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Abstract—The extraordinary increase of waste quantities during the 1980s led to the development of numerous new technologies
and principles which were aimed at a maximum possible reutilization of waste materials as valuable substances or as raw materials. As
far as industrial waste management is concerned, more research was implemented concerning the principle of production-integrated
environmental protection. For municipal waste management, new alternative technologies to thermal treatment of municipal waste
were developed. The following contains an overview of the various methods for the treatment of solid, liquid and gaseous wastes as
well as a presentation of the principles used to evaluate these methods in view of entropy aspects.  2001 Éditions scientifiques et
médicales Elsevier SAS
waste materials / thermal conversion / entropy

Nomenclature

E energy, quantity of exergy . . . . . . . . J
Ė exergy flow rate, energy flow rate . . . J
e specific exergy . . . . . . . . . . . . . . J·kg−1

H0 gross calorific value . . . . . . . . . . . J·kg−1

Hu net calorific value . . . . . . . . . . . . J·kg−1

ṁ mass flow rate . . . . . . . . . . . . . . kg·s−1

P mechanical energy flow rate . . . . . . J·s−1

p pressure . . . . . . . . . . . . . . . . . N·m−2

Q quantity of heat . . . . . . . . . . . . . J
Q̇ heat flow rate . . . . . . . . . . . . . . . J·s−1

s specific entropy . . . . . . . . . . . . . J·kg−1·K−1

ṡ entropy flow rate . . . . . . . . . . . . . J·kg−1·K−1

T temperature . . . . . . . . . . . . . . . K

Rs specific reaction entropy . . . . . . . . J·kg−1·K−1


 difference
j mass fraction . . . . . . . . . . . . . . . kg·kg−1

ξ exergy efficiency rate
η energy efficiency rate

✩ This paper was selected from among the works presented within the
framework of the interdisciplinary research project on “Waste energy
utilisation strategies” of the Berlin-Brandenburg Academy of Sciences
and Humanities.

∗ Correspondence and reprints.
E-mail address: dms@c36.uni-hannover.de (D. Mewes).

ηC Carnot factor
ηK boiler thermal efficiency
ηth engine thermal efficiency

Indices

B fuel, waste material
L air
V flue gas, incinerator off-gas
u values at ambient conditions
m average value
v loss to environment
Q caloric energy by burning
DE steam production
WE heat production by burning
WKM electrical or mechanical engine

1. INTRODUCTION

The development of new waste treatment processes is
guided more and more by the concept of producing valu-
able substances from waste materials (materials conver-
sion) instead of using the energy stored in waste materials
as thermal energy (thermal conversion). The quality of
the produced reusable substances depends on how much
the applied process is adapted to the specific properties
of the waste material.
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The waste materials are classified according to their
composition, their origin and their physical parame-
ters which are important for further treatment. The
basic principles of production-integrated environmental
protection give rise to the development of new pro-
duction processes with diminished pollution potential.
Process-technological solutions for materials conversion
of wastes with the use of external energy are the re-
cycling of plastics and the separation of reusable sub-
stances from exhaust air and waste water. The production
of energy from waste materials, by thermal and biological
processes, is also possible.

2. WASTE MATERIALS

2.1. Origin

The origin of waste materials is important for the se-
lection of conversion treatment methods. At this point,
we will differentiate between waste materials from pro-
duction facilities (e.g., chemical industry) and waste ma-
terials from private households or business areas (munic-
ipal waste).

An industrial production facility is responsible for the
treatment and disposal of the waste materials originat-
ing from it. Waste materials can either be reutilized as
raw materials or substances within another production
process or they must be eliminated. Industrial companies
either operate their own treatment facilities (furnaces,
special waste incinerators), or they use municipal facil-
ities and pay the required fees. Since the fees for treat-
ment and disposal of special wastes have increased enor-
mously within recent years, the economic interests of any
industrial company prescribe that as many waste materi-
als as possible be put to further use or eliminated in their
own facilities, thus avoiding an “export” of their wastes
beyond property limits. The reutilization of waste ma-
terials within a production chain is the central idea be-
hind the principle of “production-integrated environmen-
tal protection”.

