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Preface 

Air quality and air pollution control are tasks of international concern as, for one, air 
pollutants do not refrain from crossing borders and, for another, industrial plants and 
motor vehicles which emit air pollutants are in widespread use today. In a number of 
the world's expanding cities smog situations are a frequent occurrence due to the 
number and emission-intensity of air pollution sources. Polluted air causes annoy
ances and can, when it occurs in high concentrations in these cities, constitute a seri
ous health hazard. How important clean air is to life becomes apparent when consid
ering the fact that humans can do without food for up to 40 days, without air, how
ever, only a few minutes. 

The first step towards improving the air quality situation is the awareness that a 
sound environment is as much to be aspired for as the development of new tech
nologies improving the standard of living. Technical progress should be judged es
pecially by how environmentally benign, clean and noiseless its products are. Of 
these elements, clean air is of special concern to me. I hope that this book will 
awaken more interest in this matter and that it will lead to new impulses. Due to the 
increasing complexity of today's machinery and industrial processes science and 
technology can no longer do without highly specialized design engineers and opera
tors. Environmental processes, however, are highly interdependent and interlinked. 
Environmental protection therefore requires interdisciplinary thought processes. This 
book attempts to make the reader aware of both the wide scope of air quality control 
and to direct his attention to specific problems arising in practical work. 

During my work in foreign countries I have frequently been asked for an English 
translation of my German book "Luftreinhaltung". This idea was kindly received by 
the publishers Springer Verlag. For the English version several chapters were en
larged and international conditions included. 

This book covers the causes of air pollutants, their dispersion and transformation 
in the atmosphere, their effects on humans, animals, plants and materials as well as 
emission reduction technologies. Measuring technology is a focal point as it plays a 
key role, be it in the detection of air pollutants or in the controlling and monitoring 
of measures for emission reduction. The book starts out with a historical overview 
and concludes with regulations on air quality control. Current problems such as S02 
long-range transport, behavior of tropospheric ozone, recent forest damage, motor 
vehicle exhaust gases, polychlorinated dioxins and furans and reduction technologies 
are dealt with on the basis of my own research experience. Emission and behavior of 
radioactive substances have not been included as these represent fields by themselves 
and would exceed the scope of this work. 



VI Preface 

Air quality control being a wide field, it is inevitable that, depending on one's 
own experience, some facts can be interpreted differently. Hence, I would be grateful 
for new ideas, criticism or corrections. 

This book is based on lectures held for students at the University of Stuttgart, 
Germany. It is primarily intended as a supplement to these lectures. Beyond that it is 
addressed to all those interested in air quality control. It is meant for engineers and 
practitioners working on emission reduction who wish to learn both more on the 
subject and more about the behavior and effects of pollutants. It is also for those 
affected by pollutants who wish to gain insight into the possibilities and problems of 
pollutant reduction. 

It may not be expected that plants for air pollution control can be designed after 
reading this book. For in-depth treatment of individual fields special literature is 
recommended. Also, this book cannot replace practical experience in air quality 
control which can only be gathered by measuring air pollutants or by designing and 
operating air quality control units. 

This book could not have been written without the assistance of a number of 
people. I want to express my thanks to the technical and scientific staff of the Insti
tute of Process Engineering and Power Plant Technology of the University of Stutt
gart, especially to the current and former colleagues of the Department for Air Pollu
tion Control who have supported me in my work with their help and research activ
ity. In particular, I would like to mention my co-authors Dr.-Ing. Frank Droscher, 
Dr.-Ing. Harald Gross, Dr.-Ing. Bernd Steisslinger and Dipl.-Ing. Andreas Grauer. 
By preparing research results relevant for this book Dr.-Ing. Karsten Baumann and 
Dipl.-Ing. Ulrich Vogt have contributed a great deal to this work. My thanks are 
directed to the present and former directors of the Institute, Prof. Dr.-Ing. Klaus R. 
G. Hein, Prof. Dr. techno Richard Dolezal and Prof. Dr.-Ing. Rudolf Quack who 
made it possible for me to work in the field of air quality control and who stood by 
me in word and deed. I also want to thank Ms. Ursula Docter and Ms. Waltraut 
Wurster for writing the texts and tables and Mr. Femi Ogunsola for helping with the 
illustration translations. Ms. Christina Grubinger-Rhodes deserves special mention 
for the English translation. With painstaking care she has succeeded in producing 
this technically correct and highly readable English version. My special thanks are 
due to her. 

Last but not least I would like to thank the publishers Springer Verlag for picking 
up this idea and realizing this book. 
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1 General Overview 

1.1 Clean Air and Air Pollution 

Generally, all substances changing the natural composition of air are considered 
pollutants. Gaseous components of naturally clean air are listed in Table 1.1. Apart 
from these substances, natural air can contain further components such as water 
vapor and traces of other gases, e.g., methane CH4, ammonia NH3, carbon monoxide 
CO and dinitric oxide Np as a result of decomposition processes, as well as low 
concentrations of ozone, possibly as a result of stratospheric penetration. 

When discussing the origins of air pollution a distinction is made between natural 
and man-made (anthropogenic) sources. High levels of naturally occurring air pollut
ants, for example, during volcanic eruptions, during sand storms (deposits of Sahara 
sand have occasionally been observed in Central Europe!), during forest fires, during 
processes related to air-chemistry in thunderstorms and also from plant pollen. Odor
ous substances from blossoms are not part of the natural air composition either, 
though they can hardly be regarded as air pollutants. 

Anthropogenic air pollutants will be primarily dealt with in this work. One differ
entiates between particulates and aerosols (fine dusts and extremely fine droplets 
distributed in the air) on one hand and gases on the other. Visible air pollutants are 
usually dusts or droplets, e.g., smoke, soot, oil mist; only few gases, however, are 
visible. The most important noxious gas recognizable by its color is the brown nitro
gen dioxide (N02). Olfactory substances are another particularly conspicuous type of 
air pollutant. These are gases which are often perceptible even in extremely low 
concentrations. 

Table 1. Natural composition of air 

Volume content in % 
related to dry air 

Oxygen (02) 20.93 
Nitrogen (N2) 78.10 
Argon (Ar) 0.9325 
Carbon dioxide (CO2) 0.03-0.04 
Hydrogen (H2) O.oI 
Neon (Ne) 0.0018 
Helium (He) 0.0005 
Krypton (Kr) 0.0001 
Xenon (Xe) 0.000009 
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1.2 Historical Overview (F. Droscher) 

Anthropogenic air pollution had its beginnings when man started to use fire. Smoke, 
CO, CO2 and organic gases are the pollutants resulting from this. 

In nomadic and rural cultures pollution of indoor air was high, whereas in the 
densely populated cities of advanced civilisations the outdoor atmosphere also dete
riorated. E.g., in the year 61 A.D. the Roman philosopher Pliny the Elder noted: "As 
soon as I had left Rome's heavy air and the stench of the smoking chimneys blowing 
all sorts of vapors and soot into the air behind, I felt a change in my condition" [1]. 

In pre-industrial times the most significant sources of air pollution were foun
dries, potteries as a trade with high energy consumption and the smoking of fish and 

Fig. 1.1. Diagram ofa dust chamber in the Ore Mountains (1556)[2], by courtesy of the VDI 
Commission Air Pollution Prevention 
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meat [1]. The smelting of ores released acid gas from roasting and dusts containing 
large amounts of heavy metals. The damage done to fields, meadows and fruit in the 
surroundings of the foundries of this era which were almost exclusively located in 
the highlands led to neighborhood conflicts between foundry people, landowners and 
farmers, especially in narrow valleys [2]. 

The development of effective flues in which coarse dust sedimented and was fed 
back into the process can safely be regarded as the beginning of environmental engi
neering in Germany (Fig. 1.1). These flues and dust chambers were mandatory in 
Bohemia and Saxony very early on. 

With regard to air quality, the invention of the steam engine by James Watt in 
1769 ushered in a new era. Within a few decades energy consumption soared. Smoke 
and ash became the main problem when coal was burned for the firing of boilers of 
stationary steam engines and locomotives as well as in home stoves. At the same 
time, production rates in almost all branches of trade increased and with them their 
emissions. The variety of air pollutants increased rapidly, particularly due to the 
growing chemical industry. 

England and France, the vanguards of industrialization, were the first states 
whose governments and administrative authorities were forced to deal with com
plaints about increasing environmental damage. For this, the old trade regulations 
proved to be insufficient. New special regulations were constantly being issued and 
some plants had to fulfill certain requirements usually based on court orders regulat
ing complaints. As early as 1810 France passed a national air pollution control act by 
decree. According to this law a total of 66 commercial activities were subject to 
official approval, and both the formal proceedings for the granting of permits as well 
as the successive stages of appeal were laid down. Trades were divided into three 
categories: 
- factories which were on no account allowed in residential areas as they presented 

a fire hazard, had a negative effect on people's health or produced an offensive 
smell, 

- factories which were tolerated in residential areas but had to be supervised, 
- objectionable trades which were, however, subject to approval. 

Approximately one third of the factories belonged to the first category. 
In the ensuing period of rapid technological development - in 1845 as many as 

307 branches of trade were subject to this law - the decree was supplemented and 
interpreted by export regulations and the supreme court [3]. 

Not only was France the first country to require approval for steam engines in 
1823 (a practice adopted by Prussia in 1831), it was also the first to introduce regular 
checks for them by state-employed test engineers. In Germany, boiler operators took 
on this task from 1866 in voluntary cooperation with the technical inspection 
authorities. 

While the majority of the population of the 19th century considered "smoking 
chimneys" (Fig. 1.2) the hallmark of technical progress and not least their livelihood, 
agriculture and forestry had to cope with the effects of air pollution. In the middle of 
the last century large sections of forests began dying in the surroundings of all indus
trial centres of Central Europe, in the Ore Mountains, in the Thuringian and Franco-
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Fig. 1.2. Foundries and mines of the Baron von Rothschild near Moravian Ostrau [2], by 
courtesy of the VDI Commission Air Pollution Prevention 

nian Forest and in Saxony and the Ruhr District. Mainly fir and spruce, the most 
sensitive coniferous trees, succumbed to this. Chemists and forestry scientists of the 
Bergakademie Freiberg and of the Forstakademie Tharandt in Saxony thoroughly 
examined the damage mechanisms at work. As early as 185011871 one of the found
ers of this smoke damage research, Stockhardt, pointed out two ways in which to
day's so-called classical smoke damage takes effect[5]: 
- by direct, acute poisoning from S02 through assimilating leaf organs, 
- by indirect chronic poisoning of the soil due to dust containing heavy metals. 

In this context, air quality analyses for S02 in air and for sulfate in rain water were 
developed, and critical S02 concentration threshold values were determined for 
plants and human beings [5]. 

Strongly increasing S02 emissions prompted Smith's examinations on "acid rain" 
[4] which were published in England in 1872. 

After a certain understanding of the mechanisms of impact had been achieved, 
measures were taken. In the industrial centers (e.g., in the Ruhr District) the forestry 
services systematically replaced spruce forests by more smoke-resistant deciduous 
trees. At least in the close vicinity of polluting factories deciduous trees were planted 
in long rows as air quality protection, if necessary. 

Measures for reducing harmful emissions were, however, given first priority. A 
series of innovations in industrial processing engineering led to the use of lower
emission raw materials, made possible higher yields or improved efficiency of burn
ing processes and the utilization of by-products (e.g., the HCl yielded through con
densation during soda production). Most frequently, however, reasons pertaining to 



1.2 Historical Overview 5 

the approval procedure rather than economic motives, were deciding factors for the 
reduction of pollutants. 

With the help of powerful blowers exhaust gases carrying acid gases and dust 
could be conducted into "deacidifying plants" (dry adsorption on lime, absorption in 
scrubbing towers), cyclones or fabric filters. 

In the particularly exposed valleys of the highlands foundries and steam engine 
operators, however, used blowers also for the dilution of flue gases in the chimney or 
made do with high stacks. At the turn of the century the Freiberger Hiittenwerke 
boasted the world's highest stack with a height of 144 m. 

Another example of the relocation of environmentally harmful substances was 
described by Wislicenus in 1908 [5]: 

"Particularly worth mentioning is the example of a Saxon ultramarine fac
tory (Schindlers Blaufarbwerke near Bockau in the Ore Mountains) which 
only a few years ago was extremely dangerous to the surrounding forest but 
today has a lot of success by combining deacidification with the dilution by 
air. 
First of all, exhaust gases are pushed through large chambers filled with 
limestone with the help of a fan. In this way the originally high level of 
acidity is considerably reduced but not totally eliminated. Instead of permit
ting the remaining gases to escape through the stack into the air, they are 
passed through a long wooden channel filled with birch brushwood to an
other washing arrangement where they are passed over large amounts of 
water rushing over mill-wheels. They then finally pass through numerous 
cracks of a large chamber made of loose wooden planks into the air. Only a 
fine mist containing a little sulfuric acid or S03 escapes. Its harmfulness 
cannot be compared with the original sulfuric acid gases." 

It was realized that another means of reducing emissions was to give the people 
operating the machines a sound education. This led to the setting up of schools for 
furnacemen. 

All through the 19th century air pollution was merely considered a problem per
taining to neighborhood law. Workers' health played a secondary role in this period 
of economic liberalism and manpower surplus. In the end it was the social legislation 
of the German Empire which provided new impulses in this respect, as it made the 
employer share the financial risk involved in the ill-health of his employee. 

By the middle of the 20th century industrialisation in North America and Europe 
had been well-established. Myriad technical innovations and developments in
fluenced emissions. Electrical energy displaced the mechanical energy of the steam 
engine as an energy resource. Energy production and the resulting emissions were 
concentrated in central power plants with steam turbines. 

With the further development of the dust removal techniques of the 19th century 
and the invention of the electrostatic precipitator, dust technology became estab
lished in the twenties. In 1926 a technical committee for "Dust Techniques" was 
founded within the VDI (Verein Deutscher Ingenieure - Association of German 
Engineers). 

Simultaneously, the development of theoretical industrial chemical engineering 
permitted the planning of apparati and equipment and particularly the construction of 
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effective exhaust gas purification plants. The two World Wars during which the 
economy was diverted to wartime production had a detrimental effect on the preser
vation of clean air. During the war and postwar years measures for emission reduc
tion were neglected in favor of production. 

In this context the strivings for self-sufficiency of the Third Reich played a spe
cial role, as scarce products were substituted to a particularly high degree by avail
able raw materials. E.g., the expensive process of extracting gasoline from mineral 
coal was developed at that time. 

Not only did the war economy block civilian plans, it also took up the major 
share of the existing development capacities. Moreover, the development of chemi
cal, biological and atomic weapons of this era created tremendous, new potential 
hazards for man and his environment. This development has continued incessantly 
from post-war times up to the present. 

However, by striving to protect mankind against these weapons, new branches of 
science have been founded: meteorology of air pollution and toxicology, both of 
which have decisively influenced our present knowledge of the distribution and ef
fects of air pollutants. 

In the USA which was the least affected by the effects of the two W orld Wars, 
great technological changes which were effected in Europe only decades later were 
brought about. The rapid increase of automobile traffic deserves special mention. 
Unburned hydrocarbons and nitric oxides from car exhaust gases led to the notorious 
photosmog episodes in sunny Los Angeles as early as the forties. From the twenties 
on the natural gas pipeline net started to spread in the south and west of the USA. 
Gas heating gradually replaced traditional coal and oil furnaces even in the coal areas 
of the eastern states of America. 

In the meantime mainly the European centres of coal consumption were plagued 
by intermittent periods of the so-called London smog caused by the accumulation of 
sulfur dioxide and air-borne particles during low-exchange atmospheric conditions 
with high humidity. Table 1.2 compiles the most important episodes of London smog 
described in literature along with the epidemiological data collected at the time. A 
direct consequence of the smog episode of 1962 in the Ruhr District was the institu
tion of a smog warning service with the help of many measuring stations in 1963. 

After the years of reconstruction in Europe and the recession in America, the fif
ties saw a boost in industrialisation the world over, which also swept through the 
agrarian Southern and Eastern European countries and Japan. 

Primary energy consumption continued to increase exponentially (s. Fig. 1.3c) 
while practically unchanged technology made the air quality situation in the centers 
of heavy industry increasingly critical. There was a definite need for legislative 
measures. Fuel quality and discharge restrictions were first regulated in clean air 
preservation laws in the USA (1955) and in England (Clean Air Act, 1956), to be 
followed later by all the industrial nations. 

In the Federal Republic of Germany the trade regulation was changed accord
ingly in 1959. This paved the way for both imposing conditions on new plants which 
were subject to approval as well as for later changes of the operating permits of old 
plants. The first version of the general regulation TA Luft (Technical Directive On 
Air Pollution Control) took effect in 1964. 



1.2 Historical Overview 7 

Table 1.2. Chronology of the most important episodes of London smog [6-10] 

Date Place Casualties Cases of S02 max. 
sickness 24 h-values 

mg/m3 

1873 12/09-12111 London 
1880 01126-01129 London 1000 
1892 12/28-12/30 London 
1909 Glasgow 80-176 
1930 12/01-12/05 Maas Valley (Belgium) 63 6000 25 
1948 10/26-10/30 Donora (USA) 20 6000 1.6 
1948 11126-12/01 London 700-800 
1950 11124 Poza Rica (Mexico)" 22 320 
1952 12/05-12/09 London 4000 3.8 
1953 11115-11/24 New York 250 2.2 
1956 01103-01/06 London 1000 1.5 
1957 12/02-12/05 London 700-800 1.6 
1958 New York 
1959 01126-01131 London 200-250 0.8 
1962 12/05-12/10 London 700 3.3 
1962 12/03-12/07 Ruhr Area (FRG) 5.0 
1963 01107-01122 London 700 
1963 01109-02/12 New York 200-400 1.3 
1966 11123-11125 New York 168 
1979 01117 Ruhr Area (FRG) approx. 0.9 
1982 01122 Stuttgart (FRG) 0.57 
1985 01116-01120 Ruhr Area (FRG) 0.85 

a Hydrogen sulfide eruption in a natural gas processing plant during an inversion weather 
situation 

The guidelines of the VDI-Commission "Reinhaltung der Luft" (preservation of 
clean air) which was founded in 1957 have subsequently supplemented these regula
tions and have a normative character. 

Both the general introduction of dust removal technology and also high stacks 
successfully led to the positive result that "the sky over the Ruhr District became 
blue again" in the seventies. 

In 1970, the "Year of the Environment", the time had come for a new beginning 
in environmental awareness in Germany. The Federal Government passed an imme
diate program for environmental protection [11, 12]. The first measure was a change 
of the Basic Constitutional Law for environmental protection with legislative author
ity passed from the federal states to the federal government. This laid the basis for 
the Federal Air Pollution Control Act passed in 1974. Based on this law, numerous 
administrative regulations were passed, e.g., for the inspection of domestic heating 
and for the desulfurization of light fuel oil. Further regulations based on this law are 
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Fig. 1.3. Long-term development of environment-related parameters on a global scale. 
a. nitrate and sulfate content of glacier ice in Southern Greenland (representative of the nort
hern hemisphere), compensating curve 1885-1978 [13]; b. background concentration of C02: 
1820-1960 obtained through an analysis of air bubbles in the arctic ice, from 1960 onward 
direct measurements on the Mauna-Loa, Hawaii [14]; c. global consumption of primary ener
gy: [15, 16]; d. world population since 1960, UN estimates [17, 18] 



1.2 Historical Overview 9 

general administrative regulations as, e.g., a new Technical Directive On Air Pollu
tion Control (T A Luft). Besides, the law requires that plans for the preservation of 
clean air and smog regulations be set up in high-pollution areas. As a result of these 
smog regulations Berlin and the Ruhr District have had several smog alarms, as did 
Stuttgart in 1982. More stringent threshold values led to more frequent smog alarms 
in 1985, e.g., in the Ruhr District, in Hesse, Berlin, Northeast Bavaria and in the 
greater Nuremberg area. 

Owing to the change to low-sulfur fuels in the past years and to the higher effi
ciency of domestic heating furnaces, SOl pollution has declined in the cities whereas 
oxides of nitrogen have become one of the main pollutants due to the sharp increase 
in automobile traffic. 

The widespread occurrence of a new type of forest damage all over Central 
Europe from 1981182 again led to a surge of even more stringent legislative meas
ures for the preservation of clean air: 1983 saw a partial re-enactment of the Techni
cal Directive On Air Pollution Control (TA Luft) when the Regulation for Large
Scale Furnaces was passed. In 1985 more stringent exhaust levels were introduced 
for internal combustion engines, and in 1986 the Technical Directive On Air Pollu
tion Control (TA Luft) was supplemented by requirements for numerous plants. 
Ozone (0) formed by nitrogen oxides and hydrocarbons when exposed to UV light 
entered the discussion as a secondary pollutant. As early as 1972 Scandinavian sci
entists at a UNO conference in Stockholm had already pointed out that atmospheric 
pollution crosses national borders. They attributed the acidification of many thou
sands of lakes in Northern Europe to acid-forming SOl emissions transported there 
from Great Britain and Central Europe. 

As is apparent from the analysis of air bubbles in glacier ice and more recently 
from direct measurements, the constantly increasing use of fossil fuels has long since 
led to a perceptible increase of carbon dioxide concentrations in the atmosphere in all 
parts of the world (s. Fig. 1.3b). 

Like carbon dioxide, other products of fossil combustion disperse in the atmos
phere over large areas. Their concentrations have increased almost proportionally 
with world energy consumption (Fig. 1.3c). This development is illustrated by Fig. 
l.3a by glacier water analyses in Southern Greenland. The concentration of sulfate 
(nitrate) formed secondarily from sulfur dioxide (or nitric oxide) fluctuated within a 
certain range up until approx. 1940 (1950). Since then it has been rising sharply. 

So far little attention has been paid to the role of the many organic air pollutants 
which have been released into the atmosphere for decades, whether gradually, as in 
the case of pesticides and freons, or spectacularly, as in the dioxine catastrophe of 
Seveso (1976) and the methylene isocyanite catastrophe in Bhopal (1984), or even 
entirely unnoticed. It is only in the rarest of cases that the effect of these organic 
compounds has been explained. E.g., even today it is still unclear which role is 
played by organic compounds in the rising frequency of cancer in industrial nations 
or the forming of ozone over large areas. A similar statement can be made for the 
long-term effects of radioactive gases and aerosols on the environment. The reactor 
accident of Chernobyl (1986), however, threw light on the hazards of the steadily 
increasing use of nuclear power plants. 
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Faced with the many open questions concerning the long-term effects of air pol
lutants on the entirety of the ecological system, it is imperative to find responsible 
compromises between keeping production processes economical on one hand and 
conserving the environment on the other. 

The more the world population increases and with it, inevitably, the amount of 
supplies needed (Fig. 1.3d), the greater this challenge will be. 

1.3 Explanation of Terms 

Air pollutants - harmful (noxious) substances 

Whereas all substances changing the natural composition of air are called pollutants, 
substances are only termed harmful or noxious if they have a harmful effect. 

Emission 

Emissions are those pollutants, such as gases and dusts, released into the environ
ment by industrial plants, automobiles or products. In other fields, too, one may talk 
of emissions: sounds, rays, heat, tremors etc. can also be emitted. 

Air quality 

The degree of air pollution. 

Transmission 

The transmission of air pollutants from the air to another medium or object. The 
dispersion of air pollutants between emission and deposition is called transmission. 
Besides physical dilution air pollutants can also go through a chemical transforma
tion during transmission. Fig. 1.4 shows these correlations in a diagram. 

With high emission sources the path from emission to deposition is very long: 
hence, air pollutants are diluted before they reach their final destination where they 
take effect. A high source altitude also permits dispersion of the pollutants over a 
large area. In this case one speaks of so-called remote transports. With low source 
altitudes, e.g., automobile emissions, air pollutants can reach the human respiratory 
system by the shortest route. 

Smog 

Smoke + fog = smog. High concentrations of pollutants combined with fog are 
termed smog. 
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1.3 Explanation of Terms II 

Dispersion, 
chemical transformalion 

Fig. 1.4. Path of air pollutants from points of emission to deposition 

Exhaust gas 

Unutilized gas released into the environment by industrial plants, automobiles etc .. In 
general, it represents the carrier for the air pollutants emitted. 

Flue gas 

Furnace exhaust gas that becomes visible owing to fine particles (smoke). Even if the 
exhaust gas contains virtually no particles, one generally speaks of flue gas where 
furnaces are concerned. 

Vent air 

Exhaust gas whose carrier gas consists of air, e.g., workplace ventilation, where 
pollutants carried by air are released into the environment via a stack. 

Emission sources 

Emission sources are industrial plants, automobiles etc. which generate air pollutants 
and release them into the environment. One talks of point sources if air pollutants are 
released in high concentrations at one location, e.g. by industrial stacks. Numerous 
small sources make a plane source, e.g., leakages in pipes and fittings in large-scale 
industrial plants, e.g., refineries. House chimneys of residential areas can also be 
called a plane source. Streets with a high traffic volume, e.g., represent line sources. 
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Table 1.3. Units of measurement in air pollution control (s. also [19]) 

Parameter Unit Description 

Emission 

Mass concentration c mg/ml Pollutant mass per cubic meter 

(at 0 °C, exhaust gas in normal condition, 

1013 mbar) usually dry 

Volume concentration Cy cml/ml, also Pollutant volume per exhaust gas 
ppm v volume, parts per million 
I cml/ml=1 ppm v 

Emission mass flow kg/h Emitted pollutant mass per unit 

t/a of time 
Emission factor mg/kg Emitted pollutant mass per mass 

kg/t of fired fuel or produced quantity 
Emission factor kg/TJ Kilograms per terajoule; 

emitted pollutant mass per 
thermal power (in furnaces) 

Emission factor gIkm Emitted pollutant mass per 
kilometer driven (in motor 

vehicles) 

Air quality concentrations 
Mass concentration c mg/ml Pollutant mass per cubic meter of 

l!g/m1 air 

1000 I!g= 1 mg 
Volume concentration Cy cml/ml, also Pollutant volume per air volume; 

(mixing ratio) ppm v parts per million; 
ppb (1!IIml) parts per billion 

Pollutant concentration mg/I Pollutant mass per liter of rain water 
in rain water I!g/I 

Pollutant deposition mg/m2/day Deposited pollutant mass per 
(e.g., deposited l!g/m2/day surface area and time 
particulate matter, 
but also wet preci-
pitation and gases) 

Pollutant dose mg/ml.h Concentration times time (c·t) 
Dose of effect I!g/kg Received (effective) pollutant 

mass per acceptor (recipient) 
mass 

Units of measurement 

Table 1.3 shows an overview of the units of measurement used in air pollution con
trol. 
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Conversion o/volume concentration in mass concentration. 

Noxious gas concentrations are often measured as volume concentrations. Most of 
the time, however, mass concentrations are of interest. The conversion is carried out 
as follows: 

3 
3 3 3 cm pollutant· mg pollutant 

1 mg/m = 1 em 1m . p = l' -----':;-------:---'----
m 3 air· cm 3 pollutant 

p = gas density 

molar mass 
p = g/I or mg/cm3 

molar volume 

molar mass 
mg/cm3 (at 0 °C, I 013 mbar) p= 

22.4 

molar mass 
mg/em3 (at 20°C, 1 013 mbar) p= 

24 
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2 Origin and Sources of Air Pollution 

The most important anthropogenic source groups of air pollution are industrial fur
naces and industrial processes, traffic, small-scale businesses and domestic furnaces 
as well as special sources such as animal confinement systems, spray cans etc. 

A major proportion of the pollutants caused in these different areas has its origin 
in combustion processes, either in industrial and domestic furnaces or in traffic from 
combustion engines and aircraft engines. For this reason pollution formation during 
combustion processes will be looked into more closely in the following chapter. 

2.1 Emission of Pollutants Caused by Combustion 
Processes 

When burning fossil fuels for generating heat or power a wide variety of air polluting 
substances can be created. Type and amount of the air pollutants emitted depend on 
the type of combustion process, on the fuel used and on processing of combustion. 
For the area of furnaces these influencing factors and the possible emissions of air 
pollutants with their interdependence are diagrammatically shown in Fig. 2.1. In a 
general sense the same is true for combustion engines; however, other fuels - gaso
line and diesel - containing fewer impurities are used. The following overview de
scribes the individual pollutant groups with their corresponding origins. 

2.1.1 Products of Complete and Incomplete Combustion 

The fossil fuels gas, gasoline, fuel oils and coals mainly consist of hydrocarbon 
compounds with varying elH ratios. 

During complete combustion the carbon in the fuel reacts with oxygen to become 
carbon dioxide, the hydrogen to become water according to the following gross re
action equation: 

(2.1) 

Depending on the type of combustion process and fuel used, technical processes 
need a certain amount of excess oxygen or air for complete combustion. Lack of air 
causes incomplete combustion with higher pollutant emissions. 



16 2 Origin and Sources of Air Pollution 

Type of furnace 
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Fig. 2.1. Parameters influencing pollutant emission spectrum and level using the example of 
different types of furnaces 
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Excess of air during combustion processes is defined as follows: 

actual amount of air A 
Ie = ----------"------

stoichiometrically required amount of air Amin 
(2.2) 

The minimum amount of air Amin can be determined by applying the relevant 
combustion calculations. The same is true for the theoretical amount of exhaust gas 
Vmin [1]. 

As the actual amount of combustion air A can in practice only be determined 
with difficulty, excess air is determined alternatively from the remaining oxygen 
content 02 in the exhaust gases or from the carbon dioxide content CO2; complete 
combustion is, however, a precondition for this: 

(2.3) 

If pure carbon is burned completely, only CO2 results, whereby one mol CO2 is 
formed from a mol 02 [equation (2.1): n molecules 02 ~ n molecules CO2], In this 
case the exhaust gas volume V min is equal to the air volume Amin. However, if water 
vapor is also formed, then V min is no longer equal to Amin. Where fuels with a high 
CIH ratio are concerned V min = Amin can be assumed in estimated calculations. In this 
case the following applies: 

21 
A= 21-02 

(2.4) 

During complete combustion the maximum possible reduction of CO2 is effected 
exclusively via the dilution of the exhaust gases with excess air. Thus, the CO2 con
tent can also be used to determine excess air. For this, however, the maximum pos
sible CO2 content CO2 max must be known. During stoichiometrical combustion of 
pure carbon n molecules 02 become n molecules CO2; thus the CO2 max content 
amounts to 20.93 percentage of volume. 

In fuels consisting of hydrocarbons the CO2 max will be lower depending on the 
hydrogen; for light fuel oil, e.g., it amounts to 15.4 percentage of volume (Vol. %). 

The following equations are valid for determining the excess air Ie from the CO2 

content of the exhaust gases: 

(2.5) 

or estimated with the simplified assumption V min = Amin: 

(2.6) 
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Excess air is an important factor for the low pollution conduct of combustion 
processes. It will play a part in many of the following considerations. Lack of air 
causes incomplete combustion. Apart from this factor, the following causes can im
pair the completeness of the combustion: 
- inadequate mixing of fuel and combustion air (local lack of air), 
- insufficient pulverizing of solid fuels or atomizing of liquid fuels, 
- sudden cooling of the flame gases through combustion chamber walls, 
- residence time at high temperatures too short, 
- flames burning in lifted condition, escaping of intermediate products from under 

the flame base. 

During incomplete combustion the following pollutants can be formed and reach the 
environment in the form of emissions: carbon monoxide (CO), hydrocarbons (CnHm)' 
oxidized hydrocarbons, and others such as odorous substances and soot (products of 
incomplete combustion: PIC). 

2.1.1.1 Carbon Monoxide 

Carbon monoxide (CO) is the intermediate product in the combustion process of 
carbon to CO2, CO oxidation requires a so-called ignition temperature of at least 990 
K, and for a complete burn-up a certain residence time at this temperature is re
quired. If combustion temperature and residence time in the flame are insufficient, or 
if there is a lack of air, part of the CO can escape into the exhaust gas. 

Using oil furnaces as an example, the dependency of CO emission on air or oxy
gen excess during combustion is shown in Fig. 2.2. As can be seen, there is a dra
matic increase of the exhaust gases' CO content when there is not enough air. 

How high the minimum air excess has to be so that combustion is as complete as 
possible depends on the combustion temperature, on the residence time and on how 
well mixed the fuel-air mixture is. 

The dependency of CO emission on temperature is shown in Fig. 2.3. A room 
stove with an oil evaporation burner is used as an example. As can be seen, there is a 
clear CO emission increase in the lower temperature range. 

In manually stoked furnaces, e.g., in wood-burning central heating boilers, burn
ing conditions are changing continuously. After charging there is an initial intensive 
fire with high temperatures. Most of the time, however, combustion air is not suffi
cient for CO and hydrocarbon emissions to be released. In the later stages of com
bustion the amount of fuel is reduced and excess air increases. Simultaneously, the 
combustion temperature decreases steadily causing CO emissions to rise again. A 
combustion process like the one described is shown in Fig. 2.4. 

2.1.1.2 Hydrocarbons 

If hydrocarbons are not totally oxidized during combustion, a variety of substances 
can appear in the exhaust gas, e.g., alcohols, aldehydes or organic acids. Hydrocar-
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HC 
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CO 
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02 in Vol.-% -
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Excess air, A -
Fig.2.2. Typical course of pollutant emissions in the exhaust flue gas of oil furnaces versus 
excess air [2] 

bons, for instance, can be oxidized to carbon dioxide and water via the following 
more or less stable oxidation states which are also possible emissions components. 

methane 
(hydro
carbon) 

methanol 
(alcohol) 

HCHO--+ 

form 
aldehyde 

HCOOH--+ 

formic 
acid 

CO--+ 

carbon 
monoxide 

carbon
dioxide 
water 

During incomplete combustion or insufficient mixing of fuel and air in the flame, 
part of the fuel can escape unburned along with the exhaust gas [4,5]. In contrast to 
that, if there is a lack of air, thermal decomposition (pyrolysis) can set in. This de
composition process either takes place via the reaction of a partial oxidation 
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described above or, e.g., it leads to the formation of new hydrocarbons not originally 
contained in the fuel via the separation of hydrogen atoms. This is also how aromatic 
(e.g., benzene, toluene, xylenes (BTX)) and polycyclic aromatic hydrocarbons 
(PAR), some of which are known to be carcinogenic, are formed. Fig. 2.5 shows a 
diagram of BTX and PAR formation according to Badger [5, 6]. 

Using this type of polycyclic formation, the reaction sequence can be summa
rized as follows: 
1. Addition of smaller aliphatic compounds and cyclization into hydroaromatic 

hydrocarbons with medium-sized molecules, 
2. transformation of hydroaromatic hydrocarbons into fully aromatic hydrocarbons, 
3. formation of larger polycyclic aromatic hydrocarbons from smaller ones. 

Investigations [7] show that apart from the type of the pyrolyzed material, the com
position of pyrolytic products depends strongly on the combustion temperature. 

Fig. 2.6 shows the structural formula of the well-known 3,4-benzopyrene and of a 
nitrated polycyclic aromatic hydrocarbon. Aromatic and polycyclic aromatic hydro
carbons occur as pyrolytic products in cigarette smoke and in automobile and fur
nace exhaust gases [8]. They are known for their carcinogenic effect. Oxidized and 
nitrated PAR [7], e.g., in the exhaust gases of diesel engines, are also significant. 

As an example, the hydrocarbon emissions of a central heating boiler with an at
omizer oil burner are shown with the help of a gas chromatogram of the exhaust gas 
in Fig. 2.7. As a comparison a gas chromatogram of the burned light fuel oil is 
shown (Fig. 2.7a). 

On the right-hand side of the exhaust gas chromatogram unburned fuel oil com
ponents can be observed. New substances created during pyrolsis are to be found on 
the left, especially lower aromatic hydrocarbons (BTX). 
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Flue gas temperature 

HC 
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Fig. 2.4. CO and H emission of a wood-fired central heating boiler during a bum down from 
fresh charge to embers [3] 

Apart from a faulty burner setting, the processes of turning the burner on and off 
cause emissions of organic substances in oil furnaces [9, 10]. 

Hydrocarbon emissions of furnaces are of note mainly owing to their disagree
able odour. It is not easy to assign odorous emissions directly to the hydrocarbon 
emissions determined by gas chromatography as the substances combinations are 
complicated. Even substances at low, hardly measurable concentrations can contrib
ute considerably to emission with disagreeable odours. Nevertheless, one can gen
erally establish a connection between the emissions of unburned substances - CO, 
CnHm and soot - and the odor intensity of the exhaust gas, s. Fig. 2.8: If the exhaust 
gas contains many products of incomplete combustion, then the odor intensity of the 
exhaust gas is high [11]. 
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Fig. 2.5. Reaction diagram for the fonnation of polycyclic aromatic hydrocarbons (PAR) 
during combustion processes 

7 6 5 6 5 

3,4 Benzopyrene Nitrated PAH: 1-Nitro-pyrene 

Polycyclic aromatic hydrocarbons (PAH) 

Fig. 2.6. Structural fonnulas of a polycyclic aromatic hydrocarbon (3,4 benzopyrene) and of a 
nitrated PAR (l-nitro-pyrene) [7, 8] 

Formaldehyde will be used here as an example for the emission of oxidized hy
drocarbons during combustion processes. 

As an example Fig. 2.9 shows the formaldehyde emission of a central heating 
wood boiler depending on the CO content of the exhaust gas. One can see a definite 
correlation. If carbon monoxide occurs during the incomplete combustion of the 
wood, then one must also assume the presence of formaldehyde emissions. 

