenic part of
the waste mixture.

The 14C or radio carbon method is based on
the difference in the age of fossil and biogenic
materials. Because of the decay of the radioactive
carbon isotope 14C, its concentration decreases
with time. Because of its age, fossil carbon con-
tains no 14C, whereas biogenic carbon contains a
relatively higher ratio of 14C/12C. Therefore, the
biogenic part in the CO2 of the WTE stack gas is
proportional to the 14C content, which can be
measured by an instrumental method.

The balance method combines a theoretical
mass balance with measurable operating data of
an incineration plant. Every balance equation is

WTE: Greenhouse Gas Benefits, Fig. 1 Material and energy flows in a typical waste incineration plant [3]
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characterized by a specific feature of the waste, for
example, ash content, carbon content, etc., and the
waste input is theoretically divided into four
groups: inert, biogenic, fossil, and water. By solv-
ing these mass balance equations and with the
help of nonlinear correction calculations, the bio-
genic carbon content can be determined.

The literature shows that their results are in the
same range [5]. The manual sorting method is
used in this section. The carbon isotope tech-
niques are discussed in another section of the
encyclopedia.

Waste Composition

The basis of all calculations regarding released
GHG emissions of wastes by the manual sorting
method is the waste composition. First of all, the
aggregate waste has to be separated in their dif-
ferent waste fractions. This is usually done man-
ually. The composition is dependent on the kind of
waste (municipal solid waste, commercial waste,
industrial waste, etc.) and, especially for the
municipal solid waste (MSW), on the following:

• Country, region
• Climate
• Settlement structure
• Season
• Economic situation
• Waste collection system

In different countries, rules and laws are
existing influencing the waste management and
finally the waste composition. As an example, in
countries requiring a deposit on several materials
like glass, plastic bottles, or cans, people source-
separate these materials to get their money back.
As a result, only a small part of such materials end
up in the MSW. Also, when special bins for
organic wastes, glass, and paper are provided in
a region or country, the amount of these materials
in the MSW are reduced appreciably. In regions
with hot and dry climate, the generated MSW
contains a smaller fraction of organics than in
wet climate areas. The reason is that fruits and

vegetables grow well in these wet areas and after
consumption the residues end up in the MSW.

Organics are often composted, and the com-
post is used in the gardens of rural areas; thus, this
fraction is very small in the MSW. In urban areas,
where there is no possibility of composting, the
organics remain in the MSW. Another example is
the higher amount of minerals and ash in the
MSW of communities where coal or wood is
used for heating. Also, during the winter season,
the amount of organic garden waste decreases,
while in the summer and autumn, this fraction
increases significantly. Ash residues also disap-
pear in the summer months.

Economic development also results in greater
consumption and generation of wastes, such as
plastics, cardboard, and other packaging mate-
rials. Modern waste collection systems with single
collection of glass, paper, cardboard, and plastics,
as well as the possibility of sending back the used
products to the manufacturers also reduce the
amount of MSW and also influence their
composition.

MSW is very heterogenic in nature, and no
standard methodology exists for defining the
waste composition [6]. It is therefore difficult to
compare compositions resulting from different
types of sorting analysis. Information about
MSW composition in different EU countries was
compiled by Gentil [7] and is shown in Fig. 2.

As illustrated in Fig. 2, the organic and paper/
cardboard fractions constitute about 50% of the
wet MSW, as received. Glass and plastics amount
to about 10% each and metals about 5%. “Other”
materials (minerals, pollutants, composite mate-
rials, textiles, and fines) range from 15 to 20%.
The error bars show the minimal and maximum
values observed in a particular nation due to sea-
sonal and other conditions.

Fossil Carbon Content of MSW

The total amount of carbon (TC) in MSW is
estimated on the basis of the CO2 released in
combustion tests. The biogenic and fossil carbon
parts can be estimated from the overall composi-
tion of the MSW or by carbon-14/carbon-12
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measurements of the WTE stack gas, as described
in another section of this encyclopedia. The only
materials containing fossil carbon are composite
materials, plastics, and some textiles. Figure 3
shows the measured fraction of fossil carbon in

various materials contained in MSW, as reported
in the literature [7–13].

Due to the polymeric structure and the low
water content of plastic, the concentration of fossil
carbon is very high (65–75%). The composite,

WTE: Greenhouse Gas Benefits, Fig. 2 MSW composition in various European nations (Gentil [7])

WTE: Greenhouse Gas Benefits, Fig. 3 Fossil carbon content of different materials contained in MSW
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textile, and fine fractions contain both biogenic
and fossil-fixed carbon, and therefore their fossil
carbon content is relatively low.

Global Warming Factors of Different
Waste Types in Germany

The MSW collected by a municipality consists
mostly of household wastes but also includes
bulky wastes and commercial waste that is similar
to household wastes. In many communities, there
is source-separation and collection of recyclables
that are transported to materials recovery facilities
(MRF) where they are separated either mechani-
cally or manually to different recyclable streams.
Between 2005 and 2007, the Institute of Waste
Management and Contaminated Site Treatment of
the Technical University of Dresden and the
Intecus GmbH carried out an intensive campaign
to analyze the waste types of household waste,
similar commercial waste, and bulky waste all
over Germany. The results of this investigation
are shown in Table 1 [10].

Compared to the data that were shown in
Fig. 2, Table 1 includes more waste fractions
but the values are in the same range. The advan-
tage of more detailed analysis is in providing a
more accurate picture of the fractions of fossil
and biogenic carbon. The estimated empirical
values of materials of fossil origin are used to
provide the estimated fossil carbon content of
household, bulky waste, and commercial wastes
(Table 2).

As shown in Table 2, textiles in household
waste consist mostly of biogenic materials like
cotton, and the fossil mass fraction is only 35%.
Bulky waste contains a lot of carpets made of
synthetic materials, and the fossil carbon fraction
is 80%. Table 3 shows the calculated total carbon
content of various materials.

There are no significant differences among the
total carbon contents of the different waste mate-
rials. Thus, the same total carbon content is
assumed for all waste types, whereas the total
carbon contents vary significantly among the
waste fractions as shown in Table 3. The calculated
fossil carbon contents of various waste materials

and three different types of wastes (household,
bulky, and commercial) are shown in Table 4.

The fossil carbon content is 62%; therefore,
plastics bring most of the fossil carbon into the
MSW. The fossil carbon contents of all other
waste fractions are considerably lower, and they
range from 3 to 36%.

WTE: Greenhouse Gas Benefits, Table 1 Composition
of different waste types [10]

Waste
fraction

Household
waste
(% ww)

Bulky
waste
(% ww)

Commercial
similar
household
waste (% ww)
(M.-%)

Organic 30.9 0.6 13.2

Wood 1.9 42.6 6.3

Textiles 4.9 5.3 3.0

Minerals 4.6 1.7 4.8

Composite
materials

4.7 26.3 8.6

Hazardous
materials

0.6 0.1 0

Others 10.6 11.0 7.3

Fine
fraction
<10 mm

14.7 0.2 17.5

Fe/NE
metals

2.7 5.0 3.0

Paper/
cardboard

10.5 2.4 17.1

Glass 4.9 0.1 4.4

Plastic 9.2 4.7 14.8

WTE: Greenhouse Gas Benefits, Table 2 Estimated
fossil carbon fraction of materials contained in three types
of waste [10]

Waste
fraction

Household
waste
(% ww)

Bulky
waste
(% ww)

Commercial
similar
household
waste (% ww)
(M.-%)

Textiles 35 80 70

Composite
materials

70 60 40

Others 20 90 50

Fine
fraction
<10 mm

40 40 20

Plastic 100 100 100
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The estimated content of fossil carbon in the
waste fraction multiplied by the corresponding wet
weighted amount in the waste composition (see
Table 1) yields the content of fossil carbon in each
wastematerial of the three types of wastes (Table 5).

Table 5 shows that, in total, 8.8% of the wet
household waste consists of fossil carbon, 12.1%
of the bulky waste, and 12.4% of the commercial
waste that is similar to household waste.

During combustion, the carbon is oxidized to
CO2 and emitted to the atmosphere. A small
amount of carbon may not be oxidized and leaves
in the incinerator ash. In the literature, the oxida-
tion of carbon, that is, the efficiency of combus-
tion, is reported to be in the range of 95 and 100%
[10, 12, 14]. In the following calculations, an
oxidation of 97% was assumed for all waste

types. Also, the conversion factor from carbon to
CO2, that is, 44/12 on the basis of the respective
molecular weights, must be taken into account.
On the basis of these data, the CO2 emission
factors for the three types of waste included in
MSW are calculated to be as follows:

• Household waste: 0.312 Mg CO2/Mg waste
• Bulky waste: 0.429 Mg CO2/Mg waste
• Commercial waste similar to households:

0.443 Mg CO2/Mg waste

As noted earlier, in addition to CO2, the other
important GHG gas emitted by WTE plants is
nitrous oxide (N2O). N2O has a long residence time
in the atmosphere of 114 years because there appears
to be no natural removal processes for this gas
[15]. Other GHG trace gases, such as carbon mon-
oxide (CO) that has a globalwarming potential of 1.9
for a time horizon of 100 years, are not considered
because their contribution to GHG is negligible.

The estimated total GHG emissions for the
three types of wastes collected in the MSW stream
are shown below:

• Household waste: 0.315 Mg CO2,eq/Mg ww
• Bulky waste: 0.432 Mg CO2,eq/Mg ww
• Commercial waste similar to households:

0.446 Mg CO2,eq/Mg ww

WTE: Greenhouse Gas Benefits, Table 3 Total carbon
content of waste fractions with fossil portions [10]

Waste fraction
Total carbon content (Mg C/Mg of
waste material)

Textiles 0.37

Composite
materials

0.38

Others 0.19

Fine fraction
<10 mm

0.14

Plastic 0.62

WTE: Greenhouse Gas Benefits, Table 4 Fossil carbon
content per ton of waste, for different waste materials and
type of wastes

Waste
fraction

Household
waste
(Mg Cfossil/
Mg waste)

Bulky
waste
(Mg Cfossil/
Mg waste)

Commercial
similar to
household
waste
(Mg Cfossil/
Mg waste)

Textiles 0.13 0.30 0.26

Composite
materials

0.26 0.22 0.15

Others 0.36 0.17 0.09

Fine
fraction
<10 mm

0.06 0.06 0.03

Plastic 0.62 0.62 0.62

WTE: Greenhouse Gas Benefits, Table 5 Fossil carbon
content per ton of waste type, for different waste materials
and type of wastes

Waste
fraction

Household
waste
(Mg Cfossil/
Mg waste
type)

Bulky
waste
(Mg Cfossil/
Mg waste
type)

Commercial
similar
household
waste
(Mg Cfossil/
Mg waste
type)

Textiles 0.0063 0.0157 0.0077

Composite
materials

0.0121 0.0570 0.0130

Others 0.0038 0.0188 0.0069

Fine
fraction
<10 mm

0.0082 0.0001 0.0049

Plastic 0.0571 0.0291 0.0917

Total 0.0876 0.1207 0.1244
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As discussed earlier, the identified global
warming factors (GWF) depend on the waste com-
position and their biogenic and fossil carbon con-
tents. The GWF can vary considerably from area to
area. For household waste in industrial countries,
the GWF ranges between 0.253 Mg CO2,eq/Mg
waste [16] and 0.557 Mg CO2,eq/Mg waste [17].

Comparison of Global Warming Factors
of MSW with Fossil Fuels

The carbon content of fossil fuels is by definition
of fossil origin. Figure 4 compares the calculated
global warming factors of three types of wastes in
the MSW stream with those of fossil fuels listed in
the Global Emission Model for Integrated Sys-
tems (GEMIS) [18].

Figure 4 shows that, with the exception of
lignite, the global warming factors of MSW are
one order of magnitude lower than the various
types of fossil fuels used to generate electricity
and heat. However, it is also necessary to consider
the amount of energy that is generated by the
various fuels. Table 6 shows the respective lower
heating value (LHV) of the fuels.

The three waste types have a LHVranging from
2.5 to 3.4 MWh/Mg of waste. The better fossil
fuels range in LHV from 7 to 11.8 MWh/Mg of

fuel, which is two to three times higher than MSW.
The only exception is lignite which, because of its
high water content, is in the same range as MSW.
The LHV of natural gas is shown in MWh/Nm3

because at standard conditions (293 K and
101 kPa) it is in the gaseous form. The relation of
the global warming factors and the corresponding
LHVof the various fuels as used is shown in Fig. 5.

Figure 5 shows that the GWF of MSW, per
MWh of contained thermal energy, is only one
third to one half that of fossil fuels. The main
reason is that the biogenic carbon content of
MSW has been assigned zero global warming
factor, CO2,eq/MWh.

WTE: Greenhouse Gas Benefits, Fig. 4 Calculated global warming factors of different waste types and of fossil fuels
(per Mg of wet fuel)

WTE: Greenhouse Gas Benefits, Table 6 Estimated
LHVof selected fuels [10, 18] and own calculations

Fuel
LHV in MWh/Mg wet weight
(MWh/Nm3 for natural gas)

Household waste 2.468

Bulky waste 4.441

Commercial similar
household waste

3.701

Lignite 2.941

Hard coal 6.980

Light fuel oil 11.836

Heavy fuel oil 11.275

Natural gas 9.392
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The consequence is that when wastes are incin-
erated with the same energy efficiency like fossil
fuels, the corresponding GHG emissions for the
same amount of energy delivered is two to three
times lower than for fossil fuels. Or, in other
words, the released GHG emission for a delivered
amount of energy, from waste or from natural gas,
would be the same even if the efficiency of energy
recovery of waste incineration were to be one half
that of natural gas combustion.

The weighted average gross heat efficiency of
German WTE plants in 2007 was estimated to be
36.5% [10], and the average weighted net heat
efficiency was 27.8% [19]. For the 231 European
plants that generate both electricity and district
heating, an average weighted gross heat efficiency
of 46% was calculated [20] but the net efficiency
was not provided; on the basis of operating expe-
rience of WTE plants, it is expected that the aver-
age net heat efficiency of these plants is about
35%. The electrical efficiency does not differ sig-
nificantly between countries because the technol-
ogy for power generation is everywhere available,
and even in developed countries like Germany old
incinerators continue to operate.

In the case of heat generation efficiency, a
difference between southwest and northern
Europe is visible. The gross heat efficiency in

southwestern Europe is around 22% and in north-
ern Europe around 83% [21]. The principal reason
is the extensive use of WTE plants for district
heating in the north. Heat has to be used close to
the place of production because the transfer over
higher distances is not economic. If there is no
district heating network or industrial plant requir-
ing heat, the low-level thermal energy exiting the
turbine is wasted by air or water condensation.
Because of their high emissions, decades ago,
many incinerators were built far away from settle-
ment structures. Consequently, even in Germany
where energy efficiency is an important part in the
GHG reduction targets of the government, the
heat efficiency of the WTE plants is rather poor.

Another important fact is the climate. In south-
western Europe heat is simply not needed because
of relatively high temperatures all year round.
A conversion from heat by absorption refrigeration
to cooling is technically possible, but special
cooling networks and cooling energy costumers
are necessary. The opposite is in northern Europe.
Cold climate and high heat requirements combined
with an intelligent energy provision and generation
systemmake high efficiencies possible. In northern
European countries, such as Denmark,WTE plants
are positioned close to district heating networks,
and there is an intelligent integration of the WTE

WTE: Greenhouse Gas Benefits, Fig. 5 Global warming factors of various types of wastes and fuels expressed as Mg
CO2/MWh of thermal energy
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plants in the heating system of an area. The simul-
taneous production of electrical power and heat in a
single process of a power plant is called combined
heat and power generation (CHP) and ensures
maximum efficiency in recovering energy. The
very efficient incineration plants in northern
Europe are using this technology.

Even when the combined heat and power gen-
eration which is very efficient is financially
supported, as, for example, in the case of CHP in
Germany, most of the large fossil fuel power plants
produce exclusively electricity. The electrical net
efficiency of lignite power plants is around 36.6%,
of hard coal power plants 37.6%, of light and heavy
fuel oil around 35%, and of natural gas 43.9%
[22]. Usually the produced heat of these power
plants is not used, and in the case of lignite, hard
coal, and natural gas power plants that seek to have
a high electrical efficiency, the steam is condensed
to relatively low temperatures. This low-level
energy cannot be used for district heating.

In comparison, smaller heating plants that are
designed to produce only heat have a net heating
efficiency of around 91%, using the same fossil
fuels [23]. Because of high emissions, heavy fuel

oil is not used anymore for power generation in
most industrial countries. However, it is still used
for fueling ships and tankers.

Figure 6 shows the global warming factors per
unit of energy content, as illustrated in Fig. 5,
divided by the corresponding net efficiencies of
the power plants using these fuels. The result of
this division yields the amount of released GHG
per unit of delivered electrical power or heat.

The low electrical net efficiency of 10% and
the heat net efficiency of 35% from WtE plants
cause the GWF of around 1 Mg CO2,eq/MWh of
electricity and about 0.3 Mg CO2,eq/MWh of heat
fromwastes (Fig. 6). The higher net efficiencies of
fossil-fired power plants of about 40% for elec-
tricity and 90% for heat result in GWF ranging
from 0.45 to 1 Mg CO2,eq/MWh of electricity and
from 0.2 to 0.4 Mg CO2,eq/MWh of heat for the
most efficient power plants (Fig. 6).

However, it should be noted that the global
warming factors for the most efficient WTE facili-
ties are obtained by cogeneration of power and heat.
The net efficiencies of 40% for power and 90% for
heat for fossil-fired power plants are not possible in
the case of cogeneration of electricity and heat.

WTE: Greenhouse Gas Benefits, Fig. 6 Calculated global warming factors of different waste types and fossil fuels
referring a unit of delivered energy
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Reduction of GHG Emissions and
Conservation of Fossil Fuels by Means of
Energy Recovery from Wastes

The energy released by the combustion in the
waste incineration plants is used to produce elec-
tricity and/or heat. The effect of this is to decrease
the consumption of fossil fuels, thus conserving a
nonrenewable resource. The effect of this contri-
bution to the overall mix of power generations
differs from country to country. The amount of
nuclear energy and renewable energy used, the
amount of fossil fuels used, and the degree of
cogeneration play an important role. Also, the
efficiency of electricity generation from fossil
fuels has a big influence on the electricity mix
factor. In turn, the electricity mix factor results in
the overall GWF (Mg CO2,eq/MWh) of a nation.
This factor is also affected by the upstream and
downstream emissions associated with the min-
ing, processing, and transport of the fuels, the
construction and demolition of the energy-
producing facilities, and the disposal of
by-products, such as coal ash and nuclear wastes.

The electricity mix factors of many countries
are calculated every year and are available in the
literature. In the EU, the electrical mix factor
ranges from 0.007Mg CO2,eq/MWhel for Norway,
which uses renewable hydropower, to 1.13 Mg
CO2,eq/MWhel for Poland, which depends on
lignite-fired power plants [24]. Developed indus-
trial economies with a wide mix of nuclear, coal,
and renewable energy have GWF of about 0.6 Mg
CO2,eq/MWhel [24, 25].

The heat mix factors are more difficult to cal-
culate. The big difference between electricity and
heat is in the ways that these two kinds of energies
are produced and supplied to the users. Electricity
is usually produced in a relatively small number of
large power plants and is distributed by means of
national grids. Heat is generated by a multitude of
generating sources, including residential boilers,
industrial and municipal boilers, and many other
sources. Heat can be produced in cogenerating
plants, as a by-product of industrial processes,
and also by geothermal or solar energy and is
delivered either as steam or warm water. It is
therefore much more difficult to compile statistics

on the GWF of heat generation than in the case of
electricity. For the current 27 countries of the
European Union, a weighted heat mix factor of
0.27–0.32 Mg CO2,eq/MWhth was estimated by
Kreissig and Stoffregen [26] and Skovgaard
et al. [27]. The German heat mix factor was cal-
culated to be 0.216 Mg CO2,eq/MWhth [22] and
for Greece to 0.468 Mg CO2,eq/MWhth [7].

