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Preface
After completing her doctoral studies at the Institute of Environmental Engineering 
of the Technical University of Berlin, Dr. Margit Löschau specialised in air pollutant 
emissions from thermal waste treatment processes and approaches to their control.
With this book, which is the culmination of her academic work and practical experi-
ence, she provides us with a comprehensive overview and an in-depth discussion of 
the problem areas associated with waste incinerator flue gases, focusing on the targeted 
analysis of the instruments available for tackling the air pollutants of concern.
Beginning with a detailed examination of the origin and effect of the most important 
atmospheric and climate-relevant pollutants, she lays the foundations for her analysis 
and the solution to the problems associated with flue gas treatment.
The book then presents the pertinent European and German legislation, technical 
guidelines and standards complete with a comparison of the emission limits applicable 
for air pollutants in industrialised countries.
One focus of this part of the work is the formation of pollutants and their reduction 
by primary measures directly in the combustion process. 
The next chapter is dedicated to the chemical and physical principles of pollutant 
removal from gas streams. With the underlying theory thus laid out, the subsequent 
chapters deal with secondary measures for the control of particulate air pollutants, 
nitrogen oxides, organic pollutants and acid gases.
Acid gas control technologies and – to the necessary extent – waste water treatment 
technologies along with emission monitoring and analysis methods are dealt with 
exhaustively.
Liquid and solid residues from different flue gas treatment processes and their ma-
nagement are examined and evaluated in detail. 
Based on the presentation of the underlying physical and chemical principles and 
pollutant-specific problem-solving approaches, the author develops and provides in-
depth descriptions of overall flue gas treatment concepts.
Particular mention should also be made of the detailed references at the end of each 
chapter, which facilitate further investigations into individual problem areas.
This book is the first in-depth and largely complete treatise on the chief aspects of air 
pollution control for the protection of the atmosphere and the climate to be published 
in a long time. 
This comprehensive work, presented by an author who has a strong academic and 
practical track record is a valuable resource for all those involved in air pollution control 
engineering, whether they are students or professionals in the field. 
I therefore highly recommend this book to all students, faculty members and practi-
tioners in the field of environmental engineering.

Neuruppin, November 2014

Professor Dr. Dr. Karl J. Thomé-Kozmiensky †
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1

In the combustion of fossil and biogenic fuels, the organic substance is oxidised to pro-
duce carbon dioxide and water as the primary products of combustion. Depending on 
the fuel and the process conditions, combustion processes also generate air pollutants, 
such as carbon monoxide, polychlorinated dibenzo-p-dioxins and furans, nitrogen 
oxides, sulphur oxides, hydrogen halides and particulates, which are discharged from 
the combustion system with the flue gas stream.

Pollutant emissions to air from combustion processes are strictly regulated by the 
legislator to prevent adverse impacts on the environment and human health. For this 
reason, air pollution control measures are generally mandatory to ensure regulatory 
compliance. Using a feedstock with inherently high pollutant loads and operating under 
the watchful eyes of a suspicious public, thermal waste treatment facilities must meet 
exacting air pollution control standards. Strategies for reducing air pollutant emissions 
are based on primary and secondary measures.

Primary measures are all combustion-side measures that prevent the formation of 
pollutants in the first place. Typical primary measures include, for instance, upstream 
separation of pollutant-containing materials, adequate homogenisation of the fuel 
and, most importantly, optimum combustion control matched to the specific fuel and 
combustion technology. Optimised control of the combustion process ensures virtually 
complete combustion, thereby minimising the formation of carbon monoxide, total 
organic carbon and organic pollutants.

For most of the pollutants, primary measures alone will, however, not be sufficient to 
prevent their formation, as the pollutants either already exist in the fuel or are inevi-
tably formed from the fuel constituents by chemical reactions during the combustion 
process. Secondary measures, i.e. a downstream flue gas treatment system, are therefore 
needed to remove the air pollutants forming during the combustion process. A flue gas 
treatment system typically comprises several unit processes arranged in series for the 
removal of particulate, vapour-phase and gaseous pollutants from the flue gas stream. 
Some unit processes remove only a single pollutant class, while others are designed 
for multi-pollutant removal.