During combustion processes which are particularly prone to incomplete com
bustion, e.g., wood stoves in private homes or engine combustion in automobiles, 
oxidated hydrocarbons occur to a greater extent [12, 13], they manifest themselves 
by characteristic odorous emissions. 

Table 2.1 shows the emission rates of different aldehydes in milligram/mile 
measured in three different automobiles. The values were obtained with the US Test 
75. 
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Fig. 2.7. Hydrocarbon emissions of a central heating boiler with an atomizer oil burner, the Ci 
represent alkanes with their corresponding carbon number. a gas chromatogram of the light 
fuel oil burned; b gas chromatogram of the organic substances contained in the flue gas. Bur
ner setting: slight lack of air; the peak numbers mean: 1 toluene, 2 ethylbenzene, 3 xylenes, 
4 propylbenzene, 5 ethyl-methylbenzene, 7 trimethylbenzene, 8 naphthalene 

2.1.1.3 Soot 

If fuels containing hydrocarbons are heated in the absence of oxygen, thermal de
composition processes ensue. In the course of these processes the hydrogen is split 
off and soot can be the resulting final product. It consists of agglomerates of elemen
tary carbon and, in part, of hydrocarbons. For chain-like initial substances one may 
conceive of the formation of soot via acetylenes (hydrocarbons with a triple bond) 
and polyacetylenes. Ultimately, soot particles can be formed via ring closures, aro
matic compounds and polycyclic aromatic hydrocarbons [14,15]. S. also Fig. 2.5. 

Soot formation is favored by lack of oxygen in the flame base, e.g., by inade
quate mixing of fuel and air and by high temperatures in this phase. It depends not 
only on burning conditions but also on the fuel used. If there is a lack of air fuels 
with a high CIH ratio are rather more prone to soot formation than fuels with a low 
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Table 2.1. Emission rates of different aldehydes and ketones as determined by US-test 75 
in three different automobiles (acc. to [13] 

Components Without Catalytic Three-way Catalytic Diesel 

Converter Converter Auto-

Automobile no.3 Automobile no.6 mobile no.16 

mglmi %a mglmi %a mglmi %a 

Formaldehyde 38 60.4 4 47.6 18 41 

Acetaldehyde 10 15.9 2 23.8 II 25.1 

Acrolein 2 3.2 12 3 6.8 
Acetone 3 4.8 12 5 11.4 

Propionaldehyde < 0.5 < 0.8 < 0.1 < 1.2 3 6.8 
MEK+ 3 4.8 < 0.1 < 1.2 2 4.6 

Isobutyric aldehyde 
Crotonic aldehyde < 0.2 < 0.3 < 0.1 < 1.2 1 2.3 
Benzaldehyde 6 9.6 < 0.1 < 1.2 0.8 1.8 

Total aldehydes 63 100 8.4 100 44 100 
(DNPH) 

a proportion of total aldehydes, determined by the DNPH method 

CIH ratio. Thus, when burning natural gas which consists largely of methane (CH4), 

only a slight soot formation will occur even with a lack of air, whereas with an 
acetylene flame (ethine, C2H2) large flakes of soot will be released immediately when 
there is a lack of air (s. autogenous welder). 

One can see by the color of the flame whether soot is being formed in this flame. 
The burning soot particles have a radiation behavior resembling a black body. De
pending on the temperature the flame has a dark yellow to a light yellow hue. On the 
other hand, flames without soot formation and without soot combustion release a 
pure gas radiation, e.g., with a transparent blue hue. 

Depending on the conditions in the flame (temperature, mixture and excess of 
air) the resulting soot burns out more or less completely. As an example for oil 
flames Fig. 2.2 also shows soot emissions as a function of air excess. It can be seen 
that when there is a lack of air soot emissions increase sharply. Soot formation in the 
flame base is the precondition of this type of behavior. There are oil flames, so-called 
blue burning flames, which do not emit any soot even with a lack of air but merely 
CO and hydrocarbons [2]. 

2.1.1.4 Hydrocarbon Emissions in Different Combustion Processes 

Efforts have been made to show that in combustion processes emissions of incom
plete combustion products - CO, hydrocarbons and soot - depend on a variety of 
factors. Quite generally it can be said that the more stable the flame burns and the 
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better it is set and supervised, the lower these emissions are. Different combustion 
processes producing incomplete combustion products can be listed in approximately 
the following increasing order of magnitude: 
1. large industrial furnaces with control and supervising equipment, 
2. small industrial furnaces with control and supervising equipment, 
3. domestic furnaces with oil or gas blowpipe burners, 
4. automobiles (with catalytic converters), 
5. domestic furnaces with non-stationary combustion conditions: single stoves for 

oil, coal, wood or solid fuel central boilers, 
6. automobiles without catalytic converters. 

The technical developments aim at improving and regulating the individual combus
tion processes, so that combustion can be effected as completely as possible and CO, 
CnHm and soot emissions are minimized. Exhaust gases of automobiles will be looked 
into more closely in a later section. 

Quantifying products of incomplete combustion is hardly possible, particularly 
where furnaces are concerned, as emissions depend on the momentary setting and 
operation of the different combustion processes. If, despite this, numerical data are to 
be found in the literature, then these values were based on individual furnaces and 
cannot necessarily be applied to all other furnaces. 

2.1.2 Sulfur Compounds 

Sulfur dioxide is formed during the combustion of fossil fuels contammg sulfur 
compounds. When these fossil fuels - coal, mineral oil and natural gas - were 
formed, nitrogen compounds and also sulfur compounds found their way into these 
fuels via the amino acids which are the fundamental components of the plant protein. 
Methionine and cysteine will be shown here as two examples of sulfurous amino 
acids: 

COOH COOH 
I I 

H2N-C-H 
I 

HzN-i-H 

CHz-CH2-SCH) CHzSH 

methionine cysteine 

2.1.2.1 Sulfur in Coal 

Depending on the transformation stage of the fuels, the organic sulfur components, 
too, were transformed into different compounds. The older the substances, the more 
the organic compounds were mineralized. In the oldest fossil fuel, mineral coal, 
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Table 2.2. Mean composition of mineral coals and lignites (ace. to [16]) 

Fuel Carbon Hydro- Oxygen Sulfur Water Ash Heating 
gen Nitrogen Value 

C H O+N S H2O hu 
(N=I% 
assumed) 

mass-% mass-% mass-% mass-% mass-% mass-% kJ/kg 

Westphalian Min. Coal 79 4.5 7 I 2.5 6 31400 
Saar Min. Coal 74 4.5 10 I 3.5 7 29300 
Silesian Min. Coal 71 4.5 12.5 0.5 5 6.5 27630 
Saxon Min. Coal 70 4 9.5 1 8 7.5 27215 
Bavarian Min. Coal 53 4 12 5 9 17 21770 
Coke 84 0.8 3.4 I 1.8 9 29310 
Crude Lignite 

Lower Rhine 23 1.9 12.1 1 59.3 2.7 8120 
Upper Palatinate 25.3 2 12 1 52.7 7 8540 
Bohemia 52 4.2 I3 I 24 6 20100 
Saxony 40 3 II 2 37 7 15070 

Rhine Lignite, 54.5 4.2 20.4 0.4 15 5 20100 
Lignite Briquets 

Middle German 52 4.3 16 2 17 9 20100 
Lignite Briquets 

sulfur compounds can in the most extreme of cases be present entirely in anorganic 
form, e.g., as pyrite sulfur, as sulfides or sulfates. The higher the content of volatile 
components, i.e., hydrocarbons, in the coal, the bigger the content of organic sulfur 
compounds. 

Table 2.2 shows the composition of different coals. The varying levels of sulfur 
are evident. 

2.1.2.2 Sulfur in Fuel Oil 

In the mineral oils where carbon appears exclusively in the form of hydrocarbons, 
the sulfur compounds correspondingly occur in an organically bound state, e.g., in 
the form of mercaptanes. Crude oils have a varying sulfur content, depending on 
their origin, s. Fig. 2.10. 

Organic sulfur compounds have substantially higher boiling points than their cor
responding pure hydrocarbons, e.g.: 

C2Hs-SH 
ethyl mercaptane 
boiling point: 35°C 

C2H6 

ethane 
boiling point: -88.6 0c. 

For this reason sulfur compounds accumulate in the heavier fractions during refine
ment; in mineral oil products sulfur content increases accordingly in the following 
order: 
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Fig. 2.10. Sulfur and vanadium content of crude oils of different origins [16] 
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Besides the selection during the refining process the sulfur content of the different 
fractions stems primarily from the sulfur content of the crude oil, s. Table 2.3. In the 
FRG the sulfur content of light fuel oil and diesel must not be in excess of 0.2 % 
[17]. This sulfur content is either kept low from the outset owing to the low sulfur 
content of the crude oil, or it is obtained by mixing various oils of different origin or, 
in the least desirable case, by partially desulfurizing the fuel oil [18]. 

Heavy fuel oils can be obtained with differing degrees of sulfur content; sulfur 
content can range from 0.7 (in special cases 0.3) and 1.0 up to >2 %. Oils with a low 
sulfur content (0.7 and 1.0 %) are expensive and less easily available than the ones 
with a higher sulfur content. 

2.1.2.3 Sulfur in Natural Gas 

In natural and synthetic gaseous fuels sulfur occurs in the form of hydrogen sulfide 
(H2S). 
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Table 2.3. Overview of the sulfur content of different fuels after their 
technical purification (acc. to [16-20] and information from gas suppliers) 

Fuel 

Natural gas 

Liquefied gas, C3HS+C4HIO 
Gasoline 
Light fuel oil, diesel 
Heavy fuel oil 
Wood, pure 
Wood bark 

Mineral coal, depending on its origin 

Coke 
Rhine lignite 
Saxon lignite 

Sulfur Content, 
Mass Ratio in % 

0.0005-0.02 
not detectable 

0.001-0.06 
up to 1; in Germany limited to 0.20 
0.7 to >2 

not detectable 
<0.15 

{0.5-2 
0.8 - 1 mean value 

0.6-1 

1 
2 

As it is both a health hazard and causes corrosion in gas pipes, H2S is to a large 
extent removed from fuel gases through alkaline gas washing or aqueous solutions of 
amines even before it is distributed. The bound hydrogen sulfide will then be ex
pelled by heating and is processed further in the Claus process. Hereby H2S is first 
oxidized to S02' which is subsequently used as an oxidizing agent for more H2S [16]: 

(2.7) 

(2.8) 

Accordingly, natural gas contains only very small amounts of sulfur compounds, 
unless high-sulfur gases are used for purposes of combustion, e.g., directly at the 
locations of distribution. 

2.1.2.4 Comparison of Sulfur Contents of Different Fuels 

Table 2.3 compiles the sulfur contents of different fuels after their technical purifica
tion. 

2.1.2.5 Combustion Products of Sulfurous Fuels 

Sulfur dioxide S02 

If the sulfur contained in fuel is burned completely, sulfur dioxide is formed, e.g., 
according to the following reaction: 
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(2.9) 

S02 is a colorless gas with a pungent odor; it can be detected in the air from ap
prox. 0.6-1 mg/m3 by its smell. 

Hydrogen sulfide H zS 

During incomplete combustion, e.g., when there is a lack of air, elementary sulfur 
(S) or hydrogen sulfide (H2S) can, depending on how high the temperature is, be 
formed under reducing conditions from the fuel's sulfur compounds: 

CH3 - SH + 0,502 -+ H2S + HCHO 

2H2S+02 -+2H20+2S. 

(2.10) 

(2.11) 

In most combustion processes, the reduced sulfur compounds in exhaust gas are 
insignificant. It is only where smouldering fires are concerned, e.g., when brown
coal briquettes in domestic stoves are burned with the air flap closed for a low flame, 
that H2S formation can certainly be of significance. H2S emissions can be recognized 
by their characteristic rotten egg smell. The smell detection threshold is very low at 
approx. 0.002 mg/m3 [21]. 

Even if H2S emissions play an insignificant role in the sulfur balance of combus
tion, they can lead to annoying odors even in the smallest of amounts. The smell of 
H2S is quite common in cities where brown-coal furnaces are widespread. 

In recent times H2S emissions have been observed in automobiles with catalytic 
converters: When running on excessively rich mixtures, e.g., when the vehicle is 
fully loaded, sulfur compounds in the catalytic converter can be reduced to H2S and 
thus lead to emissions with a disagreeable smell. The emission of H2S is influenced 
by the gasoline's sulfur content, even if it is low. 

Sulfur trioxide SO] 

During combustion or in the flue gas channels of furnaces part of the S02 can be 
oxidized to S03' In combination with water vapor sulfuric acid (H2S04) in the form 
of aerosol is formed from S03' Due to this chemism, S03 is an even stronger irritant 
than S02' The smell threshold value is at approx. 0.6 mg/m3 [22]. 

According to the law of mass action, quite high S02-S03 transformation rates re
sult [23] during the cooling of the gases in a temperature range of 800-400 °C with 
sufficient excess of air. However, the reaction speed constants of the possible reac
tions are not great enough for the theoretically possible S03 content to form during 
the rapid cooling of the flue gases on their way through the flue gas channels. The 
balances are most frequently frozen at a very low S03 content. If measurable S03 
concentrations occur at all in the flue gases, it is usually due to the presence of cata
lytic materials in the exhaust channels which accelerate S02-S03 transformation. 
Vanadium pentoxide is known for its effect here, e.g., as particles in the flue gases of 
heavy oil furnaces. 



2.1 Emission of Pollutants Caused by Combustion Processes 31 

Depending on the formation conditions (with catalytic particles and excess air 
being present during combustion), the SOl content, e.g., in the flue gas of heavy oil 
flames can range between approx. 5-60 mg/ml [24]. This corresponds to a SOl per
centage ofless than 1 % to approx. 4 % of the total SO, emission. 

Up to now SO) formation was mainly taken notice of because sulfuric acid 
forming with water vapor led to corrosion in the flue gas channels of furnaces. Under 
certain conditions "sulfuric acid rain" can sometimes occur in the vicinity of stacks 
of individual problematic furnaces. 

Sulfur emission rate 

When determining S02 emissions of combustion processes, the question as to what 
extent the sulfur which enters into the combustion with the fuel reappears in the 
exhaust gases as S02 arises. Sulfur not emitted as S02 can either be bound in the ash 
(in coal furnaces) or be emitted as SOl or as H2S (negligible). Binding in the ash 
depends on the combustion temperature and the properties of the ash (e.g., alkalinity 
or alkaline earth content). In coal fires a higher SO) formation would favor sulfur 
binding into the ash. 

Various investigations have provided the sulfur dioxide emission rates compiled 
in Table 2.4 as a measure of the percentage of the fuel sulfur in gaseous combustion 
products (as S02)' For this, the S02 emission rate was determined either by compar
ing S02 emission measurements and calculations of the S02 emissions from the fuel 
sulfur or from the sulfur content of the ash. 

It may be assumed that oil furnaces have a sulfur emission of 100 %. With coal 
furnaces, however, and depending on the combustion conditions, sulfur emission can 
go down to 90-60 % due to the binding into the ash. 

Table 2.4. Sulfur dioxide emission proportion 11S02 of the fuel sulfur content 

Furnace 11S02 (mean values) References 

Lignite [22] rS- O.9 
grate firing and pulverized fuel firing approx.O.5 [25] 

0.6-0.8 [26] 
Mineral coal 0.95 [22] 
pulverized fuel firing 1.0 [26] 
grate firing 0.8 [26,27] 

Lignite briquets 0.9-0.95 [28] 
Fuel oil 1.0 [22,29] 



32 2 Origin and Sources of Air Pollution 

2.1.3 Oxides of Nitrogen 

2.1.3.1 Origins of Oxides of Nitrogen 

Oxides of nitrogen (NO) are formed during combustion processes at high tempera
tures through oxidation of the nitrogen in the combustion air and through the com
bustion of the fuel-bound nitrogen. Primarily nitrogen monoxide NO is formed, 
whereas the more poisonous nitrogen dioxide is formed only after the combustion 
when there is an adequate oxygen content in the exhaust gases and finally in the 
atmosphere. In combustion processes involving a high air excess, e.g., in gas turbines 
or in diesel engines with low load, considerable N02 emissions must be expected. As 
all NO is ultimately transformed into N02, NO, emissions (NO+N02) are indicated as 
N02, threshold values are also listed as N02• 

There are three mechanisms of NO formation depending on the particular condi
tions of temperature and concentration, on the residence time and the type of fuel: 
thermal NO, prompt NO and fuel NO. 

Thermal NO 

The mechanism of the so-called thermal NO formation was discovered by Zeldovic. 
The concentration of oxygen atoms available during or after combustion is respon
sible for this type of NO formation. At over 1300 °c and with rising temperatures the ° concentration increases considerably as a result of the dissociation of 02' Conse
quently, the NO formation speed also increases. The two following reactions take 
place in high oxygen areas (excess of °21) of the flame or in the post reaction zone: 

(2.12) 

(2.13) 

In fuel-rich zones of the flame the following reaction takes place mainly at tem
peratures over 1300 °C: 

N+OH~NO+H. (2.14) 

The amount of NO formed is influenced by the following factors: 
- air-fuel ratio in the reaction zone which influences the concentration of atomic 

oxygen. NO emissions generally decrease with decreasing air-fuel ratio; 
- temperature in the reaction zone: apart from 02 dissociation the reaction itself 

(2.12) is highly temperature-dependent, so that both influences lead to a clear in
crease in NO formation with rising temperatures [30]; 
the gases' residence time in the reaction zone at a maximum temperature or mix
ing speed after the reaction with cooler reaction products: the shorter the resi
dence time, the smaller the NO formation. 
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Fig. 2.11. Influence of excess air on NO formation in an enclosed natural gas premix flame 
(acc. to [30]) 

The influence of air excess and the resulting combustion temperature are illustrated 
in Fig 2.11 on the basis of results measured in a laboratory natural gas premix flame. 
Even at a slowly rising temperature one can see a dramatic increase of the NO emis
sion with increasing air. When the flame is cooled by the excess air NO emission 
again decreases distinctly. 

We are looking at an ideal laboratory flame here where complete combustion oc
curs at A=1. In technical combustion processes complete combustion only occurs 
when there is a certain excess of air, so that the NO, maximum also lies in a slight air 
excess range. 

The dependency of the NO emission on air excess practically runs counter to the 
emission of unburned products, so that when there is a minimum of CO and CnHm 
emissions there is a maximum output of NO. (Compare Fig. 2.2) 

Prompt NO 

In the low-oxygen area of flames, NO can be formed via fuel radicals (e.g., CH) with 
molecular nitrogen - so-called prompt NO. This phenomenon was discovered by 
Fenimore. The following reactions are believed to lead to the formation of NO: 

CH+N2~HCN+N (2.15) 
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C+N2 +=tCN+N 

CN +H2 +=tHCN +H 

CN +H2 0+=tHCN +OH 

HCN, CN+O-+NO+R. 

R = organic residue 

(2.16) 

(2.17) 

(2.18) 

(2.19) 

The eN radical arising from fuel-nitrogen compounds is transformed further into 
HeN. Furthermore, atomic nitrogen is released. The cyanogen compounds and the 
nitrogen atoms can then be oxidized to NO. The temperature range where prompt 
NO formation sets in is shown in Fig. 2.13. 

It is generally assumed that prompt NO formation in technical flames is of secon
dary significance [32]. In the fuel-rich area of flames, however, this type of NO for
mation can gain a certain significance via, among others, eN and N formation 
through heterogenous reactions with soot particles, s. equation (2.16), e.g., in oil 
atomizer burners in small heating boilers. By avoiding soot formation, e.g., by the 
so-called blue burning flames, NO formation can be reduced [2] in this case, too. 
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Fig. 2.12. Transformation of fuel nitrogen into NO, showing three fuels as examples [31] 
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Fuel NO 

Fuel oils as well as coal contain organic nitrogenous compounds such as amines, 
R-NH2' and amides, R-CO--NH2, nitrogenous compounds such as nitrobenzene, 
C6H5N02, heterocyclic compounds such as pyridine, C5H5N, etc .. Fuel oil contains 
0.1-0.6 % nitrogen, coal 0.8-1.5 %. Oxidation of these nitrogenous compounds is 
less temperature-dependent occuring even at lower temperatures (Fig. 2.13) and 
increasing with a higher excess of air: 

(2.19) 

However, during combustion only part of the fuel nitrogen is transformed into 
NO. In fuel-rich areas of the flame not only fuel nitrogen but also thermally formed 
NO (e.g., in coke particles)can be reduced to molecular nitrogen [33]: 
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Fig. 2.13. Diagram of NO formation versus combustion temperature (acc. to [31]); parameter 
for thermal NO: O2 excess 
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The lower the fuel's bound nitrogen content, the higher the transformation rate to 
NO, s. Fig. 2.12. Nevertheless, fuels with high N contents have higher NO, emissions 
than those with low ones. 

The difference in fuel nitrogen content is the reason why coal furnaces have, in 
principle, a higher NO emission than oil furnaces, and these again a higher emission 
than gas furnaces. NO formation from fuel nitrogen, however, is strongly overlapped 
by thermal NO formation. Even with a low fuel nitrogen content high NO emissions 
can occur, e.g., in automobiles. 

Fig. 2.13 illustrates the influence of the combustion temperature on NO formation 
according to different formation mechanisms. As can be seen, fuel and prompt NO 
formation are much less temperature-dependent than thermal NO formation. 

2.1.3.2 Nitrogen Oxide Emissions in Different Combustion Processes 

Large-scale industrial furnaces, e.g., power plant furnaces, emit nitrogen oxides to a 
particularly high extent. In these cases NO, emissions depend on the one hand on the 
type of combustion, particularly on how high combustion temperatures are and how 
long the residence time at these temperatures is. On the other hand, NO, emissions 
are determined by the thermal load which has a retroactive effect on the furnace-heat 
capacity and thus on the combustion temperature. Fig. 2.14 illustrates the NOx emis
sion ranges of large-scale coal furnaces. As can be seen, the highest NO, emissions 
occur in furnaces with high temperatures, in the smelting chamber (fluid cinder out
let) and cyclone furnaces. In dry furnaces (dry cinder outlet) of different designs and 
construction NO, emissions are distinctly lower. 

Table 2.5 compares the nitrogen oxide emissions of different combustion proc
esses. Emissions are listed as concentration values in exhaust gas, as emission per 
amount of fuel burned and as emission per thermal capacity of fuel. So far, a com
parison of the emissions of the different source groups is not yet possible in every 
respect. For further information, emissions in mass per unit of time, or in the case of 
autombiles, emissions in mass per unit of distance covered, as well as size and num
ber of furnaces/automobiles and their respective fuel consumptions must be taken 
into account (see also Chap.6). 

2.1.4 Particles 

2.1.4.1 Problem, Dependencies and Components 

When furnace chimneys or automobile exhaust pipes emit smoke, then this is visible 
due to the particles or droplets suspended in the exhaust gases. The fine particles, in 
combination with the carrier gas - exhaust gas or air - also called aerosol, are of 
particular significance as: 

they have a small mass but a large surface; this is why exhaust gases are visible 
even in small particle-mass concentrations; the layer of smog over large cities 
also stems from fine particles or drops which do not sediment; 
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Fig. 2.14. NOx emissions of different industrial furnaces (coal) in the USA without NO re
duction measures (acc. to [34]) 

- they are respirable, they can have a toxic effect in the respiratory system itself or 
they can transport toxic substances into the lungs due to their absorptive proper
ties, 

- many particle precipitators have a low collection efficiency for fine particles, i.e., 
residual dust after such precipitators consists mainly of fine particles. 

A great percentage of the particulate air pollutants have their origins in combustion 
processes with particle formation depending on different factors: 
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- on the type of fuel: fuel gases, gasolines, fuel oils, wood, coal, 
- on the type of fuel preparation, e.g., atomizing or vaporization of liquid fuels, 

chopping up or pulverization of solid fuels, 
- on the conditions of combustion, such as flame temperatures, mixing of fuel and 

air and on the amount of oxygen available. 

Table 2.5. Nitrogen oxide emissions of various technical combustion processes without 
application of special reduction measures 

Combustion process NOx as N02 References 

Concentration" Emission Emission per 
in the exhaust per fuel thermal capacity 
gas of fuel 
mg/m3 g/kg mg/kWh 

Power plant furnaces 
Mineral coal pulverized fuel firing 

melting furnaces 1200 ... 3000 13 .. .30 1400 ... 3600 [I9,31,34] 
dry furnaces 700 ... 1800 8 ... 20 900 ... 2300 [19,31,34,35] 

Lignite 600 ... 1000 4 8 850 ... 1400 [31,36] 
Industrial grate furnaces 150 ..... 650 2 ... 9 200 ... 950 [19,27] 
Fluidized bed furnaces 

stationary 100 ... 1000 1.2 ... 11.6 140 ... 1400 [37,38,39] 
circulating 80 ..... 300 0.9 ... 3.5 100 ... 410 [40] 

Industrial oil furnaces 300 ... 1100 3.5 ... 13 300 ... 1200 [2,19,41,42] 
Industrial gas furnaces 100 ..... 800 0.4 ... 3.4b 85 ... 700 [19] 
Domestic furnaces 

oil fan burner 80 ... 250 I ... 3 80 ... 260 [2,43,44] 
gas fan burner 60 .... 170 0.2 ... 0.7b 50 ... 150 [43] 

Gas, atmospheric burner 100 .... 200 0.4 ... 0.9b 85 ... 170 [45] 
Motor vehiclesc 

automobiles with 1000 ... 8000 10 ... 84 900 ... 7000 [46,47] 
Otto engines 

idling 20 ... 50 0.2 ... 0.6 18 ... 50 [46,47] 
with catalytic converter 40 ... 400 0.4 ... 4 35 ... 350 
and J.... control 

Automobiles and trucks 
with diesel engines 400 ... 3000 12 .. .40 1000 .. .3500 [46,48,49] 

idling 20 ... 50 0.8 ... 2 70 ... 180 

" The exhaust gas concentrations listed in some cases refer to varying air excess numbers 
(=varying exhaust gas dilution); the resulting deviations are within the ranges of the given 
spans. 
b g/m3gas 
C In the case of motor vehicles pollutant emissions are usually indicated in mass per distance 
driven. For the comparison of exhaust gas concentrations of different combustion processes 
carried out here only sources containing information on pollutant concentrations could be 
used, e.g., from roller dynamometer investigations. NOx emissions usually indicated in ppm v 
were converted into mg/m3 with the help ofN02 density (N02=2.05 mg/cm\ 
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The particles can also consist of the following components: 
- soot, 
- high-molecular, condensed hydrocarbons, e.g., tar; these substances can also be 

adsorbed to the soot particles, 
- ash particles, e.g., oxides of metals, 
- also unburned carbon particles in solid fuels . 

2.1.4.2 Soot and Particle Emissions during the Combustion of Liquid Fuels 

Soot formation has already been dealt with in Chap. 2.1.1. As soot is formed during 
the gaseous phase, soot formation can, in principle, also occur during the combustion 
of gases. However, soot emissions during the combustion of liquid and also solid 
fuels are of greater significance. As has already been mentioned, not every fuel is 
equally prone to soot formation. Soot consists of very fine particles agglomerating 
into larger ones after the flame. As a general rule, the more complete the combustion, 
the lower the soot emission, but also the finer the particles will be. In the combustion 
of heavy fuel oil particle emission can be reduced by so-called fuel oil additives 
which help to reduce soot formation in the flame and to improve the burning. At the 
same time these additives shift particle-size range to finer particles in the exhaust gas 
[50], s. Fig. 2.15. It shows the size distribution of the emitted particles of heavy fuel 
oil combustion with and without additives. Approx. 25 % of the dust particles emit
ted during the combustion without additives are mineral ash components, the re-
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Fig. 1.15. Particle-size spectrum of the emitted flue dust of heavy fuel oil combustion in a 
power plant furnace without and with additive (from cascade-impactor measurements) [50, 51] 
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mainder is soot, or flue coke, see Fig. 2.16. The additive improves the burn-out proc
ess to such an extent, that virtually no unburned components in the exhaust gas re
main [50]. The main metal components in the particles of heavy oil furnaces are, as 
can be seen from Fig. 2.16, iron, nickel, cadmium and vanadium. 

Fig. 2.17 illustrates the particle-size distribution in a small modern light oil fur
nace. With a generally low concentration level (e.g., 0.18 mg/m3) the emitted parti-
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Fig. 2 17. Particle-size spectrum of the emitted flue dust of light fuel oil combustion in a 
modern domestic boiler (from cascade-impactor measurements) 



2.1 Emission of Pollutants Caused by Combustion Processes 41 

cles are very fine. The particle content below 0.4 !lm aerodynamic diameter amounts 
to approx. 50 % at the outlet end of the furnaces. However, a shifting to larger parti
cles occurs as early as in the chimney, thus indicating agglomeration of soot particles 
in the exhaust channels. 

2.1.4.3 Particle Emissions in Industrial Coal Furnaces [52] 

In Germany coal is the primary fuel used in fossil-fuel fired powerplants. It is first 
pulverized and then fed into the furnace in dust form. 

Apart from its main components of carbon, hydrogen, oxygen, nitrogen and sul
fur, coal consists from 5 to 40 % of mineral components which are not burned and 
will be emitted at the end of the combustion process as particles. These inorganic 
additions are either present as mineral inclusions varying in size between the fraction 
of a micrometer and several micrometers, or they occur in the shape of atoms bound 
to organic residue. The coal dust present after comminution with a grain size of be
tween approx. 10 to 70 !lm can be divided into four categories: coal particles contain
ing hardly any minerals, coal particles with mineral inclusions, mineral particles 
consisting of different minerals but containing hardly any coal and monomineralic 
particles such as pyrite or quartz. 

During the combustion of coal dust the volatile components are released first, 
while the mineral components remain almost completely in the carbon skeleton for 
the time being, s. Fig. 2.18. Ash can be formed from this in different ways. Larger 
ash particles in the range of between 1 and 20 !lm are formed through the agglom
eration of mineral inclusions on the surface of burning coke particles. During com
bustion in coal dust furnaces under typical conditions the predominant share of the 
mineral components conglomerates, thus forming spherical ash droplets on the coke 
surface. If the coke particle remained intact during combustion, exactly one ash par
ticle would remain per burning coke particle. Due to coke fragmentation every coke 
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Fig. 2.18. Possible ash transformation processes during pulverized coal combustion [52] 
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particle typically generates 3-5 larger ash particles with a diameter of 10-20 !lm and 
a larger number of ash particles with a diameter of 1-3 !lm (see Fig. 2.18, lower ar
row). 

Smaller particles in the range below 0.1 !lm are formed during the vaporization 
and subsequent recondensation or desublimation of a small part of the mineral com
ponents in the boundary layer surrounding the burning grain of coal (see Fig. 2.18, 
center arrow). Under conditions in coal dust furnaces at flame temperatures of 1400-
1600 °C approx. 1 % of the mineral components typically vaporizes, leading to 
volatile inorganic vapors such as Na, As, Sb, Fe, Mg and the suboxide SiO. Due to 
the reducing atmosphere in the boundary layer surrounding the burning particle, not 
metal oxides but suboxides or metals are formed. After having diffused from the 
grain boundary layer into the higher oxygen surroundings, they can be oxidized and 
subsequently, depending on the saturation pressure of the vapors, undergo a ho
mogenous nucleation, causing the formation of a large number of extremely fine ash 
particles (see Fig. 2.28, upper arrow). Alkaline vapors can in turn condense on these 
and due to coagulating processes, individual fine dust particles can grow together to 
form larger aggregates in a diameter range of 0.1-1 !lm. Thus, the resulting shape of 
the aerosol particle size distribution depends on the complex interaction of the com
peting processes of homogenous nucleation, heterogenous condensation and growth 
via coagulation. 

The size distribution of the individual mineral inclusions in the coal grain repre
sents the upper (fine) limit of the flue ash particle size distribution assuming that no 
coalescence of the mineral inclusions takes place during combustion. The lower 
(rough) limit is represented on the assumption that exactly one ash particle is gener
ated from each coal particle, i.e., that a complete coalescence of all mineral inclu
sions takes place in each coal particle. Hence, one tendency of the coal particle, 
namely to fragmentate during combustion, leads to a size distribution of the flue ash 
particles which is closer to the size distribution of the mineral inclusions in the coal. 

In coal dust combustion the fine particle percentage of the total flue ash before 
filtering (raw gas) amounts to approx. 1-2 %; after filtering, the percentage of fine 
particles in pure gas dominates. The grain range of the flue ash of coal dust furnaces 
(pure gas) is between 0.01 and 100 !lm, most particles being smaller than 20 !lm. 
Different authors have observed a bimodal distribution of the pure gas dust with 
peaks between 0.1 and 0.5 !lm and between 1 and 5 !lm. Over 90 % of the particles 
exhibit a spherical structure [53]. The resulting flue ash grain size distribution is 
influenced by the comminution of the coal dust, by the temperatures and by the resi
dence time in the fire. 

Pure gas and raw gas particles consist 85-90 % of Si02 (quartz), AIP3 (pure 
clay), FeP3 (hematite) and ~O. For the main components listed, the particle com
position of the filtered and the pure gas particle hardly shows any differences. Apart 
from the main components pure gas particles have a multitude of trace elements, 
with heavy metals playing an important role [54]. 

As there is no theory so far covering the degree of volatility of trace elements, the 
enrichment behavior in the flue ash must be determined by measurements. If one 
looks at the steam pressure curves of the elements As, Cd, Cr, Ni, Sb, Co, Hg and Zn 
in the temperature range of dust furnaces, one finds that apart from Co, Ni and Cr, all 
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elements and their chlorides have boiling points below 1600 dc. Accordingly, they 
should all vaporize during combustion and partially accumulate in the flue dust. 
However, this phenomenon could only be partially confirmed by practical experi
ments. Neither can the varying tendencies of accumulation be attributed to the differ
ent boiling points of the metal oxides [55]. 

Whereas part of the trace elements leaving the furnace chamber in the shape of 
predominently gaseous oxides already condense on the walls and fittings of the flue 
gas channels, most of the trace elements condense during the cooling of the flue gas 
to temperatures of between 130 and 140°C. Analyses of flue dust behind electric 
filters show a distinct decrease in the trace element concentration of the electric filter 
dust at rising temperatures. One exception is the element Hg which does not accumu
late by condensation in flue dust due to its usually low concentration in coal, but, if 
at all, can find its way into flue ash in small amounts via adsorption and sublimation 
processes. 

The increasing concentration of trace elements in flue ash with diminishing fine 
particle diameter can be explained by the fact that the accumulation takes place on 
the surface and that the surface-to-volume ratio is in inverse proportion to the diame
ter, so that the trace element concentration increases with the diminishing size of the 
particle. 

Owing to their accumulation behavior, trace elements can be divided into one of 
three classes. Group I contains the non-volatile elements with high boiling points and 
low steam pressures such as, among others, AI, Cs, Fe. Group II contains the medium 
volatile elements such as, e.g., As, Co, Cr, Pb and Zn and Group III contains the 
highly volatile elements such as Br, Cl, F, Hg and Se which are completely gaseous 
after combustion and do not condense within the furnace due to their low dew points. 
These last elements are either scrubbed in the flue gas desulfurization plant or emit
ted as gas. 

2.1.4.4 Particle Emission in the Combustion of Lump Wood in Domestic 
Furnaces 

A wood fire in an open fireplace, in a chimney stove or in a tiled stove is still the 
epitome of cosy warmth. In well-wooded areas wood is still used to a certain extent 
as a basic means for generating room heat. Moreover, in the wood working industry, 
residual wood is generally burned, and most of the time the energy released in the 
process is utilized. When lump wood is burnt, however, particles consisting of soot, 
tar, ash or unburned carbon are released to a particularly high extent. That is why 
wood furnaces frequently have much higher particle emissions which can amount to 
10 000 mg/ml [56]. The significance of particle emissions from wood furnaces, par
ticularly of very small particles, has so far been grossly underestimated. One investi
gation, e.g., has proved that for the area of Vancouver and Portland approx. 52 % of 
the respirable particles emitted in January 1978 originated in domestic wood stoves 
[57]. But even in well-wooded areas of Germany, particularly in valleys, the burning 
of wood can be the cause of considerable annoyance and high aerosol concentrations 
in the ambient air. Fig. 2.19 shows the dense haze stemming from some wood fur
naces over a village. 
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Fig. 2.19. Wood combustion flue gases lay a smoke-screen over a whole village during a 
winter surface inversion situation (Photo: GUnter Baumbach) 

Incomplete combustion frequently occurs in domestic wood fires. Causes are un
even, in stationary burning conditions with inadequate mixing of fuel and air due to a 
local or general lack of air, and combustion temperatures which are periodically too 
low. This results in soot formation and emission. In many cases the volatile wood 
components do not burn properly but merely vaporize or pyrolyze partially and then 
condense in the exhaust gases. The condensate consists of high-molecular hydrocar
bons, among others a large number and high concentration of polycyclic aromatic 
hydrocarbons (PAH) [56] which not only settle on heat exchange surfaces but also 
on emitted particles, particularly on soot. Thus, the emitted particles do not only 
contain elementary carbon (soot) but also a large share of organically bound carbon. 
As a general example Table 2.6 shows carbon emission values during the combus
tion of wood as compared to other emissions. 