As discussed earlier, the biogenic fraction of
MSW energy is over 50%, and the energy deliv-
ered by waste incineration plants primarily sub-
stitutes energy from fossil fuels. Therefore, it is
reasonable to calculate electrical and heat mix
factors based on the energy provision of fossil
fuels, that is, taking out of the energy mix factor
of a country’s nuclear and renewable energy. The
German federal environmental energy prefers to
use the fossil energy mix factors for calculating
the GHG emission savings resulting from MSW
and other biomass combustion. In countries like
Poland where nearly 100% of the energy is gen-
erated from fossil fuels, the fossil energy mix
factors are nearly the same as the actual energy
mix factors. In the case of Germany, 30% of
electricity is generated by lignite, 60% by hard
coal, and 10% by natural gas, when nuclear and
renewable energy are excluded from the calcula-
tion of the energy mix; in this case, the fossil fuel
mix factor is 0.886 Mg CO2,eq/MWhel versus the
actual factor of 0.6 Mg CO2,eq/MWhel [22]. The
German heat mix factor increases from 0.216 to
0.232 Mg CO2,eq/MWhth [22] when heat is exclu-
sively generated by fossil fuels. When a nation
obtains most of its energy from natural gas, the
mix factor is about 0.45 Mg CO2,eq/MWh for
electricity and 0.22 CO2,eq/MWh for heat
(Fig. 5). When the only fossil fuel is lignite coal,
the fossil energy mix factor for electricity is about
1 Mg CO2,eq/MWh and for heat 0.4 Mg CO2,eq/
MWh.

The third scenario is developed to examine the
effect of energy provided by WTE as base load
operation, that is, on a 24-h basis. Base load plants
are primarily nuclear, lignite, and, in some cases,
hard coal-fired power plants; at times of high
demand of electricity, the required peak load
power is provided by power plants fired by light
oil or natural gas. Waste incineration plants burn
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waste and provide energy continuously, 24 h a
day, and, therefore, are a good base load provider.

In the case of Germany, base load electricity is
primarily provided by lignite coal power plants
with an electricity factor of 1,088 Mg CO2,eq/
MWhel [22]. In Norway or France, where base
load electricity is produced by renewable or
nuclear energy, the corresponding factor is zero.
Because of the difficulties involved in compiling
heat generation data, as discussed earlier, it is not
possible to calculate the base load heat factor; in
this case, the fossil heat mix factor is assumed as
the base load factor for generation of heat. The
above discussion of GWF is summarized in
Table 7.

As an example, in Germany the use of WTE
reduces in the fossil energy mix scenario GHG
emissions by the factor 0.886 Mg CO2,eq/MWh,
of electricity provided by the WTE, and
0.232 Mg CO2,eq/MWh, for heat generated by
the WTE. For the LHV of household waste pre-
sented in Table 6 and the power (10%) and heat
(35%) net efficiencies of waste incineration
plants, 0.247 MWh of power and 0.864 MWh
of heat are provided by the combustion of 1 t
(1 Mg) of household wastes. Multiplying these
amounts of energy by the emission factors of the
fossil energy mix scenario yields the factor of
0.419 Mg CO2,eq/Mg of household waste
combusted. Comparison with the released GHG
emissions from the combustion of household
waste of 0.315 Mg CO2,eq/Mg (Fig. 4) shows
that there is a net reduction of 0.104 Mg CO2,eq/
Mg of MSW. Figure 7 shows the net prevention
of GHG emissions for the three waste types and
for the three substitution scenarios.

Figure 7 shows that, for Germany, there is a net
reduction of GHG emissions, in all three scenar-
ios. The net reduction ranges from 0.02 to
0.14 Mg CO2,eq/Mg for household waste and
from 0.17 to 0.39 Mg CO2,eq/Mg for bulky
waste. The net reduction is 0.315 for household

WTE: Greenhouse Gas Benefits, Table 7 Global
warming factors for the generation of electricity and heat,
under three substitution scenarios in EU

Substitution
scenario

Electrical power
(Mg CO2,eq/MWhel)

Heat
(Mg CO2,eq/
MWhth)

Actual
energy mix

0.007–1.13 0.216–0.468

Fossil
energy mix

0.45–1.13 0.22–0.5

Base load 0–1.13 0.216–0.468

WTE: Greenhouse Gas Benefits, Fig. 7 Net reduction of GHG emissions in Germany for the three substitution
scenarios and three types of waste
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waste and 0.446 Mg CO2,eq/Mg for commercial
waste similar to that of households. The difference
is due to the higher LHVof the commercial waste.

Resource Conservation by Savings of
Fossil Fuels

Each unit of energy produced by WTE conserves
a unit of fossil fuel energy. Furthermore, every ton
of incinerated waste conserves a certain amount of
fossil fuels. Using the LHV of Table 6 and the
power and heat net efficiencies mentioned earlier,
one can calculate the mass of fossil fuels con-
served per ton of MSW combusted (Fig. 8).

In an average WTE plant, between 0.15 Mg of
natural gas and 0.55 Mg of lignite can be avoided
by the incineration and energy recovery of 1 Mg
of household waste (Fig. 8). In the case of heat
generation, the amount of avoided fossil fuel per
ton of MSW is higher because the energy effi-
ciency of heat-generating WTE is higher than
that for electricity. The higher is the LHV of the
MSW combusted, the higher will be the reduction
in GHG emissions. For example in the case of
bulky waste (Table 6), 1 t of waste decreases the
use of lignite by about 1 t.

Greenhouse Gas Emissions by
Landfilling

As noted earlier, landfilling continues to be the
dominant method of disposing MSW world-
wide. Under the prevailing anaerobic conditions
in a landfill and in the presence of water, the
biogenic components of MSW are converted to
methane and carbon dioxide. Figure 9 illustrates
that in Phase I, when wastes are first dumped, air
can flow through the wastes; under these condi-
tions, aerobic bacteria consume oxygen and
break down the long molecular chains of com-
plex proteins, lipids, and carbohydrates. The
oxygen concentration decreases, and the con-
centration of produced carbon dioxide increases.
Phase I lasts for days to several months,
depending on how loose or compressed the
waste is. In Phase II, oxygen is depleted, and
carbon dioxide reaches the concentration of over
60%. When anaerobic conditions are reached,
methanogenic bacteria produce methane and
carbon dioxide, and, at the beginning of Phase
IV, the generated landfill gas consists of nearly
equal volumes of methane and carbon dioxide. It
may take a few years until the stable Phase IV is
reached, depending on waste composition,
moisture content, temperature within the

0.6

0.5

0.4

0.3

A
vo

id
ed

 a
m

ou
nt

 o
f f

os
si

l f
ue

ls
in

 M
g f

os
si

l f
ue

l/M
g h

ou
se

ho
ld

 w
as

te

0.2

0.1

0.0
Lignite

0.229

0.323

0.552

Hard coal Light fuel oil Natural gas

By heat By electrical power

0.050

0.101

0.151

0.060

0.080

0.140

0.094

0.136

0.230

WTE: Greenhouse Gas Benefits, Fig. 8 Conserved amount of various fossil fuels by the combustion of 1 t (1 Mg) of
MSW in WTE

WTE: Greenhouse Gas Benefits 467



landfill, and other factors. Phase IV can last
several decades with a stable landfill gas
composition.

If there is no infiltration of rainwater in the
landfill, the production of landfill gas decreases.

Modern, controlled landfills, also called sani-
tary landfills, are provided with ground sealing
and also landfill gas collection systems. However,
it may take several years for the landfills to be
covered and the gas collection system to start
operating. During this time, rainwater can flow
through the wastes, and methane gas is formed.
The amount of resulting GHG emissions from
landfills is primarily dependent on the biogenic
carbon and the water content in the wastes. The
degradation of the biogenic carbon depends more
on the water to solids ratio than on the age of the

landfill. In order to calculate the production of
landfill gas, one needs to know the amount of
biogenic carbon in different waste types. The
amounts shown below are based on the calcula-
tion of the fossil carbon (see section on “Global
Warming Factors of Different Waste Types in
Germany”):

• Household waste: 0.122 Mg Cbio/Mg waste
• Bulky waste: 0.232 Mg Cbio/Mg waste
• Commercial waste similar to household waste:

0.097 Mg Cbio/Mg waste

In practice, the amount of produced landfill gas
is calculated by means of mathematical models
that describe the decomposition and gas genera-
tion processes using mathematically formulated

WTE: Greenhouse Gas Benefits, Fig. 9 Changes in landfill gas composition with time [28]
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procedures in combination with empirical factors.
A commonly used model in Europe was devel-
oped by Tabasaran and Rettenberger on the basis
of the following formula [29]:

Gt ¼ 1:868 � Cbio � 0:014 � T þ 0:28ð Þ
� 1� 10�kt
� �

where
Gt = produced amount of landfill gas

(m3/Mg ww)
Cbio = biodegradable carbon (Mg C/Mg ww)
T = temperature (�C)
k = degradation constant (a�1)
t = time since deposition (a)
The factor 1.868 indicates the amount of land-

fill gas (in liters) stoichiometrically produced by
1 g of biogenic carbon. The temperature T in
landfills is in the mesophilic range and is assumed
to be 30�C. The degradation constant is calculated
from the formula by ln 2/T1/2, where the average
half-life (T1/2) used by the authors is 18 years, and
k is calculated to be 0.04. Easily biodegradable
material like food wastes have a shorter half-lives
than paper and wood that contain lignin; however,
to simplify the calculation, the half-life of 18 years
is assumed for all waste types. The amount of
landfill gas produced annually, using the formula

of Tabasaran and Rettenberger, is shown in
Fig. 10.

According to Fig. 10, landfill gas production
would be nearly finished after 50 years. The accu-
mulated amount of landfill gas over the 50-year
period is 158 Nm3 per Mg of wet weight of house-
hold waste, 301 Nm3 per Mg for bulky waste, and
126 Nm3 per Mg of commercial waste similar to
households.

For an assumed distribution of 50% methane
by volume and 50% carbon dioxide, the molar
mass of methane (16 g/mol) and carbon dioxide
(44 g/mol), the molar volume of gases at standard
temperature and pressure (22.4 L/mol), and an
assumed GWF for methane of 23, the following
amounts of GHG emissions are released per ton of
waste:

• Household waste: 1.449 Mg CO2,eq/Mg waste
• Bulky waste: 2.766 Mg CO2,eq/Mg
• Commercial waste similar to household waste:

1.155 Mg CO2,eq/Mg

These amounts will be emitted to the atmo-
sphere in landfills that are not provided with gas
collection systems. In controlled (sanitary) land-
fills, over 50% of the total biogas generated can be
captured, and the rest is emitted to the atmosphere.
The following section shows that the amount of

WTE: Greenhouse Gas Benefits, Fig. 10 Calculated amount of landfill gas generated annually
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GHG emissions from landfills is considerably
higher than the GWF associated with the combus-
tion of MSW in WTE.

The Germany Example

Since 2005, landfilling of untreated MSW in Ger-
many is prohibited; the primary reason is to
reduce the landfill gas potential of the disposed
waste. At this time, the post-recycling MSW goes
directly to waste incineration or to mechanical and
biological treatment (MBT) plants; in 2007, there
was no landfilling of untreated MSW. In the MBT
plants, some recyclables are recovered, green and
food wastes are stabilized, and a high calorific
value material is produced that may be used as a
solid fuel (SRF or RDF). Figure 11 shows the
disposition of municipal solid wastes in Germany,
in the years 1996–2007 [31]. It can be seen that
only a small fraction goes to BMT, 50% of the
post-recycling MCW is combusted in WTE facil-
ities, and in the period 1997–2007 landfilling was
reduced from about 23 million tons to zero.

Greenhouse Gas Emissions by Waste
Incineration in Germany 2007

In the year 2007, about 17.8 million tons of MSW
were incinerated in 66 German waste incineration
plants. The waste input composition was in gen-
eral about 12.5 million Mg of household wastes,
0.5 million Mg of bulky wastes, and 4.8 million
Mg of commercial wastes similar to household
waste and other materials [10]. As discussed ear-
lier (see Fig. 4), the annual GHG emissions from
household waste were 3.93, for bulky waste 0.22,
and for commercial waste similar to household
waste 2.14 million Mg CO2,eq.

For the calorific value of the waste mix of
about 2.8 MWh/Mg [19], the thermal energy
generated by the 17.8 million tons of MSW
combusted in 2007 was 49.45 million MWh.
In addition, an estimated [19] 1.62 million
MWh of external energy was used in the
form of light fuel oil used for start-up and shut-
down operations or as natural gas used for
reheating of the flue gas prior to selective catalytic
reduction (SCR); Bilitewski [10] determined that

WTE: Greenhouse Gas Benefits, Fig. 11 Disposition of MSW collected in Germany [30]
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24% of this auxiliary energy was provided by
light fuel oil and 76% by natural gas; as stated
earlier (Fig. 4), the GWF of light fuel oil is
0.268 Mg CO2,eq/MWh and of natural 0.199 Mg
CO2,eq/Mg. This use of auxiliary fuels resulted in
the GHG emission of 0.35 million Mg CO2,eq. In
total, waste incineration in Germany in the year
2007 emitted about 6.64 million Mg CO2,eq.

Reduction of Greenhouse Gas Emissions
in Germany by Means of Waste
Incineration in 2007

Table 8 shows the amounts of electricity and ther-
mal energy provided by the 66 German waste
incineration plants in 2007.

Since the thermal energy input was estimated
earlier to be 49.45 million MWh/a minus the 1.62
million MWh of external fuel, the energy effi-
ciency of delivered electrical power was 10.1%
and the energy efficiency of delivered heat 26.9%.
The combined efficiency of delivered electrical
and thermal energy generation was 37%.

In determining the effect of WTE in substitut-
ing fossil energy, three scenarios were considered,
same as discussed earlier:

• Actual German energy scenario
– Power mix: nuclear 23%, natural gas 13%,

lignite 23%, hard coal 20%, renewables
15%, others 6%; electricity GWF of
0.596 Mg CO2,eq/MWhel [22]

– Heat mix (39% hard coal, 42% natural gas,
12% lignite, 6% waste); heat GWF of
0.216 Mg CO2,eq/MWhth [32]

• Fossil fuel scenario

– Power mix: 60% hard coal, 30% lignite,
10% natural gas; electricity GWF of
0.886 Mg CO2,eq/MWhel [22]

– Heat mix: 57% natural gas, 40.5% light fuel
oil, 2.5% coal; heat GWFof 0.232MgCO2,eq/
MWhel [22, 33]

• Base load scenario
– Electricity factor based on lignite coal;

GWF of 1.088 Mg CO2,eq/MWhel [22]
– Heat factor based on the actual German heat

mix; heat GWF of 0.216 Mg CO2,eq/
MWhth [32]

The actual German power mix consists of a
wide range of energy sources, so as not to be
dependent on one source. The future aim is to
reduce the nuclear power fraction and replace it
by renewable energy. As was shown in Fig. 5,
natural gas is the “cleanest” fossil energy with
the highest conversion efficiencies. Clean is not
only meant in terms of low emission of carbon
dioxide; during combustion of natural gas, other
emissions such as sulfur oxides, hydrochloric
acid, carbon monoxide, and particulates are
much lower than from other fossil fuels. For this
reason, Germany is making further efforts to
increase the use of natural gas by expanding gas
pipeline connections to Russia.

As noted earlier, data on industrial heat is hard
to obtain; therefore, the above distribution of heat
for the actual German energy scenario is based on
the provision of district heat. The majority of
provided heat is produced by hard coal- and nat-
ural gas-fired power plants, in combined heat and
power generation. Actually, nearly 90% of the
district heating in Germany is produced in cogen-
eration with electricity [32]. This cogeneration is
financially supported by the German government
by implementing high-efficiency technologies
and in order to reduce GHG emissions.

The fossil power mix for Germany consists of
hard coal and to a lesser degree by lignite and
natural gas. The fossil heat mix is based on the
energy source share of the German heat market in
2003 [32].

Apart from nuclear power, the base load of
electricity in Germany is provided by lignite.
Nuclear power has little effect on GHG, so the

WTE: Greenhouse Gas Benefits, Table 8 Energy gen-
erated by all WTE plants of Germany in 2007 [19]

Type of
energy

Amount of energy provided (in million
MWh/a)

Electrical
power

5.16

Heat 13.75

Total 18.91
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base load scenario involves substitution of lignite
by MSW incineration. For the base load of heat,
the actual heat mix factor was used, because the
heat requirements change with season rather than
time of the day.

Multiplying the amounts of electricity and heat
provided by WTE (see Table 8) by the substitution
factors of the three scenarios yields the amounts of
GHG emissions avoided by substituting MSW
incineration for the combustion of fossil fuels
(Fig. 12).

The avoided GHG emissions are shown as
negative numbers in Fig. 12. The three bars on
the left side of Fig. 12 show the effect of WTE in
substituting fossil fuels for electricity generation.
Substitution of heat energy (three bars in the mid-
dle) results in lower avoidance of GHG emissions
because heat generation in Germany is very effi-
cient, and the substitution factors lower. The
avoided GHG emissions range from 3 to 5.6 mil-
lion Mg CO2,eq/a. In total, the GHG emissions
avoided by WTE electrical and thermal energy
range from 6 to 8.6 Mio Mg CO2,eq per year. By
adding the WTE GHG emissions and the avoided
(i.e., negative) emissions of fossil fuels because of
the energy generated by WYE (Fig. 12) results in
the net GHG emissions shown in Fig. 13 (last
three bars).

The German example shows that the scenario
chosen for substitution of energy is very important
and has a real impact on the GHG balance ofWTE
plants. In the case of substitution in the actual
German energy mix, the GHG net emissions (0.6
million Mg CO2,eq/year) is positive. For the sub-
stitution of the fossil energy mix and the base load
scenarios, the GHG balance is negative, and GHG
emissions of 1.1 and 2 million Mg CO2,eq/year are
avoided.

Comparison to Landfilling

Currently, 95% of all German landfills are
equipped with a gas collection system, and the
biogas collection efficiency has been estimated
at 60% [33]. If it is assumed that the 17.8 million
Mg of incinerated MSWwere landfilled and using
the calculations presented in the section “Green-
house Gas Emissions by Landfilling,” 9.6 million
Mg CO2,eq would be directly released. The gas
collection systems would capture about 0.4 mil-
lion Mg of methane. Since the LHVof methane is
13.9 MWh/Mg, the captured gas would provide
about 5.6 million MWh that could be used to
generate energy in the form of electricity and
heat. Usually the landfill gas is burned in slightly

WTE: Greenhouse Gas Benefits, Fig. 12 Avoided GHG emissions in Germany by means of energy recovery in waste
incineration plants in 2007, under three energy mix scenarios
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modified gasoline engines to produce electricity
only. Heat is generally not needed at landfills and
therefore not recovered. The electrical efficiency
of the gasoline engines is around 35%. Assumed
that all of the captured landfill gas can be used in
gasoline engines, about 2 million MWh of elec-
tricity would be produced. This electricity would
substitute energy produced by other fossil fuels
and thus avoid GHG emissions. On the basis of
the substitution scenarios for Germany (see sec-
tion “Reduction of Greenhouse Gas Emissions in
Germany by Means of Waste Incineration in
2007”) between 1.6 and 3 million Mg CO2,eq of
fossil fuel emissions would be avoided. Figure 14
shows what would be the effect of landfilling,
instead of combusting, 17.8 million Mg on the
GHG emissions balance for Germany, for the
same three energy mix scenarios.

Figure 14 shows that even if all of the captured
methane were used to generate electricity, the
GHG net emissions would be between 6.7 and
8 million Mg CO2,eq. In comparison to waste
incineration (see Fig. 13), the GHG net emissions
by landfilling would be about 8 million Mg CO2,

eq, higher than in the case of waste incineration
with energy recovery. This amount corresponds to
about 0.5 t of carbon dioxide per ton of MSW
landfilled rather than combusted. The landfill
emissions would be much greater for landfills

that do not recover methane or flare the landfill
gas instead of using it to generate electricity.

Future Directions

This entry shows clearly that waste incineration
results in much lower GHG emissions than
landfilling. One of the reasons is that only CO2

is emitted during incineration, while the landfill
gas that is not captured consists of about 50%
methane that has a global warming potential that
is 23 times higher than the same volume of carbon
dioxide. The second reason is that much more
energy is generated by the combustion of MSW
than from the combustion of the methane gener-
ated and captured during landfilling.