The treatment and disposal of waste materials from
private households is done by each municipality. The
costs are charged to the originators as waste treat-
ment fees. A differentiation is made between recyclable
wastes (paper, glass, recyclable plastics) and nonrecy-
clable wastes. Waste materials should only be recycled,
if there is a market for all materials that may result from
recycling. This market is hardly ever identical with the
originators of the wastes. Therefore, the costs for waste
treatment paid as fees are hardly ever transparent for the

originator. For the originator, the only possible manner
to influence his costs is to separate waste into recyclable
and nonrecyclable waste. He has no influence on treat-
ment or disposal. Furthermore, only the direct treatment
or disposal costs are taken into consideration. The costs
resulting from damages to the environment caused by the
treatment and disposal methods are neglected at this time.
Thus, the selection of the treatment methods as well as
the instruments for controlling waste quantities and types
are by far more complicated for municipal waste than this
is the case for industrial wastes.

2.2. Classification

Certain physical properties are important for the clas-
sification of waste materials in view of materials or ther-
mal conversion with process-technological methods. In
particular, these are the physical condition and the com-
position of the waste material. The different physical con-
ditions are solid, liquid and gaseous.

Solid wastes include those substances usually called
garbage. This is municipal waste from private house-
holds and business areas. However, solid waste may also
originate from industrial production processes: combus-
tion residues, reaction residues, biomass, particle-shaped
emissions etc.

Liquid wastes mainly consist of sewage waters from
residential and industrial areas. Normally, the pollutant
concentration of waste water from residential areas is
low. Waste water from industrial areas, however, usually
contains various types of pollutants. Chemical production
processes also apply a considerable quantity of solvents,
which may be contained in the waste water in addition to
the aqueous components.

Sludges are a combination of solid and liquid wastes.
These are: sewage sludge, sludges from steel production
processes which contain metals, or sludges with suspen-
sions of microorganisms from biochemical plants.

Gaseous wastes are all types of exhaust air and
exhaust gas which are released from production facilities,
combustion engines etc. These exhaust gases may contain
solid particles (dusts), liquid particles (aerosols) and
gaseous particles (solvents).

The chemical and physical composition of waste ma-
terials from industrial production processes can be ob-
tained very easily via the knowledge about the originat-
ing production process. Thus, the waste materials can be
classified according to their contents of chemical com-
pounds. From this information, the most suitable treat-
ment or disposal method can be determined.
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TABLE I
Typical pollutant contents in emissions.

HCl
HF
SO2

NOx

CO
Cd
Hg
heavy metals
PCDD/PCDF

Waste from households and business areas can be
divided into various fractions. A separate evaluation
of the avoidance and reutilization potential of each
individual fraction can be implemented. For example,
household and small business waste can be classified
according to its contents of recyclable materials [1, 2].
Pollutant contents are also important to know. In general,
pollutants are those substances that lead to an emission
of the substances listed in table I during treatment.
These emissions develop as a result of the chemical and
physical decomposition of the substances contained in
waste materials and are released to the environment as
exhaust air or waste products.

An elements analysis can be used to classify house-
hold and business waste according to the contained ele-
ments. An exact determination of the contained chemical
compounds however is not possible.

For waste materials from production processes which
will be reutilized as substances, the exact chemical com-
position and the physical condition as well as temperature
and pressure have to be known. Contaminations of the
waste materials with traces of certain components may
also be important to know for later treatment. A multitude
of other physical parameters (density, viscosity, pH value
etc.) determine, whether a waste material can be intro-
duced directly as a substance into a subsequent process,
or whether intermediate treatment is necessary.

It is important to know the calorific value of wastes
subject to thermal treatment. The calorific value charac-
terizes the energy released during complete thermal de-
composition, related to the mass of the waste material.
Typical calorific values are situated between 4.0 MJ·kg−1

(edible plants) and 35 MJ·kg−1 (plastics) [3]. According
to the 17th BimSchV (federal emission control regula-
tion), a minimum temperature of 850 ◦C must be main-
tained during waste incineration in order to guarantee
a safe elimination of pollutants. Therefore, the calorific
values of the waste materials are crucial factors in the de-

cision about whether or not to introduce additional energy
to the incineration process.