Although the underlying physical and chemical principles and the basic concepts of 
pollutant removal apply to many fuels, the selection of an appropriate and cost-effective 
flue gas treatment concept and the optimum technology combination may vary with 
the fuel. Prime factors governing the choice of technology and the process operating 
parameters are the fuel pollutant load, the resulting flue gas composition, the expected 
peak emissions and variability of the raw gas pollutant levels as well as the maximum 
allowable clean gas pollutant concentrations. For the above reasons, flue gas treatment 
concepts for fossil-fired utility boilers are not directly applicable to thermal waste 
treatment facilities.

The intent of this student textbook and handbook for practitioners is to present the 
particularities of waste incinerator flue gas and its treatment, and to highlight the 
differences from flue gas treatment systems downstream of other thermal treatment 
processes.

Introduction
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The book deals with the origin and effect of combustion-specific air pollutants, their 
formation mechanisms in the combustion process, primary and secondary control 
measures and emission monitoring techniques, including the management of flue gas 
treatment residues. The benefits and drawbacks of the individual process technologies 
and their optimal combination under different scenarios are discussed.

In addition, the book features comprehensive analyses of the emission situation, 
reagent consumption, residue volumes generated and the cost structure of thermal 
waste treatment facilities as a function of the installed flue gas treatment technology 
along with information on current legislative, science and technology trends and their 
impact on flue gas treatment practice. It is rounded off by an evaluation of the status 
quo of waste incinerator flue gas treatment in Germany, implementation examples of 
the various equipment combination options as well as information on typical operating 
parameters from flue gas treatment practice.

Addressing students, decision makers, engineering contractors and plant operators 
alike, the book serves as a reference work for developing a conclusive overall treatment 
concept for a specific site and air pollution control task, whether for the construction 
of new or the optimisation of existing flue gas treatment systems.

Introduction
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Air pollutants are any substances foreign to ambient air that are likely to cause harmful 
environmental effects. According to the definition of the Federal Immission Control Act 
(Bundes-Immissionsschutzgesetz –BImSchG), the chief piece of legislation regulating 
ambient air quality in Germany, air pollutants are changes in the natural composition 
of the air, especially through smoke, soot, dust, gases, aerosols, vapours or odorous sub-
stances. Harmful effects on the environment as defined by the BImSchG are ambient air 
impacts which, according to their nature, extent or duration, are liable to cause hazards, 
considerable disadvantages or considerable nuisance to the general public or the 
neighbourhood.
Typical air pollutants include:
•	 particulate matter (dust)
•	 carbon monoxide (CO)
•	 nitrogen oxides (NOx)
•	 sulphur oxides (SOx)
•	 hydrogen halides (HCl, HF)
•	 organic pollutants (e.g. PCDD/Fs)
•	 heavy metals (e.g. Hg, Cd, As, etc.)
Air pollutants enter the atmosphere through both natural sources and anthropogenic 
sources. Natural sources of air pollutant emissions include forest fires, volcanic eruptions 
and soil erosion. Typical anthropogenic sources are combustion systems, industrial 
processes, households and transport.
Basically, a distinction is made between the emission and ambient air impact of pol-
lutants. According to the BImSchG, emissions are air pollutants, noise, vibrations, light, 
heat, radiation and similar phenomena originating from a facility. Ambient air impacts 
(termed “immissions” in the German legislation), by contrast, are air pollution, noise, 
vibration, light, heat, radiation and similar effects on the environment which affect hu-
man beings, animals and plants, the soil, the water, the atmosphere as well as cultural 
assets and other material goods.

Below-cloud
transformations 

Emissions Transmissions Depositions / Impacts

Long-range transport 

In-cloud
transformations 

Rain-out Fog effect 

Dry deposition
Nutrient
wash-out

Surface run-off Wet depositon

Figure 1: 	 Relationship between emission, transmission and impacts of air pollutants
Source:	 Bhattacharyya, A. T.: Saurer Regen, Schwermetalle und die Aufnahme der Schadstoffe durch die Pflanzen. In: Spezielle 
Berichte der Kernforschungsanlage Jülich (Jül-Spez) No. 265, Jülich, 1984, adapted
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Pollutants directly emitted to the air are referred to as primary pollutants. Frequently, 
primary pollutants chemically react with other substances in the atmosphere to form 
secondary air pollutants. The dispersion, transport and the chemical transformation 
of emitted substances in the atmosphere are subsumed under the term transmission. 
The impact of air pollutants on humans and the environment is due to their deposition 
– both wet and dry – on surfaces (Figure 1). 