Many communities have begun to collect bio-
degradable materials separately. The result is less
biogenic fixed carbon in the household wastes and
a higher amount of plastics and composite mate-
rials with high amounts of fossil-fixed carbon. The
results are a lower amount of landfill gas gener-
ated during landfilling and a corresponding reduc-
tion in GHG emissions. For the waste
incineration, removal of organics results in a
higher concentration of fossil-based wastes and
higher GHG emissions. It also means higher cal-
orific value of the MSW which should result in

WTE: Greenhouse Gas Benefits, Fig. 13 GHG emissions, avoidance of emissions, and net emissions of German waste
incineration plants in 2007
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higher thermal efficiency. In any case, it is neces-
sary for WTE plants to strive to increase their
thermal efficiency and energy recovery. This will
result in higher amounts of produced and deliv-
ered energy and, thus, higher substitution of fossil
fuels and increased avoidance of GHG emissions.
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Glossary

Combined Heat and Power (CHP) The concur-
rent production of usable heat (district heating
or steam) as well as electrical power from the
same thermal process.

District Heating (DH) A network of pipes, typ-
ically underground, that distributes hot water
(or steam) used for space heating of residential

homes and industrial spaces. This network
allows for centralized production of heat to be
distributed to many consumers.

Waste-to-Energy (WtE) A thermal process
where the chemical energy contained in solid
wastes is converted to electricity and/or heat.

Definition of the Subject

In Denmark, energy recovery fromwaste has been
used to provide district heating (DH) since 1903,
when the FrederiksbergMunicipality in Copenha-
gen realized that landfilling of municipal waste
could not continue within the municipality bound-
aries [1]. The waste-to-energy (WtE) plant of the
municipality provided steam, hot water, and some
electricity to a nearby hospital, while reducing the
waste volume and mass at the same time.

The first WtE plants in Denmark were produc-
ing heat only, while from the late 1980s, they
started to produce combined heat and power
(CHP). However, recovery of DH for useful pur-
poses requires large investments in energy infra-
structure (DH pipe distribution and transmission
network), and the lack of such infrastructure
makes combined heat and power difficult in
many countries. Most countries at this time pro-
duce only electricity (and not heat) from their WtE
plants.

Nevertheless, energy recovery in CHP waste-
to-energy plants is three- to fivefold higher than
from electricity-only plants. Additionally, the rev-
enues for a waste plant from selling DH may
substantially reduce the waste gate fee. For exam-
ple, in 2007, 70% of the costs of the 29 Danish
WtE plants were covered by revenues from selling
DH. In Denmark today, about 23% of the total DH
production and approximately 6% of the electric-
ity production are due to energy recovery from
WtE facilities [2].

This entry reviews waste-to-energy and DH
technologies, drawing on the considerable expe-
rience accumulated in Denmark.
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Introduction

This entry deals with energy recovery in waste-
fired boilers, using the Rankine steam cycle for
electricity production, and also examines methods
of producing district heat or process steam that
allow combined heat and power production. The
Rankine thermal cycle is used to produce approx-
imately 90% of the world’s electricity.

Figure 1 illustrates this process in its simplest
form: Water is pressured in a pump, evaporated
and superheated in a boiler, and expanded in a
steam turbine. It can be shown thermodynami-
cally that the electricity yield at the turbine, Ẇ

turbine, is much higher than the power consumed
by the pump, Ẇ pump. It can be shown that the
cycle efficiency – from fuel to turbine output –
increases with higher steam temperatures and
pressures (point 3); similarly, a higher efficiency
is reached by lowering the steam condensing tem-
perature (point 4). The condensing temperature
ultimately depends on the cooling temperature
level available to the condenser; the condenser
can be either water cooled (seawater or river/lake
water) or air cooled. This is why power stations
located in cold regions (with access to cold sea-
water, for instance) have a higher electrical effi-
ciency than power stations without such access.

WtE facilities are often equipped with air-
cooled condensers, which can be either wet

(water consuming) or dry, and configured with
either forced airflow or natural draft (“cooling
tower”). Air-cooled condensers are the most com-
mon choice of WtE facilities.

Figure 2 shows the principle of such an air-
cooled condenser system. In the top illustration in
Fig. 2, low-pressure high-volume steam from a
steam turbine exhaust is routed to a four-row
air-cooled condenser unit, where the steam is con-
densed in finned tube bundles; large fans (often
10 m in diameter) force airflow across the con-
denser heat surface areas, thus removing the heat.
Air-cooled condenser installations are necessary
where there are no other means of cooling.

Therefore, WtE facilities with no access to a
heat user must reject large amounts of heat
through condensers, such as that shown in
Fig. 2. Typically, the net electrical efficiency of
WtE facilities is in the region of 25%. Hence, for a
100 MW plant (corresponding to 32 t/h of waste
with a calorific value of about 11 MJ/kg), roughly
25MWof electricity can be sold to the grid. Of the
100 MWenergy input, about 55 MW is rejected in
water- or air-cooled condenser. Therefore, a very
large amount of energy is lost.

However, if there is a demand for heat, such as
space heating, in the vicinity of the WtE facility, it
may very well be feasible to provide heat from the
WtE facility – thereby utilizing part of the heat
rejected to condensers. Other options for using the
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1

Wpump

Wturbine

Qout

Qin

.

.
.

.

WTE: Heat Recovery for District Heating,
Fig. 1 Illustration of the Rankine water-steam cycle for
electricity generation, as well as picture of a steam turbine

rotor (Figure to the left from wikipedia.org. Picture of
steam turbine rotor by MAN Diesel & Turbo SE. See
also http://www.mandieselturbo.com)
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WtE heat include the supply of process steam to a
nearby factory or industry that would otherwise be
produced by oil or gas.

Fuel input (waste) 100%

Electricity from waste �25%

Heat reject in air-
cooled condenser

�55%

Other losses �20%

Useful heat potential
(hot water or steam)

�55–65% (flue gas
condensation, a method of
extracting additionally
10–15% of the fuel input as
useful heat, but this is not
included in this table)

There are various methods of producing heat
from a WtE plant, as discussed in the following
sections.

Waste Boilers

WtE plants are designed to treat waste with great
variation in the composition of the incoming
waste (this chapter is mainly based on solid
waste technology management, Vol. 1, Chap. 8.1
[3], as well as generally on Ramboll knowledge
and experience). This is the primary difference
between WtE and other combustion systems,
and it has large implications on the design of the
WtE plant. Waste is not an ideal fuel due to its
heterogeneous nature and it is important to link
the fuel characteristics to the combustion process.
The main technologies described in this section
are combustion of as-received municipal solid
wastes (MSW) by means of a moving grate.

Common to waste boilers is the concept of the
“capacity diagram” (or “firing diagram”), which
determines limits of thermal capacity (energy
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WTE: Heat Recovery for
District Heating,
Fig. 2 Air-cooled
condensers (Figures from
http://www.gea-
energietechnik.com.
Courtesy of GEA
Energietechnik)
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input) for a particular boiler, given the variation of
heating value in the waste. In the example shown in
Fig. 3, the boiler can accept waste with a (lower)
heating value ranging from 9 MJ/kg to 15 MJ/kg
and a throughput from 7 t/h to 14.4 t/h of waste.

WtE plants can be designed to treat waste with
down to an average of around 7 MJ/kg without
using auxiliary fuel. The waste throughput capac-
ity of a WtE plant is selected from locally avail-
able waste amounts, ranging from approximately
0.5 to 40 tonnes per hour per line when designed
for continuous operation. With sufficient waste
amounts each line would usually be constructed
with a capacity of 20–40 tonnes per hour for
optimal cost effectiveness.

Typical heating values for some waste frac-
tions are as shown below [4]. Note the very large
variations and hence the need for a waste boiler to
handle fuel input with a variety of lower heating
values.

Fresh wood (50% moisture) 8–9 MJ/kg

Oven-dried wood 17–19 MJ/kg

Paper/cardboard 14–15 MJ/kg

Plastic 28–35 MJ/kg

Metal, glass, concrete 0 MJ/kg

(continued)

Organic waste 4 MJ/kg

Municipal waste (Copenhagen) 10–11 MJ/kg

Municipal waste (Bangkok) 2.5–12 MJ/kg

The heating value of MSW is typically around
9–10 MJ/kg in Europe. It depends on the segrega-
tion scheme imposed through the local waste
management system, and it can be much lower
in developing countries.

The minimum thermal load of a modern grate
combustion waste boiler is 65–70%, limited by
the ability to ensure proper burnout and upholding
legislative requirements with regard to flue gas
temperature limits (flue gas at least 850 �C for a
minimum of 2 s, for instance) and emission limits
of CO and TOC (total organic carbon).

Grate-Fired Boilers

A combustion grate is a transport device that
moves the burning fuel from the inlet through
the furnace to the bottom ash outlet. During trans-
portation, the fuel is mixed and combustion air is
added. Volatile material is released to the
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WTE: Heat Recovery for District Heating, Fig. 3 Typical waste boiler capacity diagram. The nominal load point in
this example is indicated by point (1), where the waste has a heating value of 12 MJ/kg
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combustion chamber above the grate, and fixed
carbon is burned on the grate. The grate is an
integrated part of the furnace, where the fuel is
converted into energy in hot flue gas. The grate
ensures drying, ignition, combustion and energy
release, and complete burnout before the bottom
ash outlet.

Flue gases leaving the furnace enter the actual
“boiler,” where the main steam generation takes
place. A modern waste boiler often consists of
three empty flue gas passes, in which the flue
gas is cooled to approximately 600–750 �C
while providing heat to evaporate the boiler
water to generate (saturated) steam. The dominant
means of heat transfer in this part of the boiler is
radiation, due to the high temperature of the flue
gases; thus, the first three passes are often called
“radiation passes.”

Boilers for waste facilities are “drum-type”
boilers, characterized by a “drum” vessel
maintained well below the critical steam pressure
of 221 bar, and typically below 100 bar. The large
cylindrical drum contains water at high pressure
and is located at the top of the boiler. Water
circulates by natural convection by means of
“downcomer” tubes and up through the evapora-
tor tubes, since evaporated water (steam) has a
lower density than the water in the downcomers.
Typically, the circulation ratio is 15–20, i.e., the
circulating mass flow in the evaporator section is
15–20 times the dry saturated steam flow exiting
the drum.

A very simple analogy to the circulation prin-
ciple in a drum-type boiler is a household electric
drip-brewing coffeemaker, where hot water is also
moved upward without need of a pump by the
thermosiphon method.

When the flue gases enter the fourth pass of the
boiler, the primary method of heat transfer
changes to convection: superheater tube bundles
are located in the path of the flue gas flow, thus
providing a large surface area to facilitate the
transfer of heat from flue gas to superheated
steam. The superheater tube bundles heat the sat-
urated steam from the drum to the desired final
steam temperature.

The economizer is the last set of tube bundles
in the boiler, seen from the flue gas point of view.

Here the inlet water is heated to somewhere below
the boiling point at the particular water pressure
(e.g., heated to 200 �C) while the flue gas is cooled
to the desired temperature, e.g., 180 �C.

Typically the pressure in the drum is 50–80 bar
and the final steam temperature, 380–440 �C.

The mechanisms described below are illus-
trated in Fig. 4.

Different Types of Boiler Arrangements

Depending on the needs and requirements of the
purchaser of aWtE facility, the boiler heat transfer
surfaces can be arranged in various ways, thus
influencing up-front cost, operating and mainte-
nance costs, availability, and efficiency.

The most common boiler configurations are
described in Table 1.

Steam Turbines for Electricity
Production

The steam turbine is the equipment that trans-
forms the energy in the steam (at high temperature
and pressure) to mechanical energy via a rotating
generator that produces electricity. The thermody-
namic process is expansion of the high-pressure
steam that produces kinetic energy (high velocity)
that is transferred to the blades of the steam and
drives the shaft rotation.

This process, in very simple terms, can be
compared to a wind turbine with the airflow past
the wings (or “blades” as it is called in a steam
turbine) being replaced by hot steam under pres-
sure (Fig. 5).

It is often useful to plot a steam turbine expan-
sion in a so-called Mollier or hs-diagram. “h” is
the steam enthalpy and “s” is the entropy, both of
which are thermodynamic variables of state and
can be thought of as variables that can be looked
up in tables provided that temperature and pres-
sure are known (in the wet steam region, where
water droplets are present, this is not enough –
here also steam dryness must be known).

In such a diagram, the enthalpy change dur-
ing the steam expansion is shown “visually,”
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which has particular interest due to the first law
of thermodynamics stating the relationship
between mechanical work, heat loss, and
enthalpy drop (see equation below; its validity
is subject to various assumptions for steam tur-
bines, such as steady-state operation and negli-
gible heat loss):

W Work½ � ¼ m� hin � houtð Þ
kW½ � ¼ kg=s½ � � kJ=kg½ �

Since the heat loss from a steam turbine is
negligible, and considering that approximately
97–99% of the mechanical shaft work can be
translated into electrical power, the above equa-
tion shows that the steam turbine power output is
mainly dependent on:

1. Mass flow of steam (given by the size of the
boiler)

2. Inlet and outlet enthalpy (given by steam
parameters and available cooling, which sets
the final expansion pressure)

A steam expansion from 40 bar to 1 bar is
shown in Fig. 6 by means of the red line between
the two yellow dots. The enthalpy drop on the
y-axis can be read to be 0.68 MJ/kg
(3.24–2.56 MJ/kg). Therefore, for every kg/s of
steam subjected to such an expansion, roughly
0.68 MWof electricity can be produced.

The “internal” efficiency of a steam turbine can
be determined by the steepness of the red expan-
sion line, where a completely vertical line repre-
sents 100% efficiency (limited by the second law
of thermodynamics). This would correspond to an
expansion to the green dot.

Figure 6 also clearly shows that each kg/s of
steam would produce additional electricity if the
inlet pressure and temperature were higher (see,
for instance, the “200 bar” line) and if the outlet
pressure was lower (see the “0.1 bar” line).

As noted earlier, thermal cycles are more effi-
cient at higher steam temperatures and pressures.
However, due to high-temperature corrosion of
boiler tubes arising from chloride and other sub-
stances in the waste, waste boilers are for practical
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WTE: Heat Recovery for District Heating, Fig. 4 Schematic of a modern 4-pass waste boiler
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WTE: Heat Recovery for District Heating, Table 1 Typical boiler configurations

Superheaters

WASTE

“Horizontal” waste boiler

Often used in Europe for larger WtE facilities

Advantages:

High efficiency, high availability
Good access to cleaning tubes in fourth pass, hence
lower maintenance costs

Disadvantages:

Higher initial investment

WASTE

Super-
heaters

ECO

“Vertical” waste boiler

Often used in smaller WtE facilities

Advantages:

Low initial investment (smaller boiler)
Smaller plant footprint

Disadvantages:

Replacement of superheaters, and in general
maintenance, more difficult due to poorer access
conditions
Economizer tube cleaning by soot blower
(= > lower efficiency)

Super-
heaters

WASTE

“Vertical”waste boiler with superheater tubes in the
radiation pass

This boiler configuration is often seen in the USA

Advantages:

As the “vertical” boiler, although even more
compact

Disadvantages:

The superheater tubes in the radiation pass may
incur additional risk of corrosion and hence
maintenance costs
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purposes limited to approximately 440–450 �C
and 60–90 bar, depending on the levels of main-
tenance a plant owner will accept.

Other examples of expansion lines can be seen
in Fig. 7, using 8 kg/s as an example. This figure
shows that at 90% steam turbine efficiency, the

potential power output is 4.1MW for an inlet state
of 400 �C and 40 bar and a fixed back pressure of
2 bar. This drops to 3.2 MW for an efficiency of
70% and drops further to 2.6 MWwhen the steam
temperature and pressure are decreased to 380 �C
and 22 bar.

Steam

Flue gas losses

WTE: Heat Recovery for
District Heating,
Fig. 5 Simple illustration
of the steam cycle, with a
wind-turbine analogy
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Process Concepts for a Complete
Electricity-Only Energy for Waste Facility

When the waste boiler and steam turbine technol-
ogies are combined, along with appropriate flue
gas treatment, a waste-fired power plant concept is
formed. Such a concept is illustrated in Fig. 8,
comprising a horizontal-type boiler with a vertical
economizer, a 400 �C/40 bar steam turbine
connected to an air-cooled condenser, and a dry
flue gas cleaning system. The thermal cycle also
shows other necessary components like a deaera-
tor, which removes noncondensable gases from
the boiler water/condensate. The process flow
path of the water-steam flow and the flue gas,
respectively, is shown in Fig. 9.

Experience with waste boilers has shown that
the risk of high-temperature corrosion of the
superheater tubes is greatly dependent on the
flue gas temperature at the entrance to the fourth
pass. It is therefore often a boiler design criterion
that the flue gas does not exceed roughly

625–650 �C when passing across the hottest
superheater tubes. Selection of correct/appropri-
ate material (steel alloy) for the tubes is also
important.

Superheater tubes producing 400 �C steam on
a municipal waste facility are estimated by
Ramboll to have a lifetime of up to 10–15 years
under the best conditions and with a modern
boiler design. Even moderate increases to this
temperature, say up to 450 �C, may cause severe
corrosion and reduce the lifetime of superheater
tubes to perhaps 3–5 years. Ramboll estimates
that further increases, say to 500 �C, may entail
boiler tube maintenance several times a year due
to severe high-temperature corrosion.

Waste boiler manufacturers generally do not
recommend higher steam temperatures more
than 440–450 �C, unless special circumstances
dictate otherwise. Methods of reducing corrosion
include choosing high-alloy steels or especially
resistant but costly weld-on coatings, such as
Inconell.

3400
3350
3300
3250
3200
3150
3100
3050
3000
2950
2900

E
nt

ha
lp

y 
[k

J/
kg

]

2850
2800
2750
2700
2650
2600
2550
2500
2450
2400
2350
2300

Approx. electrical output with 8 kg/s of steam

HS-diagram. Typical turbine solutions 8 kg/s steam. Pexh ~2,2 bara (1 condenser solution 70-120∞C)

Isentropic (blading)Isentropic (blading)
EfficiencyEfficiency

2250
2200

x=0,9x=0,9

x=0,95x=0,95

Entropy [ kJ/kg-K]

90%90%

400400°C, 40barC, 40bar
380380°C, 22barC, 22bar

85%85%

4,1 MW4,1 MW
3,9 MW3,9 MW

3,6 MW3,6 MW
3,4 MW3,4 MW

3,2 MW3,2 MW

2,6 MW2,6 MW

80%80%
75%75% 70%70%

70%70%

IAPWS-IF97  Standard

100100°C

150150°C

200200°C

450450°C

250250°C

300300°C

350350°C

400400°C

450450°C

0,1 bar
0,1 bar

0.2 bar
0.2 bar

0,3 bar
0,3 bar

0,
5 

ba
r

0,
5 

ba
r

1,
0 

ba
r

1,
0 

ba
r

2 
ba

r
2 

ba
r

10
 b

ar

10
 b

ar

20
 b

ar
20

 b
ar

30
 b

ar
30

 b
ar

Isentropic (blading)
Efficiency

x=0,9

x=0,95

90%

400°C, 40bar
380°C, 22bar

85%

4,1 MW
3,9 MW

3,6 MW
3,4 MW

3,2 MW

2,6 MW

80%
75% 70%

70%

100°C

150°C

200°C

450°C

250°C

300°C

350°C

400°C

450°C

0,1 bar

0.2 bar

0,3 bar

0,
5 

ba
r

1,
0 

ba
r

2 
ba

r

10
 b

ar

20
 b

ar

30
 b

ar

Saturation line

22bar/380C, 70% efficiency

6,5 6,7 7,3 7,5 7,7 7,9 8,1 8,3 8,57,16,9

WTE: Heat Recovery for District Heating, Fig. 7 Various expansion lines for 8 kg/s steam. The 2 bar back pressure
equates to the necessary pressure level to produce hot water at 120 �C (Diagram by Ramboll)

WTE: Heat Recovery for District Heating 485



Also the evaporator tubes of the first and sec-
ond passes may be Inconell-cladded.

WtE Facilities Delivering “Small-to-
Medium” Amounts of Heat

An “electricity-only” waste-to-energy plant can
easily be designed to produce small-to-medium
amounts of heat, for example, when heat or pro-
cess steam can be sold a number of months of the
year (winter) while the plant can operate to pro-
duce electricity only during the remaining
months.

A technical solution to this is to have an
“extraction” turbine, with a crossover valve
placed somewhere along the turbine expansion
path. When actuated toward the close position,
the valve forces out steam to a hot water con-
denser which (Fig. 10) produces 80–110 �C
water. The crossover valve can thus divert
steam to where it is mostly needed: either to

produce heat or to produce electricity as required.
As such, this type of turbine enables both “heat
and power” operation and “electricity-only”
operation.