The emitted particles not only contain carbon and hydrocarbons but also, depend
ing on the type of wood burned, various trace elements. An overview of these can be 
seen in Table 2.7. However, the values listed are merely guiding values, as the con
centration of trace elements in wood depends strongly on the location, the conditions 
of growth and the age of the trees, among other factors. 

With the exception of the ash particles the size distribution of the particles emit
ted by wood fires is largely independent of the type of furnace, its conditions of 
operation and the type of wood burned. According to investigations, the diameters of 
the emitted particles, if they originate from incomplete combustion, are below 10 !lm 
in size, the biggest part of the particles and thus the great mass (roughly up to 40 %) 
even clearly below I !lm. The majority of the results available suggest that the size 
range is located from between <0.1 up to approx. 0.2-0.3 !lm [56]. To illustrate this, 
Fig. 2.20 shows a size distribution of flue gas particles of wood combustion. Merely 
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Table 2.6. Typical carbon emissions from different emission sources 
related to the amount of fuel burnt (acc. to [58]) 

FuellProcess 

Natural gas heating 
Motor vehicles with 
Otto engine 

without catalytic converter 
with catalytic converter 

Diesel engine 
Wood combustion 

Organic Carbon 
in mg/kg 

0.4 

40 
14 

710 
4000 

Elementary Carbon 
in mg/kg 

0.2 

14 
II 

2100 
1900 

Table 2.7. Mean concentrations of trace elements in 
exhaust gases of wood-fired furnaces operated with 
North American woods in %, relative to the total par
ticle mass [59] 

Element Pine Oak 

Al 0.45 0.27 
CI 2.87 1.04 
Fe 0.03 0.01 
K 11.61 5.84 
P 0.19 0.12 
Pb 0.14 0.05 
Rb 0.02 0.01 
Si 0.55 0.28 
S 2.22 1.90 
Zn 0.15 0.05 

2.0 

o EAA 

1.5 
Cl~ 

Ol 
0 
'E 1.0 

> 
"0 

0.5 

0 

0.01 0.1 1.0 10 
Particle Diameter Dp in J.lm 

Fig. 2.20. Example of particle-size distribution of exhaust-gas particles from a wood furnace 
(acc.to [58]) 
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particles ~l Ilm were taken into account in this distribution; larger particles were 
previously separated in a cascade impactor (approx. 10-17 % of the entire particle 
mass). One can see that the smoke formed during the combustion of wood contains 
extraordinarily small particles, thus representing a particular health risk because of 
its respirability and its polycyclic aromatic hydrocarbon content. 

2.1.5 Polychlorinated Dibenzodioxins and Dibenzofurans 

2.1.5.1 Properties, Formation and Origin 

Since the 1976 catastrophe of Seveso in Northern Italy the public has become ex
tremely aware of polychlorinated dibenzodioxins. In the wake of this accident meth
ods of analyses were steadily improved so as to be able to detect even the slightest of 
concentrations. Improved measuring technology revealed that chlorinated dioxins 
and furans not only occur at the assumed places of origin but practically everywhere. 

Polychlorinated dibenzodioxins (PCDD) and polychlorinated benzofurans 
(PCDF) are compound classes of aromatic ethers, i.e., phenyl rings which are bound 
with two and one oxygen atom respectively and substituted with many different 
chlorine atoms. Fig. 2.21 shows the structure formulas of polychlorinated dibenzodi
oxins, dibenzofurans and, to be able to compare, those of biphenyls. Dioxins have 75 
congeners (compounds of one substance class), furans 135 which can occur in 8 
homolog groups each (compounds with the same amount of chlorine atoms). Chlo
rine substitutions are possible in positions 1,2,3,4 and 6,7,8,9 (s. Fig. 2.21). Nomen
clature is provided in Table 2.8. In Seveso dioxin chlorine atoms are located at posi
tions 2,3,7 and 8: 2,3,7,8-tetrachlorodibenzodioxin (TCDD). Amount and position of 
the chlorine atoms influence the chemical properties and thus the toxicity (poisonous 
effect) of the substances: 
- Water solubility decreases drastically with an increasing degree of chloridization 

and can generally be classified as slight. 
- Solubility in fat increases with increasing chloridization and is about 4 powers of 

ten higher than solubility in water. 
- The boiling point is between 300 °C and 400 °C; it rises with increasing chloridi-

zation; steam pressure and with it volatility thus decrease. 
Polychlorinated dibenzodioxins and dibenzofurans are formed during thermal proc
esses, e.g., in the exhaust gases of refuse incineration plants, in particular owing to 
the following mechanisms: 
- Formation from precursor compounds (predioxins), e.g., from chlorinated ben

zenes, phenols, biphenyls or chlorinated biphenylether. 
- Formation from non-chlorinated organic substances and chlorine (de-novo-

synthesis). 
- Incomplete combustion of substances already containing dioxins. 
It is a well-known fact that in refuse incineration plants hardly any PCDD and PCDF 
are to be found at the end of the combustion. They are formed at a later stage in the 
exhaust gases in a temperature range between 250 and 350 °C [61]. At higher tem
peratures a dechlorination takes place, i.e., the share of low chlorine PCDD and 



2.1 Emission of Pollutants Caused by Combustion Processes 47 

9 10 1 9 1 3' 2' 2 3 :cx::o: 8~2 7UOV 3 
4'( ) ( )4 

6 4 6 4 5' 6' 6 5 
5 5 

Dibenzodioxin Dibenzofurane Biphenyl 

Polychlorinated aromatic compounds 

Fig. 2.21. Chemical structure and numeration of the polychlorinated dibenzodioxins, -furans 
and biphenyls [60] 

Table 2.S. Nomenclature of polychlorinated dibenzodioxins and -furans 

Number of Dibenzodioxin Number of Dibenzofuran Number of 
Chlorine Atoms Isomers Isomers 

I monochloro-(MCDD) 2 monochloro-(MCDF) 4 
2 dichloro-(DCDD) 10 dichloro-(DCDF) 16 
3 trichloro-(TrCDD) 14 trichloro-(TrCDF) 28 
4 tetrachloro-(TeCDD) 22 tetrachloro-(TeCD F) 38 
5 pentachloro-(PeCDD) 14 pentachloro-(PeCDF) 28 
6 hexachloro-(HxCDD) 10 hexachloro-(HxCDF) 16 
7 heptachloro-(HpCDD) 2 heptachloro-(HpCDF) 4 
8 octachloro-(OCDD) I octachloro-(OCDF) 1 

PCDP homo logs increases. PCDD and PCDP are relatively stable thermally, if the 
temperature rises, decomposition increases via the separation of the aromatic ether 

compound. In the presence of oxygen and at high temperatures the molecules can 
also be decomposed oxidatively. Pig. 2.22 qualitatively shows the opposite develop
ment of dioxin formation and decomposition and the dioxin concentration resulting 
from it. 

It was possible to prove that for the formation of dioxin in incineration exhaust 
gases, the initial reaction is the formation of chlorine from copper or other metal 
chlorides or from metal oxides reduced with HCl. The so-called Deacon process 
[62]: 

CuCl2 + Y2 02 
CuO+ 2HCI 

2 HCI + Y202 

300°C 
----------------~ 

----------------~ 

CuO + Cl2 

CuCl2 + Hp 

Accordingly, copper, e.g., takes part in the reactions, but is released again at the end; 
it can therefore be regarded as the catalyst for dioxin formation. 
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Fig. 2.22. Formation and decomposition of chlorinated dioxins in filter particulate when oxy
gen is present (acc. to [61]) 

2.1.5.2 Toxicity, Toxicity Equivalents and Threshold Values 

One acute effect of the 2,3,7,8-TCDD is evident in chloric acne, still not all people 
are affected to the same extent by this skin disease [63]. The other acute toxicity 
becomes evident when chlorine is taken in with food. In animal experiments the 
poisoning takes a slow and non-specific development and leads to death in approx. 
two to three weeks. During this time the animals lose up to 50% of their body weight 
("wasting syndrome"). However, no specific cause of death can be found [62]. Table 
2.9 shows the relative toxicity of2,3,7,8-TCDD in comparison with other toxins. It is 
worth mentioning here, that as far as acute toxicity is concerned 2,3,7,8-TCDD is the 
most poisonous substance to occur so far in connection with chemical production 
processes. Only bacterial toxins have considerably lower LD50 values yet. 

In the Seve so accident pregnant women were considered a special risk group. 
However, despite highly intensive investigations no indications of an elevated abor
tion or stillbirth rate or an increased occurrence of macrostructural abnormalities in 
new-born children could be detected [63]. Neither could a mutagenic effect be ob
served even with the 2,3,7,8-TCDD dosages relatively relevant for longterm human 

Table 2.9. Relative toxicity «D50-dose) of some selected 
toxic substances (2,3,7,8-tcdd=l) [62] 

Substance 

Botulinum Toxin A 
Tetanus Toxin 
Diphtheria Toxin 
2,3,7,8-TCDD 
Saxitoxin 
Tetrodotoxin 
Curare 
Strychnine 
Muscarine 
Sodium Cyanide 

Relative Toxicity 

0.00003 
0.0001 
0.3 
1 
9 
8-20 

500 
500 

1 100 
10 000 
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exposure. In addition, no significant binding of TCDD to DNA could be proven in 
vivo (rat liver) [64]. However, a carcinogenic potential could be proven in rats, with 
dioxins working as a promotor causing - from a certain threshold value given in a 
daily dosage - the formation of monooxygenases in the animals' liver which in turn 
functioned as a tumor initiator. Having an initiator potential of its own is considered 
improbable [64] or even impossible [65]. What is of importance is that a threshold 
value can be indicated for which no effects need be feared. As this threshold value is 
two to three powers of ten higher than the daily absorbed amount of the average 
human load [66] and as rats accumulate ten times more PCDD and PCDP in their 
livers than human beings, a hazard for man via this route can be excluded, as long as 
he is not exposed to considerably higher concentrations. 

To be able to classify the toxicity (poisonous effect) of dioxin and furan emis
sions containing different isomers, so-called toxicity equivalents (TE) were intro
duced. TE concentrations are calculated such that each dioxin and furan important 
for total toxicity is assigned a factor according to its relative toxicity in relation to the 
2,3,7,8-TCDD (Seveso dioxin). 2,3,7,8-TCDD, as the most poisonous representative 
of this substance class, is assigned the factor I, the other isomers accordingly factors 
:S;1. If these individual concentrations are assessed with their factors and then added 
up, a concentration value is obtained as if 2,3,7,8-TCDD were the only substance 
considered. This facilitates the evaluation of emissions and loads, as even with 
varying distributions of congeners, toxicity can be rated with a value. Unfortunately, 
different institutions use different TE factors, Table 2.10 gives an overview of these. 

Table 2.10. Toxicity equivalents (TE factors) of different international agencies 

Congener NATO Switzer- Scandi- BGA EPA Eadon 
CCMS land navia (FRG) (USA) 
1988 1988 1988 1985 1985 1982 
[67] [68] [69] [70] [71] [71] 

2,3,7,8-TCDD 1 1 1 1 1 1 
1,2,3,7,8-PCDD 0.5 0.4 0.5 0.1 0.2 1 

1,2,3,4,7,8-HCDD 0.1 0.1 0.1 0.1 0.04 0.03 
1,2,3,6,7,8-HCDD 0.1 0.1 0.1 0.1 0.04 0.03 
1,2,3,7,8,9-HCDD 0.1 0.1 0.1 0.1 0.04 0.03 

1,2,3,4,6,7,8-HCDD 0.01 0.01 0.01 0.01 0 0 
OCDD 0.001 0.001 0.001 0.001 0 0 

2,3,7,8-TCDF 0.1 0.1 0.1 0.1 0.1 0.33 
1,2,3,7,8-PCDF 0.05 0.01 0.01 0.1 0.1 0.33 
2,3,4,7,8-PCDF 0.5 0.4 0.5 0.1 0.1 0.33 

1,2,3,4,7,8-HCDF 0.1 0.1 0.1 0.1 0.01 0.01 
1,2,3,6,7,8-HCDF 0.1 0.1 0.1 0.1 0.01 0.01 
1,2,3,7,8,9-HCDF 0.1 0.1 0.1 0.1 0.01 0.01 
2,3,4,6,7,8-HCDF 0.1 0.1 0.1 0.1 0.01 0.01 

1,2,3,4,6,7,8-HCDF 0.01 0.01 0.01 0.01 0.001 0 
1,2,3,4,7,8,9-HCDF 0.01 0.01 0.01 0.01 0.001 0 

OCDF 0.001 0.001 0.001 0.001 0 0 
non 2,3,7 ,8-substituted 0 0 0 0.001- 0-- 0 

0.01 0.01 
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One can see that the toxicity of the individual isomers is assessed quite dissimilarly 
by some of the different institutions and that these ratings have also varied over the 
years. Owing to these different ratings, toxicity equivalents must always be provided 
with source references, otherwise they are not comparable. In more recent publica
tions and when maximum values are determined, e.g., in the Refuse Incineration 
Regulation of the Federal Republic of Germany [72], the international calculation 
mode according to NA TO/CCMS is applied. 

There are, for instance, expert recommendations of the German Federal Health 
Office (BGA) which enable assessments regarding the necessity of regenerating 
polluted soil [73, 74]. These values were recommended by the working group 
"Dioxin" of German Federal and State governments for inclusion as standard values 
for applicable legal codes and regulations, Baden-Wuerttemberg being the first fed
eral state to introduce these regulations in January 1992 [75]: 

:S;ngITE/kg 
5-40ng TE/kg 
~ 40ng TE/kg 
~ 100 ng TE/kg 
~ 1000 ng TE/kg 
~ 10.000 ng TE/kg 

for unrestricted agricultural use 
use restricted by cultivation recommendations 
no agricultural use 
soil exchange in playgrounds 
soil exchange in housing areas 
need for regeneration outside of housing areas. 

In North Rhine-Westphalia the standard value for outdoor air is listed as 3 pg/ml for 
2,3,7,8-TCDD (standard immission value). 
In the 1990 Regulation for Refuse Incineration Plants [2] a PCDDIPCDF maximum 
emission value of 0.1 ng TE/m l was stipulated for the exhaust gases of refuse incin
eration plants which must be adhered to immediately in new plants and in old plants 
by the 1st of December 1993. 

2.1.5.3 Dioxin Sources 

Table 2.11 shows the estimated contributions of individual PCDDIPCDF sources to 
the annual load in the old states of Germany and an extrapolation for the total emis
sion by each source during the last 20 years [61]. Obviously, only the sources known 
up to this point are listed here. The amounts found in the environment, however, are 
far higher than the contribution of the sources known so far. According to a Swedish 
extrapolation [76], e.g., dioxin deposition is 25-30 times higher than the emissions of 
the known sources. Therefore quantitatively relevant emittents are still being looked 
for. 

Based on individual measuring results, e.g., wood fires in private homes or com
mercial enterprises, metal-melting plants, low temperature carbonization of wires and 
similar processes must also be considered as further sources of dioxin and furan [77]. 

In refuse incineration the larger part of the PCDD and PCDF occurs in filter dust, 
the remainder mainly in the pure gas; the slag contains almost no PCDD and PCDF. 
If the exhaust gases which are fed back into the combustion process for the destruc
tion of the PCDD and PCDF are scrubbed catalytically [78] or via activated carbon 
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Table 2.11. Quantitative estimate of different PCDD/PCDF sources in TE (BGA=German 
Federal Health Office) for the old states of Germany (1989) (acc. to [61]) 

Sources Calculation basis TE/year TE/20 years 

Garbage incinerators 10 ng TE/m3 exhaust gas 0.4 kg 8 kg 
13 ng TE/g flue dust 3.1 kg 62 kg 

Hospital garbage incinerators 15 ng TE/m3 exhaust gas 0.0015 kg 0.03 kg 
Hazardous waste incinerators 0.5 ngTE/m3 0.001 kg 0.02 kg 
Automobile exhaust 0.002 ng TE/g gasoline 0.05 kg I kg 
Recycling estimated 0.4 kg 0.4 kg 
PCP 300 or 2400 ng TE/g 1.3 kg 26 kg 
PCB open usage 90 kg 

1500 ng TE/g 
closed cycle 90 kg 

[79], and if subsequently the filter dusts are treated thermally under the exclusion of 
air [80], then fewer PCDD and PCDF escape from such a modern refuse incineration 
plant than were previously fed into it with the refuse. These modern refuse incinera
tion plants can therefore be regarded as dioxin decreasers rather than dioxin sources 
[78,81]. 

2.1.6 Exhaust Gases from Motorised Vehicles 

2.1.6.1 Influences on their Formation 

Most of the automobiles in street traffic are driven by combustion engines - Otto or 
Diesel engines. In these engines an intermittent, unstationary combustion takes place 
in the combustion chambers; with every other piston stroke the sucked-in airlfuel 
mixture ignites, expands due to the released oxidation heat and drives the piston 
downward. The rising piston subsequently presses the exhaust gas out of the cylin
der. How completely this combustion is carried out and how high exhaust gas emis
sions are at the best possible fuel exploitation depends on numerous influencing 
factors which are represented in Fig. 2.23 as examples. 

One of the main problems is caused by the fact that automobile engines are not 
operated with a constant load and a constant number of revolutions. It is hardly pos
sible to achieve minimal exhaust gas emissions with a maximum exploitation of fuel 
at every point of engine operation. The dependencies of the air excess ').. and of the 
exhaust gas emissions on the engine speed and torque are illustrated in engine per
formance curve characteristics. As an example for a four-stroke automobile Otto 
engine Fig. 2.24 shows the dependency of the air excess on revolutions and mean 
effective pressure, the last-mentioned being a measure for load. Figs. 2.25 and 2.26 
illustrate the dependencies for the component carbon monoxide (CO) and for nitro
gen oxide (NO) respectively. Analogous to the emission behavior of oil furnaces (see 
Fig. 2.2) emissions of CO and hydrocarbons increase when there is a lack of air (rich 
range').. < 1), see Fig. 2.27, whereas nitrogen oxides are relatively low when there is 
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Fig. 2.23. Factors influencing exhaust gas composition in combustion engines with spark 
ignition [82] 

a lack of air. As we are mainly dealing with thermal NO here, nitrogen oxides (see 
Fig. 2.11) are at their maximum during the most intense stage of combustion, i.e., at 
A just above 1. 

One can see from the engine performance characteristics that the engine runs on a 
rich mixture (A < 1) when it is idling (lowest number of revolutions, lowest load). 
Accordingly, CO and HC (hydrocarbon) emissions rise in this case. Nitrogen oxides 
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Fig. 2.24. Engine performance curves of a 4-cylinder-4-stroke spark-ignition engine of an 
automobile during stationary operating conditions: effective mean pressure (as measure of 
load) versus revolutions during different air ratios A [46] 
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Fig. 2.25. Engine perfonnance curves of a 4-cylinder-4-stroke spark-ignition engine showing 
lines of constant carbon monoxide concentrations [46] 
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Fig. 2.26. Engine perfonnance curves of a 4-cylinder-4-stroke spark-ignition engine showing 
lines of constant nitrogen oxide concentrations [46] 

are at a minimum in this range. At a relatively low number of revolutions the engine 
has its highest performance in the rich range (A, < 1). Accordingly, CO and HC 
emissions rise in this operation phase. Due to this enrichment nitrogen oxides are not 
at their maximum at full load, see Fig. 2.27, but at approx. 2/3 load and 3/4 of the 
number of revolutions. 

The following further causes can increase exhaust gas emissions in Otto engines 
[46,48, 84]: 
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Fig. 2.27. Exhaust gas emissions of an automobile spark-ignition engine versus excess air A 
[83] 

- If the engine is offered an excessively rich mixture in cold starts (in carburetor 
engines: choke!) it invariably leads to emissions of unburned substances. 
A-controlled injection engines generally do not receive an excessively rich mix
ture, but even with 1..=1, CO and hydrocarbons can be found in the exhaust gases 
which should really be oxidized subsequently by the catalytic converter. But if 
the catalytic converter has not yet warmed up, then the substances escape with the 
exhaust gases. Developments are therefore at present aimed at minimizing cold 
start emissions of the engines. 

- If the flame is extinguished in cracks existing in the engine due to its construc
tion, CO and HC emissions are increased [84, 85]. 

- Poor maintenance and wear and tear after long-term performance of the engines 
generally lead to increased CO and hydrocarbon emissions, e.g., a poorly ad
justed ingnition increases exhaust gas emissions [84]. Worn piston rings and 
valve guides lead to increased, often incomplete combustion of engine oil. Thus, 
distinctly visible blue smoke with strong odoros emissions can occur in old en
gines especially during downhill driving [86]. 
In automobiles with catalytic converters operating with A-control l nitrogen oxide 
emissions can, e.g., be drastically increased when the lambda probe is faulty and 

iCataiytic converter technology is described in chapter 7.3.3 
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the engine is running on a lean basic setting. With a rich setting, however, CO 
and HC emissions will be increased drastically [87]. 

- In automobiles with catalytic converters operating without A-control operating 
conditions are sometimes lean and sometimes rich. Accordingly, in some ranges 
the catalytic converter does not decrease nitrogen oxide emissions, while in other 
ranges there is no decrease of hydrocarbon and carbon monoxide emissions. New 
compounds distinguished by strong odors or irritating effects, e.g., hydrogen sul
fide or aldehydes may be formed as a result of incomplete oxidation or reduction 
processes in the catalytic converter. 
In automobiles with catalytic converters operating with A control the mixture is 
enriched to improve performance when there is a full load (see engine perform
ance characteristics, Fig. 2.24). For this, the A control is turned off. In this case 
partial oxidation or reduction processes with strong odoros emissions also occur. 

The exhaust gas components emitted by automobiles do not only consist of carbon 
monoxide, nitrogen oxides and hydrocarbons in general. Hydrocarbons, e.g., can 
have a variety of compositions; in addition other trace substances such as cyanide, 
ammonia, particles etc. occur in the exhaust gases. Fig. 2.28 shows an exemplified 
overview of the most important air pollutants occurring in the exhaust gases of pas-
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Fig. 2.28. Overview of emission values (log. scale) of 4 spark-ignition automobiles without 
catalytic converter, determined by 3 different US tests [87]. 
BblkF = sum ofbenzo(b)- and benzo(k)fluoranthene; BeP = benzo(e)pyrene; 
BaP = benzo(a)pyrene; IND = indeno(I,2,3-cd)pyrene; B(ghi)P = benzo(ghi)perylene; 
Cp(cd)P = cyc1openta-(cd)pyrene 
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Fig. 2.29. Content of limited and non-limited compounds in the exhaust gas of a diesel engine 
[87] 

senger cars with internal combustion engines without catalytic converters along with 
their orders of magnitude. 

When there is a lack of air. diesel engines are primarily prone to emissions of 
soot and odoros substances. but less so to CO and hydrocarbon emissions. Fig. 2.29 
illustrates which components are to be expected in the exhaust gas of a diesel engine. 
One distinguishes between the limited (CO. NO,. HC and particles) and the manifold 
non-limited components which can constitute up to a third of exhaust gas emissions 
(without CO2 and HP). 

Apart from the air-fuel ratio. soot formation in diesel engines is dependent on 
pressure and temperature. on the combustion process. on start of injection. injection 
ending and ignition delay. Particularly an inadequate mixing which is influenced by 
the factors listed above leads - at p:gh temperatures and via cracking processes - to 
the formation of soot [84. 86]. 

In diesel engines perform?nce is not controlled via a throttle valve. as is the case 
in internal combustion engines. but via the amount of fuel injected. The amount of 
air sucked in is determined by the engine revolutions and the supply. Accordingly. 
when idling and when there is a partial load. vehicles generally operate with a great 
excess of air. If the injected amount of fuel is too high as against the amount of air 
sucked in (A. < 1.2-1.4. depending on the factors listed above) at full load and revo
lutions in the low to medium range. then soot formation increases dramatically. see 
performance characteristics of a diesel engine. Fig. 2.30. This is why diesel engines 
are prone to increased soot emissions at full loads. e.g .• when driving uphill. with 
inadequate mixing and when large amounts of fuel are injected. 
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Fig. 2.30. Engine performance curves of a diesel engine during stationary operating conditions 
showing lines of constant soot emission [88] 

In diesel engines blue and white smoke stem from condensation aerosols of un
burned hydrocarbons. This can occur during a cold start or warm-up phase [86]. Soot 
emission during cold starts is also a well-known occurrence. 

2.1.6.2 Exhaust Gas Emissions when Driving 

Exhaust gas emissions calculated on the basis of stationary engine performance char
acteristics can only be a good measurment for air pollution if driving behavior and 
the route driven can be determined precisely, i.e., if revolutions and loads as well as 
transmission losses are known. In addition, the number of non-stationary working 
points of the engine (e.g., shifting gears and speedy accelerations) may not be too 
large, as the engine performance characteristics only show exhaust gas emissions 
during stationary operation. In individual cases emission behavior of the vehicles has 
been calculated with the engine performance characteristics on certain roads [89]. 
However, engine performance characteristics and transmission losses are often not 
known and would have to be determined by time-consuming and costly experiments. 
Moreover, performance characteristics change in older engines. For these reasons 
and also because it is relatively elaborate this process has rarely been used to deter
mine emissions. 

To determine exhaust gas emissions in automobiles, e.g., for classification in 
certain pollution emission classes, previously defined cycles are driven with the 
automobiles on roller dynamometers during which exhaust gas emissions are meas
ured. Though this measuring process is standardized the driving cycles can vary 
greatly depending on the individual country. These test methods will be described 
more closely in chapter 5.4.2. 
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These tests serve to determine exhaust gas emissions of individual automobiles in 
a standardized driving cycle so that they can be compared, and they also serve to 
establish whether the prescribed maximum values are exceeded or not (s. also Chap. 
8.3). To determine emissions of individual street blocks, however, e.g., for emission 
inventories or for the assessment of air pollution in the vicinity of heavy traffic 
streets, emission factors which apply to certain kinds of driving behavior and certain 
automobile collectives are necessary. In Germany the Technical Control Board 
(TUv) of the Rhineland on behalf of the Federal Environmental Agency has, e.g., 
determined the driving behavior in different so-called driving modi and with these 
driving modi determined the exhaust gas emissions of a representative fleet of auto
mobiles on roller dynamometers at regular intervals and published them [49, 88,90, 
91]. 

Based on these driving modi, the dependency on speed, e.g., of the exhaust gas 
emissions was determined. They are shown on Fig. 2.30 with nitrogen oxides as an 
example. It may be observed that NO, emissions rise with increasing speeds owing to 
the increasing thermal load of the engines at higher speeds when thermal NO forma
tion increases dramatically. The speed dependency of NO, emissions illustrated in 
Fig. 2.31 does not apply at full loads. As pointed out earlier, at that point NO, emis
sions would decrease again due to the enrichment of the mixture. 

The driving modi on the roller dynamometers reflect driving behavior and result
ing exhaust gas emissions in an idealized and simplified form and with reference to a 
certain automobile collective. If it is necessary to learn more about the emissions of a 
certain section of a street, e.g., to learn about the effects of traffic control measures, 
then there are basically two possibilities to investigate this more closely: 
1. By measuring speeds in the flow of traffic (in-traffic driving) driving behavior is 

investigated in the relevant street section. This driving behavior is then repro
duced on the roller dynamometer with individual automobiles or an automobile 
collective and emissions are measured. This method was used in 1985, e.g., in the 
large-scale experiment for the speed limit of 100 kmlh [92]. 
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Fig. 2.31. Nitrogen oxide emission versus driving speed on a plane roadway - emissions of an 
automobiie collective of the reference year 1985 (acc.to [90]) 



2.1 Emission of Pollutants Caused by Combustion Processes 59 

2. It is also possible to measure exhaust gas emissions directly in the automobiles 
driving along in traffic in the sections in question. This requires a special measur
ing technique developed for this purpose. Measuring concepts of this type were 
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developed by the company VW [93] and by the working group Luftreinhaltung 
(Clean Air) of the University of Stullgart [94]. These so-called on-board meas
urements have the advantage that emissions can be determined directly during 
genuine dynamic operation of the automobile, e.g., during acceleration and de
celeration, during uphill and downhill driving a.s.o .. 

2.1.6.3 Development of Motor Vehicle Emissions 

Motor vehicle engines have undergone a constant development in the past years to 
improve specific performance and to lower fuel consumption and exhaust gas emis
sions. This development can be seen clearly from Fig. 2.33 where, as an example, 
CO, HC and NO, emissions of different, commonly used German passenger cars, 
which were determined in a European test, are compared for the years of construc
tion of 1978179, 1982/83 and 1991 (with and without catalytic converters). At the 
end of the seventies minimizing fuel consumption and with it the reduction of CO 
and hydrocarbon emissions had priority, so that vehicles of the model years 1982/83 
showed distinctly lower values in these exhaust gas components than vehicles of the 
years 1978179. In all shown vehicle types, except for Opel, NO, emissions increased 
for the time being due to improved combustion and lower CO and HC emissions. In 
the newer models (1991) CO values could be even further lowered while simultane
ously NO, emissions were also reduced. However, these engine-related measures did 
not suffice to comply with the new EC and US threshold values (s. Chap.8.3). For 
this reason, catalyzer technology was introduced in the eighties which again drasti
cally reduced exhaust gas emissions (s. Fig. 2.33, right side). 
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Apart from changes in modes of transportation and other measures, fuel con
sumption of motor vehicles must be reduced even further so that emissions of the 
greenhouse gas CO2 can be lowered in the future. Basically, diesel engines are inher
ently better suited to this than gasoline engines; as far as these engines are concerned 
minimizing noise, particle (soot) and odoros substance emissions represent the main 
tasks. But in internal combustion engines, too, the fuel saving potential has not been 
completely exploited. Gasoline engines with direct injection promise a fuel con
sumption reduction to nearly the level of comparable diesel engines [97]. 

Table 2.12. Possible pollutant emissions of some important industrial processes 

Industrial process Emission sources Gaseous or particulate emissions, 
to a varying extent, depending on 
process optimization and exhaust gas 
purification 

Coking plant Chamber oven Particulate, CO, NH3, H2S, CnHm 
Cement Production Quarries, grinding mills, Particulate of varying compositions 

loading facilities 
Rotary kiln Particulate, NOx, generally little SOz, 

CO, H2S 
Glass production Glass melting furnaces Particulate (saline and other), NOx, 

or tanks SOz (oil furnaces) 
Pig iron mining Calcining and sintering plants Particulate containing heavy metals, 

SOz, NO" CO, HCI, HF 
Blast furnace Particulate (Pb, Zn, Cd, As) 

HzS, HCN, CO 
Steel manufacturing Top blown basic Fine particulate (brown smoke) 

oxygen converter 
consisting of iron oxides, CO 

Casting Coupola furnace Particulates, CO 
Core production Organic substances, odors 

Mineral oil Furnaces SOz, NOx, Particulates 
production Separator and transformer Various CnHm, possibly H2S 
(refineries) plants, storage, conveyance, 

loading 
Pulp production Furnaces for the incineration S02, particulate 

of the sulfite pulping agents 
digester, SOz, odors 

pulp washing 
Sulfuric acid Residual gases of SOz, S03 

production S02 catalysis 
Nitric acid Adsorption plants NO, NOz 

production 
Fertilizer production Mixing vessel Raw material particulate, 

Fluorine and chlorine compounds, 
NH3, ammonium salts 

Sugar industry Furnaces S02, NO" particulate 
(partly heavy fuel oil) 
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2.2 Sources of Air Pollutants 

2.2.1 Overview 

Combustion processes are the main sources of anthropogenic air pollution. They are 
used for generating energy in industrial and power plant furnaces, in vehicular com
bustion engines, in airplane engines and in domestic heaters. There are a number of 
industrial processes which can also be sources of air pollution, with each industrial 
branch having its own problems with keeping the air clean. A description of the 
numerous processes with their specific emissions cannot be undertaken in this work: 
The interested reader is referred to special literature on this subject. Many environ
mentally relevant plants and their specific air pollution prevention measures have 
been, e.g., described in the German VDI guidelines [98]. For exhaust purification the 
book Air Pollution Control Equipment is mentioned here [99]. Some important in
dustrial processes and their emissions are listed in Table 2.12 as examples. The main 
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Fig. 2.34. Annual emissions from different air pollution sources in the old states of the FRG 
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sources of the main individual air pollution compounds (except CO2) are represented 
in Fig. 2.34. The proportion of individual sources contributing to the total emissions 
of the individual compounds and their absolute contribution are shown using the 
example of the Federal Republic of Germany for the reference year 1982. Naturally, 
many things have changed since then. We will therefore deal with the temporal de
velopment of emissions in more detail in the next sections. The main emission com
ponents and main source groups shown in Fig. 2.34 can, however, be regarded as 
typical of many industrial countries which have not installed exhaust gas purification 
equipment to any extended degree. 

In developing countries, though, with less industrialization and motorization, the 
technical processes applied have not been optimized yet, so that their specific emis
sions are frequently higher. Combustion processes of, e.g., motor vehicles, thus often 
emit more products of incomplete combustion (CO, hydrocarbons, soot) than the 
same processes in the industrial states of North America, Europe and Japan. As an 
example, Fig. 2.35 shows the specific emissions (per capita) of an African country as 
compared to that of Germany. Total emissions of the typically consumption-related 
compounds CO2, S02 and NO, are much lower in the developing countries than in 
the industrial ones. This becomes particularly obvious when using the example of 
CO2 emissions which will be dealt with in the next section. 
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2.2.2 Carbon Dioxide (C02) 

As a result of the constantly increasing consumption of energy emissions of CO2, the 
main product of combustion, rise exponentially. Fig. 2.36 shows the estimated rise of 
global CO2 emissions. These emissions are mainly caused by the combustion of 
solid, liquid and gaseous fossil fuels, by the flaring of gases in oil production and in 
cement manufacturing. In 1991, approximately 6,200 million metric tons of carbon 
were emitted into the atmosphere compared to 93 million metric tons of carbon in 
1860 [102]. 

Fig. 2.37 shows the national estimates of the 20 highest CO2 emitting countries in 
1991 compared with their emissions in 1950. The data are presented in descending 
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Fig. 2.37. Ranking of the 20 highest CO2-emitting countries in 1991 and their rank in 1950, 
contributions to global emissions and per-capita CO2 emission rates [102] 

6 

order with the highest emitting country, the United States, presented first. These 20 
countries contributed just over 81 % of all the 1991 world CO2 emissions from fossil 
fuel consumption. In the right part of Fig. 2.37 the CO2 emissions per capita and year 
are shown. It can be seen that the North American countries USA and Canada have 
the highest specific CO2 emissions followed by Australia, Saudi Arabia, the former 
USSR and Germany. The countries with a high population, China and India, produce 
very low amounts of CO2 per capita. 

2.2.3 Sulfur Oxides (SO,) 

Sulfur oxides, mainly in the form of sulfur dioxide (S02)' are emitted during the 
combustion of sulfurous fuels, primarily coal and mineral oils. In industrial countries 
the main sources are industrial and power plant furnaces, where the fuels highest in 
sulfur are used. In many countries, however, sulfurous coal or fuel oils are burned at 
home for heating purposes and diesel fuel can contain up to 0.8 % of sulfur. The 
sulfur dioxide emissions estimated for 1985 of the 10 highest emitters in Europe and 
the USA are shown in Fig. 2.38 in absolute numbers and in relation to the surface 
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Fig. 2.38. Sulfur dioxide emissions of different countries - absolute values and relative to the 
surface area of the country shown, reference year 1985 (acc. to [100]) 

area of each country. It can be seen, that the former GDR and the Eastern European 
countries CSSR, Poland and Hungary relatively and absolutely emitted a lot of S02' 
As a result of German unification, the breaking up of the USSR and due to increased 
application of desulfurization measures emission conditions have undergone drastic 
changes in the meantime, particularly in Germany. The S02 development for the old 
states of Germany is shown in Fig. 2.39. S02 emissions have been greatly reduced in 
the past years owing to the installation of desulfurization equipment in large-scale 
furnaces, to fuel changes in medium-sized industrial furnaces, mainly from heavy 
fuel oil to natural gas, and due to the reduction of the sulfur content in light fuel oil 
and diesel fuel. The development of SOx emissions in the USA is represented in Fig. 
2.40. In this country, too, there is a decreasing tendency in the past 10 years. But 
even before this period a reduction was achieved by installing flue gas desulfuriza
tion plants. 
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2.2.4 Nitrogen Oxides (NO,) 

With SO emissons the development of NO, emissions is represented using the ex
amples of Germany (old states) and USA, s. Figs. 2.41 and 2.42. While fuel combus
tion is the main emission source of SO~, it is motor-vehicle traffic that causes the 
main emissions of nitrogen oxides. Up until approx. 1986 NO, emissions increased 
distinctly in Germany. The NO, decrease apparent from 1986 on was achieved 
mainly through emission reductions in power plant furnaces. In traffic the NO, 
reduction achieved by automobiles with catalytic converters was initially offset by 
the growing numbers of vehicles. In the meantime, however, the number of auto
mobiles having a catalytic converter with a lambda sonde (stringent US regulation, s. 
Chap. 8) has grown from 22 % in the year 1991 to 38 % in 1994 [105] in Germany. 
In the USA there have not been any great changes in NO, emissions in the past ten 
years. In this large country fuel combustion is responsible for 50 % of NO, emissions 
and transportation 45 %. While fuel combustion emissions (primarily from coal-fired 
electric utilities) were three percent higher in 1993 than in 1984, NO, emissions from 
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Fig. 2.41. Trend for nitrogen oxide emissions (NO" calculated as N02) in the old states of the 
FRG (from different sources) (ace. to [103]) 
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Fig. 2.42. NOx emissions trend in the USA, 1984-1993 [104] 
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Fig. 2.43. Course of total NOx emissions in the German state of Baden-Wiirttemberg, FRG, 
during a period of two weeks from March 18 - 29, 1988 [106] 
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highway vehicles decreased by II % during this IO-year period. Thus, total 1993 
NO, emissions were one percent higher than 1984 emissions [104]. In the USA the 
NO, emissions from transportation have not decreased as much during the last ten 
years because of the efficiency of prevention measures before that time. 