1.1 Natural Composition of the Atmosphere
The air quality provides information on the concentration of air pollutants relative 
to the natural composition of the Earth`s atmosphere. The natural composition of 
the atmosphere is presented in Table 1. The two main components of ambient air are 
nitrogen (N2) at approx. 78 vol% and oxygen at approx. 21 vol%. Other constituents 
include argon (Ar), carbon dioxide (CO2) and diverse trace gases.

              Constituent	 Formula	 Volume		  Mass 
 		  fraction		  fraction
Main constituents			   %

Nitrogen	 N2	 78.084		  75.518

Oxygen	 O2	 20.942		  23.135

Argon	 Ar	 0.934		  1.288

Carbon dioxide	 CO2	 0.038		  0.058

Subtotal		  99.998		  99.999
Trace gases			   ppm

Neon	 Ne	 18.18		  12.67

Helium	 He	 5.24		  0.72

Methane	 CH4	 1.76		  0.97

Krypton	 Kr	 1.14		  3.30

			   ppb

Hydrogen	 H2	 500		  36

Nitrous oxide	 N2O	 317		  480

Carbon monoxide	 CO	 50 to 200		  50 to 200

Xenon	 Xe	 87		  400

			   ppt

Dichlorodifluoromethane (CFC-12)	 CCl2F2	 535		  2,200

Trichlorofluoromethane (CFC-11)	 CCl3F	 226		  1,100

Chlorodifluoromethane (HCFC-22)	 CHClF2	 160		  480

Tetrachlorocarbon	 CCl4	 96		  510

Trichlorotrifluoroethane (CFC-113)	 C2Cl3F3	 80		  520

Methyl chloroform	 CH3-CCl3	 25		  115

1,1-dichloro-1-fluoroethane 
(HCFC-141b)	

CCl2F-CH3	 17		  70

1-chloro-1,1-difluoroethane 
(HCFC-142b)	

CClF2-CH3	 14		  50

Sulphur hexafluoride	 SF6	 5		  25

Bromochlorodifluoromethane	 CBrClF2	 4		  25

Bromotrifluoromethane	 CBrF3	 2.5		  13

Table 1:

Natural composition of dry air 
at m.s.l.
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1.2 Dust
Dust is the collective term for (solid) particles finely dispersed in gases. Frequently, 
the term dust is used synonymously with suspended dust. Suspended dust in turn is 
synonymous with total dust or total suspended particulates (TSP) and by definition 
includes solid and liquid suspended particles or mixtures of the two (aerosols). The 
dust emission limits mandated, for instance, by the 17th Immission Control Ordinance 
(17. Bundes-Immissionsschutzverordnung – 17. BImSchV), the German regulations 
governing the limitation of emissions from thermal waste treatment facilities, relate 
to total dust.

Based on its aerodynamic diameter, dust is typically classified into four categories 
according to the National Air Quality Standard for Particulate Matter (PM Standard) 
of the U.S. Environmental Protection Agency (EPA):
•	 coarse dust, Ø > 10 µm 
•	 PM 10, Ø < 10 µm
•	 PM 2.5 (fine dust), Ø < 2.5 µm 
•	 PM 0.1 (ultrafine particles), Ø < 0.1 µm
The aerodynamic diameter of a particle is equivalent to the diameter of a sphere with 
a density of 1 g/cm3 which has the same settling velocity as the particle of interest. 

0

200

1990

Others incl. waste incineration 
Transport Small combustion sources – Households and  small consumers 
Combustion sources – Manufacturing industries & construction Energy industries

Agriculture Industrial processes 

1995 2000
Year

2005 2010

400

600

800

1,000

1,200

1,400

1,600

1,800

2,000

Total dust emission loads,
1,000 t/a

Figure 2: 	 Total dust emissions by source sectors in Germany, 1990 to 2011

Source:	 Based on data published by Umweltbundesamt: National Trend Tables for the German Atmospheric Emission Report-
ing 1990–2011 (final version: 12 December 2012). Retrieved from http://www.umweltbundesamt.de/themen/luft/emissionen-
von-luftschadstoffen 

Natural Composition of the Atmosphere/Dust
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Figure 2 presents the total dust emissions by source sectors in Germany during the 
period of 1990 to 2011. In 2011, some 300,000 t of dust were emitted to the atmosphere, 
mainly by industrial processes, transport, and small combustion sources. 