Turbines such as the one shown in Fig. 10
could be the choice when the plant is connected
to a small district heating network, or for the plant
to be “CHP ready,” for future DH operation.

Figure 11 shows a cross-sectional view of an
“extraction” steam turbine with the ability to oper-
ate freely between “electricity-only” and “com-
bined heat and power” modes.

Figure 12 is an elaboration of Fig. 10, now
showing also the major control principles relevant
for an extraction turbine connected to a small DH
network.

The waterside DH pumps (shown as a set of
three pumps, for redundancy reasons) control to
achieve a desired pressure drop in the DH net-
work, dP, for instance, 2 bar. This allows enough
pressure to operate the heating installations
connected to the network.
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WTE: Heat Recovery for District Heating, Fig. 8 Complete water-steam cycle for a typical European waste-to-energy
facility, with no heat production (Source: Ramboll)
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If the heating consumers in the network turn on
their radiators (call for more heat), the pressure in
the network will drop, and the variable speed DH
pumps of the plant will respond by increasing the
flow to again uphold the desired dP.

The steam turbine crossover valve, as well as
the steam valve in the line to the DH condenser, is
regulated to keep a constant DH supply tempera-
ture. Thus, if the consumer calls for more heat, the
DH pumps will increase the flow and the initial
consequence will be a lower DH temperature.
This is picked up by the turbine controls, which
respond by providing more steam to the con-
denser until the set point DH temperature is
obtained.

These controls in combination will thus match
the consumer demand for heat (in MJ/s) and desired
supply temperature, which is a set point determined
by the heating network operators. For large trans-
mission heat networks, the supply temperature is
100–120 �Cormore, whereas smaller heat networks
may have supply temperatures as low as 75–85 �C.

Generally, the supply temperature is a function
of the ambient temperature, since a higher supply
temperature will allow the transfer of more heat in
the DH pipework, which is also bound by hydrau-
lic limits.

Table 2 shows an example of set points for DH
network supply temperatures as a function of
ambient temperature.

400∞C, 40 bar
“live” steam for

turbine

400°C (superheated steam)

50–140°C
(depending gas cleaning concept)

200–240°C

130°C, 50 bar

180°C
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WTE: Heat Recovery for District Heating, Fig. 9 Process flow path for water-steam (left) and flue gas (right) in aWtE
facility (Source: Ramboll)
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Larger District Heating Networks and
District Heat-Producing WtE Facilities

When a WtE facility has access to a large DH
network, such as in countries with a cold climate
like Denmark, Sweden, and Finland, it is common
to establish so-called back pressure turbines,
where all the steam exiting the turbine is used to
produce DH (Fig. 13).

This configuration is illustrated in Fig. 14 (next
page) where the very large air-cooled condenser
has been replaced by two, and much smaller,
surface steam condensers, where the condensing
heat is transferred to the DH water. To exemplify
other options, a 14-bar process steam extraction to
a hypothetical nearby factory is also shown.

Table 3 compares the electrical and total effi-
ciencies of an “electrical-only” and CHP plant,
configured as discussed in this entry. Since the
DH water induces a higher back pressure
(�1 bar) than an air-cooled condenser (0.1 bar),
the electrical efficiency of the “electrical-only”
plant is higher.

As a result, the electrical-only plant will have
an electrical efficiency approximately 3–6%
points higher than the corresponding DH plant
(based on various assumptions).

Table 3 shows typical figures based on a
100 MW thermal plant as an example. It is clear
that the DH plant produces 3.5 MW less
electricity.

However, a total of 63MJ/s of heat is produced
instead – hence 1 MWof electricity is converted to
18 MJ/s of heat (63/3.5 = 18). This is 18 times
more efficient than electric space heating, and also
even more efficient than highly efficient heat
pump installations, which can produce up to
approximately 4–6 MJ/s of heat for every MW
of electricity.

The conclusion is that a waste-to-energy CHP
turbine is an extremely efficient means of produc-
ing heat. Obviously, the “value” of the produced
heat depends on the local heat market and the size
of the DH network. Figure 15 shows the DH
network in the Copenhagen region that stretches
over a distance of about 40 km from east to west.

Boiler steam

FWT

Heat exchanger
for district heat

~ 1–1,5
bara

DH forward
80–110°C

DH return:
40–60°C

< 0,1
bara

Cross over valve
    operated to match heat demand

Low pressure section
For condensing operation

WTE: Heat Recovery for District Heating,
Fig. 10 Extraction turbine with the ability to provide
variable quantities of hot water, depending on the heat

requirement. The depicted solution is applicable for a
plant to be operated both in “electricity-only” mode and
in “combined heat and power” mode (Figure by Ramboll)
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The high total efficiencies of waste-to-energy
plants connected to (medium-large) DH networks
result in low WtE gate fees, since there is gener-
ally a higher energy-sales income than electricity-
only plants.

The configuration of pumps and main control
strategies for a CHP WtE facility can be seen in
Fig. 16. The mechanisms are slightly different
than the “electricity-only” concept shown in
Fig. 12, since now the DH pumps are controlled
to sustain a given DH supply temperature. The
result is that the DH pumps ensure that variations
in the steam flow are taken up by the DH water
flow.

If, for instance, the thermal load on the waste
boiler was to decrease (say due to a lower heating
value of the waste), the steam flow to the turbine
would be lower. The immediate consequence
would be a lower DH supply temperature. The

DH pumps would respond by decreasing the
flow to again obtain the desired DH supply tem-
perature. In such a system, the heat network is
relying on other production units to balance the
heat demand and heat production at any given
point in time.

During summer, a waste back pressure turbine
may produce more heat than the heat network
demands. Since a certain amount of MSW must
be processed in the WtE plant, it is not always
possible to reduce the thermal boiler load. Instead,
plants often install water-to-air “summer coolers”
to cool away the excess heat.

Ultimately, the heat demand of the DH net-
work, as compared to the size of the WtE facility,
will determine whether it is more cost-effective to
install an extraction turbine with an air-cooled
condenser or a CHP back pressure turbine with a
water-to-air hot water cooler.

Cross over valve for
extraction of steam
to district heat
condenser

Low pressure part

40–60°C

80–110°C

WTE: Heat Recovery for District Heating,
Fig. 11 Extraction steam turbine cross section. Crossover
valve seen used to drive steam to the DH condensers as per
required heat demand (Courtesy of MAN Diesel & Turbo

SE; see also http://turbomachinery.man.eu/products/
steam-turbines) (Figure by MAN Diesel & Turbo SE,
annotated by Ramboll)
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Flue Gas Condensation

Further heat recovery downstream the boiler is
possible downstream the boiler by condensing
the moisture content of the flue gas. Flue gas
condensation recovers the significant evaporation
energy of the flue gas water content as low tem-
perature heat and thereby increases the energy
efficiency by additional 10–25% for mixed
waste. Flue gas condensation works by cooling
the flue gases below their dew point, causing part

of the moisture to condense and effectively drying
water out of the flue gases. This releases the heat
of condensation which is transferred to the DH
network.

The cooling can be done either directly in a
condensing heat exchanger, or via a packed
scrubber, where the circulation water is cooled
in a heat exchanger. In the latter case, the scrub-
ber can act as a polishing scrubber, further reduc-
ing traces of pollutants from the flue gas. The
amount of heat recovered by flue gas

Waste boiler

flow meter
& heat msr.

DH condenser

bypass of waste
turbine

DH network

outside plant

Pressure hold

P

P

x2

P

M

M

M

T

T

dp

DH conceptual diagram -- ACC (no / small heat market solution)

DH forward

DH return

pumps control MJ/s
setpoint (or DH demand)

Waste to energy
condensing/extraction turbine

WTE: Heat Recovery for District Heating, Fig. 12 Typical districting heating components and principle control
mechanisms

WTE: Heat Recovery for District Heating, Table 2 Example of DH supply temperature versus ambient temperature
for large Swedish DH network.

T ambient (�C) T supply (�C) T return (�C)
Very cold winter <�15 115 52

Cold winter �10 to �15 105 50

Winter 0 to �10 95 45

Spring/autumn +10 to 0 85 42

Summer > +10 75 45
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condensation is very sensitive to the temperature
of the cooling media. Therefore, flue gas conden-
sation is used to preheat the coldest heat recovery
media such as the incoming DH water from the

network, either directly (“direct condensation”)
or via heat pumps. Since 2000 most new built
WtE lines in Scandinavia have been equipped
with flue gas condensation, and numerous

1 tonne of waste

2/3 MWh electricity2 MWh heat

WTE: Heat Recovery for District Heating,
Fig. 13 1–2-3 rule of thumb for “district heat” configured
waste-to-energy facilities. One tonne of waste yields

approximately 2 MWh of heat and 2/3 MWh of electricity.
Heat production can be significantly higher if
implementing flue gas condensation, as described later

Waste
boiler

SUPER HEATERS

ECO

~14 bara
to deaerator

District
Heat HXs

Process
steam to
factory

Spray
coolers

80–110°C

40–60°C

District
Heat

forward

Deaerator

Flue gas
cleaning

GBack pressure
turbine

District Heat
return

WTE: Heat Recovery for District Heating,
Fig. 14 Back pressure turbine for DH production. Such a

setup does not require an (large requiring) air-cooled con-
denser, since all the heat is transferred to the DH network
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existing lines have retrofitted flue gas condensa-
tion into their plants.

Figures 17 and 18 show the calculated net
boiler efficiency and net total efficiency for a
WtE plant (CHP or heat only) equipped with
direct flue gas condensation connected to a DH
network with a return temperature of 50 �C.

Figure 17 is based on the “lower heating
value” (LHV) normally referred to in Europe.
This diagram shows that the boiler efficiency is
almost constant, at around 88% (dashed line),

while the total efficiency increases with increas-
ing moisture content (decreasing LHV) and by
far exceeds 100% as heating values descend
below 10 GJ/t.

The y-axis on the right diagram in Fig. 18 is
based on the higher heating value (HHV). Higher
heating values (HHV) include the energy contri-
bution from condensation energy of water vapor
from the flue gases and are relevant when flue
gases are condensed for heat recovery. The dia-
gram illustrates that the HHV-based boiler

WTE: Heat Recovery for District Heating,
Table 3 Estimates of electrical and total efficiencies for
“district heating” versus “electricity-only” energy for

waste facilities. Assumptions: electricity-only back pres-
sure = 100 mbar. DH network temperatures = 50–90 �C.
Live steam parameters: 425 �C/52 bar

Size: 100MW thermal 36 t/h of waste (~300,000 t/
year) CV = 10 MJ/kg

Net electrical
efficiency (example)

Heat efficiency
(example)

Total efficiency
(example)

Back pressure (DH) plant (without air-cooled
condenser)

22.5% (22.5 MW sold) 63% (63 MJ/s
heat sold)

85.5%

Electricity-only plant (with air-cooled condenser) 26% (26 MW sold) 0% 26%

KARA/NOVEREN

10 km

I/S Vestforbrænding

CTR district heating areas Waste-to-energy plant
CHP station
Peak load plant
Transmission pipeline

VEKS district heating areas
Heat supply ares of Vestforbrænding
Steam area

Lynettefællesskabet I/S

I/S Amagerforbrænding

THE COPENHAGEN DISTRICT HEATING NETWORK

WTE: Heat Recovery for District Heating, Fig. 15 Copenhagen DH network spanning about 40 km from east to west
(Figure courtesy of Ramboll waste-to-energy)
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efficiency drops significantly with decreasing
LHV heating values. The power efficiency fol-
lows the boiler efficiency trend, as the power
production is based on the boiler steam. The
total efficiency however is almost constant when
based on HHV, at around 86% in the example.

The actual level of the total efficiency depends
almost entirely on the temperature that the flue
gas is cooled to by the condenser, determined by
the DH return temperature. Figure 19 shows the
estimated total efficiency based on HHVof aWtE
plant as a function of the DH return temperature.
The direct flue gas condensation potential exists
for DH return temperatures below 55–60 �C and
increases significantly as this temperature
decreases. Variations in the excess air ratio of
the boiler may affect the total efficiency only

slightly (within �1.5% points), while other
plant design choices have insignificant impacts.
Thus Fig. 19 can be used to generally and with
good accuracy estimate the total efficiency
(based on HHV) of a WtE or solid biomass
plant equipped with direct flue gas condensation,
based only on the available DH return tempera-
ture. This estimate is even valid for marginal
efficiencies of single waste fractions such as
organic waste, paper or plastics.

When the HHV-based efficiency has been
found in Fig. 19, it can be converted to LHV
basis for given waste mixes or waste fractions.

Example: given a DH return temperature of
50 �C, the total efficiency is 84% on HHV basis
according to Fig. 19. For a mixed waste input with
LHV of 10 GJ/t and HHV of 11.5 GJ/t, the total

DH conceptual diagram -- DH dry cooler (Scandinavian solution)
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DH network valve controls cooling
(compared DH network
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& heat msr.

pressure hold

DH forward

DH return

Waste to energy
Back pressure turbine

Dry cooler of excess district heat
(summer). Eg. glycol circuit

bypass of waste
turbine

WTE: Heat Recovery for District Heating, Fig. 16 Example of a DH conceptual diagram for a “heat-only” back
pressure plant
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efficiency on LHV basis will be 84%∙ 11:5 GJ=t
10:0 GJ=t ¼

97%. For a wet green bin waste fraction with LHV
of 4.7 GJ/t and HHV of 6.8 GJ/t, the same plant
would reach a total LHV-based efficiency of 84%

∙ 6:8 GJ=t
4:7 GJ=t ¼ 122%.

In Scandinavia, it is not uncommon to install
large heat pumps to supply cooling water at lower
temperatures in order to further increase the heat
recovery, especially if the available DH return
temperatures are high. At these plants, flue gases
are typically cooled to around 30 �C, but designs
as low as 20 �C have been implemented. In these
cases, the total efficiency potential can still be read
from Fig. 19 by replacing the DH return temper-
ature on the x-axis by the (lower) chilled water
temperature from the heat pump. Slightly higher
total efficiencies can be achieved by enabling the
heat pumps to recover the heat from component
cooling at the plant, which is otherwise cooled
away. The Amager Bakke CHP plant in Copen-
hagen cools the flue gases to 22 �C using large
absorption heat pumps, which also recover heat

from component cooling. This plant’s total effi-
ciency with mixed waste is 107%.

Advanced Solutions: Heat Pumps and
District Cooling

Waste-to-energy plants (and other thermal instal-
lations) can be equipped to supply both district or
industrial heating and cooling. This could be a
preferred solution for a geographic location with
cold winters but hot summers. For this applica-
tion, an electrically or steam-driven chiller could
be used. The electricity or driving steam could be
supplied by the waste-to-energy steam turbine,
thus allowing for the complete installation to sup-
ply power, district heat, and district cooling,
depending on the current demands.

A schematic diagram of such “tri-generation”
is shown in Fig. 20, where the “generator pack-
age” is driven by a waste-fired steam turbine.
District cooling is less common than district
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heating and is most feasible in hot countries or for
supply of industrial cooling to large buildings,
airports, etc. District cooling at household level
is not common.

Optimizing Energy for Waste Facilities
for CHP Operation

A WtE facility typically has efficiencies in the
following order of magnitude (MWt: thermal
input) (Ramboll calculations and experience
from Ramboll projects. Some plants may deviate
from these values):

“Electricity-only”WtE facility
up to 100 MWt

23–26% net electrical
efficiency

“Electricity-only”WtE facility
>100 MWt

Up to 30% net
electrical efficiency

Heat and power WtE facility
up to 100 MWt

17–23% net electrical
efficiency

Heat and power WtE facility
>100 MWt

Up to 25% net
electrical efficiency

The lower efficiency of combined heat and
power facilities is due to a higher turbine back
pressure, as discussed earlier (Fig. 6). However,
even without flue gas condensation, combined

heat and power facilities have total efficiencies
ranging from 82 to 86%; hence, a large amount
of the energy in the waste is recovered for useful
purposes. As shown above, WtE facilities using
flue gas condensation may reach total energy
recovery efficiencies exceeding 100% and are
thus extremely efficient.

In relation to optimizing electricity output for a
combined heat and power plant, the temperature
of the DH water (especially the supply tempera-
ture) has a big influence on efficiency, as can be
seen in Fig. 21. The figure shows that the electri-
cal efficiency is reduced by approximately 1%
point for every 10 �C increase in hot water supply
temperature, which compared to other measures is
a strong impact. A lower DH supply temperature
also results in a lower heat loss in the network, so
there are many benefits to be gained by striving
toward the lowest possible supply temperature.
On the other hand, as discussed earlier, a higher
supply temperature will allow transfer of more
heat (or a reduced water flow rate) in the DH
pipework, which is also bound by hydraulic
limits. A low DH return temperature improves
the hydraulic capacity, and if below 55–60 �C,
opens the potential for significantly increased
total efficiencies with direct flue gas
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WTE: Heat Recovery for District Heating, Fig. 20 Generation of power, heat, and cooling: “tri-generation.” Cooling
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condensation. It is recommended by Ramboll that
for new DH networks, the design temperatures
should be a focus point, among others, when
optimizing the overall system. For existing
districting networks, it is difficult to change sup-
ply and return temperatures, due to the coupling to
exiting pipe sizes, hydraulics, and final user
installation.

Even for relatively big changes in DH supply
temperatures, which would result in large/expen-
sive impacts on the mechanical design, the effect
on electrical efficiency is only within 1–5%
points. Other optimization measures toward
higher power output, such as higher steam param-
eters, higher boiler efficiency, influence electrical
efficiency also in the range of 1–5% points at
the most.

These relatively slight changes in electrical
efficiency are in stark contrast to the benefits of
combined heat and power, where the plant total
efficiency can be increased by up to 60% points
(from 25 to 85%), and even exceeding 100% if
district heating return temperatures are low
enough to take advantage of flue gas
condensation.

Obviously, CHP systems require a heat sales
opportunity, which in practice means an energy

infrastructure of DH pipework and pump installa-
tions. The DH network is not cost-effective on the
short term, and certainly not for the individual
producers of heat. However, municipalities, large
energy companies, or governments interested in
the long-term benefits of highly efficient energy
facilities (for all fuels) can drive forward such
infrastructure investments to the benefit of the
whole community.

Conclusions and Future Directions

If a heat market exists or can be made available,
WtE facilities can be a low cost source of heat. As
an example, the total energy recovery for
“electricity-only” facilities of about 25% can be
increased to 85–105% for combined heat and
power installations. The loss in electrical effi-
ciency by doing so is moderate: The electrical
efficiency is reduced by only 3–6% points.

Furthermore, configuring a steam turbine for
“heat and power” instead of “heat only” generates
heat with high efficiency: an “electricity-to-heat”
ratio of up to almost 20!

Even for smaller amounts of heat extraction
from a waste plant, it is not uncommon to achieve
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an “electricity-to-heat” ratio of up to 10. Using
such heat is particularly interesting given the fact
that energy recovery from waste continuously
takes place mainly to reduce the mass and volume
of (nonrecyclable) waste, and, hence, the alterna-
tive is to reject large amounts of heat in cooling
installations with no real benefit.
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Glossary

APCS Air pollution control system
ASCC Alaska Systems Coordinating Council
CAA Clean Air Act
EGU Electric generating unit
FRCC Florida Reliability Coordinating Council
HICC Hawaiian Islands Coordinating Council
ICE Internal combustion engine
LCA Life cycle assessment
LCI Life cycle inventory
LFG Landfill gas
LFGTE Landfill gas to energy
MRO Midwest Reliability Organization
MSW Municipal solid waste
NERC North American Energy Reliability Council

NPCC Northeast Power Coordinating Council
RFC Reliability First Corporation
SERC SERC Reliability Corporation
SPP Southwest Power Pool
TRE Texas Regional Entity
US EPA United States Environmental Protection

Agency
WECC Western Electricity Coordinating Council
WTE Waste-to-energy

Definition of the Subject

This entry provides a detailed life cycle assess-
ment (LCA) of combustion vs. landfilling of post-
recycling municipal solid waste (MSW), that
means the MSW with no value in the market or
recovery potential. The LCAmethodology is used
extensively to evaluate the environmental foot-
print of products, processes, and services. An
LCA allows decision makers to compare products
and processes through systematic evaluation of
supply chains. Also known as a “cradle-to-
grave” approach, LCA evaluates each stage of
life for a given product or process, including
extraction of the raw materials, transportation,
manufacturing, distribution, use, and final
disposal.