3. MATERIALS CONVERSION OF WASTE
MATERIALS WITH EXTERNAL ENERGY
FEED

Legal regulations concerning waste treatment and re-
cycling economics give first priority to avoidance and re-
utilization of waste materials. Reutilization as stated in
these regulations is the conversion of wastes into valu-
able substances (raw materials). The use of external en-
ergy is necessary for this process. This energy is required
either for the physical transformation processes (shred-
ding, grinding, melting) or for the chemical transforma-
tion processes. For materials conversion it is necessary
that the waste materials are as pure and chemically well-
defined as possible, since any required sorting or clean-
ing processes are highly energy-consuming. Reutilization
as valuable substances is especially evident for industrial
waste, however it is also applicable for recyclable munic-
ipal waste, if it has been collected separately.

3.1. Conversion of wastes from
production facilities

Process-integrated waste treatment in terms of process-
integrated elimination of wastes is not the objective of
chemical industry [4]. Since an emission-free produc-
tion process cannot exist, the objective is to reutilize
wastes within the process chain and thus implement
“production-integrated environmental protection”.

The reutilization of waste is achieved by

• recycling directly into the process,

• utilizing wastes as raw materials in the extended
production chain, and

• utilizing wastes for the production of energy.

The last item includes thermal conversion such as inciner-
ation. The required plant must be integrated in the overall
production concept.

If reutilization of avoidance are not possible or suffi-
cient, a disposal of the remaining wastes becomes nec-
essary, which means storage in a dump site. A chemo-
physical treatment is necessary to make the waste mate-
rials inert, before they are transported to the dump site.
This requires additional energy, which should come from
thermal waste conversion.

Numerous publications [5–7] describe modifications
of processes implemented in order to achieve the above
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Figure 1. Schematic representation of thermal waste treatment plants.

described objectives. These are mainly modifications in
view of materials conversion instead of thermal conver-
sion or disposal.

The second priority of production-integrated environ-
mental protection after avoidance of waste is materials
conversion. For this purpose, the waste materials have to
be cleaned and contaminations separated, before they can
be used as raw materials in another production step. With
the use of additional energy, the physical and chemical
properties of the waste materials must be changed. This
may include grinding and classifying processes in order
to achieve a specific grain size and property. Cracking
of chemical compounds by using energy is also possible.
In general, materials conversion is possible with waste
materials of all physical conditions. Many methods are
described by examples in the literature [8, 9].

3.2. Thermal conversion of waste
materials

If it is not possible to recover or recycle substances
from waste materials, thermal conversion is the alterna-
tive to disposal. This means releasing the chemical en-
ergy contained in waste materials as thermal energy. For
this purpose thermal waste treatment plants consist of
a main thermal process as well as individual process steps
such as waste gas scrubbing and production of steam or
electric power. Figure 1 lists schematically the process
steps of a thermal waste treatment plant. It includes:

• waste pretreatment,

• main thermal process,

• waste retreatment,

• gas scrubbing.

Waste pretreatment is implemented to prepare the
waste materials as much as possible for the subsequent

process steps by means of shredding, sorting, homoge-
nizing and preseparating of pollutants [10]. These prepa-
rations are necessary to keep conditions during the main
process as constant as possible (e.g., constant incinera-
tion temperature). Also, the efficiency of the waste gas
scrubbing process can be increased by keeping the varia-
tion of pollutants contained in the wastes as low as pos-
sible. This can be achieved only if the waste materials
which normally consist of various components are ho-
mogenized with the described methods.

The actual thermal conversion of the waste materials
takes place in the main thermal process following the pre-
treatment. It often consists of two steps [11]. During the
first step, the waste is transformed into inert solids (slag,
ashes) as well as liquid and gaseous substances by means
of pyrolysis, gasification or incineration. Depending on
the type of thermal process applied, the resulting prod-
ucts can be reused as substances — e.g., pyrolysis oil,
pyrolysis gas, synthesis gas — or as energy — e.g., in-
cineration exhaust gases.