Nitrogen oxides are not emitted at a constant temporal rate. As, in Germany, a 
large part of the emissions is caused by automobiles, emissions basically follow the 
diurnal course of traffic. Using the example of a period of fourteen days Fig. 2.43 
graphically shows the recorded nitrogen oxide emissions from all sources in the 
entire state of Baden-Wuerttemberg. It is obvious that the course follows a time-of
day pattern. The two low peaks in the middle show the emissions of a weekend with 
distinctly less traffic. 

2.2.5. Carbon Monoxide (CO) 

Carbon monoxide forms during incomplete combustion. Accordingly, it is released 
by internal combustion engines and turbines, by domestic furnaces, by industrial 
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furnaces, particularly by special processes with substoichiometric operation, e.g., in 
coking plants and foundries, and to a high degree by unplanned and uncontrolled 
fires, e.g., by bush fires or when burning straw on fields. CO emissions have been 
greatly reduced in the industrial countries through improved combustion processes 
and control as can be seen in Figs. 2.44 (for Germany) and 2.45 (for the USA). It is 
obvious, that in these countries transportation contributes considerably to CO emis
sions. The emission-reducing effect of the low-emisison vehicles sold in the past 
years has not yet had a real bearing on it, as it takes more than 10 years for an indus
trial country to renew a major part of its automotive pool. In the future, however, CO 
emissions will drop further with the increasing use of low-emission vehicles. 

Developing countries lag behind in their improvements of combustion processes 
and thus to CO reduction. Due to this aspect as well as to bush and savanna burning 
processes specific (per capita) CO (as also VOC and particulate matter emissions) is 
relatively high, s. Fig. 2.35 . 
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2.2.6 Volatile Organic Compounds (VOC) 

Emissions of volatile organic compounds (VOC) occur in various forms and from a 
variety of sources. In automobile transportation, one of the main VOC sources, 
mainly aliphatic and aromatic hydrocarbons are released from the exhaust pipes of 
vehicles. A large number of aromatic compounds are considered carcinogenic, e.g., 
benzene and different PAH (polycyclic aromatic hydrocarbons), others contribute to 
ozone formation in the troposphere, particularly alkenes and aromatic compounds. 
Diesel vehicles, but also vehicles with catalytic converters running on a too-rich 
mixture and engines burning motor oil substances produce an intense smell and are 
an emission problem. Moreover, many industrial processes also release strong odors. 
Odorous emissions are, e.g., released during the production of food and semiluxu
ries. Odor-intensive substances are formed by protein degradation during the pro
duction of meat flavoring agents in spice factories. Emissions containing fat and 
water vapor develop in canned meat factories, e.g., when immersing the meat in hot 
fat or broth. In starch factories strong-smelling vapors are produced and coffee and 
cocoa roasters give off the well-known odorants consisting of aldehydes, organic 
acids and other hydrocarbons. Further producers of odors are malt factories, beer 
breweries and smoking plants. Odor emitters processing high-protein material of 
animal origin are fish meal factories, bone processing plants and suet melting plants. 
The following substances can be considered as odorants: ammonia and amines as 
alkaline nitrogenous substances, hydrogen sulfide and mercaptanes as sulfurous 
compounds, carbonyl compounds, fatty and amino acids. Odor emissions also ema
nate from intensive livestock breeding, from different waste disposal plants for 
sludge conditioning and composting. In animal carcass processing plants where car
casses of sick and condemned animals, of those killed in accidents and also slaugh
tering waste are processed small fragments having an intensive, nauseating odor are 
formed from protein particles as a result of rotting and decomposition processes. 

In the industry adding organic solvents is a preliminary step to process sing and 
treating many materials, e.g., in the surface treatment of paint shops, in the printing 
industry and in the chemical and pharmaceutical industry. Dry cleaners and metal 
degreasing plants, e.g., work with halogenated hydrocarbons. Volatile organic sub
stances partially vaporize during the process and are released into the ambient air. In 
metal processing plants organic substances are frequently released, too, e.g., by va
porizing oil in hardening and electrolytic refining plants, in metals melting and in 
foundries during the production of cores etc. 

In plastic and textile processing monomers (formaldehyde, styrol), solvents, de
composition products of thermal molding and propellants from foaming processes 
are released, depending on the task concerned. For instance, during the spinning 
process in cellulose (viscose) fiber production the solvent carbon disulfide (CSz) 

evaporates from the thread taking shape. The air required for this leaves the vent 
laden with carbon disulfide [107]. 

All estimates concerning the emission of organic substances are variable, as the 
substances released in combustion processes and from other sources depend on many 
factors. Thus, measuring results of emissions cannot be generally applied to all cases. 
The estimates formed nevertheless provide an initial overview and show where air 
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Table 2.13. Estimated, most important emissions of volatile 
organic compounds (VOC) in Baden-Wuerttemberg, Ger
many, in 1985 (acc. to [108]) 

Source 

Furnaces 
Automotive traffic 

exhaust gases 
vaporized gasoline 

Refineries 
Gasoline storage and loading 
Use of solvents 
Gas distribution network 
Dumps 
Livestock breeding 
Forests 
Total 

VOC emissions 
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purification measures have priority. Obermeier et al. have, for instance, estimated the 
main emissions of organic substances from a compilation of many data for the Ger
man state of Baden-Wuerttemberg, s. Table 2.13. The substance groups in the indi
vidual source areas have been broken down further [108]. 

The development of VOC emissions is represented in Fig. 2.46 using the example 
of the USA. Due to stringent emission reduction measures there has been a distinct 
decline in traffic emissions in the last few years, but in industrial processes VOC 
emissions have shown a tendency to rise. 
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3 Air Pollutants in the Atmosphere 

Before becoming effective air pollutants emitted into the atmosphere can be subject 
to a variety of influences. These are, e.g., physical dilution, chemical transforma
tions, enrichment or removal processes such as leaching. Life, deposition and impact 
of the air pollutants are considerably determined by these factors. These influences 
are again dependent on atmospheric processes which vary according to weather 
conditions. 

3.1 Meteorological Influences on the Dispersion of Air Pollutants 

The dispersion of air pollutants depends on wind direction, wind velocity and verti
cal turbulence. Wind and turbulence are part of a mass exchange dominating the 
entire weather system. This mass exchange compensates for the temporally and lo
cally varying effects of radiation by turbulant air flows in the entire atmosphere 
(troposphere, s. section 3.2), in the boundary layer, in particular. 
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Fig. 3.1. Increase of wind speed with height relative to different ground unevenness [2, 3) 
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3.1.1 Wind 

Emission dispersion occurs in the direction of the wind. The wind has a diluting 
effect on the flue gas concentrations behind a stack which is approx. proportional to 
its horizontal velocity. The exponential increase of the wind velocity with altitude 
favors the dispersion of flue gases from high stacks, s. Fig. 3.1. At the same altitudes, 
wind velocity over level ground is higher because of low ground roughness than over 
highly structurized areas with high ground roughness, e.g., over cities. The wind can 
also veer when changing altitudes [1] under the influence of friction. Wind velocity 
has a mean diurnal course reaching a maximum during daytime and a minimum 
during nighttime. 

3.1.2 Turbulence 

The constant air flows in the atmosphere are subject to irregular movements called 
turbulences. Turbulences have two components which cannot be considered sepa
rately despite their different meteorological causes, as they frequently interchange. 
Friction turbulence prevailing at ground level increases with higher wind velocities 
and roughness of the ground, e.g., over urban and industrial sites but also over oro
graphic obstacles, and, like the wind, reaches a daily maximum. This friction turbu
lence manifests itself in rapid changes of wind direction and velocity; one speaks of 
gusty winds. 

The second component, the so-called thermal turbulence, is of considerable sig
nificance for the vertical exchange. It penetrates into very high altitudes and is also 
known as "convection". It occurs only in unstable temperature layers. 

The stability or instability induced by temperature layers in the atmosphere de
velops as follows. 

The layer of air around the earth is not heated directly by solar radiation but by 
heat radiation or convective heating from the ground after the ground has been 
warmed up by high-energy solar radiation, thereby causing a reduction of tempera
ture from the layers close to the ground to those higher up. 

Because of the weight of the air, the density and subsequently the pressure in
crease down to the ground level, in other words the pressure decreases with height. 
As a result, when rising air reaches areas of lower external pressure, it can expand 
and consequently cools down. Sinking air, on the other hand, enters areas of higher 
external pressure where it is compressed and thus warmed up. These temperature 
changes caused by differences in pressure during vertical movements are called 
adiabatic lapse rates. This is based on the assumption that energy is neither supplied 
nor removed, representing an idealized assumption for a closed system which usually 
does not apply so absolutely in nature. The magnitude of the adiabatic lapse rate 
varies in terms of time and space depending on pressure and humidity conditions; the 
most frequent values of lapse rates are between 0.5 and 0.8 °C per 100 m [4-6]. Su
peradiabatic lapse rates, i.e., higher temperature drops with height lead to unstable 
layers, while subadiabatic gradients lead to stable ones. Superadiabatic layers are 
illustrated in Fig. 3.2. Let us suppose an air parcel at an altitude a with the tempera-
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Fig. 3.2. Superadiabatic (unstable) layers [7] 
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ture 1;. If this air parcel is lifted up, it cools down adiabatically (ideally speaking). 
According to the lapse rate representing the temperature gradient in the ambient air 
at a certain place and time, it may be observed that the air parcel is now warmer than 
its surroundings. Consequently, owing to its lower density, it experiences an uplift. 
Analogous to this, a dropping of the air parcel leads to an approximate adiabatic 
warming. As its temperature is now lower than that of its surroundings it will further 
sink. Thus, the slightest causes can trigger off radical changes in the atmosphere 
which do not lead back to the original state. These superadiabatic layers are therefore 
called instable. As these changes do not represent steadily moving flows (upward 
movements in one place, downward movements in another) one speaks of thermal 
turbulence. Examples of great instability result from dramatic temperature drops in 
higher altitudes due to rapid penetration of warm air into cold air masses or vice 
versa. Such situations manifest themselves violently as thunderstorms, rain, snow 
and hail showers [7]. 

Violent turbulences generally lead to noxious pollutants being well dispersed in 
the atmosphere, which is the reason why there are no local peak concentrations of 
long duration. The influences of wind and turbulence on the spreading of plumes are 
shown schematically in Fig. 3.3. 

The formation of unstable temperature layers in the lower atmosphere (by con
vection) is, in the majority of cases, caused by the warming of the ground through 
solar radiation. Thus, the maximum of thermally caused turbulence occurs at noon or 
in the early afternoon hours, whereas the minimum can be observed at night. Just as 
there is a diurnal cycle, there is also an annual cycle with its maximum in summer. In 
the mean, these cycles dominate the turbulent structure of the atmosphere and its 
mixing qualities. The artificial warming of the lowest layers of air over large urban 
and industrial sites, often exceeding the winterly radiation of 160 J/(cm2 and day), 
can also be the cause of additional turbulence in an unstable lower layer [1, 8,9]. 
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Fig. 3.3. Influences of wind and turbulence on the dispersion of smoke plumes. 
Fields on left: temperature layers (a. adiabatic temperature-height curve; b. actual prevailing 
temperature-height curve; fields on right: behavior of smoke plume) 

Topographic factors such as mountains and valleys as well as buildings and 
vegetation frequently have a substantial influence on air flows and thus on the dis
persal of air pollutants [10]. E.g., so-called lee eddies can form behind obstacles, 
possibly leading to brief peak concentrations of pollutants [2]. Fig. 3.4 shows several 
specific meteorological and topographic influences on the dispersion of plumes. 
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Fig. 3.4 a-d. Specific meteorologic and topographic influences on the dispersion of smoke 
plumes [2], ~ wind direction 

3.1.3 Inversion 

If the temperature decreases less with higher altitudes than corresponds with the 
adiabatic lapse rate, then one speaks of subadiabatic or stable layers. Fig. 3.5 illus
trates this case. 

If the air parcel at the altitude a and with the temperature lJ is raised, it will then, 
ideally, cool down adiabatically. As the ambient temperature is now higher than the 
temperature of the air parcel, it will sink to its original altitude a due to its higher 
density . If it moves down from the altitude a, it warms up again approximately adia
batically, becoming warmer than its surroundings, and thus rises again to its original 
altitude a. Hence, any vertical movement is completely neutralized; the atmosphere 
has stable layers. One speaks of neutral or indifferent layers when the temperature 
decrease with higher altitudes is equal to the adiabatic gradient. 

Air layers are particularly stable when the temperature not only decreases slightly 
with higher altitudes but actually increases. As the normal temperature-altitude curve 
is reversed here, this case of atmospheric layering is called inversion. In an inversion, 
being a pronounced case of subadiabatic layers, no up or down movements are pos-



84 3 Air Pollutants in the Atmosphere 

Altitude 

I~ 
1 I 

----------+-1-
I I 

Temperature
altitude curve 

I I I 
I I I 
I I I 

\ - Adiabatic 
\ temperature decrease 

----------i--ri 
I I I 
I I I 
I I I 
I I I 
I I I 

Fig. 3.5. Subadiabatic (stable) layers [7] 

\ 
Temperature 

sible. The inversion functions as a barrier for convective processes and thus limits 
the dispersion of air pollutants. 

3.1.3.1 Inversion Types 

One distinguishes between two types of inversion - ground or surface inversions and 
elevated inversions. Fig. 3.6 illustrates the temperature behavior of these two types 
of inversion with the help of a diagram. 

With the surface inversion a cold layer of air is resting on the surface of the 
ground; the temperature increases from the ground to the upper boundary of the 
inversion. Above this upper boundary it decreases again in accordance with natural 
principles. 

Altitude \ Altitude 

\ 
\ 
\\ 

-----1----
Inversion layer 

Temperature Temperature 
a b 

Fig. 3.6. Temperature curves in surface and elevated inversions. a. surface inversion; b. eleva
ted inversion 
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With the elevated inversion the temperature first decreases beginning at the 
ground upward, and from a certain altitude onwards (at the lower boundary of inver
sion) it starts to increase, to ultimately decrease again at the upper boundary of the 
inversion in accordance with natural principles. 

Regular investigations of the vertical temperature layers are carried out by 
worldwide meteorological services via tethersonde measuring systems with telemet
ric transmitters. The balloon ascents are usually carried out every day at 0:00 and 
12:00 o'clock. Fig. 3.7 graphically illustrates the inversion altitudes of one month 
above the meteorological station in Stuttgart, Germany. The lower lines of the bars 
mark the altitude at which the inversion starts. The bar stops at the altitude starting 
from which the temperature decrease takes place in accordance with the natural 
principles. The figures inside the bars indicate in K the rise in temperature from the 
lower to the upper limit of the inversion respectively. 

3.1.3.2 Inversion Formation 

Radiational inversion 

Surface inversions are formed by radiation cooling of the ground. With slight cloudi
ness and only light wind - characteristics of high pressure weather conditions - the 
ground releases its heat after sunset via radiation; i.e., the balance of radiation ab
sorbed and released becomes negative (negative radiation balance). With an overcast 
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sky radiation cooling either does not occur or does so in a much weaker form as the 
clouds reflect and absorb radiation. 

Air cannot warm up convectively from the ground cooled by radiation; on the 
contrary, the air in contact with the ground convectively conducts its heat to the 
ground. The layers of air close to the ground thus cool down more than the upper 
layers. The formation of the layer of cold air on the ground is further reinforced by 
sinking processes. The cold air, being the stable layer, remains on the ground and 
increases in volume during the night. During the following day the ground warms up 
again due to solar radiation, dissolving the inversion from below owing to the con
vection starting on the ground. If, during the day, the inversion does not break up 
completely from below, one speaks of an elevated inversion [12]. In Fig. 3.7, e.g., 
one can see, that for the period from January 22nd to the end of the month the noctur
nal surface inversions (determined at midnight) dissipated somewhat from ther 
ground during the day (12:00 noon). 

The occurrence of inversions is not seasonal in nature but possible throughout the 
whole year if suitable conditions prevail. Long-term statistics, e.g. for Stuttgart, 
Germany, show that nocturnal inversions occur the most frequently in summer and in 
autumn; stable weather conditions are more frequent in winter and spring than in 
these two seasons [11]. However, inversions in winter have a higher extension than 
in summer as radiational cooling lasts longer during the long nights. As a result, 
inversions continuing into the day occur predominantly in the winter months. The 
huge inversion layers shown in Fig. 3.7 (e.g., from January 22 to 25) did not dissolve 
during the day, but merely rose. 

As a result of the more intense warming of the ground in summer, the inversions 
dissolve much faster than in winter. 

The formation of ground inversions also depends strongly on the shape of the ter
rain. Cold air masses tend to flow into valleys, so that the ground inversions there are 
more frequent and greater in mass than in the mountains or on their upper slopes. 
The cooling of close-to-ground air can advance to such a degree that the temperature 
falls below the dewpoint. In this way ground fog, also called radiational fog, is 
formed. 

Subsidence inversion 

One characteristic of high-pressure weather conditions is the descent (subsidence) of 
air over a large area [6], during which the sinking cold air warms up adiabatically. 
Part of this heat causes cloud droplets to vaporize, thus leading to a dissolution of 
clouds and haze. Clear air and good visibility at high altitudes are the result. The air 
masses only sink to a certain distance from the ground. The lowest layers of air are 
warmed up on the ground via convection during the day and rise as so-called ther
mals. They cool down while rising, thus forming a dynamic barrier at a certain 
height for the sinking air. Hence, both the sinking warming air as well as the rising, 
cooling air can only escape laterally. A barrier layer with a horizontal direction of 
movement in its middle is formed having a warm upper section and a cold lower one, 
viz. an inversion. Elevated inversions such as these are called dynamic or subsidence 
inversions. Fig. 3.8 schematically illustrates the formation of a subsidence inversion. 
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Fig. 3.8. Diagram ofthe flow and temperature conditions during the formation of a subsidence 
inversion [6). a initial stage, temperature drop with increasing height; b flow conditions; 
c warming of sinking air, cooling ofthe heated near-ground air, inversion in between 

As there are fewer and weaker thermals in autumn and winter, subsidence inver
sions can sink lower than in the summer; they can even settle on top of a ground 
inversion and thus form huge and extremely stable layers [13] . 

Frontal inversions 

Elevated inversions can be formed when large air masses settle on top of each other. 
If, in winter or in autumn, cold, continental mainland air has flowed in over a longer 
period from the east, then, when there is a weather change, warm fronts coming in 
from southwest or west are frequently unable to displace this cold air immediately. 
The warm air flows on top of the cold one, forming an inversion. If the cold air 
reaches down to the ground a huge surface inversion has formed; if the surface in
version dissolves from below during the day then it is an elevated inversion. If the 
differences in air pressure are slight, such conditions - cold air at the bottom, warm 
air on top - can sometimes be sustained for a longer period of time, e.g., in January 
1982 over Stuttgart, Germany [14]. 

If the warm air in the higher altitudes is very humid, condensations ensue at the 
boundary to the cold air. The clouds thereby formed at high altitudes can inhibit solar 
radiation, so that the cold air just above the ground cannot warm up. In this case, the 
inversion remains intact down to the ground the whole day. 

3.1.4 Mixing Layer and Barrier Layers 

The lowest section of the troposphere in which the air pollutants emitted mix with 
the surrounding air is the so-called mixing layer. As described above, good mixing 
results from wind and turbulence. There is a reduced incidence, or even total supres
sion of vertical exchange due to the stable layers in the atmosphere. Stable layers of 
air with merely a slight drop in temperature with altitude or inversions act as barrier 
layers. Inversions prevent a vertical distribution of the pollutants released in these 
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Fig. 3.9. Behavior of pollutant emissions being released below, in or above inversion layers 

layers, unless these pollutants can penetrate the layer with the help of the buoyancy 
of exhaust plumes, s. Fig. 3.9. In surface inversions the mixing layer in which the 
dispersion of pollutants takes place is extremely shallow. With the warming effect of 
solar radiation in the morning the air just above the ground is also warmed up, dis
solving the surface inversion from below. Thus the altitude of the mixing layer rises. 
Apart from the influence of the surface inversion, the mixing layer is generally 
bound by an elevated inversion or a stable layer of air on its upper side. Giebel's 
measurements [15] led to the discovery that the mixing layer is usually limited by a 
main barrier layer on its upper side. He defined this main barrier layer, as compared 
to the several weak inversion layers usually prevalent, as the air layer with the most 
sudden decrease of the aerosol concentration. A sudden decrease in the relative hu-
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Fig. 3.10. Clearly visible effect of the main barrier layer during an autumnal high pressure 
weather situation: below the barrier layer there is haze with an increased aerosol concentration 
and humidity of the air, above there is excellent visibility; RoBberg, Swabian Jura, Oct. 27, 
1985 (Photo: GUnter Baumbach) 

midity of the air can also frequently be observed here. From within the mixing layer 
up into the stable inversion layer, the aerosol concentration combined with the high 
humidity can lead to a marked decrease in visibility due to haze, whereas above the 
main barrier layer there is completely clear air with good visibility. Situations such 
as the one described above occur predominantly in autumn in stable high pressure 
weather situations, s. Fig. 3.10. The barrier effect prevails both above and below the 
stable inversion layer: air masses and exhaust plumes spreading above the inversion 
are prevented from sinking to the ground, and air pollutants released below the stable 
inversion layer are trapped in the air layer close to the ground, s. Fig. 3.9. 

With the beginning of solar radiation the surface inversion is dissolved by con
vective heating. The upper limit of the mixing layer rises in the course of the day 
until the afternoon due to the increase of warm air masses close to the ground. Par
ticularly in winter, surface inversions can drastically impede the rising of the main 
barrier layer, namely by preventing the formation of warm air in the lowest layers. 
Rise time and absolute height of the mixing layer's upper limit depend, in particular, 
on the time of year, the intensity of solar radiation, on air temperature and on wind 
velocity. Fig. 3.11 shows the mean diurnal course of the mixing layer altitude by 
means of a schematic diagram. 

The behavior of atmospheric stable layers in the Ruhr District of Germany has 
been exhaustively investigated and described by Giebel [15, 16]. According to his 
findings and the inversion statistics of the German Meteorological Service, the mix
ing layer altitude shows values of between 0 m (at night and during the cold season) 
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Fig. 3.12. Inversion levels and vertical temperature courses during winter and summer high
pressure weather conditions [\3]. --- vertical temperature course of air layers, 
--- vertical temperature course of rising air 

and in excess of 3000 m (during high pressure weather conditions in the summer). In 
addition, due to the great radiation heat of the ground there is a much higher lapse 
rate in the mixing layer in summer during the day than in winter, resulting in more 
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violent turbulences. Fig. 3.12 presents the different lapse rates and inversion layer 
altitudes for winter and summer in a schematic diagram. 

3.1.5 Inversion Layers and Air Pollutants
Examples of the Dispersion of Pollutants 

The behavior of exhaust gas plumes below, in and above barrier layers was illus
trated with the help of Fig. 3.9. Along with emissions, barrier layers are of great 
significance in the occurrence of high pollutant concentrations. The well-known 
disastrous incidences of smog with numerous fatalities have happened exclusively 
during low exchange weather situations with pronounced and persistent inversions 
[17, 18]. The most recent smog alarm situations in Germany, too, occurred during 
weather situations with special inversion layers [14, 19,20]. 

How drastically air pollution can increase during inversions as compared to days 
with good air circulation is shown in Fig. 6.9 by the example of the surroundings of 
an arterial road with heavy traffic. 

The following two sections contain one example each of the long-range air pol
lutant transport (during elevated inversion situations) and of the short-range disper
sion in a highland valley. 

3.1.5.1 Widespread Dispersion of Air Pollutants: S02 Long-Range Transport 

In large areas of the Federal Republic of Germany high S02 concentrations could 
occur as a result of transregional long-range transport from eastern directions. Re
peated measurements carried out from aircraft during eastern winds along the bor
ders of the former GDR and CSSR disclosed that trans boundary S02 can be found 
along a wide front in high concentrations [21, 22]. During southeasterly winds North 
Germany received the brunt of it [23], during direct easterly winds Hesse and even 
North Rhine-Westphalia are at the receiving end, e.g., during the smog of January 
1985 [24], and during northeasterly winds, South Germany. In February 1986, e.g., 
recurring conditions favoring long-range transport in South Germany during north
easterly winds led to the situation that the "Clean Air" measuring stations of the Fed
eral Environmental Agency in the Bavarian Forest (Brotjacklriegel) and in the Black 
Forest (Schauinsland) registered the highest S02 diurnal and monthly mean values 
since the series of measurements began in the sixties [25]. 

On the basis of the situation of February 1986 during which very high S02 con
centrations were also measured in the greater Stuttgart area and in the northern part 
of the Black Forest, long-range transport will be explained in greater detail [26]. As 
can be seen from the wind vector diagram in Fig. 3.13a Baden-Wuerttemberg and 
Bavaria had winds from northeasterly directions almost the entire month of February. 
Almost the entire month pronounced elevated inversions with their lower limits be
tween 800 and 1200 m (above NSL) also prevailed. The behavior of these inversion 
layers is illustrated in Fig. 3.13b. 

The elevated inversion layers prevented upward dispersion of the pollutants. On 
the other hand, few low altitude and surface inversions occurred, so that the "clouds 
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Fig. 3.13. February 1986 - wind conditions and behavior of the inversion layers in the Stutt
gart area. a wind directions and speeds measured at the air pollution measuring station of the 
Institute for Process Engineering and Power Plant Technology in the forests of SchOnbuch 
(between Stuttgart and TUbingen) [27]; b level of the inversion layers above Stuttgart 
(according to radio sonde ascents of the German Weather Service, Aerological Station Stutt
gart, 315 m above mean sea level [28]) 

of pollutants" were not restricted to the lower air layers and hence were not stopped 
by the highlands. Besides this, low temperatures and a dry snow cover throughout 
the country effected a reduced deposition of S02' Thus, all the preconditions for 
long-range transport of air pollutants particularly for S02 existed in February 1986. 
When and where high concentrations of this kind occurred depended essentially on 
the prevailing wind direction and wind velocity in the different levels. 

Fig. 3.14 presents an overview of the half-hourly S02 values measured in Febru
ary 1986 by different measuring stations in South Germany. Each half-hourly mean 
value is represented by a vertical line in this diagram. 

High concentrations can be observed from February 6-13, 6-20 and 23-26, 1986. 
The transport of S02 could be observed particularly well by the increase of S02 on 
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February 23/24. As an example, Fig. 3.15 shows that these increases of S02 were 
carried from the measuring stations in Hof in North Franconia, Germany, over the 
greater Stuttgart area to the Black Forest. The time lag at the individual measuring 
stations corresponds with the prevailing wind velocities of approx. 3 to more than 5 
mls [26]. 

From the S02 increases measured in numerous measuring stations in Northeast 
Bavaria and Baden-Wuerttemberg, the path of the "S02 clouds" during the conditions 
on February 23 and 24, 1986, (shown in Fig. 3.16) could be reconstructed [26]. Be
sides the western "S02 cloud" originating in the former GDR and spreading from Hof 
via Bamberg, Wiirzburg and Stuttgart into the Black Forest, there was an eastern 
cloud which was additionaIly fed from the CSSR and which made its way via Ar
zberg, Weiden to the area of Neu-Ulm. The S02 clouds observed in South Germany 
were transported over distances of more than 400 km from the industrial areas of the 
former GDR and CSSR. 

The transport directions during the conditions on February 23/24, 1986, could 
also be reproduced with trajectories of the German Meteorological Service [26]. 

During the night from February 23 to February 24 S02 concentrations increased 
from 80 to approx. 320 ~mlm3 in the Schonbuch (Waldenbuch), Germany, and from 
50 to 220 ~mlm3 at the SchoIlkopf (near Freudenstadt). As the wind had been blow
ing from the same direction for hours before the increase, the influences of long
range transport and local sources on S02 poIlution in the SchOnbuch and Black For
est could be estimated for this situation. Approx. 22-25 % of the S02 can be assumed 
to have originated from local sources, e.g., from the Middle Neckar Region, and 
approx. 75-78 % were carried in via long-range transport. 

Comparative investigations between gaseous and particle-bound sulfur pollution 
in the forested area near Freudenstadt revealed that with the particles transported 
from remote areas, increased sulfur loads were spread over the country [34]. The 
origin of the air poIlutants could also be proved on the basis of the particle composi
tion. However, it became apparent that in conditions favoring long-range transport 
such as the one in February 1986, the largest part of the sulfur occured in the form of 
S02 during the gaseous phase. In the long-term mean, however, particle-bound sulfur 
poIlution (e.g., in the Black Forest) was of the same magnitude as the one caused via 
the gaseous phase [34]. 

The conditions in February 1986 cannot be regarded as isolated cases. In South 
Germany, e.g., similar situations occurred in January 1985 and in January 1987, 
leading to comparable S02 poIlution [32, 33]. 

3.1.5.2 Short-Range Dispersion of Air Pollutants in Highland Valleys 

As part of the research into the investigation of the causes of the most recent forest 
damage, the air poIlution in a Black Forest vaIley caused by a factory was investi
gated intensively by measurements [27, 34]. Fig. 3.17 shows a sectional view of the 
vaIley with the factory and the locations of the measuring stations. The factory pro
duces cardboard The process heat required was generated by a boiler plant with 
heavy fuel oil ftring (28 MW thermal output). The oil used had sulfur content of 
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Fig. 3.17. Dispersion ofa smoke plume in the Black Forest during inversion conditions, dia
grammatic; MI-M4: continuously working S02 and temperature measuring stations; altitudes 
indicated in m above mean sea level (m.s.!.). a during the night until 8 a.m.; b 8-10 a.m.; c 
photographic record of the clearly visible dispersion of a smoke plume in a (different) Black 
Forest valley during an inversion situation (Photo: GUnter Baumbach) 
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between 1 and 2 %. The plant was operated day and night at almost constant load, so 
that S02 emissions were nearly constant, i.e., approx. 50 kg SOjh. In this case, there
fore, S02 concentrations in the ambient air were hardly influenced by varying emis
sions but were primarily dependent on the dispersion conditions of the flue gases. 

For over a period of six months the measuring stations 1-4 shown in Fig. 3.17 
carried out continuous measurements of both S02 concentrations and of temperatures 
which are a necessary factor for the determination of possible inversions. Besides 
this, during phases of intensive measurement, components of suspended dusts and 
dust depositions were also investigated at the measuring stations. 

It became apparent that during windy and rainy weather only very low S02 con
centrations were to be observed at the measuring stations. However, during stable 
high-pressure situations with inversion layers in the valley, S02 values which were 
very high in part, were measured on the wooded eastern slope, particularly at a cer
tain altitude, usually at the stations halfway up the slope. Fig. 3.18 shows a diagram 
of the half-hourly values (vertical lines) measured in October 1985 at this station 
halfway up the slope. The peaking of the S02 concentrations is merely a result of the 
dispersion conditions. 

From October 2-7, 1985, huge inversions settled into the valley. At the same 
time, the operation of the factory was closed down for inspection. As, during this 
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Fig. 3.18. Half-hourly values of the S02 concentrations in October 1985, medium-level station 
M2. 655 , above m.s.!.. 
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period, no S02 at all could be measured in the forest air, the S02 concentrations 
measured at other times in this month stated to have originated in the factory. A 
further indicator was the brief, temporary, peaking of high concentrations. If these 
had been transregional transport processes, the concentration fluctuations would have 
been more balanced (as is to be seen in Fig. 3.14, Freudenstadt-Sch611kopt). 

The results of the measurements carried out are presented in greater detail in [35]. 
Here the situational variations of the S02 concentrations are shown with the example 
of a day with an inversion (Fig. 3.19). Practically no S02 was detected at the measur
ing station with the lower location throughout the entire day, with the exception of a 
slight concentration increase from 0-1 o'clock. Increased S02 concentrations were 
also extremely rare at the measuring station M4 on the western slope. The highest 
concentrations occurred until 8 o'clock at the mid-way station M2. This station was 
located just at the level of the inversion layer, where the smoke plume spread out 
almost only horizontally after it had cooled down. The dispersion of the smoke 
plume in this situation is to be seen schematically in Fig. 3.17a. When the inversion 
layer lifted - as can be seen in Fig. 3.19a by the temperature profile from 8 o'clock 
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on - the upper measuring station M I was in the range of the high S02 concentrations 
from 8-10 o'clock. This case is shown as a diagram in Fig. 3.17b. As the slope was 
an eastern one, it was warmed by the sun in the forenoon. In addition to breaking up 
the inversion from below, this effected an upward flow on the slope [36] which as
sisted the smoke plume to relocate from the middle station to the upper station. From 
noon to the evening hours the inversion on the slope had broken up to such a degree 
that only a little S02 could be traced. In the evening hours when cold air again filled 
the valley the S02 concentration started to rise again drastically at the mid-way sta
tion from 18:00 hours onwards, and the process described above started anew. 

Depending on the extent of the inversion, the S02 concentrations varied on the 
slope [34]. 

To further ensure that the S02 concentrations occurring in the valley and on the 
slope were to be attributed to the exhaust gases of the factory, measurements for 
suspended dust and dust deposition were carried out at several points and the 
amounts of nickel, vanadium and sulfur, the dust components specific for heavy fuel 
oil furnace exhaust gases, were determined [37]. The highest nickel content in dust 
deposition was measured at the valley measuring station M3 located near the factory. 
The further the distance to the factory the more the nickel deposition decreased. 
These facts obviously show that the largest part of the sedimenting particles of the 
exhaust gases settled on the ground in the immediate vicinity of the factory. 

The highest concentrations of vanadium, nickel and sulfur in suspended dust also 
occured at the location of the slope where the highest S02 concentrations were meas
ured (near M2). 

The smoke plume so distinctly visible on the photograph in Fig. 3.17c due its 
high particle content very clearly shows that the dispersion in valleys during inver
sion situations indeed follows the pattern illustrated in Fig. 3.17a and 3.17b. With a 
weak flow from left to right (looking at the photograph) the exhaust gases remain 
exactly in the vertical layer where they were transported due to their buoyancy, 
without expanding vertically. To the right, the whole valley is covered with smoke at 
this altitude. In those places where the smoke plume meets the slope, air pollution 
concentrations rise sharply. In many cases the exhaust gas plumes are not visible, but 
with stable exchange conditions their dispersion follows the pattern described above. 

These examples show that in valleys of low and high mountain regions, relatively 
slight emissions can lead to very high pollutant concentrations due to the effect of the 
atmospheric barrier layers. This was also observed at various other locations, e.g., 
[38-41]. 

3.2 Chemical Transformations of Pollutants in the Atmosphere 

Most emitted pollutants are unstable and are transformed in the atmosphere by 
chemical reaction processes, partly by passing through a variety of intermediate 
products. On the one hand, the application of dispersion models, which are to take 
not only processes of transport and diffusion but also chemical reactions into consid
eration, require knowledge on the reaction kinetics of the chemical transformations 
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in the atmosphere. On the other hand, for the determination of pollutant concentra
tions and the correct selection of measuring equipment it is important to know which 
changes the originally emitted pollutants can undergo on their way through the at
mosphere. Thus, e.g., it will not suffice to judge the effects of S02 emissions exclu
sively by the S02 concentrations measured, as S02 can be transformed into sulfuric 
acid or sulfates. These can occur in precipitation or in fog as aerosols, adsorbed to 
dusts, and become active there. 

There are numerous and complicated reactions taking place in the atmosphere. 
Special literature contains a wide range of information on individual reactions and 
transformation velocities of air-polluting substances based on detailed laboratory 
tests. In the atmosphere itself, however, concentrations of atoms and radicals can 
either not be measured at all or not yet routinely. Thus, their concentrations can often 
only be determined with the help of model calculations. Assuming that the model 
calculations provided accurate results, concentrations of atoms and radicals could 
only be indicated for "mean" conditions due to variations in radiation conditions and 
trace gas composition. In specific individual cases, e.g., in the air plume of an urban 
sprawl or the exhaust gas plume of a stack, considerable deviations from these 
"mean" concentrations can occur, s. Schurath in [42]. 

Possible transformations of the pollutants emitted will be demonstrated in the 
following with the help of some selected reaction equations, however limiting them 
to the final products which are of particular relevance for ambient air measurements. 
Intermediate products and their reactions amongst each other shall not be dealt with. 
Special literature is available for more information on this, e.g., [42-47]. 

3.2.1 General Considerations 

3.2.1.1 Atmosphere and Air Pollution 

Most of the chemical reactions taking place in the atmosphere are triggered off by 
sunlight or are accelerated by it, whereby different wave length ranges are effective 
for the individual reactions. The spectral distribution of sunlight is illustrated in Fig. 
3.20. This diagram also illustrates the layers and the temperature profile of the at
mosphere (from [43]). 