LCA has been widely utilized to analyze dif-
ferent solid waste management alternatives
[1–9]. Despite resource conservation efforts,
over 50% of the USMSW is discarded in landfills.
This number is significantly higher than other
countries such as Denmark, where only 4% of
the MSW generated is disposed in landfills. The
remaining 96% is recycled or combusted for
energy recovery. There is an ongoing debate
about the relative environmental merits of landfill
disposal versus waste-to-energy (WTE). The rel-
ative emissions associated with both options are
highly sensitive to the input data in the life-cycle
inventory (LCI).
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Introduction

While per capita generation has been relatively
constant for the past decade, the absolute amount
of MSW generated is increasing due to population
growth. In 2002, the US EPA established the
Resource Conservation Challenge to increase the
nationwide recycling rate to 35%. The challenge
encourages pollution prevention, resource conser-
vation, efficient use of materials, and a materials
management approach to waste management. Cur-
rent recycling and composting rates in the USA
have almost reached the 35% goal [10]. In addition,
13% of MSW is combusted in waste to energy
(WTE) facilities. The rest of the MSW, totaling
151 million Mg according to USEPA, is disposed
in landfills (Editor’s note: The Columbia/BioCycle
“State of Garbage” survey, based on landfilled
tonnages provided by the 50 states, reported the
2008 landfilled MSW at 270 million tons [35]).
Europe’s SWM policies also focus on the minimi-
zation of MSW disposal in landfills and maximi-
zation of the environmental benefits with respect to
material and energy conservation. For example, in
Denmark, only 4% of MSW is disposed in land-
fills.Most of the DanishMSW (55%) is combusted
and the balance (42%) is recycled [11]. The US
public generally perceives solid waste combustion
as hazardous and toxic, due mainly to the poor
environmental performance of incineration facili-
ties in the early 1990s, which lacked air pollution
control systems (APCS). While there is public
resistance to the siting of new WTE facilities, the
Clean Air Act (CAA) requires that all WTE facil-
ities in the USA haveAPCS installed [12]. In 2010,
there were 86 WTE plants operating in 24 states
with continuous emissionmonitoring [13]. In addi-
tion, each facility is required to submit an annual
stack test to measure performance and demonstrate
compliance with regulations.

The design of SWM strategies that are efficient
with respect to material and energy conservation
requires a site-specific evaluation of multiple
SWM alternatives. For example, energy recovery
in a waste-to-energy (WTE) facility may represent
an efficient way to recover the energy value of
many recyclables while displacing some fossil
fuel utilization. Thus, the benefits of WTE

facilities should be compared to the benefits of
converting recyclables to new products. To eval-
uate the environmental burdens of alternative
SWM strategies, models that can calculate the
energy consumption and environmental emis-
sions for each unit process used in a given solid
waste system, including collection, separation,
recycling, treatment, and landfill processes, are
essential. These unit process models can then be
integrated into a larger model to compare energy
use and emissions across a large number of tech-
nically feasible alternative SWM strategies.

This entry describes the calculation of life-
cycle inventory (LCI) air emissions from WTE
and compares the results with the LCI emissions
from landfills. Background information on LCI is
presented in the next section, followed by a
description of the system boundaries and design
basis for the WTE LCI. The method used to cal-
culate each emissions factor and amount of energy
recovered is then described. Emission factors are
reported both on a per Mg basis and per unit of
electricity generated.

Background on Life Cycle Assessment

The goal of LCA is to gather information on and
evaluate the environmental impacts of a process
or product. The LCA is carried out in four phases:
goal and scope definition, life-cycle inventory
(LCI), life-cycle impact assessment, and interpre-
tation. In this entry, the LCI concept is applied to
combustion of MSW, also called waste-to-energy
(WTE). In the MSW combustion LCI, a set of
environmental emissions plus energy recovery
associated with waste combustion are quantified.
The essential feature of LCI methodology is an
attempt to thoroughly consider all aspects of a
process. In the context of MSW combustion,
LCI methodology requires that in addition to an
inventory of the direct emissions from a WTE
facility that recovers energy, an inventory of the
avoided emissions at a power plant (including
associated steps for fuel extraction and transpor-
tation) also be included. General information on
LCI methodology as it can be applied to MSW
management has been presented previously [9].
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System Boundaries of the WTE LCI

The LCI-based emission factors include all the
activities associated with the combustion of
1 Mg of MSW as it is received by the WTE
facility. A typical mass-burn combustion facility
with energy and ferrous metal recovery is
assumed for the analysis. The facility is equipped
with all necessary Air Pollution Control (APC)
system to comply with the prevailing air quality
regulations. The following APC equipments are
assumed to be present in the facility: spray dryer
absorbers for acid gas (i.e., SO2 and NOx) control,
activated carbon injection for mercury control,
injection of ammonia for NOx control by conven-
tional selective noncatalytic reduction, and a fab-
ric filter for particulate matter (PM) control. The
LCI emissions associated with collection, transfer,
and separation of MSW and ash disposal is con-
sidered in separate unit process LCI models,
which can be found in [14].

A LCI model developed for WTE [15] can
track 32 life-cycle parameters, including energy
consumption, CO2, CO, NOx, SOx, total green-
house gases (CO2e), PM, CH4, water pollutants,
and solid wastes associated with combustion of
MSW as well as indirect burdens. The CO2e rep-
resents the summation of CO2 and CH4 emissions,
multiplied by their corresponding global warming
potentials (GWP). The GWPs for CO2 and CH4

are 1 and 25, respectively [16]. In addition, CO2

emissions are represented in two forms: fossil and
biogenic. Carbon dioxide released from anthropo-
genic activities such as burning fossil fuels or
fossil-fuel-derived products (e.g., plastics) for
electricity generation and transportation are cate-
gorized as CO2-fossil. Likewise, CO2 from bio-
genic materials (e.g., paper, food waste) released
during combustion, or biodegradation in the case
of landfills, is categorized as CO2-biogenic.

The emission levels depend on waste compo-
sition, combustion process details, and the effec-
tiveness of the installed APC system. For
example, the quantity of CO2 emissions is com-
position dependent, whereas the quantity of
criteria air pollutants and hazardous air pollutants
depends primarily on flue gas treatment proce-
dures. Generally, US WTE plants do not generate

wastewater, and the sludge generated from semi-
dry or wet scrubbing is not included in this LCI.
The model does not differentiate between bottom
ash and fly ash. The quantity of total ash is a
function of the materials combusted in the facility,
the corresponding ash content, and the assumed
uncombusted fractions of each material. The
assumptions regarding MSW component charac-
teristics are presented in Table 1. The amount of
limestone and ammonia used in the APC are also
added to the total quantity of ash produced. The
ash is then taken to an ash landfill for disposal.
Another LCI model developed by [17] is used to
track emissions associated with the disposal of
ash.

The emissions associated with the production
of limestone and ammonia for the APC are
included as indirect burdens in the LCI. The emis-
sions associated with the construction of the facil-
ity are less than 1% of total LCI emissions
occurring during the operation of the facility
[18]. As a result, construction emissions were
excluded from the results presented here. The
heat recovered from the WTE facility is converted
to electricity and contributes to baseload electric-
ity generation within the regional electric grid.
The supply of electricity from the WTE plant
avoids emissions from conventional fossil fuel-
fired power plants. These avoided emissions are
calculated and included in the LCI as an emissions
reduction. In addition, most WTE facilities
recover ferrous metals from bottom ash. The LCI
model takes into account the avoided emission
frommanufacturing of iron and steel using ferrous
scrap recovered from WTE ash.

Life-Cycle Inventory

Method to Generate Emission Factors per Mg
of Waste Item
The WTE LCI model generates emission factors
per Mg of each waste item, which represent
the summation of emissions associated with (1)
the combustion ofMSW (while accounting for the
emission controls), (2) the production and use
limestone and ammonia in the APC, (3) offsets
applied due to avoided grid emissions, (4) offsets
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applied due to ferrous recovery, and (5) emissions
associated with ash disposal [15].

LCI_WTEij ¼ LCI_Stackij

þ LCI_Limestoneij

þ LCI_Ammoniaij

� LCI_GridEmissionsij

� LCI_FeOffsetsij

þ LCI_Ashij
�
for all i, j (1)

where LCI_WTEij is the LCI emission factor for
pollutant i (g/Mg of waste item j); LCI_Stackij is
the controlled stack gas emissions for pollutant
i (g/Mg of waste item j); LCI_Limestoneij is the
allocated emissions of pollutant i from the pro-
duction and use of limestone in the scrubbers
(g/Mg of waste item j); LCI_Ammoniaij is the
allocated emissions of pollutant i from the pro-
duction and use of ammonia (g/Mg of waste item
j); LCI_GridEmissionsij is the allocated emissions
of pollutant i associated with the avoided utility
emissions (g/Mg of waste item j); LCI_FeOffsetsij
is the emission offset for pollutant i per Mg of
recycled ferrous material; and LCI_Ashij is the
emissions of pollutant i associated with the dis-
posal of ash from WTE facility (g/Mg of waste
item j).

The magnitude of the emission factors is a func-
tion of heat rate (i.e., the amount of energy input
required to generate one kWh of electrical energy),
waste composition, and the pollutant removal effi-
ciency of the APC system. The characteristics of
MSWassumed for this study are shown in Table 1.
The composition and amount of MSW determines
the total electricity generated, which affects the
total avoided emissions from the grid. Avoided
grid emissions are allocated based on the energy
content of the individual waste item. The emissions
remaining after APC treatment are allocated
equally among different waste categories. The
facility design assumptions are given in Table 2.

The CO2 emissions are calculated using a stoi-
chiometric equation for combustion given the
quantity, moisture, and ultimate analysis of indi-
vidual waste items. The emission rates for criteria

air pollutants were calculated using field level
stack gas concentrations (including the controls)
and resultant flue gas volumes [15]. The perfor-
mance data on WTE plants in the USA reveal that
all the facilities’ stack gas concentrations are well
below the regulatory limits [12]. The WTE LCI
model can use either the regulatory concentration
limits or average stack gas concentration limits to
calculate the emission factors. Table 3 presents
these input concentration limits. The results pre-
sented here are calculated using the regulatory
limits; however, sensitivity analysis is conducted
to demonstrate the effects of changes in concen-
tration limits on emission factors.

The WTE LCI accounts for all energy and
material recovery activities. The model calculates
the total electricity generated per unit mass of
waste item based on the assumed heating value,
ash content of each waste item, and heat rate. The
electricity generated at the WTE facility is sup-
plied to the grid to help meet baseload demand. As
a result, electricity generation from conventional
sources is avoided, leading to a proportional
decrease in emissions.

An LCI model for the electric sector was
developed to calculate emission factors per unit
electricity generated for a given US region or the
national grid. Each of the electric grid regions in
the North American Electric Reliability Council
(NERC), an average national grid, or a user-
defined grid can be defined in the model through

WTE: Life Cycle Assessment Comparison to
Landfilling, Table 2 Summary of major parameters
characterizing a combustion facility

Parameter Units Assumptions

Lifetime Years 20

Capacity factor 0.91

Heat rate Btu/kWh 18,000

Limestone usage in
the APCS

Mg/Mg of
MSW

0.007055

Ammonia usage in
the APCS

Mg/Mg of
MSW

0.0015

Ferrous ash recovery
rate

% 90

Unburned waste % 5

504 WTE: Life Cycle Assessment Comparison to Landfilling



input of fuel mixes. The fuel mixes for NERC
regions and the national average are taken from
US EPA’s eGRID database [24] and presented in
Table 4. The model concurrently calculates emis-
sion factors for each of the electric generating
units (EGUs) running with various fuels, includ-
ing coal, natural gas, oil, biomass, hydroelectric,
and nuclear. The factors include both the operat-
ing emissions with postcombustion APC system
and precombustion emissions including the
extraction, processing, and transportation of
fuel. The LCI data for each of the fuels running
the EGUs in the grid was obtained from NREL
LCI database [25–28]. The database reports
emissions associated with the extraction, pro-
cessing, and transportation of fuel. These data
were reported on a unit mass of fuel bases
[25–28]; when converted to emissions per unit
of electricity generated, the magnitude of the
resultant emissions factor is inversely propor-
tional to the efficiency of the power plant. The
efficiency of the EGUs and the corresponding
emission factors used in this analysis are pre-
sented in Table 5. The results of this analysis
include offsets for coal-fired power plants in the
SERC regional grid. The SERC grid represents
27% of US electricity generation, and the fuel
mix in the SERC region roughly matches the fuel
mix of the US national average grid. The

emission factors for the SERC regional grid are
summarized in Table 6.

Most WTE facilities recover up to 90% of the
ferrous materials from the bottom ash. The
recycled ferrous material replaces iron ore and
other raw materials in the production of steel. As
a result, emissions due to steel manufacturing
from virgin materials are avoided. In terms of
greenhouse gas emissions, 1.05 Mg CO2e is
avoided per Mg of recycled ferrous material as
a result of recovery activities. The complete set
of LCI emissions are presented in Table 7.

The WTE LCI emission factors per Mg of
MSW item are summarized in Tables 8 and 9.
Table 8 presents the combustion-related emission
factors associated with WTE facilities. These fac-
tors exclude offsets associated with electricity
generation and ferrous recycling as well as the
burdens associated with the use of limestone and
ammonia in the facility. Table 9 presents the LCI
emissions from WTE facilities that include stack
gas emissions, emissions associated with lime-
stone and ammonia production, and offsets asso-
ciated with the electricity generation in coal fueled
EGUs in SERC region. Table 10 presents the
emissions associated with the disposal of ash
from the WTE facility. From these tables, the
LCI emission factors for WTE are derived using
Eq. 1.

WTE: Life Cycle Assessment Comparison to Landfilling, Table 3 Regulatory emission concentration limits and
average emissions concentrations in the stack gas of waste-to-energy facilities

Pollutants Units
Regulatory emission
limitsb

Assumed average at WTE
facilitiesc

SO2 (ppmv @ 7% oxygen, dry) 30 10

HCl (ppmv @ 7% oxygen, dry) 25 11

NOx (ppmv @ 7% oxygen, dry) 150 170

CO (ppmv @ 7% oxygen, dry) 100 100

PM (mg/dscm @ 7% oxygen,
dry)

24 4.7

Total dioxins/
furansa

(ng/dscm @ 7% oxygen,
dry)

13 4.5

aTotal dioxins/furans are divided by 100 to yield Toxic Equivalent dioxins/furans
bRef: [12]
cRef: [23]
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Method to Generate Emission Factors per
MWh of Electricity Generated
The WTE LCI model also generates emission
factors per MWh of electricity generated using
the emission factors per Mg of waste item and
the energy content of the waste stream received
by the facility. The composition and quantity of
waste used in this analysis are summarized in
Table 1. The analysis assumes that the WTE facil-
ity receives the postrecycling fraction of the
MSW. The emissions per MWh of electricity gen-
erated are then calculated using the following
equation:

LCI_WTEi ¼
X
j

LCI_Stackij
��

þ LCI_Limestoneij þ LCI_Ammoniaij

þ LCI_AshijÞ �Massjg � Elec for all i (2)

where LCI_WTEi is the LCI emission factor for
pollutant i (g/MWh); LCI_Stackij is the con-

trolled stack gas emissions for pollutant
i (g/Mg of waste item j); LCI_Limestoneij is
the allocated emissions of pollutant i from the
production and use of limestone in the scrubbers
(g/Mg of waste item j); LCI_Ammoniaij is the
allocated emissions of pollutant i from the pro-
duction and use of ammonia (g/Mg of waste item
j); LCI_Ashij is the allocated emissions of pol-
lutant i from the disposal of ash (g/Mg of waste
item j); Massj is the amount of each waste item
j processed in the facility (obtained from
Table 1); and Elec is the total electricity gener-
ated from MSW processed in the facility (MWh)
and calculated as follows:

Elec ¼
X

j
HeatingValuej �Massj

� �

�
2000

lb

ton

1000
kWh

MWh

=HeartRate (3)

WTE: Life Cycle Assessment Comparison to Landfilling, Table 5 LCI-based emission factors for conventional
power plants

Coal Natural gas Oil Nuclear

System parameters

Efficiency % 33 50 33 33

Criteria pollutants

CO g/MWh 220 800 340 27

NOx g/MWh 3,700 1,500 1,400 280

SOx g/MWh 6,900 3,400 6,100 830

PM g/MWh 1,300 14 120 210

PM-10 g/MWh

Other pollutants

HCl g/MWh 82 0 22 2

Dioxins/furans g/MWh

Ammonia g/MWh 0.05 9.1 56 0.15

Hg g/MWh

Greenhouse gases

CO2-biomass Mg/MWh 0.00 0.00 0.00 0.00

CO2-fossil Mg/MWh 0.97 0.41 0.88 0.03

CH4 Mg/MWh 0.00 0.00 0.00 0.00

CO2e MTCO2E/MWh 1 0.44 0.89 0.03

Ref: [25–28]; The raw data on precombustion emission factors are collected on a unit mass of fuel; when converted on a
per unit electricity generated, the magnitude of resultant emissions depends on the efficiency of the power plant. To
provide transparency, the assumed efficiencies are provided along with the factors
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where HeatingValuej is the heating value of item
j (Btu/lb) and HeatRate is the thermal efficiency of
the WTE facility (Btu/kWh).

Method to Generate Emission Factors for
Landfill Gas to Energy
The total LCI emissions from landfills are the
summation of the emissions resulting from (1) the
site preparation, operation and postclosure

operation of a landfill, (2) the decay of the waste
under anaerobic conditions, (3) the equipment uti-
lized during landfill operations and landfill gas
management operations, (4) the production of die-
sel required to operate the vehicles at the site, and
(5) the treatment of leachate [17, 29]. The produc-
tion of LFGwas calculated using a first order decay
equation for a time horizon of 100 years and the
measured methane yield from each individual

WTE: Life Cycle Assessment Comparison to Landfilling, Table 6 LCI-based emission factors for US grid and South
Eastern Reliability Council (SERC) region

Air emissions National SERC

PM10 g/kWh 0.00E+00 0.00E+00

Particulates (total) g/kWh 7.02E�01 7.88E�01

Nitrogen oxides g/kWh 2.43E+00 2.46E+00

Hydrocarbons (non-CH4) g/kWh 5.89E�01 3.87E�01

Sulfur oxides g/kWh 5.30E+00 4.85E+00

Carbon monoxide g/kWh 4.10E�01 3.46E�01

CO2 (biomass) g/kWh 6.52E+00 8.70E+00

CO2 (nonbiomass) g/kWh 6.57E+02 6.52E+02

Ammonia g/kWh 4.52E�03 2.65E�03

Lead g/kWh 2.94E�05 2.77E�05

Methane g/kWh 1.44E+00 1.44E+00

Hydrochloric acid g/kWh 4.23E�02 4.71E�02

Waterborne emissions

Dissolved solids g/kWh 2.90E+00 1.90E+00

Suspended solids g/kWh 4.07E�01 4.31E�01

BOD g/kWh 2.94E�03 1.89E�03

COD g/kWh 4.10E�02 2.67E�02

Oil g/kWh 5.12E�02 3.34E�02

Sulfuric acid g/kWh 5.21E�03 5.75E�03

Iron g/kWh 3.16E�02 3.59E�02

Ammonia g/kWh 3.97E�04 4.48E�04

Copper g/kWh 0.00E+00 0.00E+00

Cadmium g/kWh 1.31E�04 8.61E�05

Arsenic g/kWh 0.00E+00 0.00E+00

Mercury g/kWh 1.03E�08 6.75E�09

Phosphate g/kWh 2.60E�03 2.87E�03

Selenium g/kWh 0.00E+00 0.00E+00

Chromium g/kWh 1.31E�04 8.61E�05

Lead g/kWh 2.17E�08 9.56E�09

Zinc g/kWh 4.53E�05 2.96E�05

Solid waste g/kWh 1.09E+02 1.20E+02

Energy BTU/kWh 10,772 10,764
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waste component [17, 30]. The LCI model also
requires the quantity and composition of the
waste disposed, LFG collection efficiency
(Table 11), annual LFG management schedule,
oxidation rate (15%), emission factors for

combustion by-products from LFG control
devices, and the emission factors for equipment
used on site during the site preparation and opera-
tion of a landfill. The LFG collection efficiency can
be varied annually. The emission factors are calcu-
lated under the following scenario assumptions:

1. A regional landfill subject to CAA is
considered.

2. A single cell in the regional landfill is
modeled.

3. Waste is initially placed in the new cell in
year 0.

4. The landfill already has a LFG collection
network in place.

5. An ICE is utilized to generate electricity.
6. The offline time that is required for the

routine maintenance of the ICE is not considered.
7. The LFG control devices are assumed to

have a lifetime of 15 years.
8. The LFG will be collected and controlled

until year 65. This assumption is based on a typ-
ical landfill with an average operating lifetime of
20 years in which LFG production decreases sig-
nificantly after about 60 years from initial waste
placement. The LFG production is based on the
use of a first-order decay equation.