The residual products of the first step are either
utilized or transformed during the subsequent second
process step. Incineration exhaust gases are cooled down
to produce steam, which is then used as process steam
or for the production of electric power. It is also possible
to feed low-pressure steam into district heating networks
(waste-operated heating power plants). Oxidizable gases
are incinerated or gasified, and the obtained thermal
energy is used to produce process steam or electric power.
Solid and liquid wastes are treated in such a way that
they can be used as raw materials for other processes or
disposed as residues.

Waste retreatment is implemented to clean the ob-
tained reusable substances again and to make all non-
reusable substances inert. Type and quantity of these sub-
stances strongly depend on the type of waste and on the
main thermal process applied. Sometimes the retreatment
can be part of the main process — e.g., vitrification of
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slag during the Thermoselect process [11]. Some of the
existing retreatment processes are [11–13]:

• further processing, e.g., to separate metals,

• solidification, e.g., to compact flying dust,

• melting, e.g., to vitrify and deenergize ashes and slags,

• scrubbing, e.g., to remove soluble salts and heavy
metals.

Gas scrubbing is the last process step. It is imple-
mented to separate, utilize or deenergize the pollutants
remaining in the exhaust or process gas. This includes the
separation of sulfur dioxide, hydrogen chloride, hydroflu-
oric acid, nitrous oxides, heavy metals as well as organic
and toxic contaminations. Numerous other methods can
be applied [11, 13].

3.3. Methods for raw material recovery

In recent years, alternatives to classical waste incin-
eration have been developed. The objective of these de-
velopments was to eliminate waste by applying methods
with which as much reusable substances and raw mate-
rials as possible are obtained. Irreversible conversion —
which is the result of incineration — was to be restricted.
This was achieved by implementing the complex physi-
cal and chemical processes during incineration as sepa-
rate process steps. Thus, a better control of the individ-
ual processes becomes possible, and they can be better
adapted to the substances to be eliminated.

The physical processes that can be applied for this
purpose are pyrolysis, hydrogenation and gasification.
On the basis of their most important parameters, these
methods are compared to each other and to incineration
in figure 2. The extreme difference in parameters, re-
garding oxygen supply, temperature and pressure level,
dwell time and obtained reusable substances is quite ob-
vious [14].

Recently developed waste treatment processes usually
apply a combination of the described physical processes
instead of applying only one of them. Table II shows
a comparison of the existing processes and their process-
technological principles [14, 15].

Due to intense research activities in the field of waste
gas treatment in recent years, all existing processes meet
the legal requirements for pollution control [11, 15, 16].
As far as the eluate behavior of solid residues resulting
from thermal conversion (ashes, slag) is concerned, the
described special processes are superior to incineration,
since they produce vitrified slag. The eluate behavior

Figure 2. Variables of the most common conversion processes.

TABLE II
Thermal waste treatment processes [15].

Process/Supplier (company) Main thermal processes
Grate incineration
Fluidized bed incineration
Rotary drum technology

incineration + re-incineration

Schwel-Brenn-Verfahren/
Siemens-KWU

Duotherm process/von Roll
Pyrocom process/BC

pyrolysis + incineration

Wikonex process/Lurgi gasification + incineration

Noell conversion process
VEBA conversion process
Thermoselect process

pyrolysis + gasification,
utilization of gas

Öko-Gas process/Lurgi gasification, utilization of gas

NESA pyrolysis incineration pyrolysis + incineration

becomes similar, if grate incineration is followed by
vitrification of the ashes in a separate process step.

For a comparison of the economical performance of
the different processes, the investment and operating
costs as well as the proceeds from the recovered reusable
substances and the produced energy must be taken into
consideration. A comparison based on investment and
operating costs is difficult due to the fact that confirmed
figures are available only for grate incineration at the
present time. The operators of special processes com-
pensate their high operating costs by offering extensive
guarantees. A monetary evaluation of the produced sub-
stances and energies is possible only for electric power
or steam, provided that they can be fed into a distribution
system. An evaluation of the mass flows mainly depends
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on the question, whether customers can be found for the
recovered substances and whether they will agree to long-
term buying contracts.