The temperature peaks are to be attributed to light absorption. The troposphere is 
heated by the earth's surface. By absorbing UV light the stratospheric ozone layer 
causes a dramatic increase in temperature at the range of the stratopause, whereas in 
the thermosphere, temperatures of up to 700°C are generated by the light absorption 
of ionized atoms. 

What is popularly understood as weather takes place in the lowest layers of the 
atmosphere, the troposphere. The dispersion and chemical transformations or de
composition reactions of most of the atmospheric pollutants occur in this range. The 
water's cycle of vaporization, cloud formation and precipitation represents the most 
important "cleansing mechanism" here. Particles and water-soluble gases assist cloud 
formation and are washed out with the precipitation. Thus they remain in the atmos
phere only for a short period of time, on an average from some days to some weeks. 
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Fig. 3.20. Spectral distribution of solar radiation (upper section): a beyond the earth's at
mosphere; b on the ground. Temperature distribution and levels division of the atmosphere 
(lower section). The warmer layer with a temperature maximum in the stratopause level is a 
result of the radiation absorption caused by ozone. The vertical arrows indicate schematically 
the depth to which individual wavelengths of solar radiation penetrate into the atmosphere 
[43] 

Generally, the mean life span of an atmospheric trace substance is determined by 
the velocity of the decomposition mechanisms (decomposition rate). Spatial distri
bution is closely linked to the life span. Substances with slow decomposition rates 
with a life span of many years, can be dispersed evenly around the globe by the 
winds and can even reach regions above the troposphere. Substances whose life 
spans last several months can be well mixed within one hemisphere (northern or 
southern half of the globe), but concentration differences between the hemispheres 
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do occur. The appearance of short-lived components such as OH and H02 radicals 
whose life span is less than an hour is mainly determined by local composition and 
decomposition mechanisms. S02' e.g., normally remains in the atmosphere for just a 
few days. Hence, its distribution is mainly restricted to industrial nations, whereas 
regions far from the sources, i.e., across the seas and in developing countries, only 
show extremely slight concentrations. Fig. 3.21 provides some basic facts on the life 
spans of trace gases. 

Many trace gases released into the atmosphere are at low degrees of oxidation 
(e.g., CH4, NO, CO). In contrast to this, the substances returning to the earth via 
rainfall are completely oxidized (e.g., HN03, CO2, H2S04). 

An overview of the atmospheric chemistry of the man-made (anthropogenic) 
gases S02' NO. and hydrocarbons is to be seen in Table 3.1. It is evident that nitro
gen oxides are much more actively involved in atmospheric chemistry reactions than, 
e.g., SOr Hydrocarbons have both active and inactive components. 

N20 - • 
H2 - 1-1 Atmospheric mixing time • 

CH3CCI3 - • Atmospheric life • 
CH4 - • 

OSC - • 
CO - • 
0 3 - • 

cS2 - • 
S02 - • 

HN03 - • 
N02 - • 

H20 2 r-- • 
H2CO f- • 

H02f- • 
OH f-. 

Interhemispheric 
- H mixing time 
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-I H mixing time I I I I I I 
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Fig. 3.21. Atmospheric life of trace gases - from one second to one century [43] 
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3.2.1.2 Calculation of Reaction Rates 

Reaction rates are determined for investigating the decomposition of air pollutants in 
the atmosphere. Generally, reaction velocity is defined as the time-related variation 
of concentration of the reactant of interest. It is then divided by the corresponding 
stoichiometric factor [44]: 

aA+bB-+eC+dD (3.1) 

1 de ( A ) 1 de ( B ) 1 de ( C ) 1 de ( D ) 
V= - - --- = - - --- = - --- = - -';-'-

a dt b dt e dt d dt 
(3.2) 

A negative reaction velocity signifies a decreasing concentration, a positive one 
an increasing concentration. 

The general formula for rate law for a reaction between two substances is: 

v = ke ( A ) me ( B ) n , (3.3) 

whereby v stands for reaction velocity; A-O for reactants; e (A)- e (0) for concentra
tions of the reactants; a - d for stoichiometric factors of the reactants; k for velocity 
constant (temperature-related), m and n for exponents: mostly whole numbers, 
sometimes also fractional numbers. The conformity of the exponents with the stoi
chiometrical factors is purely incidental; m+n indicate the reaction order. 

To determine the concentration after a certain time t during a reaction, the reac
tion velocity must be integrated. If, e.g., during a first order reaction (m=l, 
e(B)=const), the concentration of the co-reactant A with the initial concentration e 
(A)o (at the time 1=0) after time t is required, then - e.g., also [44] - applies: 

e(A) 
In c(A)o = -kae(B)t 

or formulated differently: 

e(A) = e( Ao )e-kaC(B)t • 

e ( B) = const. 

Therefore, the concentration decreases exponentially with time. 

3.2.2 Oxidation of SOl 

(3.4) 

(3.5) 

Before S02 is deposited on vegetation or on soil it is partially oxidized to sulfuric 
acid or sulfate. For this, gaseous phase reactions (homogenous), liquid phase reac
tions or those involving particulate matter (heterogenous reactions) are possible [42, 
45, 46]. Research has shown that the particulate sulfate formed has a longer resi
dence time in the atmosphere than S02" For S02 a medium residence time of one day 
is listed, for sulfate 3-5 days [46]. 



106 3 Air Pollutants in the Atmosphere 

3.2.2.1 S02 Oxidation in the Gas Phase 

The homogenous gas phase oxidation of S02 can, shown in a simplified way, follow 
the two mechanisms below [46]: 
- direct photooxidation, 
- oxidation through photochemically formed components (e.g., radicals). 

However, direct photooxidation is insignificant for the conversion of S02 in the at
mosphere [42, 46]. 

Of the reactions with photochemically formed radIcals, the following three reac
tions with OH or R02 radicals play the major role in the gas phase reactions of the 
S02 [42]: 

(3.6) 

(3.7) 

(3.8) 

where R is organic group, e.g., alkyl groups, and M free, non-reactive collision part
ner in a triple collision, e.g., N2. The collision partner absorbs part of the energy 
released during the reactions which would otherwise lead to the product's decompo
sition. 

Of these, the most important reaction and thus the most important gas phase re
action of the S02 is the one with OH radicals, reaction (3.6). In literature the conver
sion velocity of S02 according to this reaction is given as 0.4 up to a maximum of 
4.0 %Ih [42]. Accordingly, the life span of S02 in European latitudes in summer is 
3-5 days. In winter photochemical activity drops drastically, thus decreasing the 
contribution of the homogenous gas phase oxidation to the conversion of S02 [46] 
during this period. The HOS02 radical created in this reaction (3.6) obviously leads 
to the rapid formation of an aerosol which consists mainly of sulfuric acid, s. Beilke 
in [46]. The sulfuric acid is either adsorbed by particles or dissolved in water drops 
and is then finally washed out with the rain. 

3.2.2.2 S02 Conversion in Liquid Phase and on Solid Particles 

Conversions within liquid droplets such as cloud, rain, fog droplets, snow and dew as 
well as conversions on solid particles are of special significance for the oxidation of 
S02. As several phases are involved here (at least two), one speaks of heterogenous 
reactions. 

Two processes are of significance for conversion within liquid droplets: 
1. the physical solution of the S02 in water droplets, 
2. the chemical conversion in the water droplets. 
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S02 solution in water droplets 

S02 dissolves in water droplets as hydrate and maintains a balance between the gase
ous and liquid phase: 

(3.9) 

How much S02 is dissolved in water depends on the partial pressure or the concen
tration of the S02 in the air on one hand and on the solubility of the S02 in water on 
the other (Henry coefficients, s. [48] and [49, pg. 662]). The solubility is temperature 
dependent. 

Depending on the pH value of the water the S02 hydrate dissociates to hydrogen 
sulfite (HS03" ) in an acidic environment or (when there are high pH values) to sul
fite (SO;-) in an alkaline environment, whereby protons (H+) are released which are 
then present in the water as hydronium ions (Hp+): 

S02· HP+HP H Hp+ + HS03" 
in a slightly acidic range 

S02 . Hp + 2Hp H 2Hp+6 + SO;
in an alkaline range 

(3.10) 

(3.11) 

The dependency of the dissociation and with it of the solubility on the pH value is 
illustrated in Fig. 3.22. 

For small droplets and pH values below 6 the equilibrium between S02 in the 
gaseous phase and hydrogen sulfite or hydrate in the liquid phase is quickly reached. 
With decreasing pH values it shifts towards the gaseous phase. The factor determin
ing the velocity of the S02 oxidation in cloud, fog and dew water are the oxidation 
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Fig. 3.11. Amount of dissolved S02 species relative to the pH value at 25°C (acc. to Barrie in 
[46]) 
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Fig. 3.23. Diagrammatic illustration of S02 absorption and sulfate formation in water droplets 
(acc. to Beilke in [46]) 

stages and not the S02 absorption into the drop or the transportation processes within 
the drop [50]. The path of the S02 absorption up to the oxidation and neutralisation 
to sulfate particles is illustrated by means of a diagram in Fig. 3.23. 

If, before the S02 oxidizes in the cloud and fog droplets, these droplets vaporize, 
then the S02 passes back into the gas phase. 

S02 oxidation in water droplets 

The processes of S02 oxidation in water droplets depend on many different factors 
and are not yet comprehensively known [46]. 

The oxidation of S02 by 02 can be accelerated in polluted air by catalysts, in par
ticular by manganese and ferrous ions [50]. 

This type of oxidation plays a particular role in large exhaust gas plumes (e.g., 
from power plants) in connection with emitted dusts. In less polluted air S02 oxida-
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tion is accelerated by oxidizing agents such as 0 3 and HP2 dissolved in water drop
lets. 

In clouds with a liquid water content of 0.1 g/m3, pH values of between 4 and 5 
and ozone concentrations between 20 and 100 Ilg/m3 S02 oxidation, e.g., takes place 
between 0.02 and 2.8 %/h; with easily water-soluble HP2' S02 oxidation rates as 
high as between 2.3 and 9.9 %/min have been determined in the laboratory. In con
trast to this, oxidation with 02 proceeds much more slowly [46]. 

Findings so far have revealed that in summer at higher temperatures and in more 
intense sunlight, oxidation conditions are better than in winter. Due to lower conver
sion rates at low temperatures, S02 transport over longer distances is rather more 
likely in winter in combination with certain meteorological situations than in sum
mer. 

SOz and acid rain 

If, as per the above explanations, sulfuric acid is formed in rain drops and if there are 
only few neutralization agents such as NH3 or lime particles, then the rain water 
acidifies due to the strong dissociation of the sulfuric acid: 

(3.12) 

Rain water contains sulfuric acid in an extremely dilute form and is therefore 
100% dissociated, i.e., the dissociation constant KH2S04 takes on very high values: 

c(H2S04 ) 

c(H30+), c(SOi-), c(H2S04 ) 

approaches 0, 

concentrations in water. 

(3.13) 

It is assumed today that approx. 2/3 of the acid rain is caused by the acidification 
with sulfuric acid formed from S02' and 1/3 with nitric acid coming from nitrogen 
oxides. 

SOz oxidation on solid particles 

The reaction of S02 with 02 on aerosol particles depends on the following factors: 

- S02 concentration in the gas phase, 
- catalytic properties of the particles, 
- specific surface, 
- acidity, 
- relative humudity. 

SOz oxidation on solid particles in smoke plumes is of great significance. SOz con
versions were studied [45, 46] in smog chambers (under lab conditions) and in the 
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exhaust gas plumes from power plants. These tests established that the conversion 
rate is proportional to the S02 concentration, i.e., high conversion rates during the 
initial phase rapidly decline. The capacity of aerosol for heterogenous S02 conver
sion is obviously of a limited nature, probably due to the degree of saturation of the 
aerosol surface. It may generally be stated, that the mean velocity of the S02 conver
sion in smoke plumes is relatively low with homogenous gas phase reactions proba
bly predominating over heterogenous reactions as far as particles are concerned [46]. 
Oxidation on solid particles in heavy fuel oil furnace exhaust gases have obviously 
not been investigated so far. It is possible that higher conversion rates occur here, as 
particles particularly active catalytically, such as vanadium pentoxide (Vps) and 
soot particles are emitted. Investigations by Novakov [46] have shown, that in criti
cally polluted areas with a high soot content in the ambient aerosol, large amounts of 
S02 can be converted to sulfate. 

3.2.3 Reactions of Nitrogen Oxides in the Atmosphere 

The oxides of nitrogen (NO, N02, N03) can become active in atmospheric chemistry 
in a variety of ways, e.g., as a reaction promoter or reaction inhibitor, as they have an 

Sources 

In photostationary 
balance 

Dry Wet 
Deposition 

HOON02 
RCOON02 

RC002N02 

Fig. 3.24. Diagram of nitrogen oxide reactions in the atmosphere (ace. to Sehurath in [42]) 
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unpaired electron which gives them the character of a radical. The most significant 
ones are NO, which is released largely during combustion processes and NOz' which 
is formed in the air from NO. Fig. 3.24 shows the reactions of the nitrogen oxides in 
the atmosphere in a simplified form. From the great variety of possible reactions the 
most important ones will be shown in the following pages. 

3.2.3.1 NO Oxidation and the Formation of Ozone 

The NO emitted is oxidized to NOz in the atmosphere according to, among others, 
the following two reactions, s. Schurath in [42] and [51]: 

(3.14) 

(3.15) 

with k being velocity constants. 

NO oxidation with atmospheric oxygen (3.14) is a trimolecular reaction (third or
der), i.e., the NO concentration enters the reaction velocity quadratically. Thus, when 
NO concentrations in the atmosphere are low, the reaction proceeds very slowly. 

The most important conversion process for NO in the atmosphere is oxidation by 
ozone (3.15). This reaction takes place relatively fast. Without the action of light, 
e.g., at nighttime, the deficient reactant is used up entirely in a short time, s. Schurath 
in [42]. Thus, almost no NO is found in areas far from pollution sources, e.g., in 
wooded areas of the Black Forest; instead large amounts of ozone are present. In the 
vicinity of pollution sources, however, e.g., on the edge of highways, almost all the 
ozone is used up due to the constant supply of NO from car exhaust gases. The com
parison of the diurnal courses of the components NO, NOz and OJ measured at a 
forest and at a highway measuring station is illustrative of this situation, s. Fig. 3.25. 

There are numerous other reactions with NO which, however, will not be dis
cussed further here for reasons of clarity, s., e.g., [3,42,43,49]. 

In the presence of sunlight NOz is split up by photolyses during which process 
NO, ° and finally 0) are again formed [42,51]: 

k3 
N0 2 +hv (290-430nm) -+NO+O, (3.16) 

where k) is dependent on intensity of solar radiation h·v, e.g., k)=O.5 min-1 (summer, 
midday sun), 

O+Oz+M ~ O)+Ml (fast secondary reaction, not speed limiting) (3.17) 

As the oxygen concentration c (02) is constant and the fast secondary reaction (3.17) 
does not limit speed, c(Oz) in k) is not taken into account. 

1 M = third (body) molecule, e.g., N2 which absorbs the excess energy 
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Fig. 3.25. Comparison of measured mean diurnal courses of NO, N02 and 0 3, a in a forest 
area near Freudenstadt, Germany, on sunny summer days in 1987; b on the edge of highway 
A8 near Wendlingen, Germany, in October 1985 (from [52]) 

Degradation and formation of 0 3 and NO compete with the speed constants Is 
and Is with k3 depending on light intensity. Between 03' N02 and NO the so-called 
photostationary equilibrium which is described by means of the following equations 
results: 

k3(hv) 

N02 +02 ~ NO+03 
k2 

(3.18) 
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(0 ) = c(N02 ) • k3(hv) (3.19) 
c 3 c(NO) k2 ' 

Hence, the ozone concentration depends on the NO/NO ratio and on the effective 
light intensity (via k3). With a steady supply of NO, e.g., near high traffic roads or in 
cities in general, the NO/N0 concentration ratio remains small, i.e., even in intense 
sunlight only a little ozone is formed, unless other trace gases cause an oxidation of 
the NO, thus increasing the NO/NO ratio in this way. This will be dealt with more 
thoroughly in the next section. 

Reaction rates will be calculated here as examples of (3.14)-(3.18) with the calcu
lation principles shown in section 3.2.1.2 . 

Example 1: NO oxidation with atmospheric oxygen, reaction (3.14) 

1 dc(NO) 
V= - 2 dt 

(Third order reaction; concerning NO secondary order: m=2, n=I), 

Assumptions: 
- NO concentration: 
- 0z concentration in the air: 
- velocity constant: 

c(NO)= 100 ppb=O.l ppm, 
c(0,)=0.21·1O"ppm, 
kJ=7.5.1O· lOppm·zmin·' [51]. 

dc(NO) 
dt = -2 -7,5 _10- 10 ppm -2 - 0,1 2 ppm2 . 0,21 -106 ppm 

dc(NO) . 
dt = -3,15 -10- 6 ppmmm- l . 

(3.20) 

(3.21 ) 

With an NO concentration in the air of 100 ppb, 3.15-10.6 ppm per minute are oxi
dized to NOz with the atmospheric oxygen, that means 0.00315 % per minute or 0.2 
% per hour (reaction velocity divided by the concentration)_ So the reaction takes 
place extremely slowly_ With decreasing concentration, reaction velocity decreases 
exponentially even further. 

Example 2: NO oxidation with ozone, reaction (3.15) 

dc(~O) =-k2 -c(NO) -C(03)' 

(bimolecular reaction of secondary order), 

Assumptions: 
- NO concentration: 
- 0 3 concentration: 

c(NO)=100 ppb=O.1 ppm, 
c(03)=30ppb=0_03ppm, 

(3.22) 
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- velocity constant: k2=25ppm-1 min-I[51], 
according to Schurath in [42, 51], but 
values differ in literature), 

Assuming that there were a constant supply of NO (e.g., near a busy street), the NO 
concentration would then be constant (e.g., at 100 ppb) and the 0 3 concentration 
would also remain constant (e.g., due to constant turbulent advections of more ozone 
from the surrounding air), then 75 ppb NO per minute will be oxidized with ozone to 
N02' This would be equivalent to an oxidation rate of 75 % per minute. 

NO oxidation with ozone in the concentration range at around 100 ppb NO and at 
30 ppb 0 3 is therefore approx. 2.4.104 faster than oxidation with atmospheric oxygen. 
The latter reaction, therefore, is of little consequence for the NO oxidation in the 
ambient air as some ozone is always naturally present. NO oxidation by atmospheric 
oxygen is only significant with high NO concentrations, e_g., in exhaust gas plumes 
[50]. 

In this example in which a constant 0 3 concentration of 30 ppb is assumed and 
provided there is only a limited supply of NO, the half-life period of NO (i.e., the 
drop to 50 ppb) is calculated according to equation (3.4) and equation (3.15) as fol
lows: 

In c(A) -In c(Ao)=-k . c(B) . t 

t=55s, 

where c(A) is the final NO concentration = 50 ppb, 6c(Ao) the initial NO concentra
tion = 100 ppb, c(B) the 0 3 concentration = 30 ppb and k = k2=25 ppm-I 

• -I 
mm. 

Example 3: photolytic N02 degradation and OJ ormation. reaction (3.16) 

dc(N02 ) dc(NO) dc(O) 

dt dt dt 
(3.23) 

As the consequent reaction (3.17) proceeds so fast that it does not limit speed, 

dc(O) dC(03) 
dt dt 

can be set/replaced 

_ dc(N02 ) = dC(03) =k 'c(NO ) 
dt dt 3 2 , 

assumptions: 
- N02 concentration: c(N02) = 20 ppb=0.02 ppm, 
- velocity constant: k3 = 0.5 min-I for summer and midday sun, 

dc(N02 ) = -0,5min- 1 '20ppb, 
dt 
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de(N02 ) _ 10 b . -1 
dt - - pp mm . 

Hence, 10 ppb min"! N02 are degraded photolytically, with 10 ppb min"! 0 3 being 
formed. However, this is limited by reaction (3.15), s. photostationary equilibrium, 
reaction (3.18). This is shown in example 4: 

Example 4: Ozone in photostationary equilibrium, reaction (3.18) 

Assumptions: 
e(N02) and Is as in example 3, 
e(NO) = 5 ppb = 0.005 ppm, 
e(03) and Is as in example 2, 

(3.24) 

de ~~3) = 0,5 min - 1 . 0,02 ppm - 25 ppm - 1 min - 1 . 0,005 ppm· 0,03 ppm 

de ~~3) = 0,00625 ppm min - 1 = 6 ppb min - 1 . 

In relation to the initial 0 3 concentration 20 % min"! of ozone is formed. 
With the given ratios (NO/N0 ratio=4) and in the summer midday sun, ozone 

formation would exceed ozone degradation. With the above values (NO/N0 ra
tio=4) in photostationary equilibrium and at constant conditions (which can be the 
case for a short period of time) the following 0 3 concentration would ensue, (3.19): 

e(O ) = 0,02ppm 0,5min-l 
3 0,005 ppm 25 ppm 1 min 1 ' 

e(03) =0,08ppm=80ppb. 

3.2.3.2 Participation of Hydrocarbons in NO Oxidation 

When hydrocarbons of anthropogenic or natural origin react with hydroxyl (OH) 
radicals, peroxy radicals can be formed which, by re-forming OH radicals, tend to 
cause an oxidation of the NO to NOr 

In the clean troposphere OH radicals react mainly with CO and CH4 [42], in the 
polluted one they do so also with other hydrocarbons: 

OH+CO-+C02 +H 

OH+CH4 -+H20+CH3 • 

(3.25) 

(3.26) 
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The H atoms and hydrocarbon radicals (CH, or generally RCH3) attach them
selves to oxygen molecules to form peroxy radicals HOl or R02 (R=alkyl groups), 
e.g.: 

H+02 ---->H02 

CH 3 + O2 ---->CH30 2 • 

(3.27) 

(3.28) 

The peroxy radicals react with NO, whereby N02 is formed and OH radicals are 
reformed: 

NO +H02 ----> N02 + OH 

NO+CH 30 2 ---->N02 +CH30 

or generally 

NO+ R02 ---->N0 2 +RO. 

(3.29) 

(3.30) 

(3.31) 

OH radicals are very reactive and enter into many different reactions in the at
mosphere [42]. Particularly under the influence of solar radiation, OH radicals are 
present in significant concentrations. 

Thus with the OH radicals, oxidizing agents (peroxide radicals) are formed from 
hydrocarbons, without the OH radicals being consumed in the process. Different 
hydrocarbons tend in varying degrees to the formation of oxidizing agents or to the 
reformation of OH radicals, and thus to the formation of ozone. 

Schurath has investigated the "ozone formation potential" of various hydrocar
bons [53]. It has long since been known about alkenes (olefins) that they are particu
larly effective in ozone formation. However, aromatic hydrocarbons can also have a 
high ozone formation potential [53]. 

So owing to the participation of these oxidizing agents the NOjNO ratio is in
creased, leading to a higher ozone concentration in intensive solar radiation. This 
process is illustrated ir: Fig. 3.26. It causes the "anthropogenic ozone formation", 
well-known particularly in the photochemical smog of Los Angeles [54]. Nitric ox
ides in themselves, then, do not cause very high ozone concentrations; hydrocarbons 
must also be involved. 

If the NOjNO ratio is sufficiently large, the probability of R02 radicals adding on 
to N02 increases, leading to the formation of peroxide compounds (Fig. 3.24, upper 
right). Of these compounds the irritant peroxyacetyl nitrate (PAN, CH3C03N02) is 
the most stable and has become well-known from the Los Angeles smog. 

Fig. 3.27 shows a typical diurnal variation of the concentrations of hydrocarbons 
(CnHm)' nitrogen oxides (NO, N02) and ozone (03) in Los Angeles. Due to rush hour 
traffic from 6 to 8 a.m. the pollutants CnHm and NO from automobiles increase 
sharply. The formation of the consequent products N02 and 0 3 increases with sun
light. An increase in N02 and 0 3 is characteristic of photochemical smog. Even in 
European cities this type of photosmog with high 0 3 and N02 concentrations has 
been known to occur on warm summer days. For more information on the occur
rence of photo-oxidizing agents, the significance of ozone and further underlying 
principles of photochemical reactions s. Becker et al. in [47]. 
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Fig. 3.28. Results of a typical smog chamber experiment; initial concentrations of reaction 
partners: 0.45 ppm NO, 0.05 ppm N02, 0.5 ppm C3H6, (acc. to [49]) 

Many experiments have been carried out to reproduce the formation of photo
chemical smog in reaction chambers under simulated sunlight. Fig. 3.28 shows the 
results of such an experiment. NO and, as representative of hydrocarbons, 
C3Hipropene) were used as initial substances. The formation of strong irritants, 
which are typical of photochemical smog, could be clearly proven: NOz (nitrogen 
oxide), 0 3 (ozone), HCHO (formaldehyde), CH3CHO (acetaldehyde) and PAN (per
oxyacetyl nitrate). 

3.2.3.3 NOz Oxidation 

Due to the reaction of NOz with 03' measurable concentrations of N03 and also NPl 
can occur [55] at night; these concentrations, however, are several magnitudes below 
those of NO, N02 and 0 3: 

(3.32) 

During the day NO) formation is reversed by the photolysis of the NO) and by a 
very quick reaction with NO. 
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The most important consequent reaction of the N02 takes place with OH radicals: 

(3.33) 

whereby M = triple collision partner. 
In this low atmospheric layer the gaseous nitric acid thus formed is very stable 

and highly water-soluble and is therefore removed from the atmosphere by leaching 
or dry deposition. The N02 reaction (3.33) is approximately 11 times faster than the 
corresponding S02 reaction (3.6). Accordingly, the rate of reaction of the N02 is also 
11 times faster than that of S02 and its life-span accordingly shorter, a mean value 
being one day, sometimes a mere few hours, s. Schurath in [42]. For this reason, N02 
cannot be transported over the same long distances as S02' Due to the high reaction 
rates (3.33) other reactions of the nitric oxides are relatively insignificant. 

3.2.3.4 NO. and Acid Rain 

Direct absorption and conversion of NO into N02 in liquid droplets is hardly possible 
because of the poor solubility of NO. Even N02 does not dissolve well enough in 
water for an absorption and conversion of this gas in the liquid phase to make sig
nificant contributions to the decomposition of nitric oxides [46]. What is decisive is 
the oxidation of the N02 to HN03 in the gaseous phase (3.33). Provided that the 
nitric acid is not directly absorbed on surfaces or forms particle-shaped ammonium 
nitrate (NH4N03) with ammonia (NH3), nitric acid is absorbed in the form of drops 
and contributes to the acidification of rain water due to its strong dissociation: 

(3.34) 

Measurements of the sulfate (SO/-)-nitrate (NOn ratio in rain water show that ni
trogen oxides contribute to the acidity (acidification) of the rain water by approxi
mately 30 %. This corresponds to a molar ratio of SO/-:N03- of 1.1:1 (1 mol H2S04 

provides 2 protons, 1 mol HN03 only 1 proton). As the molar emission ratio of 
S02:NO. is at least 2: 1 in Germany, a larger share of the S02 must be removed from 
the atmosphere by some other means than by rain, as Schurath in [42] suggests pos
sibly via direct absorption by vegetation. 

3.2.4 Ozone in the Atmosphere 

3.2.4.1 Ozone in the Stratosphere 

Ozone is formed by exposing 02 molecules to short-wave UV light: 

02+hv( <242nm) ...... 0+0 

whereby M is a third (body) molecule that absorbs the excess energy. 

0+02+ M ...... 0 3+ M , 

2 M = third (body) molecule, e.g., N2, which absorbs the excess energy 

(3.35) 

(3.36) 
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Fig. 3.29. Vertical profiles of the annual mean (1967-1982) ozone values above the weather 
station HohenpeiBenberglBavaria [56]. The volume concentration of ozone can be calculated 
from the 0 3 partial pressure (in nbar) related to the air pressure prevalent at the relevant altitu
de (in mbar); e.g., at the ozone maximum at an altitude of 20 kIn the air pressure amounts to 
approx. 50 mbar, so the ozone concentration there reaches approx. 3.4 ppm in winter and 
spring 

These reactions take place at high altitudes and lead to the so-called ozone layer 
in the upper stratosphere (s. also Fig. 3.20). An overview of the expansion of the 
ozone layer in the stratosphere at different times of the year is shown in Fig. 3.29. 

The processes of ozone formation and ozone decomposition in the higher atmos
pheric layers are manifold. They have been described by Fabian in [43] with great 
clarity. The earth is shielded from short-wave UV radiation by the ozone layer. 

It is feared today, that the protective ozone layer in the stratosphere is being de
pleted by man-made air pollutants. These problems will be dealt with in chap. 4 
"Effects of Air Pollution". 
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3.2.4.2 Ozone in the Troposphere 

As shown above, one part of the ozone is produced in the stratosphere from where it 
reaches the troposphere by mixing processes. Vertical profile measurements of the 
Meteorological Obeservatory of HohenpeiBenberg, Germany, have shown that the 
ozone concentration takes a dramatic plunge from the stratosphere to the tropopause, 
and below the tropopause, in the free troposphere, e.g., above Central Europe at an 
altitude of 12 km, has almost constant concentrations of 50-70 ppb (100-140 IJg/m\ 

As the short-lived air-polluting substances emitted are restricted to few km above 
ground level due to atmospheric stable inversion layers (s. sect. 3.1), 50-70 ppb can 
be regarded as the natural level created by mixing processes with stratospheric ozone 
at an altitude of 12 kIn. Due to sinking processes from higher altitudes, increased 0 3 

concentrations could occasionally be detected at mountain measuring stations, e.g., at 
the Zugspitze, by comparing with radioactive tracers. Such phenomena, however, 
could so far only be observed in stations located at high altitudes [47, 57]. 

In non-polluted air layers of the lower troposhere close to the ground, mean 0 3 

concentrations are between 20 and 40 ppb, with maximum values of 40-60 ppb in the 
summer, s. Becker et al. in [47]. If higher 0 3 concentrations occur in the air close to 
the ground, then one must distinguish between the "transregional type" formed dur
ing certain weather conditions with intense sunlight and relatively high temperatures 
[57, 58], where photochemical processes with air polluting substances can be in
volved and, on the other hand, ozone occuring regionally with a typical diurnal 
variation in the lowest air layer. In this case it was observed that high ozone concen
trations (in excess of 70 ppb) occur much more frequently here than in elevated lay
ers, measured at mountain stations at 1800 m and 3000 m altitude (NSL) [57], even 
if the mean 0 3 concentrations are higher at high altitudes, s. Fig. 3.30. 

The diurnal variation at the valley station of Garmisch shown in Fig. 3.30 is 
clearly influenced by photochemical reactions with air pollutants (nitrogen oxides 
and hydrocarbons, s. sect. 3.2.3). In the night hours the transregional ozone in the 
valley is consumed by reacting with nitrogen oxides; during the day, however, the 
sunlight causes so much ozone to form from the air pollutants, that even the mean 
concentrations are clearly higher than the ones measured at the mountain stations 
(Zugspitze and Wank). On certain days the concentration profiles are even more 
pronounced, with concentrations higher than 100 ppb occurring in the valley during 
the afternoon, whereas on the Zugspitze an almost constant level of approximately 
50 ppb prevails [57]. 0 3 concentrations on the Zugspitze are almost completely unaf
fected by direct reactions with anthropogenic, regionally occurring pollutants; at the 
Wank station, however, at an altitude of 1600 m a slight influence can still be ob
served. During the morning hours (approx. 8-12 a.m.) when slight concentrations of 
nitrogen oxides probably reach this station by a rising mixing layer, the 0 3 concen
tration drops slightly. From 12 o'clock onwards it starts rising again and exceeds the 
values of the Zugspitze station, all of which is suggestive of photochemical proc
esses. 

In large cities on warm summer afternoons 0 3 concentrations of 250-300 ppb 
caused by photochemical processes have already been measured [47]. During the 
night concentrations there drop back to extremely low values as a rule. During pre-
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Fig. 3.30. Mean diurnal profile of the 0 3 concentrations during the summer months June 1 to 
Sept. 30 on sunny days without precipitation in the years 1977-1980 at a valley station in 
Garmisch (740 m above m.s.!.), the mountain station Wank (1 600 m above m.s.!.) and the 
mountain station Zugspitze (2964 m above m.s.!.) (from [57]) 

cipitation and on very windy days 0 3 concentrations in the valley (Garmisch) and at 
the medium altitude mountain station Wank are generally lower, and the diurnal 
variations are not as pronounced (lower 0 3 production). 

Ozone conditions similar to the ones in high mountain valleys or the surrounding 
mountains also occur in and above towns located in narrow or wide valleys. This, 
e.g., is presented graphically in the 0 3 and N02 vertical profiles shown in Fig. 3.31 
which were obtained on clear days over the town of Tiibingen, Germany, by a tether
sonde measuring system [59]. Below the nocturnal surface inversion (Fig. 3.31c) the 
ozone is almost completely decomposed by oxidation of primary exhaust gas com
ponents and by deposition up to an altitude of 200 m above the ground. Instead N02 

occurs in a higher concentration up to this altitude. Above the inversion the air 
masses are largely detached from the ones below. The ozone concentrations here 
remain at a relatively high level during the night, whereas there are only very low 
values for NOr Accordingly, elevations bordering on the valley are exposed to 
higher ozone concentrations at night than the ground of the valley itself. 

Induced by the warming of the ground by the sun there is a high vertical mixing 
and photochemical activity during the day which results in relatively constant N02 

profiles (on a lower level) and 0 3 profiles (on a higher level), s. Fig. 3.31b. 
In the busy streets of the city the primary components NO and He, as also N02, 

predominate during the day. whereas ozone remains at very low concentrations, s. 
the street canyon "Miihlstrasse" in Fig. 3.31a. In reduced traffic zones such as near 
the "Rathaus" (town hall), mean concentrations of primary substances sink obviously 
while ozone rises. In the neighboring elevations, again, ozone has a relatively high 
level and the other substances a relatively low ambient level. 
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Fig. 3.31. N02 and OJ vertical profiles during the day (b) and at night (c) over the town of 
Tiibingen, Germany, (during fine weather) as well as diagram of horizontal distribution (a) 

Conditions such as those were measured in summer in the town of Ttibingen also 
occur in the same way in towns located in shallower valleys, e.g., in Heilbronn, 
where investigations were carried out for a special ozone-reduction model experi
ment [60]. Even over relatively flat terrain, e.g., the Swiss Middleland, which is, 
however, widely spread out between the Jura Mountains and the Alps, the same 
ozone decomposition at night and near the ground and the good mixing in the after
noons together with even ozone distributions on a high level can be observed. These 
dynamics become obvious in the isopleth diagrams of Fig. 3.32: e.g., lines of the 
same potential temperature and the same ozone concentration for time and altitude 
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were determined by interpolation from vertical profiles recorded by a tethersonde 
system every two hours from the ground up to an altitude of 800 m and more [61]. 
As for the potential temperature, an increase with higher altitudes, depending on the 
gradient, means neutral to stable layering. One can see in Fig. 3.32a that in the after
noon hours of the individual days relatively even temperature distributions prevail 
over the whole heights. From evening onwards through the night and into the morn
ing hours one clearly finds lapse rates with proper "nests" in the second half of the 
night. These "nests" develop due to nocturnal surface inversions which reach their 
maximum expansion in the early morning hours. 

The ozone isopleths determined by the tethersondes act in conjunction with the 
temperature layers, as can be seen in Fig. 3.32b: Every day starting at noon the ozone 
concentrations are distributed evenly over the entire altitude. The ozone sinkings are 
located in the nocturnal surface inversion "nests" (with higher N02 concentrations at 
the same time, s. [61]). 

The fact that the influence of atmospheric chemistry on 0 3 formation and con
sumption depends less on geographical altitude than on the distance to the pollution 
source has already been established by comparing ozone behavior in the Black Forest 
and near highways, s. Fig. 3.25. The 0 3 is consumed by oxidation of the nitrogen 
oxides emitted by the automobiles. Nitrogen oxides caused by traffic were recorded 
only in reduced concentrations and without pronounced diurnal variation at a meas
uring station in the forest. Accordingly, there is only a slight drop in 0 3 in the morn
ing hours. During the afternoon hours the 0 3 concentration rises owing to photo
chemical processes, but it is not as pronounced as in the vicinity of anthropogenic 
sources, e.g., in the valley town of Garmisch-Partenkirchen (Fig. 3.30). With an even 
greater distance to inhabited areas, the 0 3 diurnal variation becomes more even, 
similar to the situation on the Zugspitze (s., e.g., [33, 62]). At these "clean air sta
tions", however, it cannot be determined whether the ozone present is of natural 
origin or whether photochemically formed ozone close to the source has mixed so 
well with the ambient air while being transported to the so-called clean air areas that 
the pronounced diurnal variation has become more constant. Under certain meteoro
logical circumstances the ozone can be transported to these stations located far from 
the source. Such transports, however, are not subject to a daily rhythm. 