Of these emissions, the inhalable fraction (PM 10) of the total dust poses a particular 
health concern as it may lead to diseases of the respiratory system. PM 2.5, the so-
called alveolar fraction, can even penetrate deep into the lungs, causing farmer`s lung 
disease and lung cancer. Moreover, other pollutants such as heavy metals and organic 
pollutants tend to sorb to the surfaces of fine particles in particular and are thus pres-
ent in dust-bound form. In this way, they can enter the human organism through the 
inhalation of particles. 

               Particle size	 Concentration 
	 %

PM 2.5 (Class 1 as per TA Luft1))	 91.1

PM 2.5 – 10 (Class 2 as per TA Luft)	 4.4

> PM 10 (Class 3 as per TA Luft)	 4.5

Total	 100.0

Table 2:	 Particle size distribution in the clean 
gas of the Geiselbullach/Olching 
MSWI (downstream of fabric filter)

1)	 Technische Anleitung Luft – German Instructions on Air Quality 
Control

Source:	 Samhammer, H.: Kurzbericht über die Ermittlung 
der Korngrößenverteilung im Reingas nach Gewebefilter an 
einer Linie des Abfallheizkraftwerks (AHKW) Geiselbullach/
Olching. TÜV Industrieservice GmbH, München, 21 Novem-
ber 2006

Industrial combustion processes, being 
always equipped with a downstream dust 
control device, emit almost exclusively the 
more difficult-to-capture PM 10 fraction. 
Studies of the fly ash particle size distribu-
tion downstream of the fabric filter at a 
thermal waste treatment facility have even 
shown that more than 90 % of the residual 
dust still present in the clean gas accounts 
for PM 2.5 (Table 2).

Figure 3 displays the trend in PM 10 emis-
sions in Germany by source sectors during 
the period of 1995 to 2011. Total PM 10 
emissions in 2011 amounted to 208,000 t. 
Major emitters included industrial pro-

cesses, agriculture, transport as well as small combustion sources. According to infor-
mation from the German Federal Environmental Agency (Umweltbundesamt), PM 10 
emissions from thermal waste treatment facilities amounted to 9.1 t, corresponding 
to only approx. 0.004 % of the total PM 10 emissions [22]. An evaluation of the total 
dust emissions from thermal waste treatment facilities and combustion plants burning 
refuse-derived fuels yielded a dust emission load of approx. 78 t/a (see Section 9.3) for 
the year 2013, corresponding to a share of 0.04 % in the total PM 10 emissions.

This contrasts with PM 10 emissions of 25,000 t/a from residential wood burning 
appliances (fireplaces, wood stoves), 2,870 t/a from fireworks and 1,350 t/a from barbe-
cuing [2] [4] (Figure 4). Moreover, the consumption of 82 billion cigarettes per year in 
Germany (status 2012) generates additional PM 10 emissions on the order of 3,630 t/a. 
The side stream smoke of a cigarette alone contains some 44 mg of PM 10, while the 
main stream smoke contains another 15 to 40 mg which is, however, not emitted to 
the atmosphere, but filtered through the lungs of the smoker [3] [11]. To put this into 
perspective: even at total PM 10 emission levels in the vicinity of the emission limit 
value mandated by the 17. BImSchV (5 mg/m3 (STP dry), the emission load generated 
by thermal waste treatment facilities would only amount to 650 t/a. 
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Figure 3: 	 PM 10 emissions by source sectors in Germany, 1995 to 2011 

Source:	 Based on data published by Umweltbundesamt: National Trend Tables for the German Atmospheric Emission Reporting 
1990–2011 (final version: 12 December 2012). Retrieved from http://www.umweltbundesamt.de/themen/luft/emissionen-von-
luftschadstoffen
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absorption isotherms  100,  102

accumulation filter  93,  132,  142
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control  235
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ammonia removal   266

ammonia scrubbing  263
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capital investment cost  221,  386, 
389,  391,  393,  394

capital recovery cost  386
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