3.4. Biological treatment of waste
materials

Biological waste treatment by means of fermentation
is applied for organic wastes with low pollutant concen-
trations. A comparison of the existing methods is given
in [17]. Biological treatment consists of the following
process steps:

• dry preparation,

• wet preparation,

• anaerobic fermentation,

• energy production,

• dehydration of the residue, and

• aerobic composting of the residue.

Undesired substances such as scrap and nondegrad-
able matter are removed during dry preparation. Subse-
quently, the waste is shredded mechanically in order to
increase its surface area.

During wet preparation, which can be an alternative to
dry preparation as well as an additional treatment step,
the water content required for fermentation is obtained
by mixing process water into the waste material. Unde-
sired substances are removed by gravitational separation.
Subsequently, the waste mixture can be heated.

Hydrolysis, acidification and methanization take place
in the subsequent anaerobic reaction process. The ob-
tained products are a gas with a methane content of
50–70 %, waste water and fermentation residue. The
process can be single-step or multiple-step. In the single-
step process, hydrolysis, acidification and methanization
take place in one reactor. In the double-step process, hy-
drolysis and acidification take place separate from metha-
nization. The processes can be mesophile (operating tem-
perature approximately 37 ◦C) or thermophile (operating
temperature approximately 55 ◦C). Biogas can be burned
to produce electric or thermal energy.

Combination processes consisting of biomechanical
treatment and thermal treatment are investigated in ad-
dition to strictly biological processes [18, 19]. For this
purpose, the waste material is divided into two fractions:
one with low calorific value and high water concentra-
tion and another one with high calorific value and low
water concentration. Both, parallel and serial operation
of the two processes are possible. During parallel opera-
tion, the fraction with low calorific value is fermented and

the fraction with high calorific value is treated thermally.
During serial operation, the fraction with low calorific
value is treated biologically at first. Then both fractions
are treated thermally. A cost comparison between combi-
nation processes and strictly thermal treatment processes
shows that the combination processes are more cost-
efficient in special cases only [18, 19].

4. THERMODYNAMIC EVALUATION
METHODS

The thermodynamic evaluation of a certain waste con-
version method requires investigations of the irreversible
processes taking place. Exergy is stored in every waste
material as chemical energy. This chemical energy can
be transformed into other types of energy. During materi-
als conversion of waste materials, the chemical energy of
the waste is transformed into the chemical energy of the
recovered raw material. During the incineration of waste
materials, the chemical energy is transformed into ther-
mal energy (heat). From a thermodynamic point of view,
the different energy types are not equivalent. Thermal en-
ergy can only partially be transformed into chemical, me-
chanical or electrical energy.

4.1. Exergy balance

The exergy loss due to chemical reactions is of essen-
tial importance during waste conversion. The specific ex-
ergy of the waste material must be known to predict the
exergy loss and the exergetic efficiency rate during waste
conversion. According to the following equation, it is cal-
culated on the basis of complete, reversible oxidation of
the waste material [20, 21]:

eB(Tu,pu) = H0(Tu,pu)+Tu

Rs(Tu,pu)+
e(Tu,pu).

(1)
In this equation, eB is the specific exergy of the waste
material related to the mass of the fuel, H0 is the gross
calorific value of the waste material, 
Rs is the specific
reaction entropy during oxidation of the waste material,
and 
e is the exergy difference between the oxygen
feed and the discharged gaseous oxidation products (in
first approximation these are the following gases: carbon
dioxide, water, sulfur dioxide and nitrogen).

Table III shows an analysis of the elements of sev-
eral fuels as well as an analysis of the elements of waste
material of typical composition [23, 24]. The high con-
centration of inert substances is the only essential differ-
ence between waste material and fuels. On the basis of
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TABLE III
Composition and net calorific value of waste material

compared to primary energy carriers [22, 23].