In practice, the timing of LFG-related operations
such as the installation of the gas capture system,
start of gas capture, and the installation of energy
recovery equipment exhibits significant variation
that will influence the total emissions from an indi-
vidual landfill. To capture these variations, several
different LFG management schemes were tested.
An average or typical LFG management scheme
would vary significantly from one location to
another. Kaplan et al. (2009) enlists a variety of
scenarios for comparison [32]. Here, the WTE LCI
emission factors were compared in detail against
three LFG LCI scenarios, and the sensitivities
around various operational assumptions are
accounted and presented as lower and upper
bounds. The first scenario assumes 100% venting
of LFG for the entire life of the landfill. The second
assumes venting of the LFG for the first 4 years and
then flaring of the LFG until year 65. The third
scenario represents an LFG energy recovery sce-
nario: the LFG is vented for the first 4 years
followed by the installation of an LFG collection

WTE: Life Cycle Assessment Comparison to
Landfilling, Table 7 LCI emission offsets due to recov-
ery and remanufacturing of ferrous metals from the bottom
ash in WTE plants

Air emissions
Ferrous
metals

PM-10 g/Mg 0.00E+00

PM g/Mg �4.99E+03

NOx g/Mg �8.35E+02

Hydro carbon
(non-CH4)

g/Mg �4.88E+03

SOx g/Mg �1.78E+03

CO g/Mg �1.22E+04

CO2 biomass g/Mg 0.00E+00

CO2 fossil g/Mg �1.03E+06

Ammonia g/Mg 0.00E+00

Lead g/Mg 6.90E�01

Methane g/Mg �8.56E+02

Hydrochloric acid g/Mg 1.80E+01

Waterborne emissions

Dissolved solids g/Mg �5.84E+02

Suspended solids g/Mg �2.22E+02

BOD g/Mg 0.00E+00

COD g/Mg 0.00E+00

Oil g/Mg �5.15E+00

Sulfuric acid g/Mg 0.00E+00

Iron g/Mg 0.00E+00

Ammonia g/Mg �5.07E+01

Copper g/Mg 0.00E+00

Cadmium g/Mg 0.00E+00

Arsenic g/Mg 0.00E+00

Mercury g/Mg 0.00E+00

Phosphate g/Mg 2.64E+00

Selenium g/Mg 0.00E+00

Chromium g/Mg 0.00E+00

Lead g/Mg 0.00E+00

Zinc g/Mg 0.00E+00

Solid waste g/Mg �2.53E+05

Energy MBTU/
Mg

�1.89E+02

Negative values indicate the magnitude of emission
avoided due to remanufacturing activities

WTE: Life Cycle Assessment Comparison to Landfilling 509
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system in the landfill. The recovered LFG is flared
for 2 years, and subsequently combusted in an ICE
for electricity generation for 30 years, then flared
until year 65. In practice, this energy recovery
period could last anywhere from 10 to 60 years.
The extent of this time period depends on the site
characteristics such as flow rate and the quality of
the captured methane gas, regional climate, and
economic feasibility. Table 12 presents the LCI
emission factors per Mg of MSW components for
LFGTE case with 30 years of electricity generation
through the use of an ICE. These emission factors
include offsets associated with generation of elec-
tricity from coal powered EGUs in SERC region.

Results and Discussion
The LCI emission factors for WTE were gener-
ated on a per Mg of MSW item and compared to
LCI emission factors for LFGTE scenarios.
Table 13 summarizes the CO2e emission factors
for major waste items such as paper, yard waste,
and plastics sent to either WTE or LFGTE. The
CO2e emission factors for WTE include all the
components presented in Eq. 1. All of the bio-
genic waste items such as grass, leaves, card-
board, and food waste result in avoided
emissions when combusted in a WTE facility.
When biogenic items are disposed in landfills –
even with energy recovery – the CO2e emission
factors for those items are higher than the factors

for fossil-based waste items such as plastics. This
is mainly due to the fact that organic materials
decompose in the landfill under anaerobic condi-
tions, which results in methane emissions. Plas-
tics, on the other hand, do not decompose in
landfills. However, their higher carbon content
translates to a higher energy content per unit
mass, which results in higher CO2e emissions
when combusted in a WTE facility. The average
composition of MSWas discarded by weight was
calculated to be 77% biogenic- and 23% fossil-
based [19]. Based on the average composition of
discarded MSW presented in Table 1, average
CO2e factors were calculated. A WTE facility
receiving the discarded portion of MSW resulted
in avoided or negative emissions of 345 kg CO2e
per ton of MSW, whereas the emissions from
LFGTE was 219 kg of CO2e per ton of MSW,
which includes the electricity generation offsets.

When waste is buried in a landfill, some of the
biogenic material does not degrade and this mate-
rial is said to be stored. While carbon storage was
not included in this analysis, it could have a sig-
nificant impact on the results. For example, Staley
and Barlaz (2009) report carbon storage factors of
about 0.13 kg C per kg dry refuse [33]. At a
moisture content of 20%, this translates to
381 kg CO2e/Mg of wet refuse. This value
would be subtracted from the landfill LCI result
of 219 kg of CO2e per Mg of MSW to obtain LCI
emission factors that accounts for the carbon
sequestration.

The LCI emissions were calculated per MWh
of electricity generated and compared to the LCI-
based emission factors for LFGTE. A parametric
sensitivity analysis was conducted on the LCI
emission factors to establish lower and upper
bounds. We hypothesize that the variations in the
MSW composition and electricity thermal effi-
ciency of the WTE facility could have significant
effects on the LCI emission factors. The sensitiv-
ity of emission factors to biogenic- vs. fossil-
based waste fraction was also determined. Two
compositions (one with 100% biogenic-based
waste and another with 100% fossil-based waste)
were used to generate the emission factors. In
addition, the thermal efficiency of the WTE facil-
ity was varied from 15% to 30%. A summary of

WTE: Life Cycle Assessment Comparison to
Landfilling, Table 11 Inputs to landfill process model

During
LFG collection
system efficiencyb

Oxidation
rate

Venting 0% 15%

1st year of gas
collectiona

50% 15%

2nd year of gas
collection

70% 15%

3rd year and on of
gas collection

80% 15%

aGas collection can start anytime during the operation of
the landfill. In this analysis, two scenarios were considered.
In the first scenario, gas collection starts at the second year
of the operation, and in the second one, the gas collection
starts at the fourth year of the operation
bWe assumed efficiency of the collection system based on
the year of the operation and the ranges stated in [31]
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this analysis is presented in Table 14. For LFG
scenarios, the LCI emission factors were varied by
changing oxidation rates and analyzing various
LFG management scenarios. The results of this
analysis are presented in the figures as lower and
upper bounds; however, for more details on the
assumptions, the reader should refer to Kaplan
et al. [5]. The LCI emission factors for the con-
ventional EGUs are recalculated while varying the
thermal efficiencies. The lower and upper bounds
on the LCI emission factors are established.

Figure 1 presents the emission factors for total
CO2e per MWh of electricity generated for land-
fills, WTE, coal, natural gas, oil, and nuclear
power plants. The WTE scenarios result in less
CO2e emissions than the LFG scenarios. The
vented methane in the early years of the landfill
operation is the main contributor to the higher
CO2e emissions. The CO2e emissions from
WTE ranged from 0.02 Mg of CO2e/MWh to
1.5 Mg of CO2e/MWh, where the low end of
the range represents high efficiency and MSW
composition with 100% biogenic waste while the
high end of the range represents emission factors
calculated usingMSW composition consisting of
100% fossil based waste items. However, the
CO2e emissions from WTE – even the ones
based on 100% fossil-based waste – are still
lower than the most aggressive LFGTE scenario
whose CO2e emissions are 2.3 Mg of CO2e/

MWh. Figure 2 provides a closer look at the
CO2e emission factors for WTE and conven-
tional EGUs and distinguishes between pre-
combustion and combustion-related emissions.
The average CO2e emissions for WTE are
0.56 Mg of CO2e/MWh, resulting in lower emis-
sions than coal and oil; however, natural gas and
nuclear still have lower greenhouse gas emis-
sions than WTE.

SOx emissions fromWTE facilities occur dur-
ing the combustion process and are controlled via
wet or dry scrubbers. The use of LFG control
during operation, closure, and postclosure of
the landfill as well as the treatment of leachate
contributes to the SOx emissions from landfills.
Figure 3 presents SOx emission factors for WTE,
LFG scenarios, and conventional EGUs. Overall,
the SOx emissions resulting from the LFGTE and
WTE alternatives are approximately ten times
lower than the SOx emissions resulting from
coal- and oil-fired power plants with flue gas
controls. The SOx emissions for WTE ranged
from 140 to 730 g/MWh, and for LFGTE it
ranged from 430 to 900 g/MWh. In a coal-fired
power plant, average SOx emissions were
6,900 g/MWh. Note that the majority of the
SOx emissions from natural gas are attributed to
processing of natural gas rather than the combus-
tion of the natural gas for electricity generating
purposes.

During the combustion process, NOx emis-
sions result from two different oxidation mecha-
nisms. First, a reaction referred to as “thermal
NOx” occurs between nitrogen in the combustion
air and excess oxygen at elevated temperatures.
A second reaction referred to as “fuel NOx” rep-
resents the oxidation of nitrogen that is chemically
bound in the fuel. For most coal-fired EGUs,
thermal NOx typically represents about 25%, and
fuel NOx represents about 75% of the total NOx
formed. Figure 4 presents NOx emission factors
for WTE, LFGTE, and conventional EGUs. The
NOx emissions for WTE alternatives ranged from
810 to 1,800 g/MWh, and for LFGTE, it ranged
from 2,100 to 3,000 g/MWh. In a coal-fired power
plant, average NOx emissions are 3,700 g/MWh.
The emission factors for other criteria pollutants
are also calculated. Besides CO and HCl

WTE: Life Cycle Assessment Comparison to
Landfilling, Table 13 Comparison of LCI emission fac-
tors in kg of CO2e per Mg of selected major MSW items
and average MSW as received by the WTE facility and
landfill with energy recovery

WTE LFGTE

Leaves �312 54

Grass �312 282

Cardboard �846 597

Office paper �772 841

HDPE 602 4

PET �186 4

Mixed plastic 991 4

Food �212 465

MSW �345 219
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emissions, the emission factors for all LFGTE and
WTE cases are lower than the ones for the coal-
fired generators [32].

In addition, the impact of WTE within the
larger energy system is evaluated. Hypothetically,
if 166millionMg ofMSW is discarded in regional

WTE: Life Cycle Assessment Comparison to
Landfilling, Table 14 Emission factors (g pollutant/
MWh) and sensitivity of emission factors for WTE to

plant efficiency, waste composition, and remanufacturing
benefits of steel recovery

Sensitivity on

Baseline
factors System efficiency Waste composition

Ferrous metal
recovery

Input parameters varieda

Heat rate BTU/kWh 18,000 [11,000,
23,000]

18,000 18,000 18,000 18,000

Thermal
efficiency

% 19 [15, 30] 19 19 19 19

Composition Default Default All
biogenic

All fossil Default Default

Stack gas
limits

Reg Avg Reg/Avg Reg Reg Reg Avg

Steel
recovery

Excludes Excludes Excludes Excludes Includes Includes

Results: criteria pollutants

CO g/MWh 790 790 [500,1000] 740 880 �110 �110

NOx g/MWh 1,300 1,500 [810, 1800] 1,200 1,400 1,200 1,400

SOx g/MWh 578 221 [140, 730] 550 620 450 90

PM g/MWh 181 60 [38, 230] 180 190 �190 �310

HCl g/MWh 260 110 [71, 320] 240 280 260 110

Dioxins/
furans

g/MWh 8.1E-05 2.8E-
05

[1.8E-05,
1.0E-04]

7.6E-05 9.1E-05 8.1E-05 2.8E-05

Ammonia g/MWh 3.8E-03 3.8E-
03

[2.4E-03,
4.8E-03]

4.4E-03 2.7E-03 3.8E-03 3.8E-03

Hg g/MWh 5.0E-02 5.0E-
02

[3.2E-02,
6.4E-02]

6.5E-02 2.7E-02 5.0E-02 5.0E-02

Results: greenhouse gases

CO2-
biogenic

Mg/MWh 0.91 0.91 [0.58, 1.2] 1.5 0.03 0.91 0.91

CO2-fossil Mg/MWh 0.56 0.56 [0.36, 0.71] 0.02 1.5 0.49 0.49

CH4 Mg/MWh 1.3E-05 1.3E-
05

[8.1E-06,
1.6E-05]

1.6E-05 7.9E-06 �5.0E-
05

�5.0E-
05

CO2e Mg CO2E/
MWh

0.56 0.56 [0.36, 0.71] 0.02 1.45 0.49 0.49

Results: electricity generation

TWhb 98 98 [78, 160] 61 37 98 98

kWh/mg 590 590 [470, 930] 470 970 590 590

GWc 12 12 [9.7, 20] 7.6 4.7 12 12
aFor each sensitivity analysis scenario, the input parameters in italics were modified, and resultant emission factors were
calculated and reported
bThe values represent the TWh of electricity that could be generated from all MSW disposed into landfills
c1 TWh/8,000 h = TW; Capacity factor of approximately 0.91 is utilized
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landfills with energy recovery, on average roughly
10 TWh or 65 kWh per ton of MSWof electricity
can be generated, whereas a WTE facility can
generate on average roughly 100 TWh or
600 kWh per ton of MSW of electricity with the
same amount of MSW. WTE can generate an
order of magnitude more electricity than LFGTE
given the same amount of waste. LFGTE projects
would result in significantly lower electricity gen-
eration because only the biodegradable portion of
the MSW contributes to LFG generation, and
there are significant inefficiencies in the gas col-
lection system that affect the quantity and quality
of the LFG.

Moreover, if all postrecycling MSW (i.e.,
excluding recycled and composted portion) is uti-
lized for electricity generation, the WTE alterna-
tive could yield a generation capacity of

14,000 MW, i.e., potentially replace about 4.5%
of the 313,000 MW of current coal-fired genera-
tion capacity [34]. The transportation of waste
could result in additional environmental burdens,
and there are clearly limitations in accessing all
discarded MSW in the nation. Wanichpongpan
(2007) studied the LFGTE option for Thailand
and found that large centralized landfills with
energy recovery performed much better in terms
of cost and GHG emissions than small, localized
landfills despite the increased burdens associated
with transportation [8].

The landfill emission factors include the
decay of MSW over 100 years, whereas emis-
sions from WTE and conventional electricity
generating technologies are instantaneous. The
operation and decomposition of waste in landfills
continues beyond the monitoring phases for an
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indefinite period of time. Reliably quantifying
the landfill gas collection efficiency is difficult
due to the every changing nature of landfills,
number of decades that emissions are generated,
and changes over time in landfill design and
operation, including waste quantity and compo-
sition. Landfills are an area source, which makes
emissions more difficult to monitor. In a recent
release of updated emission factors for landfill
gas emissions, data were available for less than
5% of active municipal landfills [31]. Across the
US, there are major differences in how landfills
are designed and operated, which further compli-
cates the development of reliable emission fac-
tors. This is why a range of alternative scenarios
is evaluated with plausible yet some optimistic
assumptions for LFG control. ForWTE facilities,
there is less variability in the design and opera-
tion. In addition, the US EPA has data for all the
operating WTE facilities as a result of CAA

requirements for annual stack testing of pollut-
ants of concern, including dioxin/furan, Cd, Pb,
Hg, PM, and HCl. In addition, data are available
for SO2, NOx, and CO from continuous emis-
sions monitoring. As a result, the higher quality
and availability ofWTE data makes estimation of
emissions factors less uncertain compared to
LFGTE.

Despite increased recycling efforts, US popu-
lation growth will ensure that the mass of MSW
discarded in landfills will remain significant.
Discarded MSW is a viable energy source for
electricity generation in a carbon-constrained
world. One notable difference between LFGTE
and WTE is that the latter is capable of producing
an order of magnitude more electricity from the
same mass of waste. If the goal is greenhouse gas
reduction, then WTE should be considered under
state and US renewable energy policies. In addi-
tion, LFTGE scenarios had on average higher
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NOX, SOX, and PM emissions than WTE. How-
ever, HCl emissions from WTE are significantly
higher than the LFGTE scenarios.

Future Directions

This analysis does not address location-specific
issues such as local air quality concerns. In cases
where the remanufacturing and electricity gener-
ation offsets occur in locations different from the
location of the WTE facility, the direct emissions
from WTE could reduce local air quality. For
example, if a WTE facility is located in an electric
grid with a high penetration of renewable and
nuclear, then WTE could result in an increase of
CO2e, NOx, SOx, and PM emissions. Future work
to account for the geographic and temporal distri-
bution of emissions would yield valuable insight
into the life-cycle performance and impact of
WTE and LFGTE.
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Glossary

Atmophilic Characterizing an element that con-
centrates in the atmosphere

Dibenzofuran Dioxin with one of the two oxy-
gen atoms replaced by a carbon-carbon bond

Dioxin Short for dibenzo-dioxin, often
substituted with various chlorine atoms such
as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)

MSW Municipal solid waste, representing mixed
waste that is collected by a given collection
system. Since in addition other collection sys-
tems for recycling might be present too (paper,
glass, metals, etc.), MSW from different regions
with different collection systems might vary
even if consumption patterns are identical.

PVC Polyvinylchloride
SEA Statistical entropy analysis (see Rechberger

in this volume)
Transfer coefficient kXi Coefficient describing

the partitioning of an element X among “i”
products of incineration

Definition of the Subject and Its
Importance

Thermal treatment of waste is not an isolated
process: It is part of waste management, energy
supply, resource management, and environmental
protection. It is linked to economic activities and
requires financial, material, and human resources.
Without thermal waste treatment, waste manage-
ment cannot reach its goals. In fact, waste-to-
energy (or incineration as it is called commonly
in Europe) reduces significantly environmental
pollution by persistent organic substances and,
also, by some inorganic elements such as heavy
metals. Hence, it is important to point out the
contribution of waste incineration to sustainable
waste management and to show the potential and
limitations of this technology in a broader view.
This is even more relevant since the material
turnover of modern societies has increased dra-
matically during the last century, making it neces-
sary to apply powerful and safe technologies both
at the front and back end of the material system.

Introduction

Waste management is an integral part of material
management. It serves as an important interface
between the so-called anthroposphere (the man-
made sphere or technosphere) and the environ-
ment [1]. Waste management ensures that harmful
substances do not cross this border and that useful
materials and energy are cycled back to the
anthroposphere. In order to take effective and
efficient measures in waste management, a certain
knowledge of the material metabolism of the
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anthroposphere is necessary. A striking example
is forecasting of waste generation: When the
buildings stock and age distribution, plus certain
economic parameters of a region, are known, the
generation of construction wastes can be pre-
dicted. As another example, when the consump-
tion, stocks, and lifetime of plastic materials are
known, the amount and composition of plastic
wastes to be treated by recycling and waste dis-
posal can be easily assessed.

Also, in the case of hazardous substances, it is
important to have a minimum knowledge of the
anthroposphere: Which are the significant sources
of heavy metals such as cadmium, lead, and
mercury in wastes, and when and how legislation
– such as a ban on mercury in batteries – can affect
waste composition? Due to progress in science and
technology, the anthropogenic metabolism is con-
stantly changing, with new materials being intro-
duced and increasing complexity of everyday
goods. It is therefore necessary to look at the
anthroposphere as a dynamic organism with rapidly
varying flows (years) and slowly varying stocks
(decades).This is also reflected in the amounts and
composition of the generated wastes.