To sum up, it can be said that the occurrence of ozone in the lower troposphere 
above the atmospheric main stable inversion layer is determined by widespread con
centration dispersal. In the air layers close to the ground below the stable inversion 
layers, ozone behavior is strongly influenced by reactions of atmospheric chemistry 
with anthropogenic air pollutants. Measurements have not yet shown with absolute 
certainty whether ozone occurrence in the higher troposphere is mainly due to ozone 
being transported there from the stratosphere or due to ozone production by photo
chemical processes [63, 64]. 
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3.2.5 Carbon Compounds 

3.2.5.1 Organic Carbon Compounds 

Organic trace gases can be classified into pure hydrocarbons - alkanes, alkenes, 
alkines and aromatic hydrocarbons - which are released, e.g., during the production, 
distribution and incomplete combustion of fossil fuels, aldehydes and ketones which 
are formed due to partial oxidation during combustion processes, and other volatile 
compounds (e.g., alcohols, halogenated hydrocarbons, solvents etc.). The majority of 
organic gases are not water-soluble and are therefore decomposed mainly by ho
mogenous gas reactions, the reaction with OH radicals being the most important one. 
Some also react with ozone [42]. 

Based on known reaction velocities Schurath calculated the life spans of some of 
the organic gases in [42], s. Table 3.2. The reaction processes are complex and only 
partially proved. 

Table 3.2. Calculated mean life-spans of some organic trace gases (Schurath in 
[42] and [43]); assumptions: OH concentration of 106cm-3, 0 3 concentration of 
60ppb 

Trace Component 
Methane 
n-butane 
Ethene 
Propene 
Ethine 
Benzene 
Toluene 
Acetaldehyde 
Ethyl alcohol 
Formic acid 

Carbon monoxide 

Mean Life-span 
8 years 
4.5 days 
1.13 days 
6.4 hours 

45.4 days 
9.7 days 
1.8 days 

17.4 hours 
3.9 days} 

33 days 

2 months 

3.2.5.2 Inorganic Carbon Compounds 

water -soluble. 
thus wet deposition 

The decomposition of methane in the troposphere and stratosphere leads to the for
mation of carbon monoxide. It is also formed by various other processes, e.g., by the 
oxidation of hydrocarbons such as terpenes from coniferous woods or it is released 
from the soil in warm regions [65]. Large amounts of man-made CO are released by 
incomplete combustion processes in furnaces and particularly by motor vehicles. 
Vertical profile measurements of CO in different locations of the earth have shown 
that CO concentrations drop with increasing altitudes. This indicates that the major
ity of the CO is released or formed in the boundary layer close to the ground and that 
the higher troposphere is more a sink for CO [63]. 

The main cause for a CO sink in the atmosphere is, just as is the case with hydro
carbons. the reaction with OH radicals to CO2 and H radicals which in tum enter into 
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further reactions. Another important sink for CO is the soil into which CO is ab
sorbed and converted into CO2 by microorganisms at temperatures between 15 and 
35°C [66]. 

3.2.6 Particles in the Atmosphere 

Dust particles in the atmosphere differ not only in size but also in their chemical 
composition, the reason for this being different mechanisms of formation. A sum
mary of the aerosol processes in the atmosphere is shown in Fig. 3.33 [67]. It also 
shows the particle size range into which the individual components are classified 
according to their typical size [68]. 

Typical components of coarse particles, which reach the atmosphere mainly by 
wind erosion of minerals, are calcium, titanium and iron. Plant material, e.g., pollen, 
belongs to this size class as also sea salt particles which reach the South German 
region with maritime air masses. 

Coarse industrial particle emissions, e.g., from the cement industry or from power 
plants have been greatly reduced owing to progress in dust removal technology. The 
release of fine particles from industrial processes is largely unimpeded, in particular 
during processes without or with low-efficiency dust precipitators. Key substances 
for the particle emissions from oil furnaces, heavy oil furnaces in particular, are the 
elements nickel and vanadium. Particles containing lead have chiefly been formed by 
motor vehicle traffic so far. 

In the atmosphere ultrafine aerosol can also be formed when gases react with 
each other. A known example is the "gas-to-particle-conversion" of S02 to sulfate 
particles which are frequently neutralized by ammonia. The chemical composition of 
aerosols in the atmosphere is influenced by surface reactions and hydrate envelopes 
at higher atmospheric humidities. 

There are no routine measurements for particulate components either. Table 3.3. 
contains an overview of the magnitudes of some anthropogenic heavy metals and 
organic compounds in aerosols occurring in rural and urban areas. Sources of heavy 
metals are metallurgical and combustion processes. Lead is caused by automobile 
traffic (this is greatly reduced when unleaded gasoline is used). Nickel and vanadium 
are typical of the combustion of fuel oils. Polycyclic aromatic hydrocarbons are 
byproducts of domestic heaters, diesel exhaust gas and of coking plants. 

3.2.7 Precipitation Components 

The chemical composition of rain or snow is determined by the absorption of gases 
and the incorporation of particles into the droplets. Due to the long residence time in 
the cloud, balances can develop between the droplets and the ambient air. Here, the 
degree of absorption of particles is determined by atmospheric turbulence, and 
hardly at all by the atmospheric residence time of the precipitation elements. Precipi
tation from stratus clouds, e.g., generally have lower component concentrations. 
These concentrations reflect the transportation paths of the air mass. After passing 
through industrial centers, concentration values increase. 
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Table 3.3. Typical concentration ranges of non-routine/extra-routine measurements of ae-
rosol components - heavy metals and polycyclic aromatic hydrocarbons [70] 

Substance Aerosol Componentsinglm3/concentr.range 

Rural Area Urban Area 

Arsenic As 5 3 30 
Beryllium Be 0.01 ... 2 
Lead Pb 20 60 200 ... 1000 
Cadmium Cd 0.2 2 2 20 
Chrome Cr 1 5 5 30 
Cobalt Co 0.1 1 0.5 5 
Copper Cu I 10 20 150 
Manganese Mn 10 50 20 100 
Nickel Ni 1 10 5 20 
Mercury Hg (part.) 0.05 ... 3 0.2 2 
Antimony Sb 0.5 2 2 30 
Selenium Se 0.5 3 1 10 
Vanadium V 1 10 10 50 
Zinc Zn 50 ... 100 100 ... 1000 
Benzo[a]pyrene BaP 0.5 3 2 20 
Dibenzanthracene Db (ah) A 1 15 
Benzopaphtothiopene BNT 0.5 3 1 15 
Benzo[a]anthradene BaA 0.5 3 2 40 
Chrysene CHR 1 10 5 50 
Indenopyrene IND I 5 2 30 

Thundershowers in the course of which cloud droplets are often flung violently 
through the vertical air column for several kilometers reflect the local conditions of 
the atmosphere. Great variations in space and time have been observed. Component 
concentrations can increase dramatically [69]. 

At the beginning of a precipitation, wash-out processes determine the precipita
tion composition and concentration, i.e, absorption and incorporation of gases or 
particles in the lower air layers. Drastically increased precipitation concentrations 
have been observed here. 

3.3. Distribution and Temporal Development of 
Air Pollutants in Unpolluted and Polluted Areas 

The air pollution concentrations show both strong spatial differences as well as tem
poral variations and developments. There will be some examples for both cases in 
the following sections. 

3.3.1. Spatial Distribution 

On a global scale there are differences in air quality between largescale areas, but 
differences in pollution can also occur within a smaller area. Basically, different 
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climatic and vegetation zones also have different conditions of air quality. In the arid 
zones of deserts or areas bordering these deserts it is primarily the dust raised by 
wind which causes the air to be polluted by particulate matter. E.g., in the African 
countries bordering the Sahara the particle concentration increases steeply when the 
wind blows from the direction of the Sahara. In the West African country Nigeria 
particle concentrations during Harmatten wind are up to ten times higher when com
pared to conditions without this Saharan wind [71], s. Fig. 3.34. 

Another source of air pollution occurring over large areas are forest, savanna and 
bushland fires which are sometimes kindled by natural causes like lightning. Most of 
the time, however, it is man that causes them. For instance, as a result of population 
growth fires are intentionally lit for deforestation in order to gain land for settling 
and agriculture. These fires occur globally but mainly in the tropical regions of the 
earth during the dry season, with occasional occurrences in the boreal forests of 
Siberia or Canada [72]. Biomass burning can contribute extensively to the budgets of 
several gases which are important in atmospheric chemistry [73]. The emitted pollut
ants are: particulate matter, large amounts of carbon monoxide (CO), hydrogen (H2), 

methane and other reactive hydrocarbons, nitrogen oxides, especially NzO and NO, 
(depending on the nitrogen content of the burned biomass), cabonyl sulfide (COS) 
and methyl chloride (CH3Cl). These air pollutants are widespread in tropical coun
tries because of the distribution of the sources and the atmospheric mixing capacity 
in the tropics. Figure 3.35 shows a photograph of a savanna fire. The air pollution 
caused by the fire is to be plainly seen. Other sources of globally distributed air pol
lution are natural decomposition processes, e.g., in swamps, moors and marshy 
lands, soil exhalations, volcanic eruptions, transformations and vented gases or oce
anic spraying. Besides, substances caused by human activities such as combustion 
<>"j industrial proceses and intensive animal breeding reach the atmosphere and 
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Fig. 3.35. Photograph of a bush burning (Photo: GUnter Helas, Max Planck Institute for 
Chemistry, Mainz) 

change its natural composition. Table 3.4. shows as examples the concentrations of 
some atmospheric trace compounds to be found in different polluted areas of the 
world. To complete the picture Table 3.5 . will provide an insight into the concentra
tions of organic substances commonly found in urban and rural areas. Graedel de
scribes more than 500 compounds, mainly organic substances, which can occur in 
the ambient air [76]. In Table 3.5 only a selection of typical representatives of some 
of the important substance classes is shown [70]. As measurements were not carried 
out on a regular basis it is not possible to indicate statistical distributions; only con
centration ranges are given. The number of measured values upon which these data 
are based varies greatly for the different substances, in part only a few individual 
results make up the data base. 

Hydrocarbons such as alkanes, alkenes, alkines and aromatics originate mainly in 
automobile traffic, other organic and inorganic compounds originate in industrial 
processes (chemical industry, degreasing of metals etc.). Fluorochlorinated hydro
carbons stem from spray can gases, from coolants and the foaming of plastics. 

One of the air pollutant components to be found dispersed over large areas and in 
part also over small ones is tropospheric ozone. When UV radiation is high it is 
formed from anthropogenic exhausts, and perhaps also from products of other com
bustion processes like the above-mentioned biomass burning. Starting in the areas of 
large cities it spreads over vast stretches of land in the summer. In the USA mainly 
the area around Los Angeles, California, is known for its high ozone concentrations, 
but high ozone concentrations also occur in some areas of the densely populated 
eastern states of the USA [77], s. Fig. 3.36. Even in relatively small countries like 
Germany there are regional differences in ozone pollution due to different formation 
preconditions such as strong solar radiation and source capacity of precursor sub
stances and due to varying decomposition conditions in urban areas. As an example 
Fig. 3.37 shows the ozone concentration distribution in Germany on a warm summer 
day [78] . For assessing and comparing the ozone concentrations of different cities 
maximum pollution values are used. Table 3.6 shows representative peak one-hour 
concentrations in various cities in the seventies and between 1980 and 1992. 
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Table 3.5. Typical concentration ranges of non-routinely detected volatile organic compounds 
in rural and urban areas [70] 

Compound Concentration ranges in Ilg m,J 

Rural Urban 

Methane CH4 1200 1200 .. .3000 
Ethane C2H6 1 .. .5 3 .. .15 
n-pentane n-CSH12 1 ... 3 5...50 
n-octane n-C8H18 0.2 .. .1 2 ... 10 
Cyclohexane cyclo-C6H12 0.1 ... 1 1...10 

Ethene C2H4 0.5 ... 5 5 .. .30 
Butene C4H6 1 ... 2 1...10 
Ethine C2H2 0.2 ... 3 5 .. .30 
Isoprene 1 ... 10 

Benzene C6H6 I ... 5 5 ... 30 
Toluene C6HsCHJ 0.5 ... 2 5 ... 50 
Xylenes C6H4(CH3)2 0.1...1 5 ... 50 

Methyl alcohol CHJOH 10 ... 20 
Ethyl alcohol C2HsOH 10 .. .50 
Formaldehyde HCHO 0.5 ... 2 10 ... 20 
Acetaldehyde CHJCHO 1 ... 2 0.5 .. .15 
Acetone CHJCOCHJ 0,1...1 10 ... 50 

Methyl chloride CH3CI I ... 2 1 ... 2 
Dichloromethane CH2CI2 0.2 ... 0.5 1 .. .5 
Chloroform CHCIJ 0.2 ..... 0.5 0.5 ... 3 
Tetrachloromethane CCI4 0.5 ... 1 1 .. .3 

1,1, I-trichloroethane CHJCClJ 1 .. .3 5 ... 10 
Chloroethene CH2CHCl 0.1 0.1...1 
Trichloroethylene C2HClJ 0.2 ... 1 2 .. .15 
Perchloroethylene C2Cl4 0.5 ... 2 2 ... 15 
Dichlorobenzene CJ~Ch I ... 10 

Dichlorodifluoromethane CF2Cl2 ... 2 1...5 
(F 12) 
Trichlorofluoromethane CFCh ... 2 1...4 
(F 11) 

Globally, the main load of anthopogenic air pollutants is concentrated in the ur
ban areas, in particular the metropolitan areas. Whereas in some metropolitan areas 
industrial exhaust gases and, e.g., wild waste burning processes are sources of con
siderable air pollution, in other places it is automobile traffic which is the main 
source of air pollution. On the one hand the emission intensity of automobiles has a 
strong influence on air quality: in many of the world's large cities many automobiles 
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Fig. 3.36. Ozone air quality concentrations in the United States, 1993 - highest second daily 
I-hour maximum (ace. to [77]) 

in poor condition and with high exhaust emissions are in use. On the other hand 
atmospheric dispersal and chemical transformation conditions (e.g., ozone forma
tion) as well as topographic location have an influence on air quality in metropolitan 
areas. The most unfavorable locations are basin-type areas with nightly inversions 
and strong solar radiation during the day. The cities Athens, Los Angeles and Mex
ico City are examples of this type of adverse topography. The World Health Organi
zation undertook a classification of the air quality situation in different large cities of 
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Table 3.6. Maximum one-hour ozone concentrations of various cities in the 1970s and 
between 1980 and 1992 [47, 53, 77, 79, 80, 81, 82, 83] 

City Country 0 3 peak concentration 

inppb 

Mexico City Mexico 470 

Los Angeles United States 360 

Vlaardingen Netherlands 270 

Biddinghuizen Netherlands 162 

Harwell United Kingdom 260 

(rural site near London) 

Stevenage United Kingdom 164 

Athens Greece >250 

Cologne Germany 2551) 

Mannheim Germany 1902) 

Schauinsland Germany 179 

(mountain station) 

Martiques France >200 

Nice France 170 

Paris France 164 

I1mitz Austria >200 

Tokyo Japan >00 

Oslo Norway 200 

Sydney Australia > 160 

Payeme Switzerland 165 

Rome Italy 140 

Zagreb Yugoslavia/Croatia 140 

1) 112 h value, 2) 3 h average 

the world. Pollution was classified by the different pollutants S02' suspended particu
late matter (SPM), lead (Pb), CO, N02 and 03' This type of classification is repre
sented in Fig. 3.38 [84]. While industrial sources are chiefly to be blamed in cities 
with S02 problems, particulate matter problems are caused jointly by industry, traffic 
and natural sources, e.g., in the city of Cairo they are caused by the nearby desert. 
Lead, N02 and most CO problems are typical traffic-specific substances. Apart from 
strong solar radiation, cities polluted by ozone are also exposed to high air pollution 
by precursor substances. 

Air pollution over large cities can usually be recognized by a clearly visible veil 
of haze (smog). An example of this is shown in Fig. 3.39, a photograph of the smog 
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D no values 

D 1·119 ~g/m3 

~'" D 120·179 ~g1m3 

I 
180·240 lJg/m3 

.. • > 240 lJg/m3 

Fig. 3.37. Ozone air quality concentrations in Germany during a warm summer week (3rd to 
7th of July, 1995) - highest half-hour values [78] 

over Los Angeles. This low visibility is caused by aerosols [85], e.g., nitrates and 
sulfates, which are in part formed by gaseous pollutants when sun radiation is high. 
There are, of course, other large cities not mentioned in Fig. 3.38 which are also 
affected by high air pollution. More examples of this are the cities of Ankara, Athens 
[86,87], Lagos [71], Milan [88] and Santiago de Chile [89]. 

In Central European cities air quality has improved greatly over the past few 
years (see next section). However, traffic-related air pollution problems in the cities 
are still a way from being solved. Pollution reaches a peak particulary in the down
town areas with their heavy traffic and high building density, whereas the areas on 
the outskirts show lower concentrations. Figure 3.40 shows an example of local dis
tribution of air pollutants in a city. Spatial distributions such as this one are obtained 
by random sampling at the grid corner points of a 1 x 1 kIn grid. In Germany 26 
measurements are executed on every corner point over the period of one year for this 
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I, :substance 
5°2 SPM Pb CO N02 0 3 City "\ 

Bangkok 1"', ... ~ ~ ~ ~ 
Beijing .. .. a ~ ~ ~ 
Bombay ~ .. ~ a ~ a 
Buenos Aires ~1 ~ ~ ~ ~1 ~ 
Cairo ~ .. .. a ~ a 
Calcutta ~ II. ~ ~ ~ a 
Oehli ~l III ~ ~ ~ ~ 
Jakarta ~ II. a a a a 
Karachi ~ III .. ~ ~ ~ 
London ~ E:~ a a ~ ~ 
Los Angeles ~ ~ a a ~ ... 
Manila ~ .. ~ ~ ~ a 
Mexico City ... ... a ... a ... 
Moscow a a ~ ~ a a 
New York a ~ ~ ~ ~ ~ 
Rio de Janeiro a a a ~ ~ a 
Sao Paulo ~ ~ ~ ~ ~ .. 
Seoul ... .. ~ ~ ~ a 
Shanghai .~ ... a a a a 
Tokyo ~ a a a a .. ... Serious poblem. WHO guidelines exceeded by mere lhan a lactor 01 two 

~ 
Moderate to heavy pollution. WHO guidelines exceed by up 10 a laclor of two 
(shorHerm gUidelines exceeded on a regUlar basis at certain locations) 

a Low pollution. WHO guidelines are normally met 
(short· term guidelines may be exceeded occasionally) 

Fig. 3.38. Classification of the air quality situation in different large cities of the world (from 
World Health Organization [84]) 

Fig. 3.39. Smog over Los Angeles (Photo: Ulrich Greul, University of Stuttgart) 
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purpose. The 1 km2 surface value is the mean value of the measurements taken at the 
corner points. Thus, the mean pollution distribution of a city is obtained and one can 
see which areas of a town are in particular need of clean air measures. Most fre
quently, the downtown areas are polluted the most due to the high traffic concentra
tion. Within the 1 x 1 km2 grid squares there can, however, be great differences in air 
pollution. E.g., measurements directly on dense traffic streets show high values of 
nitrogen oxides, carbon monoxide, hydrocarbons and particulate matter, particularly 
when traffic runs through so-called street canyons. Table 3.7 shows examples of 
peak concentrations of nitrogen oxides in the street canyons of German cities. With 
increasing distance from the street concentrations decrease exponentially, more or 
less strongly depending on wind direction and velocity, s. Fig. 3.41a. In this way, 50 
m away from the street only 40 % of the original pollution of the side of the street 
remains (s. also Chapter 6.2.5.4). Directly at the side of the street there are high NO 
concentrations, s. Table 3.7, but with increasing distance to the street the NO/N02 

ratio decreases or the NO/N0. ratio increases, s. Fig. 3.41b. Apart from the concen
trations near the side of streets in cities it is not NO but N02 which is the main pol
lutant characterizing air pollution by nitrogen oxides. 

Table 3.7. Examples of NO and N02 values measured in German street canyons or directly at 
high traffic roads [91] 

Place Year NO llg/m3 N02 
llg/m3 

Cologne, 1980 - 1985 533 - 634 215 - 356 
Neumarkt 98 Percentiles 

Stuttgart, 1985/1986 200 -1100 100-300 
Marienplatz second highest half-hour values 

Wendlingen, 1985 750 - 2000 100 -450 
Highway highest values 

580 -1300 86 - 300 
98 Percentiles 

Ttlbingen, 1987/1988 750- 1250 150 - 200 
MiihlstraBe highest values 

Stuttgart-Wangen, 1989 180 - 200 
HighwayB 10 highest values 

Stuttgart-V aihingen, 1990/1991 478 - 856 125 -212 
Highway, highest values 
40 m distance 262 - 552 75 -157 

98 Percentiles 
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Fig. 3.41. a Decrease of N02 concentration with increasing distance to a street, b Increase of 
N02INOx ratio with decreasing NOx concentrations (that means increasing distance to streets; 
measuring values from 210 different stations, 1982-1993 [92] 

3.3.2. Temporal Trends in Air Quality 

3.3.2.1. Carbon Compounds 

Carbon Dioxide (CO,) 

Atmospheric carbon dioxide concentrations have been measured on many back
ground sites of the world since 1968 [93]. At the Mauna Loa Station on Hawaii and 
at the South Pole measurements have even been carried out since 1957/58 [94]. The 
CO2 values for before this period have been reconstructed from samples of air occlu
sions in ice cores drilled at the Antarctic Siple Station [95]. 
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11 m MSL, 
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Fig. 3.42. Monthly atmospheric CO2 concentrations at several measuring sites of the world 
(acc. to [96, 97, 98, 99]) 
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At all stations an increasing CO2 trend is to be observed, giving rise to discus
sions about the greenhouse effect (s. also Chap. 4.2.1.2). Fig. 3.42 shows a selection 
of CO2 courses of several of the world's measuring stations. The annual increase 
within the last ten years on these sites is calculated to be between 1.40 to 1.45 ppm 
per year [93]. 

In the northern hemisphere a distinct seasonal pattern of CO2 is to be found with a 
drawdown occurring in August and September and the annual peak in March to May. 
The seasonal variation is caused by the growth season of plants in the middle to the 
high latitudes in the northern hemisphere. Over the southern Pacific Ocean nearly no 
pattern is to be observed; at the South Pole the amplitude of the seasonal pattern is 
very low. The reason for the smaller amplitudes in the southern versus the northern 
hemisphere is the lack of major land vegetation there. However, the CO2 concentra
tion differences between the hemispheres are low because the atmosphere is gener
ally well mixed. But the CO2 difference between the northern and the southern hemi
sphere increased from 1 ppm in 1960 to 3 ppm in 1985, a development parallel to the 
(northern hemisphere) increase in fossil fuel combustion sources [100]. 

Methane (eH.) 

Like carbon dioxide concentrations historical atmospheric methane concentrations 
have also been reconstructed from ice core drillings (e.g., [101]). Regular atmos
pheric records have been taken from sites in the NOAAlCMDL air sampling network 
since 1983 [102] (NOAAlCMDL = US National Oceanic and Atmospheric Admini
stration, Climate Monitoring and Diagnostic Laboratory). 

Like carbon dioxide methane shows an increasing trend. In Fig. 3.43, which 
contains values of six sites of the world from Alaska in the North to the South Pole, 
the measured courses of methane concentrations are shown. The globally averaged 
atmospheric CH4 annual means derived from this NOAAlCMDL air sampling net
work increased from a value of 1625.6 ppm in 1984 to 1714.1 ppb in 1992. This 
means an average increase rate of 11.1 ppb/year. In the southern Oceanic and the 
Antarctic sites the CH4 concentrations occur at lower levels than at the northern sites 
of the measuring network (s. Fig. 3.43). 

Although the quantitative importance of the different factors contributing to the 
observed increase is not yet well known, it can be stated that human activities are the 
main reasons for the increase [100]. 

Halocarbons 

The most important halocarbons in respect to radiative forcing (greenhouse effect) 
are fully halogenated chlorofluorocarbons CFC-ll (CCl)F) and CFC-12 (CCI2F2) 

[100]. Trend data for these gases have been gathered by the Atmospheric Lifetime 
Experiment (ALE) and the Global Atmospheric Gases Experiment (GAGE) [103] as 
well as by the NOAAlCMDL flask sampling program [104]. With the last program 
the global and hemispheric trends were calculated by averaging the monthly values 
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Fig. 3.43. Monthly atmospheric CH4 concentrations at several measuring sites of the world 
[102] 

of seven measuring stations. These trends are shown in Fig. 3.44. It can be seen that 
the atmospheric concentrations of these exclusively man-made gases have been 
steadily increasing. Although the concentrations are much lower than those of CO2 

and CH4 these halocarbons have a great importance because of their high global 
warming potential [100]. 

3.3.2.2. Sulfur Dioxide (SOl) 

Apart from particulate matter sulfur dioxide emitted during the combustion of sul
furous fuels used to be the main component in anthropogenic problems of air pollu
tion in the past. In the former German Democratic Republic and Czechoslowakia S02 
concentrations, for instance caused by the combustion of highly sulfurous lignite, 
were the reason for severe air pollution until recently. Long-range transport across 
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Fig. 3.44. Global and hemispheric trends of the halocarbons CFC-ll (CChF) and CFC-12 
(CCL2F2), monthly averages from seven measuring sites of the NOAAlCMDL sampling pro
gram [104] 

hundreds of kilometers brought S02 pollution to remote areas far from the sources (s. 
Chap. 3.1.5.1). Owing to the use of fuels containing less sulfur, the installment of 
flue gas desulfurization units and shut-downs of out-of-date firing plants, e.g., in 
power stations (s. also Chap. 2.2), S02 concentrations have slackened off in most 
industrial nations in the past few years. This development becomes obvious when 
looking at the profiles of the S02 annual mean values of the past 20 to 30 years as 
shown for West and East Germany in Figs. 3.45a and b and for some other Western 
European countries in Fig. 3.45c. 

In U.S. and Canadian cities th2e trend is also a decreasing one, as can be seen 
from Fig. 3.46. The second highest 24-hour concentrations have been used in this 
diagram and not the annual mean values. This type of representation is more realistic 
as the effect of S02 as an irritant gas depends on repeated short-term exposure to 
peak concentrations. However, when the annual averages decrease the frequency of 
peak concentrations also decreases, so that the trends shown in Fig. 3.45 give a rep
resentative picture nonetheless. These S02 downward trends cannot be observed 
globally, however. In many of the world's cities the population continues to be ex
posed to high S02 concentrations, as can be seen from the examples shown in Fig. 
3.47. 

3.3.2.3 Suspended Particulate Matter (SPM) 

Owing to the effects of exhaust gas purification measures concentrations of sus
pended particulate matter, just as with the component S02' have been distinctly re
duced in the industrial nations in the past years. This trend is shown in Fig. 3.48a for 
Germany, in Fig. 3.48b for selected European cities, in Fig. 3.48c for selected U.S. 
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and Canadian cities and in Fig. 3.48d for selected cities of the world. Just as is the 
case with the component S02 there are still considerable air pollution problems in 
many of the world's cities where suspended particulate matter is concerned. Exam
ples of this are Mexico City, Beijing, Delhi and Bangkok, s. Fig. 3.38. 

At four background stations operated by the National Oceanic and Atmospheric 
Administration (NOAA) aerosol measurements have been carried out since 1977 by 
measuring of direct solar irridiance??? and calculated as aerosol optical depth (AOD) 
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Fig. 3.49. Aerosol optical depth anomalies at the NOAA background stations on the Mauna 
Loa, Hawaii, and at the South Pole [113] 

[113], From two stations, Mauna Loa, Hawaii, and the South Pole the courses of 
aerosol optical depth are shown in Fig. 3.49. In Hawaii, the predominant features are 
the large increases in AOD that followed the volcanic eruptions of El Chich6n 
(Mexico, 1982) and the Pinatubo (Philippines, 1991). At the South Pole, the effects 
of the El Chich6n eruption were much smaller at this site than in the northern hemi
sphere. In contrast/on the contrary??, the maximum AOD anomaly at the South Pole 
after the Pinatubo eruption was greater than at the other three NOAA measurement 
sites (Barrow, Alaska; Mauna Loa, Hawaii; Samoa Pacific Island) [113]. 

3.3.2.4 Nitrogen Oxides 

By improving combustion processes in, e.g., automobile engines, it has been possible 
to reduce both fuel consumption and carbon monoxide and hydrocarbon emissions. 
The resulting higher combustion temperatures, however, have caused nitrogen oxide 
emissions to rise. In the seventies, e.g., measurements in the Netherlands show a 
drastic N02 increase. When, in the eighties, catalytic converter technology for auto
mobiles was introduced in many countries the effects of this exhaust gas purification 
technique were for the time being completely neutralized by the constantly rising 
number of automobiles. Finally, in 1992, readings in measuring stations showed a 
slight downward trend in N02 concentrations in West Germany, s. Fig. 3.50a. In 
European cities, too, slightly lower N02 concentrations are to be seen only in the past 
few years, s. Fig. 3.50b. In the USA a slight drop in the N02 concentrations since 
1990 in a mean of 201 measuring sites can be recognized, s. Fig. 3.50c. 

3.3.2.5 Tropospheric Ozone (03) 

Formation and decomposition processes of tropospheric (surface) ozone have been 
dealt with in Chap. 3.2.4.2. Due to a variety of many influences it is not easy to 
compare one year's ozone concentrations with those of another year. E.g., sunny 
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warm summers have much higher ozone concentrations than rainy ones. On sites 
influenced by primary components, e.g., near streets with a lot of traffic, the nitrogen 
oxides emitted there may shift the photostationary equilibrium to ozone consump
tion. Thus, clear trends can only be measured on sites uninfluenced by nearby 
sources and only in measuring series over many years. 

In the late nineteenth and early twentieth centuries ozone measurements were 
carried out in Montsouris, south of Paris [115, 116], in Zagreb, Croatia, Yugoslavia 
[117]. To be able to compare the measuring results then with today's values the 
measuring methods used then had to be duplicated and the values corrected accord
ing to today's standards. Kley et al. [115] and Bojkov [116] found out that in Mont
souris, uninfluenced by the wind directions of the greater Paris area, ozone concen
trations were between 15 and 20 ppb. In Zagreb the annual average volume fractions 
of the surface ozone ranged between 35 and 25 ppb between 1889 and 1900 with 
differentiation between day and night-time hours, s. Fig. 3.51. The curve for Mont
souris is also drawn in this diagram according to Bojkov's data [116]. 

In this century ozone measurements have been carried out at different locations in 
the world since the early fifties. Fig. 3.52 gives an overview of the measuring pro
grams. In Germany, the longest measuring series are from the measuring stations in 
Arkona on the island of Rugen, Baltic Sea, the city of Dresden-Radebeul, Mount 
Fichtelberg in the Ore Mountains and the city of Kaltennordheim in the Thuringian 
Forest. As examples, Fig. 3.53 shows the ozone profiles of the stations in Arkona and 
Dresden-Radebeul. Included in the chart for comparison are the profiles of the south 
German mountain station Hohenpeissenberg where the measuring series started in 
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Fig. 3.52. Periods of surface ozone records across the world from the 1950s until 1984 [118, 
119], W = wet-chemical, 0 = optical, C = chemiluminescent 

the early seventies. The wet-chemicalKI measuring method used then shows an 
interference with S02' leading to an underestimation of the ozone values. As a result, 
the OJ values recorded in Dresden-Radebeul from 1952 to 1972 were too low. From 
1972 onwards S02 filters were installed for measurement [119]. The leap in the 
measured values is undeniable. Due to very low S02 concentrations the OJ values 
measured in Arkona were never influenced. Hohenpeissenberg's measuring values of 
the years 1971 to 1975 were submitted to an S02 comection, so that the originally 
low values were raised. In this way drastically increasing trends could no longer be 
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observed [120]. Arkona, however, shows an increase in 0 3 from 30 I-lg/mJ in 1950 to 
over 50 I-lg/m3 in 1980. From 1972 to 1984 a rising trend in the ozone values is also 
to be observed in Dresden-Radebeul. 

As ozone concentrations have a strong annual course with low concentrations in 
winter and high values in summer, it is necessary to take into consideration not only 
the annual averages but also the peak values of one month or, where long-term 
measuring series are concerned, the maximum values for a year. Using monthly 
averages and highest half-hour values Fig. 3.54 shows the development of surface 
ozone concentrations of a German city (Heilbronn) and of a forest area in the north
ern Black Forest (Freudenstadt-Schollkopf) for the years 1984 to 1991. The ozone 
maxima in the summer months and the minima in the winter are quite distinct. As a 
result of the oxidation of primary pollutants most of the ozone in the cities is con
sumed at night, especially when the sky is clear and there are surface inversions. 
Thus, ozone mean values are not as high in the cities when compared to, e.g., the 
monthly mean values of Freudenstadt-Schollkopf or the annual mean values on the 
Hohenpeissenberg. But the cities' maximum values can exceed the peaks in forest 
and mountain regions. 

In the USA the EPA (Environmental Protection Agency) has tried to develop 
techniques for adjusting 0) trends for meteorological influences [122]. Their report 
features a statistical model in which the frequency distribution of 0 3 concentrations is 
described as a function of meteorological parameters. The model has been used to 
calculate "meteorologically adjusted" estimates of the upper percentiles of daily 
maximum concentrations for each year. Fig. 3.55 displays ambient air quality trends 
and meteorologically adjusted trends for 43 metropolitan areas. The "adjusted" trend 
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Fig. 3.54. Recent ozone concentrations in Germany. Monthly averages (bars) and monthly 
highest half-hour values (vertical lines), a in an urban area (Heilbronn) [121] and b a forest 
site in the northern Black Forest (Freudenstadt-Sch6Ilkopt) [33] 

indicator shown in Fig. 3.55 is the composite mean of the meteorologically adjusted 
99th percentile daily maximum one-hour concentrations across each of the 43 indi
vidual metropolitan areas. The smoothing introduced by meteorological adjustment 
is especially evident in the peak OJ year 1988 which was followed by years less con
ducive to OJ formation. A steady downward trend is clear. The composite average of 
the 99th percentile daily maximum one-hour concentrations in 1993 is 12 % lower 
than the 1984 level. Coincidentally, the lO-year percent change in both the adjusted 
and unadjusted composite average of the 99th percentile concentration for these 43 
cities is exactly the same percentage change as the national second daily maximum 
one-hour trends statistic for 509 sites [77]. The total volatile organic compounds 
(VOC) emissions are estimated to have decreased 9 % between 1984 and 1993. 
During this same period NO, emissions, the other precursor of OJ formation, in
creased 1 %. Whether this drop in ozone is a direct result of the VOC reduction has 
yet to be confirmed with the help of future statistics taking into special account 
emissions on warm "ozone days". 
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3.4 Models of Pollutant Dispersion (B. Steisslinger) 

The air quality in the lower troposphere is, on one hand, determined by the pollutant 
amounts emitted, and by the individual conditions for dispersion on the other. Apart 
from the topographical circumstances, meteorological influences, above all atmos
pheric layering and wind conditions, are particularly important here. 

The correlation between emissions, atmospheric distribution and pollutant con
centrations has often been simulated with mathematical meteorological models. 

3.4.1 Objective and Application of Mathematical 
Meteorological Simulation Models 

The central purpose of dispersion modelling is to describe the relationship, shown in 
the diagram in Fig. 1.4 between pollutant emission, transmission a~d ambient air 
concentrations of one or several air pollutants as a function of space and time in a 
mathematically exact way. This is done with the calculation depending on emission 
volume, individual meteorological conditions and, if necessary, a number of parame
ters which take into account transformation and deposition processes in the atmos
phere. 

Simulation calculations can be used to establish criteria for planning the location 
of industrial plants and complexes requiring official approval, for determining mini
mum stack heights, for developing and assessing air quality control strategies (to 
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Fig. 3.56. Main tasks and applications of mathematical-meteorological simulation models 
(ace. to [123]) 

investigate the effects of emission restrictions on air quality) and thus for maintain
ing or restoring air quality (short-term and long-term prognostics). Fig. 3.56 shows 
an overview of tasks and possibilities, input quantities and data findings of mathe
matical meteorological models: 

Table 3.8. Classification of application fields for dispersion models in relation to space and 
time scales [124] 

Field of Application Space Scale Time Scale 

Regional to supraregional 50 km to 2 000 km 112 day to 1 week 
(mesoscale) 
Urban to regional I km to 100 km 1 hr. to 1 day 
Point source (power plant) 500 m to several km 112 hr. to several hrs 
Line sources (motor vehicle 100 m to several km 112 hr. to several hrs 

expressway without 
buildings nearby) 

Street canyon (motor vehicle several meters several min. to 1 hr. 
traffic - in cities) (1 m to 100 m) 
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The spatial scales of simulation calculations range from the investigation of in
dividual emitters to urban climatological questions (investigation of the effects of 
buildings, street blocks or industrial settlements on air quality) to the investigation of 
entire urban agglomeration areas and supraregional areas. Due to these highly differ
entiated requirements which vary very much in scale, it is understandable that an 
individual calculation model can never do justice to all questions, i.e., from short
range to country-to-country pollution transport. For this reason different groups have 
developed varying model concepts which are tailored to the individual requirements 
of space and time, s. Table 3.8. 

3.4.2 Model Concepts 

The dispersion of air-borne substances in the atmosphere depends on two different 
transport mechanisms: 

For one, air pollutants are carried along with existing wind flows (advection), for 
another they are distributed by diffusion movements due to atmospheric turbulence, 
these movements being superimposed on the average wind field. Based on the 
knowledge of the flow field, with its temporal and spatial variations, the course of 
pollutant dispersion can be calculated by also taking turbulence effects into account. 
The extent of turbulence influence is determined by terrain features (orography), the 
structure of the ground (type and extent of building, vegetation, roughness), weather 
conditions, wind velocity and diurnal variations in radiation intensity (atmospheric 
layers). 