Mass portion Pit coal Brown coal Gasoline Waste
(from the (from the
Ruhr area) Rhein area)

γC 0.813 0.280 0.837 0.278
γH2 0.045 0.020 0.143 0.036
γS 0.007 0.003 − 0.002
γO2 0.040 0.101 0.020 0.171
γN2 0.015 0.003 − 0.008
γCl − − − 0.005
γwater 0.035 0.555 − 0.25
γash 0.045 0.038 − 0.25
Hu in MJ·kg−1 32.1 8.06 42.6 10.3

the rest of its composition, waste material can be situated
anywhere between brown coal and pit coal. Table IV lists
the calculated molar gross and net calorific values, spe-
cific exergies as well as the ratios of the exergy to the
gross and net calorific values for the same substances.
The exergy of liquid fuels is about 2 % lower than the
gross calorific value. The exergy of solid fuels is about
1–2 % higher than the gross calorific value. The small
deviation between exergy and calorific value is due to
the fact that the calorific value has the by far largest por-
tion on the right-hand side of equation (1), compared to
the other two terms. Sulfuric compounds make an excep-
tion, because their exergy is up to twice as high as the
gross or net calorific value. Thus, the thermal energy de-
scribed by the calorific value, which is released during
complete oxidation of the compounds listed in the table,
is almost identical to the chemical energy stored in the
compounds.

Figure 3. Ratio of the specific exergy to the calorific value for
various fuels [22].

Baehr provides the following equations to estimate the
exergy of coal with calorific values of less
than 34 MJ·kg−1:

eB

Hu
= 0.9775 + 2.410

MJ·kg−1

Hu
(2)

and

eB

H0
= 1.018 + 0.152

MJ·kg−1

H0
(3)

Since the ash content is neglected here, it can be assumed
that equations (2) and (3) can be applied for waste
material as well. Figure 3 shows a graphic representation
of equations (2) and (3). The graphs for liquid fuel
(fuel oil) have also been entered. A significant increase
of eB/Hu can be observed for decreasing net calorific
values. This means that a growing portion of the chemical
energy cannot be totally transformed into thermal energy
any longer. Municipal waste with a net calorific value

TABLE IV
Molar calorific values, reversible reaction energy and exergy of solid and gaseous fuels [22].

Fuel Net calorific value Hum Gross calorific value Hom Exergy EB Exergy, Exergy,
in kJ·mol−1 in kJ·mol−1 in kJ·mol−1 net calorific value gross calorific value

C (graphite) 393.51 393.51 410.43 1.04 1.04
S 296.83 296.83 602.69 2.03 2.03
H2 241.82 241.83 235.15 0.97 0.97
H2S 518.02 562.03 804.30 1.55 1.43
CO 282.98 282.98 275.24 0.97 0.97
CH4 802.34 890.36 830.03 1.03 0.93
C2H2 1 255.6 1 299.6 1 265.2 1.01 0.97
C2H4 1 322.9 1 410.9 1 359.3 1.03 0.96
C2H6 1 427.8 1 559.8 1 495.5 1.05 0.96
C3H8 2 043.9 2 219.9 2 148.5 1.05 0.97
n-C4H10 2 658.4 2 878.5 2 802.0 1.05 0.97
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Figure 4. Balancing chamber for incineration.

between 9 and 11 MJ·kg−1 is thus situated at around
eB/Hu ≈ 1.2.

The exergy loss during waste incineration according
to figure 4 is calculated with the following equation:

Ėv = ṁBev = TuṠirr

= Tu

[
ṁVsV(TV,pV) − ṁBsB(TB,pB)

− ṁLsL(TL,pL) − Q̇

Tm

]
(4)

ṁ is the mass flow, index B is the waste material, in-
dex V is the incineration gas, index L is the air and
the last term on the right-hand side of equation (4) is
the heat flow rate Q̇ absorbed at the mean tempera-
ture Tm. If the incineration is adiabatic, the tempera-
ture TV is identical to the adiabatic incineration tem-
perature and the heat flow rate equals zero. If the con-
version is replaced by a process other than inciner-
ation (e.g., gasification or pyrolysis), the correspond-
ing inlet and outlet entropy flow rate must be bal-
anced.