Hence, this article starts with an overview of
the material flows and stocks of the most impor-
tant activities of the metabolism of the
anthroposphere, emphasizing changes over time.
It then focuses on the goals of waste management
and points out the contribution of thermal treat-
ment to waste management. While the focus is on
municipal solid waste (MSW) and MSW combus-
tion with energy recovery, most insights can be
applied to the thermal treatment of other types of
wastes. In particular, the goals of waste incinera-
tion, which are explicitly discussed in section
“Goals of Waste Management and of Thermal
Waste Treatment,” are the same for all wastes.

The main objective of this article is to point out
that waste incineration is an indispensable constit-
uent of every modern waste management system,
because of the variety and complexity of materials
used in the anthroposphere: While certain frac-
tions can be recycled, there still remain large
amounts of useless and hazardous materials that
have to be converted into minerals by means of
thermal treatment of the MSW.

Today’s Material Turnover Results in
Large Volumes of Waste Requiring
Appropriate “Final Sinks”

The activity “to clean,” defined as the separation
of the “wanted” from the “unwanted,” is a basic
human need [1]. All organisms have to take up
and excrete materials as a consequence of their
metabolism. The food, drinks, and air consumed
annually by human beings is about 6 Mg per
capita; the resulting output amounts to about
1 Mg per capita of feces and urine and 5 Mg per
capita of gas. This so-called “physiological”
metabolism has been basically the same over
thousands of years. Even with dietary habits
evolving over time and representing differences
in culture and economic development, the basic
human mass flow is comparatively constant.
However, the composition of this mass flow can
change substantially, e.g., as has been observed
for the consumption of animal protein in affluent
countries.

In addition to the physiological metabolism,
modern man depends on the so-called “anthropo-
genic” or man-made metabolism. This includes
the total material turnover of all goods necessary
to sustain a modern standard of living. With the
evolution from hunters and gatherers to today’s
service-oriented affluent societies, the material
turnover of men has increased dramatically.
Table 1 presents the per capita flows associated
with the essential activities of humanity, in pre-
historic and modern times. For the activities “to
nourish,” “to clean,” and “to reside,” only flows
and stocks within private households are shown;
the activity “to transport and communicate” also
includes the fraction of materials used outside the
household, such as roads and other
infrastructures.

“To nourish” includes storage, preparation, and
consumption of food, beverages, and air. “To
clean” stands for the separation of wanted and
unwanted goods in households and includes all
cleaning processes such as laundry, dish washing,
bathroom, vacuum cleaning, etc. The main mate-
rial used is water mostly as a conveyor belt for
dirt, feces, and urine. Materials included in “to
reside and work” are mainly fuel (oil, gas, coal,
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and wood) and construction materials used to
protect and shelter humans from the environment.
The same materials are instrumental for the activ-
ity “to transport and communicate,” comprising
the transport of persons, goods, information, and
energy by individual and public transport media
on roads, rails, water, and airways, as well as
cables, computers, and satellites.

While the total material turnover has increased
by more than one order of magnitude, there has
been little change in the “to nourish” activity,
while the activity “to clean” has experienced an
extraordinary increase in mass flows, from less
than 0.1 to 60 Mg per capita per year. The same
enormous increase has been experienced in the
activities “to reside and work” and “to transport
and communicate.” In modern societies, the activ-
ity “to clean” implies the biggest material turn-
over. Due to the consumption of 60 Mg water per
capita annually, modern households and cities
experience a healthy environment, with no threats
any more from waterborne diseases. The other
side of the coin is the large amount of water and
waste water that have to be managed. It becomes

evident that for the functioning of modern cities,
wastewater management of 60 Mg per capita is
more demanding than solid waste management of
“only” 2.7 Mg per capita per year (Table 2).

Table 2 below shows the large material stocks
that have been accumulated in order to fulfill
human requirements. The growth of these stocks
is impressive: If present growth rates continue in
the future, the anthropogenic stock will double in
about 100 years. However, it is doubtful that such
a future growth is a realistic assumption. It has to
be kept in mind that these activities serve human
needs. While a certain material turnover supports
human welfare and prosperity, too high a stock
may become a heavy burden in terms of resource
and financial requirements for maintenance,
renewal, and upgrading. It is not known yet if
there is an optimum size of anthropogenic stock
beyond which the societal benefit becomes mar-
ginal or even negative.

The data in Table 2 also shows implications
relevant for waste management: The solid output
of human activities in private households amounts
to 2.7 Mg per capita annually. Another 3 Mg per

WTE: Thermal Waste Treatment for Sustainable Waste Management, Table 1 Turnover and stock of materials
for prehistoric and modern men (Data from [1]

Activity

Material flows Material stocks Annual change in material stock

Mg/capita/year Mg/capita/year Mg/capita/year

Prehist. Modern Prehist. Modern Prehist. Modern

“To nourish” 5.6 5.7 0 <0.1 0 +<0.1

“To clean” <0.1 60 0 0.1 0 +<0.1

“To reside/work” <0.1 10 <0.1 100 0 +1

“To transport and communicate” 0 10 0 160 0 +2

Total 6 86 <0.1 260 ~0 +3

WTE: Thermal Waste Treatment for Sustainable Waste Management, Table 2 Input, output, stocks, and stock
changes of the most important activities of humanity, in Mg per capita per year [1]

Activity Input

Output

StockWastewater Off gas Solid residues

“To nourish” 5.7 0.9 4.7 0.1 <0.1

“To clean” 60 60 0 0.02 0.1

“To reside and work” 10 0 7.6 1 100 + 1

“To transport and communicate” 10 0 6 1.6 160 + 2

Total 86 61 19 2.7 260 + 3
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capita are accumulated in anthropogenic stocks.
In the future, when these 3 Mg per capita per year
have reached the end of their life, they will
become wastes. Therefore, it is clear that the
amount of wastes to be managed will increase
considerably in the future. This is particularly
the case for wastes from construction and infra-
structure. New measures to reduce the generation
of wastes will not much influence the existing
material stocks that inevitably will become wastes
to be managed.

Table 2 shows the mass flows of materials used
in various human activities. However, the quality
of the materials used must also be considered.
Today’s consumer products and long lifetime
goods (infrastructure, buildings) are highly com-
plex mixtures of innumerable individual sub-
stances. These material combinations allow new
and better functions of products, prolong the life-
time of goods, and improve their economic and
environmental performance. Since 1939, the
world production of chemicals has increased
400-fold, reaching close to 500 million Mg in
2010. As of this date, there are about seven mil-
lion known chemical substances. Close to 70,000
are produced for regular use in the industrial,
agriculture, and service sector, and of these,
5–10% are considered hazardous and about
200 are known to be carcinogenic.

Historically, the materials used were mainly of
geogenic (stone, gravel, sand) and biogenic
(wood, cotton, and other biomass) origin. Today,
while stones, gravel, and sand are still used
widely, most products contain metals and syn-
thetic, fossil-based organic substances. As a con-
sequence, during the last three centuries, wastes
produced have changed from harmless geogenic
and biomass materials to complex blends of
degradable as well as persistent, man-made
organic and inorganic materials. While in pre-
industrial times hygienic problems associated
with waste and wastewater were of primary rele-
vance, today’s challenge has shifted: The biggest
threat for men and environment from modern
material turnover and resulting wastes is risks
emanating from inappropriate handling of hazard-
ous substances.

Thus, for modern anthropogenic metabolism,
waste management must play a key role in:

– Redirecting the huge amount of materials used
by modern men back into a useful cycle
(recycling)

– Providing facilities to safely dispose of the
hazardous substances that are leaving the con-
sumption process (safe disposal)

– Informing the manufacturing process regard-
ing the use of substances and design of prod-
ucts (design for recycling and disposal)

In particular – since all materials extracted
from the earth and the biosphere, or synthesized
by humans, will turn into waste at one point –
waste management must provide final sinks for
these materials [2]. A “sink” stands for a process
that receives waste materials and emissions from
human habitat. The most important and powerful
sink is the atmosphere which is a perfect conveyor
belt for gaseous substances. Next comes the
hydrosphere that collects salts and organic sub-
stances by rainwater in watersheds and transfers
them into rivers that convey them to the sea. The
soil also acts also as a sink for landfilled wastes,
when sewage sludge is applied to soil, and for
airborne dust particles that settle on land.

Substances may be transported from one sink
to another. Over long time periods, speciation of
substances in soils, lakes, sediments, or landfills
can change significantly due to natural as well as
anthropogenic impacts, e.g., by means of eutro-
phication, acidification, or a shift in redox condi-
tions. In addition to biogeochemical reactions,
geological processes such as erosion, weathering,
seismic activities, and landslides can relocate sub-
stances from one sink to another. Therefore, a sink
such as a landfill may not be a long-term sink from
a geological perspective.

Sustainable waste management requires that
waste-derived problems are solved here and now
and that they are not deferred and passed on to the
next generations. Thus, a so-called final sink is
defined as a place on the planet where substances
have residence times of over 10,000 years. This
ensures that the resulting emissions are small and
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that the fate of a substance is more or less under
control. Final sinks are, for instance, underground
salt mines, ocean sediments, places on the ground
where sedimentation prevails over erosion, etc.

For organic substances, there is a second
category of final sinks. In contrast to passive
natural final sinks, active “final sink” reactions
transform organic substances rapidly into other
substances, such as metabolites. In the case of
mineralization, the end products are carbon
dioxide, water, and – depending on the compo-
sition of the initial material – other products
such as hydrochloric acid or sulfates. From the
point of view of organic substances, such active
final sinks represent the last step in the lifetime
of a substance. Mineralization is the ultimate
method to dispose of hazardous organic sub-
stances; it is thus a necessary element of every
waste management system.

For affluent societies with a high material turn-
over, it is necessary to have appropriate final sinks
for all substances. The search for final sinks has a
long tradition and has not reached its goal as yet
[3]. The need for final sinks is well documented by
current challenges such as climate change and the
ozone hole, both of which are manifestations of
inadequate final sinks. The utilization of fossil car-
bon overloads carbon sinks, resulting in the rise of
concentrations of carbon dioxide andmethane in the
atmosphere. Also, production, use, and emissions of
certain chlorinated and fluorinated carbohydrates
(CFCs) have resulted in high concentrations of
CFCs in the sink stratosphere, depleting the ozone
layer and creating the so-called ozone hole.

Goals of Waste Management and of
Thermal Waste Treatment

The first goal of waste management has been and
still is the protection of human health and life.
While in affluent countries with well-developed
waste management systems this has become a
matter of course, in many less-developed coun-
tries, this is still the chief objective for
establishing waste management. In parallel to
this goal, and also linked to it since human health

depends on a sound environment, stands the pro-
tection of the environment.

The second goal of waste management is
resource conservation, that is, conservation of
materials, energy, and land. This objective
becomes the more important with higher material
turnover and population density, with megacities
as hotspots of resource use and resulting wastes.
There are two main benefits from the pursuit of
this goal: Recycling enhances the availability of
resources and significantly reduces environmental
pollution by reducing the need for primary pro-
duction that in general represents the most pollut-
ing step in the life cycle of a product.

The third goal represents more of a framework
for sustainable waste management: The practice
of waste management shall not cause any burden
for future generations. Landfilling that produces
long-term emissions requiring treatment and con-
trol for several centuries [4] does not comply with
this objective. What is needed are final storage
landfills that have very small emissions even for
long time periods (thousands of years). Landfills
can only become final sinks for substances when
wastes are pretreated and organic compounds are
completely mineralized, before landfilling.
Recycling of wastes containing hazardous sub-
stances without removing the harmful constitu-
ents such as heavily stabilized plastic materials
also poses a burden for future generations.

Concerning neighboring countries, wastes
should be exported only when the receiving coun-
try is able to manage wastes as well as its constit-
uents in a safe, responsible, and resource
conserving way (cf. Basel Convention [5]).

Themeans to reach these goals are manifold. In
the nineteenth century, “collection and transport
of wastes out of town as fast as possible” was the
main principle of waste management. Today,
sophisticated logistic systems, high-tech mechan-
ical sorting processes, and mature and efficient
recycling concepts are state of the art in many
affluent countries. On the other side, for emerging
economies the economic situation does not allow
to apply sophisticated waste treatment processes
such as sorting, incineration, or mechanical-
biological treatment.

WTE: Thermal Waste Treatment for Sustainable Waste Management 527



It should be kept in mind that most societies
spend between 0.2% and 0.4% of their GDP for
waste management [6]. Thus, in a wealthy region
with a GDP above US$ 30.000 per capita, people
are willing and can afford to spend about US$100
per capita annually for waste management. This
enables the region to implement modern waste
management systems including waste-to-energy.
By contrast, in an emerging economy with a per
capita GDP below US$3.000, the financial
resources available for waste management are
less than 10 US$ per capita and year. It is clear
that for this sum it is not possible to construct and
operate an MSW incinerator. Hence, subsidizing
the investment of an MSW incinerator or any
other expensive treatment technology in an
emerging economy is not an appropriate means
to solve waste management problems.

The goals of MSW incineration are congruent
with, but more specific than, the goals of waste
management and can be summarized as follows.

Protection of Humans and the Environment
Disinfection: The original objective of waste incin-
eration is still one of the main – but often
forgotten – goals and advantages of modern incin-
eration. No other waste treatment process such as
landfilling or composting has a similar hygienic
effect. The high temperature and long residence
time in modern incinerators guarantee complete
destruction of all microorganisms. Thus, incinera-
tors are a necessary final sink for all those materials
that are biologically contaminated. This is espe-
cially important for high-density megacities,
where the outbreak of diseases can have disastrous
consequences. A particular case is represented by
hospital wastes that require special attention due to
their high concentration of pathogenic organisms.
Such materials demand special care for delivery,
storage, and feeding; thus, they need to be pack-
aged and handled with special care when they are
co-combustedwithMSW. In case of an outbreak of
contagious diseases, it is of great value to have
incinerators at hand that are designed to safely
dispose of biologically contaminated materials.

Complete oxidation: A main goal of incinera-
tion is to completely mineralize organic sub-
stances to CO2, H2O, and other stable

compounds. As discussed in the previous section,
thousands of tons of hazardous organic substances
are produced in industry, utilized by consumers,
and collected by waste management. The hazard-
ous materials that are built into consumer products
and investment goods can neither be recycled nor
composted or landfilled because of their persistent
and toxic properties. They need to be broken
down by thermal treatment at elevated tempera-
tures, with sufficient oxygen supply and at long
enough residence times to completely destroy any
organic material. If special care is taken, “de
novo” synthesis of trace organic substances in
the furnace and subsequent boiler and flue gas
cleaning can be minimized, and the overall con-
version rate for total organic carbon to carbon
dioxide and carbonates (bottom ash and APC
residue) is close to 99%. The remaining carbon
in the WTE bottom ash has been found to consist
of 19–38% organic carbon, 33–62% of elemental
carbon, and 10–38% of inorganic carbon [7]
(Fig. 1).

Emissions compatible with environmental
standards: The first goal of waste incineration is
to protect the environment from pathogenic
organisms, hazardous organic chemicals, and
heavy metals and other toxic substances. As will
be discussed in section “Goals of Waste Manage-
ment and of Thermal Waste Treatment,” state-of-
the-art incineration has reached this goal. Table 3
presents the example of cadmium on a regional
scale: Let us consider a region of 250 km2 with a
population of 100,000, each producing about
400 kg of MSW per year containing 10 mg
Cd/kg MSW. Table 3 shows the increase of Cd
in the regional soil, assuming that all emitted Cd
settles in the region (such a hypothesis is justified
if the region is surrounded by similar regions that
import the same amount of Cd as they are
exporting). Cadmium is chosen here because in
the 1970s, this volatile heavy metal was recog-
nized as the most significant pollutant emitted by
MSW incinerators at that time [9, 10]. The frac-
tion of input Cd that is emitted in the stack gas
after the air pollution control (APC) system is
expressed by the transfer coefficient. It should be
noted that state-of-the-art incinerators operate at
transfer coefficients for cadmium of less than

528 WTE: Thermal Waste Treatment for Sustainable Waste Management



0.0005; as shown in Table 3, emissions from such
incinerators are insignificant when compared to
other sources, and their contribution to geogenic
values of cadmium is low even when long time
periods are considered (Table 3).

Concentration of hazardous substances: As
shown in Fig. 2, thermal treatment processes
have the power to concentrate or deplete elements
in the various incineration products. Atmophilic
metals with comparatively high vapor pressures
and low boiling points, such as mercury, cad-
mium, tin, zinc, antimony, and lead, are preferen-
tially transferred from the combustion grate to the
gas phase. During gas cooling, the metal vapors
condense on available surfaces which are in gen-
eral provided by the large number of small parti-
cles formed by incineration. These particles, over-
proportionally loaded with atmophilic metals, are
removed from the process gas stream by electro-
static precipitators or fabric filters, yielding a filter
residue that is highly concentrated in useful but

also toxic heavy metals. The overall accumulation
effect is remarkable: Starting with 1 Mg (i.e., one
ton) of MSW containing 10 mg of Cd, an MSW
incinerator produces about 20–30 kg of APC res-
idue containing 360 mg Cd/kg.

The concentration in the APC residue (also
called “fly ash”) during the incineration process
occurs only with atmophilic metals and chemical
compounds with a high vapor pressure, such as
metal chlorides. Metals and metal compounds
with low volatility such as iron, chromium, tita-
nium, and cobalt accumulate rather in the bottom
ash. Due to the different behavior of various
metals, it will never be possible to direct all useful,
or all hazardous, materials to one particular frac-
tion of incineration products. However, the
partitioning described above allows the recovery
of some metals from the bottom ash and some
from the APC residue.

Immobilization: Bottom ash and APC residues
contain soluble compounds such as chlorides,

WTE: Thermal Waste Treatment for Sustainable Waste Management, Table 3 Contribution of modern waste-to-
energy plants to cadmium loading of soils

Transfer coefficient kCd cleaned off-gas Emission, mg Cd/Nm3 of stack gas Cd flow to soil in 1,000 years, mg Cd/m2

0.1 0.2 200

0.01 0.02 20

0.001 0.002 2

Best available technology

0.0005 0.001 1

Geogenic background concentration in soils 90 mg/m3
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WTE: Thermal Waste Treatment for Sustainable
Waste Management, Fig. 1 Flow of carbon through
an MSW incinerator: Carbon is effectively oxidized to

CO2; the small amounts of carbon in bottom ash and
APC residue are mostly inorganic carbon

WTE: Thermal Waste Treatment for Sustainable Waste Management 529



nitrates, or sulfates of metals. Thus, a main con-
cern is the long-term mobility of heavy metals.
Due to the individual partitioning of substances,
the solubility of bottom ash and APC residue are
not the same. Volatile metals and chlorides are
mostly transferred to the fly ash product; the bot-
tom ash contains more oxides and some sulfates
that are less soluble. Both products react with
water and air (O2, CO2) and are by no means in
a thermodynamic equilibrium when exposed to
the environment. The long-term mobility of
heavy metals in bottom ash depends on pH and
thus on the acid-neutralizing capacity [8]. Bottom
ash appears to be predominantly buffered by cal-
cium minerals. Under alkaline conditions, cal-
cium hydroxides/silicates and CaCO3 can
dissolve. In neutral to acidic conditions, silicate
dissolution becomes increasingly relevant. Basic
calcium hydroxide/silicate components are likely
to be neutralized by CO2 or silica. The solution
chemistry of the APC residues is similarly con-
trolled by pH. Thus, solidification by cement sta-
bilization or other treatment requires careful
control of pH conditions, anticipating the future
fate of the landfilled material (leaching and envi-
ronmental conditions).

Resource Conservation
Volume reduction: Particularly for large cities
where landfill space close to waste producers is
rare. Incineration decreases the mass of MSW by
70–75% and the volume by 90%. Thus, the life-
time of landfills can be reduced at least by a factor

of four. If materials are further recovered from
bottom ash, it is feasible to reduce the
required volume for ash disposal to less than
10% of the volume required for landfilling of
untreated MSW.

Energy recovery: While initially the recovery
of heat was more directed toward the protection of
the air pollution control (APC) devices, most of
today’s MSW incinerators are well embedded in
regional electricity grids and, sometimes, are also
linked to district heating networks. In 2009, MSW
incinerators across Europe had an annual capacity
of 73 � 106 Mg and supplied 30 TWh of electric-
ity and 55 TWh of heat. The share of waste-
derived energy in Europe amounts to less than
1% of total energy demand. About 50% of energy
derived from MSW combustion originates from
renewable sources, such as wood, paper, and bio-
mass. The contribution of MSW incinerators
to renewable energy supply in Europe totals
about 4%.