The quality of dispersion calculations, above all in the case of short-term progno
ses, depends definitively on precise prognostication of the time-related development 
of the dispersion conditions and with it on the flow field. For these reasons, in a 
simulation model for the computation of atmospheric dispersion both information on 
the wind field to be investigated and information on the individual turbulence condi
tion of the atmosphere must be taken into account. 

The basic precondition for the computation of dispersion processes is that flow 
and turbulence models must be dealt with first. 

3.4.2.1 Flow and Turbulence Models 

Flow models can be carried out with two basically different model concepts. Diag
nostic and prognostic simulation models will be used depending on the task and 
objective concerned. 

Diagnostic models 

One of the main applications of diagnostic models is for simulating the actual situa
tion of a wind field based on a statistically proven series of measurements and a 
known, experimentally investigated framework of conditions. This type of model is 
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used mainly for long-term investigations and case studies during which a wide vari
ety of dispersal situations is simulated. 

Another important application of diagnostic simulation models is for the calcula
tion of undiverging, mass-consistent flow fields by inter- and extrapolating wind data 
which were registered within a certain area. Before starting on dispersion calcula
tions it must be generally guaranteed that the individual volume elements of the area 
to be investigated are neither subject to a mass increase nor a mass loss, if flow proc
esses are being exclusively investigated with emission, transformation and deposition 
processes, however, being excluded. 

Prognostic models 

Unlike diagnostic model concepts, prognostic simulation models can predict the 
development of a flow field in a spatial scale of 2.5 to 2500 km and time-wise from 
just a few hours to several days. 

Flows described by a model of this type are, on the one hand, imbedded in a 
larger scale floating flow field (geostrophic wind), but they must, on the other hand, 
also be able to take into account smaller scale phenomena (topographically or ther
mically induced turbulences) [125]. 

The mathematical treatment of flow processes with prognostic models is based on 
a set of partial non-linear differential equations. A three dimensional grid, for which 

Fig. 3.57. Example of simulation calculations with flow models: wind field calculated with 
REWIMET in the Main-Taunus region of Germany [129] 
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this equation system must be solved with numerical methods, is superimposed on the 
model area where a flow field is to be determined [125]. By determining the suitable 
coordinate system and choosing the grid points carefully, the model's resolving 
power can be adapted to the requirements given by the orography of the area under 
investigation. The most important prognostic concepts developed in the Federal 
Republic of Germany are listed in [126]. 

When using models of this type one characteristic feature needs special attention 
- compared to diagnostic flow models, the modelling work is distinctly more work -
intensive and generally also requires very much computing time. 

One possibility of shortening computing times is to restrict modeling to a few 
vertical layers. For example, the three-layer model "REWIMET" designed by Hei
mann [127] represents a compromise between computing time and degree of detail 
of the flow field. 

According to VDI guideline 3783, sheet 6 [128], this model for the calculation of 
wind fields is to be used in Germany within the framework of investigations on the 
regional distribution of air pollution over complex terrain. As an example of flow 
models Fig. 3.57 shows a wind field recorded by REWIMET in the Main-Taunus 
region (range: 60 km x 40 km). 

3.4.2.2 Modeling of Pollution Dispersion 

To create a predictable relation between emission and air quality one may employ 
different processes [130, 131]: 

For long-term planning, concentration calculations are, as a rule, carried out with 
the help of models with a physical background (deterministic models). They are 
based on an emission register dependent on meteorological variables. For short-term 
concentration forecasts involving as little effort as possible, statistical and empirical 
models are used. Depending on meteorological factors and other parameters pollut
ant concentrations can be determined based on statistically guaranteed relationships 
which have been set up empirically from a number of measured data. To investigate 
topographic influences and effects of buildings in the immediate surroundings of 
emission sources physical models which reproduce natural conditions on a laboratory 
scale (wind tunnel experiments) are frequently used. 

The deterministic model concept based on physical principles with the most var
ied applications will be explained in the following with the help of examples: 

All flow and distribution models of this type are based on mathematical meteoro
logical calculation methods originating from the conservation theorems of mass, 
energy and impulse. The statistical theories of Taylor are the basis for the mathe
matical description of turbulence effects [132]. With these concepts, the physical 
interrelationships of turbulent wind velocity variations which overlay the medium 
altitude flow can be determined. 
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Lagrange models 

From the statistic diffusion theory which is based on the fact that air pollutants are 
always carried along with the average wind flow, although diffusion is statistically 
random, a class of distribution models can be directly derived - the so-called La
grange models (Monte-Carlo-simulation models, particle simulation, trajectory 
models). 
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Fig. 3.58. Trajectories (a) and concentration fields at 5 a.m. (b) and 9 a.m. (c) calculated with 
FITNAH [133] 
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With these models the path of an air parcel containing pollutants (particles) is 
calculated in a flow field for a longer period of time, and the temporal and spatial 
movements of the air element are traced. In the course of this movement an air ele
ment absorbs pollutants on its path across sources and releases them over sinks. If 
this process is simulated for particles which are released by certain emission sources, 
pollutant concentration can be determined from the spatial distribution of these par
ticles according to a random given dispersion time at a certain location. 

Fig. 3.58a shows as an example paths of air parcels (trajectories) which were cal
culated with the simulation model "FITNAH" developed by Gross. Fig. 3.58b shows 
a ground concentration field determined with this model. 

To make the change in flow direction visible on a hill in the transitional period 
from night to day air parcels were "started" between 5 and 9 o'clock in the morning 
above the ground and their trajectories were calculated. The influence of the thermal 
layers on the trajectory is clearly to be seen. Whereas, until 6 o'clock, the air parcels 
flow around the hill due to the stable layers close to the ground and cause relatively 
high pollutant concentrations there, after sunrise one can see the increasingly obvious 
relationship of the trajectories to the direction of the geostrophic wind. From 9 
o'clock onwards the effects of the topography on the trajectory is barely noticeable. 
Once the air exchange has noticeably improved, pollution concentrations in the at
mospheric layers close to the ground drop dramatically. 

K-models 

When using Lagrange models the volume of the air parcel being examined changes 
on its trajectory depending on the ambient pressure that it is exposed to. When using 
K- or gradient models, however, the geometric space where atmospheric pollution 
transport is to be investigated, remains unchanged. 

K-models are based on the fact that turbulent diffusion can be treated analogous 
to molecular (Brownian) diffusion. When applying models of this type, turbulence
dependent substance transport is treated as being proportional to the concentration 
gradient of a pollutant gas between inlet and outlet of a controlled volume. The pro
portionality factor is, in this case, the turbulent exchange coefficient K, for which 
this type of model is named. As turbulence-induced movements of air parcels differ 
in vertical and horizontal directions, they must be assigned different diffusion coef
ficients. 

The central equation for K-models is the advection-diffusion equation (3.27) 
which can be derived from the continuity equation in a general formulation [134]: 

8c (~ t) = _ u( X, t) . V c (x, t) + V (K (x, t) . V c (x, t) ) 

+Q(x, t) +S(x, t), 

i 
t 
c (i, t) 

ii (i,t) 

location vector, 
time, 
pollutant concentration at location x at time t, 
time and location dependent (medium altitude) wind field, 

(3.37) 
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V Nabla operator, 
K (X, t) diffusion tensor containing as diagonal elements diffusion 

coefficients in all three coordinate directions, 
Q (X, t) mass flow of time and location dependent pollutant sources, 
S (X, t) mass flow of time and location dependent pollutant sinks. 

This differential equation for the description of time-related change in pollutant con
centrations at a defined location at a certain time is composed of a transport term 
(advection term) caused by the driving average wind field, a diffusion term taking 
into account turbulence-induced movements and spatially and temporally varying 
source and sink terms. 

Generally formulated, the advection-diffusion equation cannot be solved com
pletely (mathematically definitely). For this reason numerical processes must be 
employed to solve this equation system. The differential quotients of the advection
diffusion equation are then replaced by differential quotients between spatial and 
temporal points, whereby a comprehensive system of equations is available for the 
calculation of concentrations closely linked in space and time. By following a certain 
framework of conditions, this system can be solved step by step [135]. 

Depending on the type of concept used to solve the advection-diffusion equation 
one differentiates between different types of K-models: 

When working with Euler's grid models a suitable, fixed spatial grid is imposed 
on the distribution area and the space to be investigated is partitioned into a multi
tude of individual volume elements. At the individual grid points the advection
diffusion equation is solved with the help of finite difference equations for discrete 
sections of time. As these computing operations are highly time-intensive and require 
large memory capacities, the use of Euler's models is largely restricted to scientific 
questions [136]. 

In particle-in-cell models diffusion velocity is determined via the concentration 
gradient and imposed on the advection movement determined by the wind field. 
With the thus derived pseudotransport velocity the continuity equation follows on 
from the advection equation via a formal simplification. This continuity equation can 
then be solved in a fixed spatial grid with numerical processes [125]. 

Box models 

The simplest concept for the calculation of an air volume's composition is a Box 
model. Limits of the area to be investigated are the ground as lower limit and, as a 
rule, an inversion layer as upper limit. The lateral limit of the box is determined by 
the horizontal expansion of the test area, s. Fig. 3.59. 

As a rule it is considered a precondition that the air inside the volume investi
gated be ideally mixed. Air movements induced by turbulent diffusion and wind 
flows inside the box are not taken into consideration. Changes in concentration result 
merely from deposition and transformation processes. 

Box models take into account the horizontal transport (advection) and removal of 
air pollution in the form of a constant flow through the lateral limits of the volume 
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Upper boundary 
of mixing layer 

Fig. 3.59. Diagram of a box model investigation area 

element being investigated. They are particularly well-suited to simulating transfor
mation reactions concerning atmospheric chemistry as pollutant concentrations must 
be basically calculated at only one single point. This type of model, however, can 
neither be employed to investigate areas with in homogenous sources at different 
locations nor for sinks [136]. 

Gaussian models 

To calculate the dispersion of non-sedimenting substances from point sources which 
are not subject to physical and chemical transformations during transport, a calcula
tion model based on Gaussian diffusion is used for approval procedures (calculations 
of stack heights, air quality prognoses). 

This dispersion model is based on the analytical solution of a highly simplified 
form of the advection-diffusion equation. Preconditions for this are constant emis
sion, constant wind field in terms of location and time with unchanging wind direc
tion, spatially and temporally unvarying diffusion parameters, a flat, vacant disper
sion area and a complete reflection of pollutants impacting the ground [137]. 

The coordinate system is positioned into the space investigated in such a way that 
the origin is set at the base of the emission source in question and the x axis points in 
the direction of the average wind, s. Fig. 3.60. 
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Fig. 3.60. Dispersion of smoke plumes ace to a Gaussian distribution [137] 

In addition to the above conditions, advection in x direction must prevail over 
turbulence-induced processes, so that the effects of diffusion in this direction may be 
disregarded. Furthermore, it is assumed in a simplified form that the diffusion 
movements in y and z direction proceed according to a Gaussian distribution [136]. 

For emissions from point sources the ambient air concentration can then be de
scribed by the two-dimensional so-called Gaussian plume equation (3.28) at a certain 
location leewards of the source [137,138] : 

C(X,Y,z) = 

x,y,z 

c (x, Y, z) 

z 
Q 

(3 .38) 

cartesian coordinates of the point in the distribution direction (x), 
vertical to the distribution direction horizontal (y) and vertical (z), 
mass concentration of air pollution at the point of impact 
with the coordinates (x, y, z) for every single distribution 
situation, 
altitude of the point of impact above ground, 
emission mass flow of the emitted air polluting substance 
from the emission source. 
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effective source altitude, 
horizontal and vertical dispersion parameters, 
wind velocity as a function of altitude. 

The above-mentioned assumptions which, for the moment, distinctly restrict the field 
of application of Gaussian models, are partially compensated for by the use of spe
cial input parameters, which were taken from dispersion experiments. Based on such 
experiments, stability classes were defined by different authors (Pasquill [139], 
Turner [140], Klug/Manier [141, 142]), taking into account exchange conditions 
during typical weather conditions. These stability classes characterize the turbulent 
condition of the atmosphere and are limited by wind velocity as well as the type of 
layering which provides the information on radiation conditions, the degree of 
cloudiness and cloud altitude. 

In the version of the TA Luft (Technical Directive on Air Pollution Control) 
[138] currently valid the stability classification is laid down by Klug/Manier. To set 
up prognoses the pollution concentrations calculated for different wind directions 
and stability classes are taken into consideration according to the statistical frequency 
of these conditions. 

3.4.3 Consideration of Chemical Transformations in 
Dispersion Models 

An important area in the field of simulation models is the determination of the pollu
tion from secondarily formed components: photochemical species (Los Angeles 
smog), acid air pollution (London smog). The reliability of such simulation calcula
tions depends on whether the physical and chemical transformations taking place in 
the atmosphere can be simulated with sufficient accuracy. 

By including transformation reactions a dispersion model is considerably en
larged and the required computing time correspondingly prolonged. Except when 
using simple box models, the mathematical concepts for the calculation of the trans
port of reactive air pollution, including dry and wet deposition, require the solving of 
the general advection-diffusion equation which takes into account the chemical trans
formations via an additional reaction term. With the help of a system of coupled 
differential equations, this term has the effect that the concentrations of individual 
pollutants are not determined independently of each other, but by taking their mutual 
influence into consideration. 

Owing to the great variety of possible reaction processes in the atmosphere sim
plifications are necessary, but above all, the number of compounds to be examined 
must be restricted. The influence of organic compounds is either considered by 
combining several hydrocarbons into certain groups in which decomposition 
mechanisms follow the same pattern, or by tracing such components which can be 
regarded as being representative substances of entire reaction classes [132, 136]. In 
the case of inorganic pollutants only the most important main reactions are repre
sented as models. 
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3.4.4 Summary and Overview of Model Concepts 

Fig. 3.61 once again shows the correlation between dispersion theories and model 
concepts in brief. 

Statistical theory of Taylor 
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Fig. 3.61. Overview showing the correlation between distribution theories and model concepts 
[125] 
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4 Effects of Air Pollution 

4.1 General Considerations 

In our industrial age man releases a variety of trace substances into the atmosphere. 
Apart from the compounds primarily emitted, one also finds secondary components 
created by chemical transformations. All of them are integrated in manifold ways 
into substance cycles not only involving the atmosphere but also the soil (litho
sphere), water (hydrosphere) and living space of man and animal (biosphere). 
Whether atmospheric trace substances become noxious for humans depends on both 
their direct effects on man's physical well-being and on his living conditions in his 
environment, with the food chain representing a particularly close connection to 
animal and plant life. Indirect damage, also, to climate and living space influence 
both physical health as well as mental well-being. Damage to material goods, on the 
other hand, merely causes material and psychological irritation. 

4.1.1 The Range of Possible Types of Damage 

The extent of the negative effects of air pollution can vary greatly. They range from 
an imperceptible basic load to irritation, sickness and death. The disorders caused do 
not usually occur immediately on exposure (acute damage). It is more frequently the 
case that only after prolonged exposure, often after enrichment, i.e., accumulation, 
that chronic ailments become visible. Particularly in complex organisms or biologi
cal communities, the effects become obvious after some time has elapsed: 

One must distinguish between temporary, i.e., reversible, and permanent, i.e., ir
reversible damage. The search for clear-cut cause-and-effect patterns is often com
plicated by the simultaneous occurrence of several damaging factors with reinforcing 
effects, synergisms, by far exceeding the sum of the effects of single components. 
However, compensatory effects also occur. One then speaks of antagonisms. 

In these generally highly complex effect relationships a clear understanding of 
the essential effect structures is required to be able to predict the behavior of larger, 
natural total systems. Therefore, a great deal of research is presently being concen
trated on the effects of air pollution on humans, animals, vegetation, materials as 
well as climate and habitat. The effects on processes related to atmospheric chemis
try and the radiation balance of the earth take up a special position in this list, as the 
processes are restricted to the atmosphere in these categories. 
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4.1.2 The Path of Air Pollutants to the Location where they Become Effective 

In all areas the deposition of trace substances from the atmosphere is the precondi
tion of air pollutants. In many cases special attention must therefore be paid to the 
conditions for deposition. They are the decisive factor governing which substances 
come into contact with the subsequent place of effect, the locations and the extent. 
These processes are fundamentally similar transport processes, regardless of whether 
biological surfaces, e.g., the lungs of a human being or a leaf, or abiotic surfaces, 
such as the facades of buildings are involved. The following transport mechanisms 
are the main processes of separation in varying degrees of frequency: 
- turbulent diffusion due to atmospheric turbulence, 
- molecular diffusion due to Brownian molecular motion, 

sedimentation due to gravitation, 
impaction (inertial precipitation of aerosols). 

Gas deposition is mainly restricted to diffusion processes. Sedimentation and impac
tion are mass-dependent mechanisms and therefore pertain to fluid droplets and par
ticles. Often, wind movement is decisive for the substance transport through the 
barrier layer between atmosphere and surface of the "target" object. 
The extent of the deposition is additionally dependent on the structure and condition 
of the barrier area. They determine the sorption properties of the surface or its adhe
sive properties for aerosols. 
Aqueous wetting films promote the solution of hydrophile gases or particle compo
nents which are inert in a dry condition. This is especially true of acidic gases such as 
S02' N02, HCI. In the case of sulfur dioxide, it is wet-chemical oxidation, e.g., which 
actually leads to the formation of the effective sulfuric acid. 

Finally, air pollutants can penetrate the target object. Transport to the actual point 
of penetration is usually based on diffusion processes. In contrast to abiotic materi
als, plants, animals and even human beings have active transport mechanisms at their 
disposal. They themselves influence within their bodies the distribution of the air 
pollutants which have entered. In many cases specific detoxification mechanisms by 
which living beings discharge noxious substances or bind them so that they become 
harmless, i.e. immobilize them, take effect. 

4.2 Climatic Changes Caused by Atmospheric Trace Substances 

The term climate is generally understood to be the mean weather profile at a certain 
location measured over many years. The climate depends on atmosphere, hydro
sphere and biosphere in a number of ways, with the radiation balance of the earth 
playing a special role. 

Atmospheric trace substances influence this radiation balance considerably. E.g., 
the stratospheric ozone layer functions as a UV filter and thus makes life on earth 
possible. Then again, the naturally occurring infrared-active greenhouse gases tem
per the earth's surface to a mean of 15°C; without them the mean temperature would 
be at approx. -20°C [1, 2]. Therefore, changed trace substance concentrations can 
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thus dramatically interfere with the radiation balance and thus modify the weather 
situation on earth in the long run. 

The concentration development of some climate-relevant trace substances has 
been compiled in Table 4.1. Ozone, water vapor and aerosol particles do not show 
any readily apparent trends, whereas the anthropogenic greenhouse gases CO2, CH4, 

Np and fluorochlorinated hydrocarbons (CFC) show a clear increase in their con
centrations. 

Table 4.1. Climate-relevant atmospheric trace components and the changes in their occurrence 
(acc. to [I]) 

Trace Part of the Mixing Annual change Reasons for 
component atmosphere ratio of concentration change 

Trace components without significant trend 

0) Troposphere Variable + 1% (only lower Burning of fossil fuels 
troposphere of 
the mean latitudes 
of the northern 
hemisphere) 

Stratosphere Variable -0.3% (mean Photolytic decomposi-
latitudes) tion of CFCI) and 

CF2CI2 

- 40% (Antarctica, Degradation products 
Sept. + Oct.) ofCFCI) and CF2Ci2 

H20 vapor Troposphere Variable Increase 
(tropical Pacific 
region) 

Aerosol Troposphere Variable Increase Air pollution 
particles (limited areas) 

Greenhouse gases with rising trend 

CO2 Troposphere 345 ppm + 0.50/0=1.6 ppmJa Fossil fuels, destruc-
tion of parts ofthe 
biosphere 

CH4 Troposphere 1.65 ppm + 1.2%=27 ppb/a Cultivation of rice, 
cattle, dumps, fossil 

fuels, destruction of 
biosphere by 
burning 

N20 Troposphere 0.32 ppm + 0.20/0=0.9 ppb/a Nitrogen fertilization, 
fossil fuels, destruc-
tion of parts of the 
biosphere 

CF2CI2 Troposphere 400 ppt + 4.5%=18 pptla Refrigerants, 
spray cans 

CFCL) troposphere 270 ppt + 5.2%=13 pptla Refrigerants, spray 
cans, production of 
insulating foam 
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Fig. 4.1. Diagram showing the interactions of atmospheric trace gases with the radiation ba
lance of the earth 

The most important mechanisms leading to climatic changes due to atmospheric 
trace substances are shown schematically in Fig. 4.1. They can lead to both a rise in 
the mean surface temperature of the earth as well as to a drop. 

4.2.1 Temperature Increase 

Several effects can lead to a global warming of the earth's surface. Increased radia
tion of sunlight on the earth's surface, especially of high-energy UV light, warms the 
surface of the earth as also decreased light reflection from the area of the lower at
mospheric layers. Therefore, the present points to be discussed are the destruction of 
the stratospheric ozone layer as well as the increase of the so-called greenhouse 
gases. A rise in temperature would have numerous, fearsome consequences, among 
them the shifting of climatic zones and with them the shifting of the inhabitable re
gions of the earth, the expansion of the deserts, as well as the flooding of larger areas 
of land due to the melting of polar ice masses. 

4.2.1.1 Destruction of the Stratospheric Ozone Layer 

In the upper stratosphere ozone occurs in high concentrations. This natural ozone 
layer acts as a filter for high-energy sunlight, as ozone has strong absorption bands in 
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the UV range. The light energy absorbed by ozone then becomes independent of 
direction and is then reflected with a greater wave length. Only part of the light en
ergy reaches the earth. 

Owing to a number of anthropogenic air pollutants this ozone layer can be de
stroyed. The consequences would be a warming of the earth's surface, a decreased 
stability of the thermal layering of the stratosphere and increased UV radiation in the 
troposphere. Humans, many animals and plants are highly sensitive to hard UV-B 
and UV -C radiation which are even richer in energy. 

The decomposition of the stratospheric ozone layer is attributed to two substance 
groups [7]: 
- fluorochlorinated hydrocarbons (CFHC), 
- oxides of nitrogen (NO.). 

CFHC, which stand out for their chemical stability, have very long lifespans (50-100 
years) and therefore reach the upper air layers of the stratosphere after a migration 
period of approx. 10 years. Once in the ozone layer they are photolyzed by high
energy UV radiation (A,<220nm). Split off chlorine atoms then can effect ozone de
composition [3, 5]. Conditions in the stratosphere were simulated in reaction cham
bers under laboratory conditions. Chlorine monoxide (CIa) was formed as the final 
product of complicated chain mechanisms. 

Since 1979 a steady depletion of the stratospheric ozone layer has been observed 
with the help of satellite images during the winter months in Antarctica. During the 
first measuring flights in the Antarctic stratosphere, considerable CIa concentrations 
could be measured in the center of the "ozone hole", so that today the contribution of 
CFHC to ozone decomposition is considered a proven fact [5]. 

Ozone decomposition in the stratosphere is also brought about by the oxides of 
nitrogen released there. Air traffic which is still relatively infrequent in this elevated 
atmospheric layer will probably become busier in the future due to supersonic 
flights, above all military aircraft and space flights. Nuclear explosions in the atmos
phere would, however, release even greater amounts of nitrogen oxide than aircraft 
and rocket engines. In this case tremendous changes in the composition of the at
mosphere would have to be expected [6]. The rapid increase in air traffic with nor
mal ultrasonic passenger aircraft (up to 10 % annually in the FRG) releases oxides of 
nitrogen and hydrocarbons in the region of the tropopause (at an approximate alti
tude of 8-12 km). According to current information these emissions tend to effect an 
increase of the ozone concentration similar to that close to the ground, according to 
model calculations an increase of approx. 20 % at an altitude of 10 km [7]. With the 
development of fuel-saving aircraft engines hydrocarbon emissions are dropping and 
emissions of oxides of nitrogen increasing further. This could entail an ozone de
composition at the operation range of passenger aircraft (at 8-12 km height). 

Similar to CFHC the low-reactive dinitrogen monoxide Np (laughing gas), 
originating from microbial nitrification and denitrification in the soil, rises to strato
spheric altitudes and can also contribute to ozone decomposition there. 

Prognoses pertaining to developments in the stratospheric ozone layer are con
stantly being revised according to new findings from direct measurements and labo
ratory tests, for reaction kinetics and emission development in particular [7]. 
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4.2.1.2 Greenhouse Effect of Infrared-Active Gases 

Gases with strong absorption bands in the infrared (IR) light range are called green
house gases. These gases absorb the IR radiation reflected by the earth's surface in 
the troposphere and transmit it in no particular direction, so that it is partially re
flected back to the earth. Like a glass-enclosed greenhouse, they do not impede the 
entry of short-wave sunlight. 

The most significant IR-active gas is water vapor. It occurs in large amounts in 
the troposphere . Increased surface temperatures raise the rate of evaporation and 
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thus increase the water vapor concentration. The result is a reinforcement of the 
effect (so-called positive feedback). 

The increase of anthropogenic greenhouse gases (s. Table 4.1) is linked to the in
crease in energy consumption in numerous ways. The particularly extreme increase 
of the trace gases CH4 and CO2 is additionally connected to the massive changes in 
agricultural utilization, above all in the Third World. This is evident from the exam
ple of the development of the atmospheric CO2 content of the northern hemisphere 
during the last 100 years, s. Fig. 4.2. 

Both the exponentially growing consumption of fossil fuels world-wide, espe
cially in the industrial nations, (s. Fig. 1.5) as well as the accelerated deforestation of 
annually 1 % of the tropical forest area release enormous amounts of CO2 into the 
atmosphere. Simultaneously, significant biomass volumes are destroyed world-wide 
which in turn decreases global photosynthesis performance. The carbon cycle of the 
earth loses its balance [8]. 

But the greenhouse effect of anthropogenically released CO2 will be exceeded by 
that of the other greenhouse gases in the near future (s. Table 4.1). Although they 
only occur in small amounts they absorb IR radiation much more effectively than 
CO2 [1, 2, 4]. 

Prognoses pertaining to the temperature development of the earth's surface due to 
greenhouse gases are, however, still very unreliable. Apart from model simplifica
tions, changed frame conditions can lead to results which vary greatly. Even a dimi
nution of the degree of cloudiness by a mere 4 % effectuates the same warming as a 
doubling of the CO2 content in the troposphere [1]. 

4.2.2 Temperature Drop Due to Particle and Cloud Occurrence 

The temperature on the earth's surface drops when incoming radiation energy is 
reduced by air pollution. Water droplets or dust particles in the atmosphere reflect, 
scatter and refract incoming sunlight and partially absorb it. Therefore only part of 
the radiated solar energy reaches the surface of the earth. The most significant natu
ral sources of aerosol are volcanic eruptions. Their climatic impact can be far
reaching. The ice ages in the earth's climatic history are attributed to them. 

Direct anthropogenic influence on particle occurrence and cloud formation has so 
far been essentially restricted to industrial areas (e.g., power plants, cooling towers). 
In the future, however, massive changes in agricultural utilization in the Third World 
(deforestation, forming of deserts) will probably have more widespread influence on 
particle and cloud occurrence in the troposphere. 

Lately different scientists have drawn attention to the fact, that if nuclear weap
ons were used, enormous amounts of aerosols would be released into the atmosphere 
in a flash. Model calculations indicate that after a nuclear conflict aerosol concentra
tions would rise to such an extent even in the southern hemisphere, that there, too, 
surface temperatures would drop dramatically for a long time ("nuclear winter") [6, 
10]. Along with that many forms of life would become impossible. 
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4.2.3 Prognostic Difficulties 

It is difficult to make quantitative statements on the development of the earth's cli
mate and to predict the complex interrelationships between the atmosphere and other 
parts of the earth, the hydrosphere with the enormous storing capacity of the oceans 
for substances and energy as well as the biosphere and lithosphere [1 , 11-13]. At 
present a tendency of the mean surface temperature of the earth to increase by ap
prox. 1 °C/lOO years is to be observed [1] . This rise could quite possibly be caused 
by man's interference, but it could also lie within the range of natural climatic fluc
tuations, s. Fig. 4.3. Even if climatic research cannot answer this question with abso
lute certainty, it has, however, revealed that our present climate is definitely not a 
self-stabilizing system. On the contrary, it can react very sensitively to changes in 
climate-determining factors. 
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Fig. 4.3. Temperature reconstruction (in this case relative to the global mean value) based on 
ice drillings in Antarctica. A hypothetically possible anthropogenic influence on trace gases in 
the future has been included [I] 

4.3 Effects on Materials 

The effects of air pollution on material objects manifest themselves mainly in surface 
corrosion of varying degrees . The mechanisms of effect are usually relatively easy to 
grasp, the effects being more obvious than in biological systems. Nevertheless it is 
not always easy to differentiate between the effects of atmospheric pollutants and the 
influences of climate, particularly those of UV radiation and humidity, pollutant 
deposition conditions and bacterial activity . Synergistic effects of several simultane
ously interacting pollutants are also known [14] . 

The building materials stone, steel, concrete and brick are the ones exposed to 
atmospheric conditions to a large extent. The damage to historical buildings made of 
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Fig. 4.4. Sandstone statue from the year 1702, Herten Castle near Essen, Germany. Condition 
in the year 1908 (a) and 1969 (b) [16] 

natural stone is particularly serious. In these cases art treasures of historical value are 
being destroyed. Two photographs of a statue of Herten Castle near Essen show how 
rapidly this figure has decayed in a matter of only 60 years, s. Fig. 4.4. 

Greater corrosion velocities by far than those caused by the basic pollution of the 
atmosphere occur in the vicinity of certain emission sources outside or inside build
ings where diluting effects are minimal. In such an ambience, greatly varying emis
sion-material combinations with specific corrosion effects occur. The natural corro
sion of metal surfaces and mineral building materials is accelerated dramatically by 
the deposition of acid gases and dust particles in combination with humidity. 

4.3.1 Mineral Building Materials 

Sulfuric acid formed from sulfur dioxide plays a major role in the corrosion of min
eral building materials. It corrodes the limestone (CaCO) which many kinds of natu
ral stone as well as concrete contain and transforms it into gypsum CaS04 • 2Hp 
[15]: 

(4.1) 

The decisive factor for the corrosion effect is the extreme volume expansion of ap
prox. 100 % during the formation of the gypsum structure. This, in combination with 

b 
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the presence of cracks, frequently leads to a laminar chipping off of the stone or 
masonry. 

The carbonic acid forming at the same time can also effectuate the transformation 
of limestone: 

(4.2) 

During this process calcium hydrogen carbonate is formed. It is highly water-soluble, 
washes out well and, like gypsum, has poor mechanical strength. 

Several authors have investigated the dependency of the corrosion velocity in 
natural stones on S02 pollution. For this, the same material samples were positioned 
at locations with different ambient air quality situations under defined conditions, 
and the weight losses finally determined. Such a relationship is shown in Fig. 4.5. In 
this situation, S02 pollution cannot be regarded as the sole cause but as the reference 
substance for many other urban air pollutants. 

Corrosion is primarily a surface phenomenon. Building materials with alkaline 
reactions for the most part neutralise atmospheric acid depositions und thus protect 
deeper layers. In compact building materials such as reinforced concrete, the pene
tration of acids down to the steel reinforcements have nevertheless been observed 
[17 -19]. In these cases metal corrosion prevails. 
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Fig. 4.5. Dependency of corrosion rate of different natural stones on S02 deposition, measured 
with IRMA passive samplers, Northrhine-Westphalia, Germany [20] 
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4.3.2 Metals 

Metal corrosion, too, is caused largely by the effect of acid gases. In iron metals the 
main mechanism is electrochemical corrosion. Due to small spatial differences in the 
chemical and physical structure of the metal surface slight potential differences are 
created. Electrochemical cells, so-called local elements of corrosion with anodes and 
cathodes, are formed. These potential differences cause a corrosion current. The less 
precious metal of the anode is corroded. 

Dry, clean surfaces show negligible corrosion rates. A series of climatic and pol
lution parameters promote corrosion. It has been tried again and again to weight 
these parameters as universally as possible. For this, empiric corrosion functions 
have been set up which are to enable the forecasting of corrosion losses. The follow
ing factors have mainly been taken into account in these functions [21, 22]: 
- Duration of wetting: Aqueous wetting films owing to the formation of dew, 

deposition of hygroscopic particles or capillary action of pores offer reaction vol
umes for the local formation of acid from dissolved trace gases and are a medium 
for diffusive transport processes. They are formed when threshold values below 
100 % humidity are exceeded. 

- Pollutant concentration in the air: pollution caused by corroding trace substances. 
- Wind velocity: a measure for the turbulent transport of gases to the material sur-

face. 
- Temperature: limits velocity of chemical reactions and diffusion processes. 

Metal corrosion due to S02 pollution has been particularly well investigated. An 
example of this is shown in Fig. 4.6. The dependence of the corrosion rate of zinc, 
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Fig. 4.6. Corrosion rate of iron in dependence of the S02 deposition, measured with an IRMA 
S02 passive samplers, FRG and UK [23] 



4.3 Effects on Materials 185 

established by the loss of mass in test plates on the SOz deposition rate is shown here 
[23]. Zinc is frequently used as corrosion protection for surface coating of steel parts. 
Similar dependencies were also established for steel and SOz pollution [24]. 

For one thing, the effect of SOz goes back to the destruction of passivating oxide 
layers forming on dry surfaces, for another to its function in electron transfer in 
electrochemical cells. Depositions of particles with a high metal content increase the 
inhomogenity of the surface and with it the differences in potential which form here. 
It has been observed in industrial areas that heavy rainfall reduces the rate of corro
sion by cleaning the surfaces of heavy metal and acid particles. 

Similar to SOz other strong acid formers such as chlorine and fluorine vapors 
promote the corrosion of metals [17]. 

4.3.3 Other Materials 

Damage to paper, leather and textiles is also caused by the effect of acid gases, par
ticularly SOz' If these materials are to be stored for many decades, e.g., in museums 
or libraries, preservation is required to prevent them from becoming brittle [21]. 

Synthetic materials such as varnishes and pigments which are increasingly used 
today, are, however, usually damaged by photooxidizing compounds, mostly charac
terized by the reference substance ozone. Moreover, polymeric materials are cor-
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roded by other trace gases, e.g., by nitrogen oxides [14]. The embrittlement of rubber 
products and elastomeres as well as the bleaching of dyes [14], e.g., automobile tyres 
and cable insulation, is damage known to be caused by photooxidizing compounds. 
Macromolecules with carbon double bonds are particularly prone to oxidation by 
ozone. Varying shielding degrees of these compounds explain the wide range of 
ozone sensitivity even within one substance group. Apart from chemical structure the 
power of traction also influences the predisposition to brittleness of synthetic mate
rials. As a protection against ozone many synthetic substances are mixed with special 
additives. 

The pronounced ozone sensitivity of certain synthetic compounds, can, on the 
other hand, be exploited as an indicator for air quality control. As synthetic indica
tors they are suitable for estimating the presence of photooxidizing compounds. 
Measurements in Southwest Germany revealed a clear correlation between the mean 
ozone concentration and the tensile strength of NBR elastomer samples (nitrile
butadien rubber without ozone protection), s. Fig. 4.7. With increasing brittleness 
caused by the exposure to photooxidizing compounds their tensile strength becomes 
poorer. 

4.4 Effects on Vegetation 

Wild and cultivated plants are both exposed to atmospheric trace substances in mani
fold ways. Gases or components of particles and precipitation have either a direct 
effect on aboveground plant parts, mainly on needles or leaves, or, after longterm 
exposure, an indirect effect on the roots via the soil. Changes in plant functions can 
thus occur which are either noxious for the plant or even beneficial. Under certain 
circumstances plants are even dependent on receiving certain trace substances from 
the atmosphere for their vital functions. Depositions of these substances then have a 
fertilizing effect. Particularly mineral elements and nitrogen compounds in precipita
tion and particles function as nutrients and important trace elements. 

Increased contributions of atmospheric trace substances, however, can also lead 
to disorders in the natural plant functions which can interfere with the economic 
applications of the plants. Such damage can entail a loss of economic and idealistic 
values or also of human living quality. Moreover, on a larger scale, this type of dam
age can also upset nature's balance and reduce genetic diversity. 

One of the most far-reaching effects of the impact of air pollution is the large
scale breakdown of entire ecological systems. The example of deforestation over 
large areas shows how humans are indirectly affected by air pollution. If the woods 
cannot continue to exert their protective function, erosion damage such as loss of soil 
and landslides, insufficient water retainment and filtration as also climatic changes 
are to be expected. 

Table 4.2 compiles the most important consequences of varying degrees of 
vegetation damage which have been observed as effects of air pollution. Among 
them plant damage leading to economic losses in agriculture and forestry have been 
most closely investigated. 
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4.4.1 Plant Damage Caused by Air Pollution 

Most information concerning vegetation damage has been derived from situations 
with an obviously higher occurrence of individual atmospheric pollutants in the vi
cinity of industrial emissions. Gas components S02' C12, HCl, HF, NH4 and C2H4 as 
well as particles containing heavy metals and alkalines are known for their phyto
toxic, i.e., plant-damaging effect. As a rule, it is only near emission sources that their 
concentrations are high enough to cause acute damage. However, photochemical 
compounds such as ozone and peroxyacetyl nitrate (PAN) also occur on a large 
scale, although their formation takes place secondarily due to reactions involving 
atmospheric chemistry. In some regions of the USA their concentrations are high 
enough to cause considerable reductions of yields in particularly sensitive agricul
tural plants [26]. 