During adiabatic incineration, the major portion of
the exergy loss is caused by the difference between
the entropy flow rates of discharging hot incineration
gas and entering cold air. The entropy of the waste
materials is about one magnitude less than this dif-
ference (examples: air at 79 ◦C: 38.9 kJ·kg−1·K−1;
waste at 25 ◦C: 1.8 kJ·kg−1·K−1; flue gas at 1 300 ◦C:
55.9 kJ·kg−1·K−1).

4.2. Efficiency rates of conversion

An exergetic efficiency rate is defined in order to
express nonreversibilities during the conversion process

ζ ≡ 1 − Ėv

ĖQ

, (5)

or

ζ ≡ 1 − ev12

e
. (6)

The maximum possible value is one, if the exergy loss
equals zero, which means that the process takes place in
a completely reversible manner. With exergetic analysis,
efficiency rates are introduced for the various process
steps of waste incineration, which are shown in figure 5.

Exergetic efficiency rate of the heat production (incin-
eration):

ζWE ≡ ηC

(
Tu

T ∗
m

)
ηK

Hu

eB
, (7)

ηC(Tu/T ∗
m) means the Carnot factor derived with the

mean gas temperature of combustion and ηK as the boiler
efficiency rate.

Exergetic efficiency rate of the steam production:

ζDE ≡ ηC(Tu/Tm)

ηC(Tu/T ∗
m)

(8)

with ηC(Tu/Tm) as the Carnot factor derived with the
mean steam temperature of the boiler.

Exergetic efficiency rate of the thermal engine:

ζWKM ≡ ηth

ηC(Tu/T ∗
m)

(9)

with ηth as the thermal efficiency rate of the thermal
engine.

The overall exergetic efficiency rate ξ is linked with
the partial efficiency rates as follows:

ζ = ζWEζDEζWKM = −P

ṁBeB
(10)

with −P as the released electrical or mechanical energy.

Figure 5. Energy losses during incineration, production of
steam and production of electric power [22].
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The energetic efficiency rate η is linked to the exergetic
efficiency rate via the ratio eB/Hu described above

η = ζ
eB

Hu
(11)

5. SUMMARY

All basic process-technological operations are suitable
for materials conversion and thermal conversion of waste
materials of industrial origin.

Recent developments of new processes were concen-
trated on the specific recovery of certain valuable sub-
stances from waste materials by keeping the required en-
ergy consumption as low as possible. These processes
are preferred to thermal conversion in situations where
the obtained substances can be reused in highly pure
form as raw materials in the production chain. Treatment
processes (thermal and materials conversion) for munici-
pal waste must be evaluated on the basis of environmental
and process safety, reusability of the obtained substances
and disposal safety of waste residue.

For a thermodynamic based evaluation of treatment
processes, exergetic efficiency rates can be defined for
various process steps. Municipal waste of typical com-
position contains about 20 % more chemical energy than
can be transformed into thermal energy. This surplus of
chemical energy can be recovered only by applying ma-
terials conversion instead of thermal conversion.

REFERENCES

[1] Müller U., Ergebnisse der bundesweiten Gewerbe-
müllanalyse, Müll und Abfall 6 (1995) 371–387.

[2] Bilitewski B., Niestroj J., Zukünftige Heizwerte und
Schadstoffgehalte von Restmüll, Abfallwirtschafts Jour-
nal 6 (9) (1994) 586–588.

[3] Geiger Th., Knopf H., Leistner G., Römer R., Seifert
H., Rohstoff-Recycling und Energie-Gewinnung von Kunst-
stoffabfällen, Chem. Ing. Tech. 65 (6) (1993) 703–709.

[4] Lipphardt G., Produktionsintegrierter Umwelt-
schutz—Verpflichtung der Chemischen Industrie, Chem.
Ing. Tech. 61 (11) (1989) 855–860.

[5] Lenz H., Molzahn M., Schmitt D.W., Produktions-
integrierter Umweltschutz—Verwertung von Reststoffen,
Chem. Ing. Tech. 61 (11) (1989) 860–866.