Recovery of materials: The products of incin-
eration contain not only hazardous substances
but also valuable resources. The recovery of
iron from the bottom ash has a long tradition;
also, the reuse of bottom ash as construction
material has been practiced for 100 years by
now (although with limited success). Today, it
seems feasible and economically attractive to
recover more metals, such as copper, aluminum,
and others. Also, the enriched concentration of
atmophilic metals in filter ashes potentially
opens the possibility to recover metals such as
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WTE: Thermal Waste Treatment for Sustainable
Waste Management, Fig. 2 Flow of cadmium through
an MSW incinerator; the concentration of cadmium in

APC residues increases 40-fold from 10 mg Cd/kg in
MSW to 360 mg Cd/kg; the cadmium concentration in
bottom ash is 2.5 times lower than in MSW
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cadmium, zinc, antimony, and others from APC
residues. The main objective must be to enrich
valuable constituents in highly concentrated
small fractions by optimizing the thermal treat-
ment process and, also, to divert those elements
that reduce the effectiveness of recovery to a
small fraction that can be landfilled. The ideal
of zero solid incineration residues to landfill will
be difficult to reach, considering that the intricate
composition of bottom and filter ash reflects the
complex mixture of nearly all elements of the
periodic table that are present in MSW.

In view of the goals of waste management and
of incineration, what is the contribution of waste
incineration to attaining the goals of waste man-
agement? In particular, what is the main contribu-
tion of MSW incineration for the protection of
humans and the environment and for resource
conservation? These questions will be discussed
in the following section.

Thermal Waste Treatment for
Environmental Protection

In addition to fulfilling the goals of recycling,
waste management must also provide a solution
for those materials that cannot be recycled. This
applies in particular to the large amount of haz-
ardous substances that are used today in modern
products such as biocides, flame retardants, heavy
metals, etc. Mechanical or biochemical treatment
such as sorting combined with composting or
anaerobic digestion can neither decompose nor
eliminate these substances. The key role of ther-
mal treatment is to completely mineralize organic
substances and to control inorganic substances by
concentration. At present, no other waste treat-
ment process is available that fulfills this task at
the same proven reliability, cost-effectiveness,
and environmental soundness.

Toward the end of the nineteenth century,
waste incineration was introduced as a means to
prevent pollution. The first plants were been built
in England and Germany, as an alternative to
waste disposal on agricultural land that spoiled
valuable farmlands with disease-spreading micro-
organisms. These incinerators, directed toward

the first goal of waste management, did have a
stack, but they were not equipped with APC sys-
tems and did not recover the chemical energy
contained in MSW. Their sole purpose was to
prevent the application of MSW on valuable
farm land by reducing volume and mass. It is
interesting to note that the bottom ash of some of
these early incineration plants was used as a con-
struction material as far back as the beginning of
the twentieth century. Unfortunately, there are no
records as to why this practice was abandoned
later; it is likely that the bricks made at that early
time from incinerator ash did not fulfill their pur-
pose in the long run.

The next step of development was the intro-
duction of simple filters for the removal of partic-
ulates and of energy recovery. Both went hand in
hand, since even simple filter systems require the
cooling of flue gas temperatures. Municipal incin-
erator plants built in the late 1960s were already
equipped with sophisticated energy recovery
(combined district heating with electricity produc-
tion), but the air pollution control devices
removed only coarse particulate matter (legal
standards at that time were around 150 mg of
dust per Nm3 off-gas). Waste incineration got a
boost during the oil crisis of 1973 when fuel prices
sky rocketed. Shortly after, the first groundbreak-
ing studies on heavy metals in incinerator off-gas
appeared in the scientific literature [9, 10]. This
had little effect until the 1980s when – under
heavy pressure from an informed public and leg-
islation in countries like Switzerland, Denmark,
and Sweden – the waste-to-energy industry devel-
oped highly efficient APC pollution control
devices.

Today, emissions from state-of-the-art waste
incinerators are among the lowest of all industrial
power plants. Thanks to technological advance-
ments that were inconceivable in the 1970s, mod-
ern municipal solid waste incinerators can beat
most stringent existing regulations easily, for
some parameters even by orders of magnitude.
Figure 3 summarizes the reduction emissions
from municipal solid waste incineration from
1930 to 1970 and 1995. The graph stops at 1995
because the highly advanced state of the art of APC
of 1995 has not changed much since then; further
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improvements have focused on energy efficiency,
cost-effectiveness, and reliability.

Particulate matter and lead have been reduced
by about four orders of magnitude, and most other
heavy metals and dioxins by three orders of mag-
nitude. Also, hydrochloric acid and sulfur oxides
have been drastically eliminated, and only for
nitrogen oxides, the reduction was somewhat
moderate. The increase in HCl and dioxins in the
1970s was due to the introduction of PVC that
made up about 1% of the mass of MSW.

Table 4 shows that today – in contrast to some
earlier publications – the share of MSW incinera-
tion for total dioxin emissions is insignificant. Of
course this applies only for countries employing
BAT (in the USA, MaCT) incineration, such as

Austria, Germany, Japan, the Netherlands, Singa-
pore, Sweden, Switzerland, and the USA.

In view of the objectives of waste management,
it is important to point out the pollution potential by
burning household waste in private stoves. This
practice might appear attractive in areas with high
penetration of solid fuel household furnaces. Such
furnaces, designed to produce heat without gener-
ating greenhouse gases, are becoming increasingly
popular and are sometimes even subsidized by
authorities. With increasing fuel costs, some
waste will eventually be used as a fuel for such
furnaces, resulting in severe air pollution.

Figure 3 can be used to compare emission values
of today’s MSW incinerators (emissions of 1995)
and household furnaces (emissions of 1970). It is
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WTE: Thermal Waste Treatment for Sustainable Waste Management, Fig. 3 Development of emissions from
municipal solid waste incineration from 1930 to 1995 on a concentration base (mass per volume of off-gas)

WTE: Thermal Waste Treatment for Sustainable
Waste Management, Table 4 Contribution of MSW
incineration to national dioxin/furan load in Germany and

Austria (calculation is based on data from [11] and [12],
assuming that all MSW generated is incinerated)

Country

Total emissions of PCDD/PCDF Share of MSW incineration

g TEQ/year g TEQ/year %

Germany 800–1,200 5.5 0.5–0.7

Austria 50–320 0.53 0.2–1.1
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striking that even if only 1% of all waste is inciner-
ated in household furnaces, the emission load of
dioxins and particulates will be much larger than
for state-of-the-artMSWincineration. It is important
to convey this message to the general public that
aims at reducing greenhouse gases by burning
waste-derived products in their heating systems.

It is important to stress that incineration is first
of all a process that protects the environment from
harmful organic and inorganic substances. The
generation of useful energy is an added value, but
not the main purpose. This is important when it
comes to the disposal or use of bottom ash and filter
ash. If a posttreatment of incineration residues such
as concentration, solidification, or immobilization
requires energy, this should not be weighed against
the benefit of protecting the environment from
harmful substances. After all, the turnover of
energy in waste management is marginal when
compared to total energy demand. Today, the chal-
lenge of producing incineration residues that have
“final storage quality” has been recognized and is
in focus of research and development. While
treated bottom ash is close to final storage quality,
in Germany and some other countries, the APC
residues are disposed of in underground salt
mines where the risk of water contact and thus
mobilization is exceptionally small.

In terms of greenhouse gas reduction, inciner-
ation has a double advantage: Since about 50% of
MSW is of biogenic origin [13], it contributes also
to the reduction of greenhouse gases by replacing
fossil fuel-derived energy. Also, in contrast to
composting or landfilling with limited gas recov-
ery, the organic carbon is not released as CH4 to
the atmosphere but is used to produce electricity
and/or heat.

The Contribution of Thermal Waste
Treatment to Resource Conservation

As a result of advanced APC technologies, MSW
incinerators have become marginal polluters of
air, water, and soil when compared to other high-
temperature industrial processes. At the same
time, as waste-to-energy capacity increases, the
amount of solid incineration products, in

particular APC residues, are also increasing and
pose a new challenge. In the future, main empha-
sis will be laid on beneficial use and/or disposal of
the solid products of incineration, namely, bottom
ash and APC residues. Both materials comprise
considerable amounts of valuable substances in
concentrated form.While iron scrap in bottom ash
is already routinely collected and economically
recycled, current research focuses more on the
reclamation of aluminum and other nonferrous
metals. It appears that substantial amounts can
be recovered at competitive costs. The goal will
be to separate those materials that are clean
enough and well suited for construction purposes
(stones, sand, concrete, and other residues from
construction materials).

Certain atmophilic heavy metals such as cad-
mium are highly enriched in APC residues. There-
fore, this material presents an opportunity for
resource recovery. About 50% of the national
import of Cd ends up finally in MSW and similar
wastes that are suitable for MSW incineration
(Fig. 4). Roughly 80% of the Cd entering an
incinerator leaves the plant as APC residue (the
partitioning between bottom ash and APC resi-
dues depends upon incineration design, operating
conditions, and waste composition, e.g., Cd in
batteries or in plastic additives). Therefore, is
shown in Fig. 5, nearly half of the Cd used in a
region can be recovered from the APC residue of
waste-to-energy plants within the region. Similar
material recovery is possible for other atmophilic
metals such as Zn, Pb, Sn, and Sb. However, for
most of these other metals, the ratio of metal in
MSW to national imports is less than 50%.

Future Directions

The potential of MSW incineration for improving
waste management is not yet fully exploited. The
following outlook summarizes some of the ideas
that have been presented recently, again listed in
the order of, first, health and environmental pro-
tection and, second, resource recovery.

While average emissions are exceptionally
low, some emission peaks can be discerned
when short-term time series are analyzed.
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Mitigation measures such as waste pretreatment,
in situ homogenization, or alternative thermal
treatment technologies should be examined.
Since new materials such as nanoparticles and
rare metals are penetrating the market, the fate of
these new substances during combustion as well
as in residues resulting from incineration needs to
be investigated.

MSW incinerators can also be used as tools to
monitor MSW composition. On the one hand,
biogenic carbon can be distinguished from fossil
carbon. As stated earlier, incineration contributes
toward the reduction of greenhouse gas emis-
sions. Several methods exist to measure the bio-
genic fraction of CO2 in the off-gas of
incineration with good accuracy [13]. In order to
take advantage of the greenhouse gas reduction
potential of MSW incineration, incinerators
should be included in emission trading schemes.

Incinerators can also be used for cost-effective
routine analysis of elemental waste composition.
For this purpose, an initial mass balance for the
determination of transfer coefficients is made, and
it is then followed by identifying those incinera-
tion products that are the main carrier of certain
substances, such as stack gas for carbon, scrubber
water for chlorine, APC residue dust for cadmium
and antimony, and bottom ash for aluminum and

iron. On the basis of the transfer coefficients, the
selected elements can be easily determined by
measuring the concentration in a well accessible
incineration product of known mass flow, such as
the APC residue [14]. The main advantage of this
method for waste analysis is that the incinerator
acts as a large homogenizer. Consequently, sam-
ple size and frequency can be much smaller as
compared to direct characterization of the MSW,
and the results will be more reliable than those
from classical waste analysis.

Concerning resource recovery, large-scale
research programs have been started in order to
recover additional resources from bottom ash
[15]. So far, these studies of sophisticated
mechanical separation processes point out that
many more valuable substances can be extracted
from bottom ash. Some of the proponents go as far
as to state that, in the future, separate collection of
some waste fractions will become obsolete due to
the new possibilities of recovering selected sub-
stances from incineration products [16].

Concerning APC residues, new concepts are
still in the visionary phase. Since these materials
make up only a small fraction of the initial MSW
(2–3%), it seems feasible to collect them for cen-
tral treatment at a few regional centers, e.g., serv-
ing a population of ten million. The resulting
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amount of 100,000 Mg of APC residue would
represent a resource base that would allow for
economic recovery of certain metals.

In the future, new methods will be required for
evaluation of waste management scenarios. The
present LCA approach is not well suited to
assessing long-term challenges such as landfill
emissions during the next five centuries or multi-
ple recycling of hazardous substances in recovery
schemes. New evaluation criteria such as the sta-
tistical entropy analysis SEA [17] (see contribu-
tion by Rechberger in this volume) or the final
sink approach [18] represent additional means for
an objective appraisal of MSW incineration.

MSW incineration, also commonly called
waste-to-energy (WTE) has gone a long way and
will certainly keep on advancing in the future. In
order to conquer and penetrate new markets, it
will be necessary to decrease costs of investment,
operation, and maintenance. The art will be to
deliver the same performance regarding

environmental protection, resource conservation,
and reliability at lower costs. Considering that
waste incineration is now a mature business,
with decades of solid and successful experience,
this new goal seems feasible. It will ensure that a
larger percentage of the global population can
enjoy the benefits of this key waste treatment
technology.
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Residue treatment, 327
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Resource Conservation Efficiency (RCE), 447
Resource Recovery Act (RRA), 200
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Reuse and recycling, 128
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Rotating drums (RD), 72, 81

S
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Scrubbing, 159, 164, 177
Selective catalytic reduction (SCR), 221, 351, 456
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Selective non-catalytic reduction (SNCR), 221, 261–262
Semi-Dry® flue gas treatment process, 319
Separation, 21
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Setout rate, 21
Shedder residue (SR), 411
Sheffield WTE plant, 358
Shock pulse generator (SPG), 255–257
Shockwave generator, 309
Short lived climate pollutant (SLCP), 447, 449–450
Single equipment control, 104
Single-stream recycling, 51

collection, 52
Sink and float separators (S&FS), 85, 93
Slag, 411, 412, 414
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Solid Waste Disposal Act (SWDA), 199, 200
Solid waste management
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global warming, 198
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landfill leachate, 198
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planning framework, 205
public involvement, 197, 204–205, 208
research studies and programs, 205–208
source activities, 22–27
space availability, 198
in Toronto, Canada, 38
transfer and transport, 34–37
treatment, 67–68

Solid waste minimization, see Recycling
Source activities, 21
Source reduction, 41, 197
Southwest Power Pool (SPP), 499
Stabilization wedge, 447–448, 450
Statistical entropy, 183
Statistical entropy analysis (SEA), 183, 523

vs. environmental impact, 191–195
methodological framework, 188–191
to waste-to-energy, applications of, 191

Steady-state model, 363
Steam turbines, 481–485
Steel, 78
Stones, 70
Storage, 21
Strand pelletizer (SP), 101
Substance concentrating efficiency (SCE)
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Sustainability, 432–433
Sustainable waste management, 3
Swing-Hammer Shredders (SHS), 81
SYNCOM-plus, 263–266
SYNthetic COMbustion (SYNCOM), 221

T
Texas Discovery Gardens, 212
Texas Regional Entity (TRE), 499
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Textile recycling, 97–98
Thermal efficiency of energy generation

definition, 394
Thermal plasma technology
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Alter NRG plasma gasifier, 401
conceptual pathway, 394
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environmental impacts, 407
Europlasma WTE process, 405–407
input composition to WPC reactor, 404
integrated gasification combined cycle, 402, 403
syngas composition, 405
WPC non-transferred arc plasma torch, 400

Thermal plasma torches
advantages, 396
plasma jet, 396
products of gasification, 397

Thermal waste treatment
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atmophilic metals, 535
complete oxidation, 528
concentration of hazardous substances, 529
disinfection, 528
emissions compatible with environmental standards,

528
energy recovery, 530
for environmental protection, 531–533
geogenic and biogenic origin, 526
goals of, 527–528
immobilization, 529–530
man-made metabolism, 524
organic substances, 527
protection of humans and environment, 528–530
recovery of materials, 530–531
resource conservation, 530–531
to resource conservation, 533
for sustainable waste management, 525
volume reduction, 530

Thermogravimetric analysis (TGA), 361
Thermosiphon method, 481
The University of Michigan, 211
Timber, 134
Time, temperature, and turbulence (T3), 221
Torch thermal efficiency ratio, 393
TOSHIBA process, liquefaction of plastic wastes

process description, 420–422
productivity improvement, 424–426
raw material and properties composition, 422–423
recycled products and by-products, 423–424
social background, 419–420
technical challenges, 422
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Total suspended solids (TSS), 68
Toxicity characteristic leaching procedure (TCLP), 119
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Transfer coefficient, 523
Transferred arc, 393, 397–398
Transfer station, 21
Transport, 21
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Trash, 197
Trash-io-resource strategy, 354
Tri-generation, 495
Trommels (TRO), 73
Turbine system, 313
TwinRec process, 391

U
Under water pelletizer (UWP), 101
Unites States Environmental Protection Agency

(U.S. EPA), 440, 499
annual solid waste report, 442
CAAA, 451
landfills types, 446
landfill testing, 451
tools, 443, 444
WTE, 445

University of Central Florida (UCF), 219
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U-SNAP-BAC, Inc., 211

V
Venice High School, 216
Vertical Shaft Impactor (VSI), 72
Very Low NOx (VLN), 221
Vibratory Screens (VS), 73
Vitrification, 393

W
WARM, see Waste Reduction Model (WARM) tool
Waste, 7

agricultural, 13
characterization, 7–9
combustion, metallic aluminum in, 378
combustion process, 357
commodity exchange, 58
construction and demolition, 13–15
disaster, 16–18
European List of, 11
Eurostat data on, 12
generation steps in society, 8
management, 9
municipal solid, 15–16
origin of, 9
presentation, 21
processing, 21
solid, 8
supply and feeding, 289–293
thermal and biological treatment, 286

Waste Analysis Software Tool for Environmental
Decisions (WASTED) model, 38

Waste boilers, 479–480
Waste electrical and electronic equipment (WEEE), 119
Waste-fired power plant concept, 485, 486
Waste flows

industrial waste, 10
outlook, 11–12
waste characterization, 11
waste generation, 10–11

Waste Incineration Directive (WID), 451
Waste management system, 285

deriving energy factors, 444–445
emissions, 450–451
evaluation parameters, 443
GHG characteristics, 448
GHG mitigation strategies, 448
hierarchial approach, 440
landfills, 446
land mangement, 452
lifecycle assessment, 443
practices, 440
principles, 440
recycling, 445, 446
stabilization wedge, 450
waste-to-energy, 445, 446

Waste paper
characteristics, 65–66
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Waste Reduction Model (WARM) tool, 443, 444
Waste-to-energy (WtE), 141, 159, 183, 339, 357, 393, 429,

439, 477, 499
assessment of, 435–437
bottom ash discharger, 232–233
with combined heat and power systems, 358–359
components of, 223–225
definition, 221–222, 429
disposal regulations, 160–163
energy from MSW feed, 340–345 (see also European

WTE plants)
energy generation in WARM, 445
energy saving, 447
entropy of solid wastes and increasing metal recovery,

186
EU regulations, 451
Europlasma process, 405–407
GHG emission characteristics, 449
grate technologies, 225–228
Greece, 442
history, 429–433
horizontal grate system, 229–232
hydrogen chloride (HCl) purification, 187
improvement of, 433–435
issues, 357–358
Italy, 442
mass and energy balance, 360–362
mass flows, 163–164
material flow, 339–340
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plant components, 223–225
pollutants and emissions, 340
power plants, 3
reverse-acting grate VARIO, 228–229
Spain, 442
usable energy recovery from waste, 345–350
ways to increase energy efficiency, 350

Waste-to-energy, fluidized bed systems
CFB growth in China, 382
combustion process, 375, 376
description, 375
external circulation, 380, 383
vs. grate system, 377–380
internal circulation, 378
Lenzing in upper Austria, 380, 381,

383, 385
limitations, 377
operating range, 377
precise process control, 377
primary air, 377
principles of, 376
vs. rotary kiln, 379
secondary air, 377
sorption process, 377
3 T criteria, 376

Wastewater, 136

Wastewater sludge, fluid bed reactors
energy balance, sewage treatment, 380, 382
external circulation, 380, 383
mass balance, sewage treatment, 380, 381
Simmering site of Vienna, 380

Waste water treatment, 68, 328
Water ring pelletizer (WRP), 101
Water-steam cycle, 486

process flow path, 487
Western Electricity Coordinating Council (WECC), 499
Wet flue gas treatment-HZI Wet Scrubber, 318
Wet weight (ww), 456
Worm composters, 23
WtE, see Waste-to-energy (WtE)

X
X-ray fluorescence spectroscopy (XRF), 83, 86, 106
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Youngstown State University, 212
Ypsilanti Public Schools, 210

Z
Zero waste to landfill approach, 383
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