[6] Wiesner J. (Ed.), Produktionsintegrierter Umwelt-
schutz in der chemischen Industrie—Verpflichtungen
und Praxisbeispiele, DECHEMA, GVC, SATW, Frankfurt/M.,
1990.

[7] Bundesministeriums für Forschung und Technolo-
gie, Produktionsintegrierter Umweltschutz, Förderkonzept
des Bundesministeriums für Forschung und Technologie,
Bonn, 1994.

[8] Zlokarnik M., Reaktorintegrierter Umweltschutz in
der chemischen Produktion, Chem. Ing. Tech. 67 (1995)
1587–1594.

[9] Hassan A., Kostka S., Methodik des produktion-
sintegrierter Umweltschutzes in der chemischen Industrie,
Chem. Ing. Tech. 65 (4) (1993) 391–400.

[10] Christmann A., Einflußeiner Brennstoffvorbe-
handlung auf den Prozeßeiner Müllverbrennungsanlage,
in: 1. Symposium Abfallbehandlung, Oberhausen, 1985.

[11] Scholz R., Thermische Verfahren zur Abfallbehand-
lung, Prozeßführung, Bausteine, Bewertung, VDI-Bericht
Nr. 1192, VDI-Verlag, Düsseldorf, 1995.

[12] VDI-GET, Reststoffe bei der thermischen Abfallver-
wertung, Informationsschrift der Arbeitsgruppe III, VDI-
GET-Ausschuß “Energienutzung in der Abfallwirtschaft”.
Düsseldorf, 1988.

[13] Mayer-Schwinning G., Merlet H., Pieper H., Zscho-
cher H., Verglasungsverfahren zur Inertisierung von Rück-
standsprodukten aus der Schadgasbeseitigung bei thermi-
schen Abfallbeseitigungsanlagen, VGB Kraftwerkstech-
nik 70 (1990) 4.

[14] Scholz R., Beckmann M., Horn J., Busch M.,
Thermische Behandlung von stückigen Rückständen,
BWK/TÜ/Umwelt-Special 10 (1992).

[15] Von Hermanni E., Vergleich thermischer Verfahren
zur Restabfallbehandlung, WLB Wasser, Luft und Boden 6
(1995) 78–84.

[16] Born M., Zur Bewertung thermischer Verfahren in
der Abfallwirtschaft, Energieanwendung 44 (4) (1995) 18–
25.

[17] Oppenländer Th., Baum G., Industrieabwässer
VUV/UV-oxidativ reinigen, Umwelt 25 (3) (1995) 100–101.

[18] Saure Th., Hensel J., Janikowski G., Obermeier
Th., Seeberg A., Flexible Verbindung—Die Kombination
aus biologisch-mechanischer und thermischer Restab-
fallentsorgung kann eine sinnvolle Verfahrensvariante
darstellen, Müllmagazin 3 (1996) 61–66.

[19] Roos C., Rasch B., Wucke A., von Hermanni E., Kom-
binationsmodelle von biologisch-mechanischen und ther-
mischen Restabfallbehandlungsanlagen, Abfallwirtschafts
Journal 7 (11) (1995) 684–689.

[20] Baehr H.D., Die Exergie der Brennstoffe, Brennst.
Wärme Kraft 31 (7) (1979) 292–297.

[21] Baehr H.D., Die Exergie von Kohle und Heizöl,
Brennst. Wärme Kraft 39 (1/2) (1987) 42–45.

[22] Baehr H.D., Thermodynamik, 9. Auflage, Springer
Lehrbuch, Berlin/Heidelberg/New York, 1996.

[23] Barin I., Igelbischer A., Zenz F.-J., Thermody-
namische Analyse der Verfahren zur thermischen Mül-
lentsorgung, Studie der Zeus GmbH im Auftrag des Lan-
desumweltamtes NRW, Essen, 1996.

[24] Barin I., Igelbischer A., Zenz F.-J., Thermodynami-
sche Modelle zur Analyse der Verfahren für die thermische
Entsorgung von Müll, Chem. Ing. Techn. 68 (12) (1996)
1562–1571.

337