Concentrated acids formed from acid gases by atmospheric oxidation, usually 
bound in precipitation or on particles, are also to be found over large areas and can 
have a plant-damaging effect. 

At longer distances from emission sources plant damage cannot usually be iden
tified as the sole effect of certain air pollutants. Their damage profiles usually deviate 
from the ones obtained from controlled laboratory tests where one isolated damage 
factor was applied. A monocausal interrelationship between cause and effect does 
not apply in these cases. 

4.4.1.1 Determination of Dose-Effect Relations 

Whether and to what extent an air pollutant has a harmful effect on plants depends 
on a number of factors from the field of environmental pollution as well as on the 
sensitivity of the individual systems concerned. Some of the main factors are [26]: 
- Pollutant situation: concentration, contact time: duration, frequency and sequence 

of exposure, simultaneous occurrence of different pollutants; 
- external growth factors: light, temperature, humidity; water and nutrient supply; 

individual disposition: species, variety, specific individual sensitivity; state of 
development, germination, leaf age, physiological activity; prior development 
(development of defense mechanisms). 

The multitude of different effect constellations can easily be imagined on looking at 
this list. As optimum growth conditions are aimed for in agricultural cultivation, the 
relationships here are more obvious than in extensive utilization. Based on pollution 
experiments in open, closed or air-conditioned greenhouses with generally good 
growth conditions and defined pollutant exposures, definite dose-effect relationships 
can be determined. The results, especially the symptoms produced, are compared 
with outdoor statistics in polluted areas, in which a larger number of influencing 
factors must be taken into account. 

An entire life cycle can be followed merely by investigating cultivated annuals. It 
is difficult, however, to determine long-term effects on shrubs, bushes and trees. 
When investigating forest damage toxicological concepts are to be applied in which 
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effects caused by short-term exposure doses are extrapolated to longer periods of 
time. 

Threshold values of phytotoxicity are known for a series of gases harmful to ag
ricultural plants. They take concentration and contact time into account. Using HF as 
an example, such a dose-effect relationship is shown in Fig. 4.8. 

At the first proximation critical exposure and dose values (= concentration x 
time) at which particularly sensitive plant species first show damage profiles are 
often used [26]. Based on these effect relationships, threshold limits result in high 
values for short exposure periods, but low values for long exposure periods. 

Threshold values such as these are listed in Table 4.3 for selected air pollutants. 
They take into account first visible plant damage, e.g., discolorations (chloroses) or 
drying (necroses) of leaves or needles or else a distinct growth depression of plant 
species especially sensitive to the particular pollutant. Indirect effects via soil are not 
taken into account any more than latent, "invisible" damage, as these can be inade
quately simulated in short-term experiments. Combination effects of several air pol
lutants also remain unconsidered. 

Synergisms occurring during an impact involving two components have been 
known in a series of cases [26, 28-30]. The concurrence of three and more harmful 
atmospheric factors has been insufficiently investigated so far. Efforts are presently 
being undertaken as part of the research into the recent forest damage in Germany 
("neuartige Waldschaden"). 

4.4.1.2 Damage Mechanisms and Profiles of Single Air Pollutants 

Absorption is the first step of an air pollutant to its place of effect within a plant. 
There are two paths of entry into the leaf or needle: 
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via stomata mainly on the leaf or needle undersides; they open and close accord
ing to the CO, required for photosynthesis and evaporation for temperature regu
lation; 
via the epidermis which is covered on the outside by a protective wax film 
(cuticle). 

Most substances enter the plant via the stomata, particularly gases and the dissolved 
components in aqueous films on the leaves. 

Photochemical compounds 

From the point of entry these dissolved substances are relocated in the intercellular 
space of the plant. Some of them destroy cell structures, others interfere with the 
plant's metabolism. Table 4.3 lists in a brief outline the main damaging mechanisms 
of the most important air pollutants. The strong radical formers OJ and PAN already 
have an effect in the vicinity of the stomata. They react particularly fast with unsatu
rated fatty acids and sulfonyl groups, e.g., of amino acids. To a limited extent the 
plant is protected against these strong oxidizing agents by its own enzymes. E.g., the 

Table 4.3. Plant damage caused by air pollution (compiled acc. to [26, 27, 31-33]) 

Damaging Most sensitive Visible damage Damage Damage 
pollutants plants to foliage mechanisms threshold 

Ozone - OJ Tobacco, wheat Reddish-brown Absorption via stomata, 40 ppb/7-8 h 
rye, bean, pigmentation oxidative destruction 30 ppb long-
potato, vine, on upper leaf of lipoproteins of the term expo-
tomato, chloroses and surface,cell mem- sure 
pine (pinus necroses at tips branes (~Ieaching), 
silvestris) and margins of destruction of products 

needles, of metabolism such 
premature as unsaturated fatty 
leaf shedding acids and sulfunyl groups, 

disruption of photo-
synthesis 

Peroxyacetyl- Tobacco, bean, Bronze·colored Similar to OJ, in particular 10 ppb/8 h 
nitrate - PAN leafy lettuce, stains on underside inhibition of fat synthesis, 

species of pine, of leaves, discolora· inhibition of enzymes 
poplar, oak tion of needles, pre-

mature aging 

Sulfur dioxide- Wheat, rye, Necroses between absorption via stomata, 180 ppb/ 8 h 
S02 barley, cotton, leaf nerves and formation of H2S03 8 ... 17 ppb/ 

species of on rims (dec i- or H2S04 in the inter- vegeta-
fruit trees, duous trees), cellular space, dis- tion period 
species of reddish· brown ruption of assimilation 
pine and striped discolora- functions, changes of 
birch tion of needle tips enzymes and proteins, 

rigid stomata 



Damaging 
pollutants 

Hydrogen 
fluoride - HF 

Most sensitive 
plants 

Fruit trees, 
pine, species 
of spruce, 
vine, tulip 

Chlorine, hydro
gen chloride
C12, HCI 

Nitrogen 
oxides 
NO, N02 

Ammonia 
NHJ 

pine, 
species of 
spruce 

Hydrogen sulfide 
H2S 

Acid precipitation 

Metals Various 

Visible damage 
to foliage 

Necroses on ti ps 
and margins 

Similar to S02 

Grayish, brownish 
discolorations 
starting on the leaf 
margins going inward, 
reddish-brown to red
violet discoloration 
starting on the tips 
of the needles 

Similar to S02 

Necroses between 
leaf veins 

Small, stain-like 
necroses on 
vascular bundles 
and stomata 

Different 

, mass concentration in the ashes of leaves or needles 
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Damage 
mechanisms 

Aerosol and caustic 
damage on epidermis; 
gas: absorption via 
stomata, transport 
to margins and tips; 
storage, damage to 
cell structures, dis

ruption of assimilation 
functions 

Absorption through 
stomata, pH decrea
sing at the point of 
entry, disruption of 
longterm assimilation 
functions, possibly 
formation of 
nitrosamine 

Collapsed tissue 
without loss of 
chlorophyll 

External attack on 
leaf areas without 
hydrophobic wax 
layer (reinforced by 
OJ exposition), 
necroses, leaching, 
absorption via stomata, 
buffering by plants, 
ion exchange (H+ 

Damage 
threshold 

1.2 ppbll4 h 
O.ISppb/ 
vegetation 
period 

500 ... 1500 ppb/ 
0.5 ... 3 h 

20000 ppb/I h 
1000 ppb/ 
longterm 

55000 ppb/I h 

100000 ppb/ 
5h 

pH<3.1 .. ·3.2 
days to 
months 

against mineral substances 
from plant), loss of 
assimilates 

Disruption of 
assimilation functions 
and cell membrane 
structure 

Cd, Cr, Co, 
Ta, V: 
5 .. ·IOppm' 
Hg,Ni: 
25 .. ·40ppm' 
Cu, Pb: 
125 ... 140 ppm' 
Zn: 740 ppm' 
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enzyme peroxidase which also occurs in the cell walls inactivates secondarily formed 
hydrogen peroxide before it can penetrate into the cell. 

Despite similar effect mechanisms the symptoms of 0 3 and PAN in leaves differ 
greatly, as the two substances damage different organs. Ozone typically damages 
cells on the upper side of the leaf, whereas PAN destroys cells on the underside of 
the leaf (spongy parenchyma). When combined with acid precipitation 0 3 can effect 
a premature aging of the cuticle. As a rule, large-leaved field and ornamental plants 
are considerably more at risk from photochemical compounds than coniferous plants 
[30]. 

Acid-forming gases and heavy metals 

Comparatively weaker oxidisers are products of acid gases. It is only in very high 
concentrations that they have an effect externally, cauterizing the leaf surface in the 
same way as high-alkaline particles (e.g., spent limestone from cement factories), or 
directly at the point where they enter into the plant. In some cases they accumulate in 
certain organs of the plant. E.g., the plant relocates fluorides absorbed by the roots 
into the margin and tip zones of needles and leaves. That is why, after slight HF 
exposures over long periods of time, the highest fluoride concentrations were to be 
found in older needles. Deciduous trees are less sensitive to fluorine. Damage 
symptoms can be observed only after certain concentrations in needles or leaves are 
exceeded [27]. 

Heavy metals are enriched in plants in a similar way, then acting at their point of 
accumulation [31]. In these cases it is therefore more sensible to indicate damage 
thresholds in the form of mean contents of these substances in the leaves and nee
dles. 

Sulfur compounds, too, accumulate in leaves and needles, so that in respect to 
S02 coniferous trees are more at risk than plants shedding their leaves. The sulfuric 
and sulfurous acid forming from S02 interferes in many ways with the metabolic 
functions. This is reflected in generally poorer photosynthesis as well as in an in
crease in breathing (respiration) which leads to a lack of assimilate in the plant. 
Growth starts slowing down. Even the slightest S02 concentrations are sufficient to 
interfere with the closing mechanisms of the stomata. This effect results in an exces
sive loss of water [29]. 

Leaf and needle welling with acid precipitation 

In the context of the recent forest damage effects of acid precipitation have been 
investigated more closely. Both strong and weak acids have an effect on leaf organs 
via aqueous films (mainly H2S04, HNOJ High proton concentrations damage the 
epidermis in the leaf and needle areas where the hydrophobic cuticle is particularly 
thin. In combination with the impact of 0 3 chloroses and necroses are formed [28]. 
They lead to an increased leaching of nutrients and assimilates. Even low proton 
concentrations have an effect on the mineral balance of the plant. The protons con
tained in the wetting water on leaves displace mineral substances such as magne-
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sium, potassium and manganese in the cation exchanger places of the cuticle and in 
the area of the stomata [34]. As a result the leaves are drained of these essential min
erals. If these substances are not replenished via the roots in sufficient amounts, then 
the lack of magnesium, the central atom in the chlorophyll complex, e.g., will show a 
typical brownish-yellow discoloration of needles. 

4.4.2 Forest Damage 

Classic smoke damage 

Until a few years ago extensive damage to trees could usually be traced back to sin
gle causes. Weather-related events, pests, faults in forestry and also increased pollut
ant loads often showed very specific effects which either appeared only in certain 
species of trees or were limited to certain locations and times. Among them was 
forest damage near emission sources such as foundries and cement factories, or large 
furnaces which have been known since the last century particularly from the highly 
industrialized highland regions of the Ore Mountains, the Harz and the Thuringian 
and Franconian Forest. 

The biggest incidence of "classic smoke damage" of this type in Europe can at 
present be found on the ridges of the Ore Mountains and the Giant Mountains. Both 
are directly influenced by the Saxon and North Bohemian brown coal and industrial 
areas with their heavy discharges of S02 and particulate matter containing heavy 
metals. Since 1960 collapses of entire areas of spruce forest have been observed in 
the Ore Mountains which have led to the dying of approx. 600 km2 of the total forest 
area of 3500 km2 on the territory of the former CSSR alone. The leaf-shedding tree 
species beech, larch and rowan, however, which are less sensitive to S02 have hardly 
at all been affected [35]. Similar extensive forest damage is known from the area 
near the largest Canadian nickel foundry in Sudbury [29, 33]. 

Most recent forest damage 

Since the early eighties forest damage has occurred in many areas in Central Europe 
and in the Eastern United States in many widely differing coniferous and deciduous 
forests - damage which cannot be attributed to to a single one of the hitherto known 
causes either in kind or in extent. In contrast to classic smoke damage they are desig
nated as "recent forest damage". 

At first only firs were affected, but then the damage quickly spread to spruce and 
other conifers and later to beech, oak and other deciduous trees. Having started out in 
the high altitudes of the South German Highlands, particularly the Black and Bavar
ian Forest, the damage also quickly spread to Middle and North German forest areas 
and the Alp region, so that sick trees are to be found in the widely differing soil, 
climate, stock and silvicultural conditions today. Generally, the forest damage in
creases with the elevation of the stock location. The high altitudes of the Highlands 
are particularly badly affected. 
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West-facing stock is generally more prone to damage, even if the main pollutant 
load comes from other directions. This is even true of the Bavarian Forest in which 
the eastern slopes are more exposed to the impact of the emissions of the neighboring 
North Bohemian brown coal area [28]. 

Sites exposed to light and air are very much at risk, i.e., primarily single trees at 
the edge of a forest, trees standing free or those towering above the canopy. 

4.4.2.1 Damage Profiles 

There is no uniform damage profile. Even when looking at one tree species symp
toms can vary greatly. A systematic differentiation of damage profiles is at present 
being developed. With its help individual characteristics can be classified better. 
Nevertheless, the indicators of sickness of the trees most affected, fir and spruce, can 
be summarized in the following characteristics [28]: 
- growth anomalies: in spruces: branches hang down limply, 2nd degree (lametta 

syndrome); 
- in firs: reduced growth of the top shoot (stork's nest); 
- formation of young shoots, branches and twigs in the lower trunk area (water 

sprouts); 
- needle discoloration: needles of the upper side of branches exposed to light show 

brownish-yellow discoloration, usually with the exception of the new year's 
growth of needles; as a rule, there is a lack of magnesium and potassium with un
problematic concentrations of heavy metals and sulfur in the needles; 

- premature shedding of needles: loss of needles begins with the oldest needles and 
proceeds from the trunk to the periphery, from the base of the crown to the top; 

- disorders in the root area: reduced growth of fine roots and impaired mycorrhiza
tion (symbiosis of soil fungi and tree in fine root area, enabling the tree to absorb 
nutrients from the ground); 

- increment losses: in part abruptly since the sixties without any external indicators, 
in part gradual decline leading to the death of the tree. 

Apart from these there are specific regional characteristics, such as reddish needles 
near the limestone Alps. 

In deciduous trees, the most uniform damage profile is that of the beech. The 
main characteristics are [28]: 
- growth anomalies: whip-like short shoots between leaf veins, reduction in leaf 

size, curling up of leaf edges; 
- leaf discoloration: brownish-yellow discoloration of the upper crown areas ex

posed to light; 
- premature shedding of leaves: defoliation, mainly in the upper crown, starting at 

the shoot tips; 
- increment losses: continuous decline. 

At a later stage of sickness secondary parasites generally appear, adding to the syn
drome. Among them are wood fungi which can lead to a watercore in the center of 
the trunk and bark beetles which suck on the vascular bundles conducting nutrients. 
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4.4.2.2 Assumed Mechanisms of Effect 

A series of hypotheses which permit a more complete overall picture have been sug
gested to explain this recent forest damage, with a great variety of debilitating factors 
and possible trigger factors coinciding. 

The initially propounded theory of soil acidification forms the basis for this. Ac
cording to this theory, acid precipitation destroys the nutrient and water balance of a 
tree in several ways. 

Soil acidification 

On the one hand, acids can directly damage the stomata of leaves and needles and 
thus lead to nutrient leaching. On the other hand, continuous exposure to acids harms 
the buffering capacity of the soil and can finally reduce the pH value of the soil so
lution. As a consequence nutrients are leached from the soil to a much greater extent. 
In addition, when pH values fall below critical thresholds, metals such as aluminum 
are dissolved and are then biologically available. Particularly threatened by this are 
mycorrhiza fungi living in symbiosis in the fine root area of many trees species and 
supporting the tree in its nutrient supply. If, as has been frequently observed, there 
are only few active fine root tips, then such a tree is poorly supplied with water and 
nutrients, s. Fig. 4.9. 

In addition to this basic loading (predisposing factors), triggering factors such as 
frost and dryness make things worse. They, too, have a disadvantageous effect on the 
nutrient and water balance of the trees. Increased activity of nitrifying bacteria in 
warm, dry summers leads to further soil acidification through the formation of nitric 
acid. 

One limitation of this hypothesis is that it does not explain damage on well buff
ered soils (limestone). Also, toxic aluminum concentrations have so far not been 
proven even on acid soil sites. 

Nitrogen supply 

Another explanatory concept leads on from the soil adification theory. It takes into 
account the nutritient quality of the nitrogen in the atmosphere. In most forest areas 
this contribution exceeds the amount necessary for a balanced nutrient supply. With 
these originally favourable growth conditions an initially healthy plant development 
can quickly exhaust the low reserves of other nutrients and trace substances. Insuffi
cient adaptation to this situation leads to - as is known from agriculture - greater 
susceptibility to being damaged by frost and pests. 

The possible effect relationships of this hypothesis are presented schematically in 
Fig. 4.9. 

Ozone and acid precipitation 

The discoloration of the light-exposed upper sides of the needles of spruce and fir 
occurring mainly in the higher elevations of the highlands seems to explain the ozone 
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Triggering factors 
Frost, frost shock 

Frost susceptibility 

Dryness 

Fig. 4.10. Estimated effect relations due to ozone and acidic precipitation (ace. to [36]) 

hypothesis [28]. These forest areas with mostly low-nutrient soils are characterized 
by a high acid load due to precipitation of rain, but also by considerably more pol
luted fog water as well as by high atmospheric concentrations of photochemical 
compounds, e.g., ozone. The direct effect of ozone on the stomata of the needles is 
intensified by exposure to acids. Due to this, nutrients are leached from the needles 
to a much higher degree. The yellow discoloration observed in needles is the conse
quence of an - apparently light-induced - chlorophyll decomposition and is particu
larly linked with a lack of magnesium. 

Reduced photosynthesis can impair the supply of assimilates to the root space and 
thus interfere with the formation of fine roots so that the nutrient and water balance 
is disturbed. This damage profile goes hand in hand with an increased susceptibility 
to frost. Here, too, climatic conditions are added to basic air pollution as triggering 
factors. It is assumed that extreme dryness in the years 1976, 1982 and 1983 as well 
as the high recurrence of frost shocks in the years 1978, 1981, 1982 and 1983 with 
precipitous drops in air temperature of up to 30 Kelvin (New Year's Eve 1978) led to 
a simultaneous occurrence of forest damage in the Central European highlands. 

The effect relationships of exposure to ozone in combination with acid precipita
tion are shown schematically in Fig. 4.10. 

Organic substances 

So far investigation of recent forest damage has concentrated on the effects of inor
ganic atmospheric pollutants. The effect of many organic substances on forest trees 
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has hardly been researched at all. They, too, must be taken into consideration as 
causes for the recent forest damage. 

Current information on the presence of such possible plant poisons at forest sites 
and their deposition on plant surfaces as also the effect mechanisms of such sub
stances in plant physiology is as yet entirely insufficient to be able to explain the 
effects of organic components on the health of trees. 

Recent forest damage - a complex of diseases 

In spite of several years of intensive research in the field of recent forest damage 
none of the above-mentioned hypotheses have been able to entirely explain the great 
variety of observed symptoms within the most manifold internal and external frame 
conditions. According to current information a series of damaging mechanisms must 
work together so that in each case the weighting of the influence of single factors 
must be questioned. Unfortunately, special measures for emission reduction cannot 
be derived from such a complex of causes. 

However, there is sound evidence to show that under unfavorable soil and cli
matic conditions, there are a number of anthropogenic trace substances which lead to 
latent plant damage in forest areas even if they are present only in low concentrations 
as is the case in locations far from emission sources. Any additional load (stress) can 
then trigger visible forest damage to individual trees or even endanger the stock of 
entire forests. 

4.5 Impact on Human Health 

Apart from food and drink whose daily intake does not exceed a few kilograms and 
which can be chosen more or less freely, the air we breathe represents a medium 
which is taken in by all people of a certain area in the same way. On an average the 
air volume coming into contact with the organism of an adult comes to approx. 20 m3 

per day, which corresponds to a mass of 25 kg. Humans can live without solid food 
up to 40 days; without air to breathe, however, only a few minutes. One must there
fore devote special attention to the quality of the air inhaled. 

The pollutants contained in the air reach the inside of the body through respira
tion and remain there to be transformed or stored and enriched over a period of many 
years. 

The harmfulness of air pollutants for humans depends on the following factors: 
- toxicity of the indi vidual pollutants, 
- concentration of the pollutants x length of exposure = pollutant dose, 
- combined effect of several pollutants, 
- ambient conditions such as temperature, radiation, air movement, humidity a.s.o., 
- age and health condition of the individual. 

Air pollutants can cause irritation or physical and mental impairment. 
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There are varying types and degrees of damage, s. sect. 4.1.1. In the worst of 
cases mortality can increase (note the casualties during smog episodes, Table 1.2). 
Annoyance can, e.g., be caused by 
- visible clouds of smoke, 
- odors, 
- combinations of both. 

Visible clouds of smoke convey to many people negative information on environ
mental pollution. If this situation recurs often, mental well-being can be impaired due 
to the annoyance about this phenomenon. Unpleasant odors have much the same 
effect, with the personal perception of the individual being even more intense than 
with the visual impression. In this respect the sense of smell exerts a natural warning 
about harmful substances. When headaches or respiratory irritation follow the per
ception, then the lack of psychological well-being becomes a physical one. 

4.5.1 Possibilities and Difficulties of Recording Harmful Effects 

The effect of atmospheric pollutants on human health is the main argument for limit
ing pollutant emissions. The symptoms are, however, manifold, and simultaneous 
exposure along with other irritants often makes it very difficult to determine the 
specific effects of air pollutants. The findings available are from the research fields 
of occupational medicine, epidemiology, clinical studies and toxicology, s. Table 
4.4. To obtain exact information on the effects of individual air pollutants, experi
ments on human beings would have to be carried out with all other influencing fac
tors excluded (clinical studies). Such tests on voluntary test persons have to remain 
restricted to acute influences with reversible effects. Even then strictest precautions 
would have to be taken so as not to expose those involved to any danger of risking 
their health. 

Effects of long-term exposure cannot be investigated in this manner as one would 
have to expect permanent damage. However, an extensive long-term experiment has 
been taking place for many years: voluntary exposure of many people to combustion 
exhaust gases when smoking or involuntarily as passive smokers. 

According to the definition of the World Health Organization (WHO) epidemiol
ogy deals with the investigation of the distribution of diseases, physiological vari
ables and social consequences of diseases in human population groups as well as 
with the factors influencing this distribution [38]. As is known from epidemiological 
studies, 25,000 persons die of lung cancer annually in the FRG and 80-90 % of these 
cases are ascribed to smoking [39, 40]. Not only lung cancer but also numerous other 
diseases, e.g., in the cardiovascular system, are caused by inhaling cigarette smoke. 
Even passive smoking is not without its dangers and often leads to an increased can
cer risk, as the so-called side-stream smoke contains much higher pollutant concen
trations in part than main stream smoke [41, 42]. 

The effects of smoking are so severe that they often mask the effects caused by 
polluted ambient air. E.g., epidemiological studies have shown that there is an in
creased risk of cancer in urban areas as compared to rural districts; this, however, 
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Table 4.4. Scientific disciplines researching the effect of air pollution on human health and 
their strengths and weaknesses on the basis of [37] 

Discipline Population groups Strengths 
(advantages) 

Weaknesses 
(disadvantages) 

Occupational medicine Certain professions 
(as a branch of 

Limited disease 
factors, possibly 
long exposure times 

Affects primarily 
only healthy persons 

epidemiology) 

Epidemiology Population groups Actual exposure, 
long-term low 

Difficult quantifica
tion of exposure, 

Many covarities, 
Minimal results in 

Clinical studies 

Toxicology 

(e.g., urban and 
rural population) 

Affected groups 
level effects 

No extrapolations 
necessary, dose-response rela

tions 
Inclusion of sensitive Assumed instead of 

groups causal correlations 

Experiments Controlled exposure, 
(human experiments) few covarities, 
diseased persons examination of 

susceptible persons, 
causal correlations 

Animal experiments Much dose-response 
data, 

Cell tissue fast accumu-
lation of data 

Biochemical systems Causal correlations 
Mechanisms of 

response 

Artificial exposure, 
only acute effects, 

no long-term 
effects, risk, 
ethical scruples 
(public acceptance) 

Applicability to 
humans? 
ethical scruples 

Threshold of human 
response? 

Extrapolation 

cannot be primarily attributed to atmospheric pollution, as people who live in cities 
smoked more ten to thirty years ago than those living in the country [43,44]. 

A particular difficulty with epidemiological studies is that the persons are not 
only exposed to outside air but predominantly breathe indoor air whose quality can 
vary greatly depending on the individual case. All this makes the deduction of causal 
interrelationships between pollutant concentrations in the air and the effects on hu
man beings more difficult. 

Thanks to occupational medicine which looks for interrelationships between oc
cupational diseases and the exposure to certain pollutants there are a number of 
findings on the effects of air pollutants [45,46]. In outside air, however, atmospheric 
pollutant concentrations are mostly one scale smaller than in work-places so that the 
effects of being exposed to low concentrations over long periods of time can still be 
considered a gap in our knowledge of medicine. 

While it is taken for granted that healthy persons of employable age who are ex
posed to pollutants at their work-places must be protected, it is the following groups 
of people who are particularly sensitive to pollutants in ambient air: 
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- small children whose respiratory and cardiovascular system are still at the devel
opmental stage, 

- old people with weak heart, circulatory and respiratory functions, 
- sick people, e.g., those with asthma, bronchitis or cardiovascular problems. 

When setting up guidelines for pollutants in outside air these groups of people have 
been particularly kept in mind [47]. 

Eye, Skin 
and Hair 

Larynx 

Trachea and 
primary 
bronchi 

Secundary 
bronchi 

Tertiary 
bronchi 

Pulmonary 
alveoli 

Pulmonary 
alveoli 

> 10 11m 

2".31lID 

0.3 ". 1.0 11m ---- -

0.1".11lID 

Fig. 4.11. Particle deposition in the different areas of the respiratory tract in dependence of the 
mean diameter of the particles (acc. to [37]) 
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4.5.2 Paths Air Pollutants Take in the Human Body 

Apart from pollutant intake via the skin or the mucous membranes of the eyes, air 
pollutants enter the human body mainly via the respiratory tract. Particle-shaped 
pollutants are eliminated or absorbed at different locations of the respiratory tract, 
fundamentally depending on the aerodynamic properties of the particles. An over
view is given in Fig. 4.11. Whereas coarse particles (> 5-10 Ilm mean diameter) 
remain in the nasopharyngeal space and some of the smaller particles settle in the 
ciliated epithelium of the bronchial tubes (cilia), the major part is deposited in the 
lungs. 

The meati of the nose and the upper bronchi are coated with a mucous layer. This 
layer not only absorbs particles but also water-soluble gases. The ciliated epithelium 
of the bronchial tubes causes a constant upward movement of the mucus. In this way 
the gases and particles absorbed are transported into the pharyngeal space, then 
swallowed and finally discharged via the digestive tract. The particles absorbed in 
the "pre-filter" nasal passages are also discharged again by mucus secretion. 

With gases their water solubility determines their location of deposition in the 
respiratory tract. Gases with good solubility such as S02 are absorbed early in the 
upper respiratory passages. When inhaling S02' e.g., there is a characteristic sour 
taste. Gases with poorer water solubility such as CO, NO or 0 3 penetrate into the 
lung area and from there reach the lymphatic or blood system by molecular diffusion 
via the pulmonary alveoli. Irritant gases are assumed to excite nerve cells on respira
tory system walls and thus cause manifold effects, e.g., sneezing, coughing or rapid, 
shallow breathing [37]. 

4.5.3 EtTects of the Most Important Air Pollutants 

The effects of air pollutants on humans range from slight irritations of the eyes and 
mucous membranes up to death. However, the locations of effect are not only re
stricted to the respiratory tract. Many different organs in the whole body are affected. 
The manifold effects of the indivi dual air pollutants are compiled in Table 4.5. 

4.6 Ambient Air Guidelines and Standards 

Casualties of smog catastrophes, vegetation damage in the vicinity of emitting facto
ries and the manifold consequences of air pollution caused by all the different emit
tent groups call for pollution reduction measures. These will continue to require great 
efforts as the necessary minimum level of emissions has not yet been achieved in 
many fields and emission reductions have partly been offset by the increasing output 
of emission sources. Besides, new effects, which were hitherto unknown, are con
tinually being discovered. 

Apart from emission reduction measures monitoring air quality on the output side 
is necessary for the protection of the population and for man's animate and inanimate 
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Table 4.5. Important air pollutants and their effects on human health 

Air pollutants Effects References 

S02+ 
fine 
particulate 

NO 

CO 

HF 

Colorless gas, sour taste in pure air from 0.6 mglm3, irritant gas for [49-51] 
respiratory system, dissolves in mucous membranes of eyes, mouth, 
nose and bronchi; increase of flow resistance in respiratory system; 
the main effect is caused by repeated peak-like exposure 

Increase of toxic S02 effect; penetration of acidic aerosol into the [50] 
inner respiratory organs and formation of H2S04; increased 
susceptibility to chronic bronchitis; higher risk of acute diseases 
of the respiratory system; increased frequency ofbroncho-
pathic symptoms; 

Brown color, oppressive odor, odor threshold 0.2 mglm3, [49,51,52] 
habituation to odor, irritant gas for respiratory system, dissolves 
in mucous membranes; increased susceptibility to germs 
in the respiratory system; 

Colorless, odorless, poor aqueous solubility; no irritation of [49,51] 
mucous membranes (but rapid transformation into N02 in air), 
toxic effect approx. 20% ofN02, formation of methemoglobin 
in the blood which is not capable of transporting O2 

Odorless gas, 200 to 300 times greater affinity to the blood pigment [49,51,53] 
hemoglobin than O2: formation of carboxyhemoglobin (COHb), 
obstruction of O2 transport in the blood and thus of the O2 supply 
to the body; points of attack: central nervous system (brain) and 
cardiovascular system; headaches, fatigue, drowsiness, 
weakening will-power, interference with sleeping-waking 
behavior; 

Colorless (blue in higher concentrations), oppressive odor, [49,54,55] 
odor threshold from 0.05 mglm3, strongest oxidant; strong 
irritant to respiratory system; penetrates into the inner lung due 
to poor aqueous solubility; impairment oflung functions by 
oxidation of enzymes, proteins, amino acids, lipids etc., causes 
breaks in chromosomes, greater susceptibility to infections; 
tussive irritation, eye irritation; 0 3 is a component of 
photochemical smog, combination effect with other 
photooxidizing compounds; 

Colorless gas, strong rotten-egg odor, odor threshold 1.6 to [51,56,57] 
5 Ilglm3, habituation to smell; irritant gas for eyes and mucous 
membranes, cellular or ferment toxin, damage of nerve tissue, 
fatigue, easy irritability, headaches, disorders of balance and 
sleep etc.; 

C12: green color, odor threshold approx. 0.15 to 0.3 mglm3; [49] 
HCI: colorless; 
Strong irritant gases for respiratory system, absorbed by mucous 

membranes as easily water-soluble; relevant in proximity of 
particular emission sources and failures; 

Strong oxidant; disordered calcium metabolism and thus damage to [27, 49] 
bones and teeth; strong plant toxin; relevant in proximity of 
particular emission sources; 
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Table 4.5. (continued) 

Air pollutants Effects References 

HCHO 
(formalde
hyde) 

Aldehydes, 
ketones, 
phenols, 
mercaptanes 

C6H6 

(benzene) 

PAH 
polycyclic 
aromatic 
hydrocarbons 

Soot 

Halogenated 
hydrocarbons 

Pb 

Cd 

Asbestos 

Colorless gas, strong pungent odor, odor threshold 0.05 [51,58] 
to I mgm1, irritant gas for eyes and respiratory system, suspected 
of having a carcinogenic and mutagenic effect; 

Strong odorous substances, irritations of eyes and respiratory [59] 
system (oxidized hydrocarbons, e.g., from incomplete 
combustion); 

Colorless liquid with characteristic odor; as air pollutant [60] 
benzene vapor; absorption via respiratory system, 
in the case of chronic exposure accumulation in 
fatty tissue and bone marrow, metabolizing in the liver, 
damage of the blood-forming systems, carcinogenic 
(leukemia) when occupationally exposed; 

More than 100 different PAHs as the result of incomplete [61-63] 
combustion of fossil fuels, frequently adsorbed to 
particulate matter; e.g., in cigarette smoke or diesel soot; 
some of the PAH are carcinogenic, the best known 
representative: benzo[ a ]pyrene; 

Carbon particles (agglomerates) to which PAH can be adsorbed: [51] 
carriers of P AH into the respiratory system; diesel soot is 
suspected of being carcinogenic; 

Highly diverse substances, most of them are relatively non-reactive, [51] 
some are highly toxic; possibly affect skin, metabolism and 
excretory organs (liver, kidneys), the germ track and the 
central nervous system, possible accumulation in fatty tissue; 

Occurrence in particles; affects metabolic activity and brain, [51] 
particularly in small children, accumulates in bones; 

Occurrence in particles; increased resorption during vitamin [51] 
and mineral deficiencies; impairment of kidney function 
during longer and increased absorption; 

Fibrous particles; increased risk of mesothelioma and lung [51] 
cancer during prolonged exposure 

environment. Various institutions have worked out or passed air pollution guidelines 
and standards for the assessment of air quality. Comparing pollutant concentrations 
with the given maximum values helps to determine where protective measures and 
emission reduction are particularly needed (e.g., setting up clean air plans). When 
certain threshold values are exceeded, smog warning and smog alarm plans entailing 
immediate and drastic measures of emission reduction become effective. 

An overview of the most important air quality guidelines of the World Health 
Organization (WHO) and of the Association of German Engineers (Verein Deutscher 
Ingenieure) as well as the national ambient air standards of the USA and Germany 
(identical with the EU guidelines) are listed in Table 4.6 (for human health protec
tion). Guideline values for individual substances based on effects on terrestrial 
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vegetation and different sensitive plants are described in Table 4.7. The following 
sections will provide a brief explanation of the individual guidelines and standards. 

4.6.1 Nature of WHO Guidelines [45] 

The primary aim of the air quality guidelines' is to provide a basis for protecting 
public health from the adverse effects of air pollution and for eliminating, or reduc
ing to a minimum, those air contaminants that are known or likely to be hazardous to 
human health and wellbeing. 

The guidelines are intended to provide background information and guidance to 
governments in making risk management decisions, particularly in setting standards, 
but their use is not restricted to this. They also provide information for all those who 
deal with air pollution. The guidelines may be used in planning processes and vari
ous kinds of management decisions at the community or regional level. When guide
line values are indicated, this does not necessarily mean that they must take the form 
of general countrywide standards, monitored by a comprehensive network of control 
stations. In the case of some agents, guideline values may be of use mainly for carry
ing out local control measures around point sources. 

It should be emphasized that when air quality guideline values are given, these 
values are not standards in themselves. Before standards are adopted, the guideline 
values must be considered in the context of prevailing exposure levels and environ
mental, social, economic and cultural conditions. In certain circumstances there may 
be valid reason to pursue policies which will result in pollution concentrations above 
or below the guideline values. 

Ambient air pollutants can cause several significant effects which require atten
tion: irritation, odor annoyance, acute and longterm toxic effects (induding carcino
genic effects). Air quality guidelines either indicate levels combined with exposure 
times at which no adverse effect is expected concerning noncarcinogenic endpoints, 
or they provide an estimate of lifetime cancer risk arising from those substances 
which are proven human carcinogens or carcinogens with at least limited evidence of 
human carcinogenicity. 

It is believed that inhalation of an air pollutant in concentrations and for exposure 
times below a guideline value will not have adverse effects on health and, in the case 
of odorous compounds, will not create a nuisance of indirect health significance (see 
definition of health, Constitution of the World Health Organization). Compliance 
with recommendations regarding guideline values does not guarantee the absolute 
exclusion of effects at levels below such values. For example, highly sensitive 
groups especially impaired by concurrent disease or other physiological limitations 
may be affected at or near concentrations referred to in the guideline values. Health 
effects at or below guideline values can also result from combined exposure to vari
ous chemicals or exposure to the same chemical by multiple routes. 

1 Guidelines in the present context are not restricted to suggested numerical values, but also 
include any kind of recommendation or guidance in the relevant field. 
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212 4 Effects of Air Pollution 

It is important to note that guidelines have been established for single chemicals. 
Chemicals, in mixture, can have additive, synergistic or antagonistic effects; how
ever, knowledge of these interactions is still rudimentary. 

Risk estimates for carcinogens do not indicate a safe level; they are presented so 
that the carcinogenic potencies of different carcinogens can be compared and an 
assessment of overall risk made. 

The guidelines do not differentiate between indoor and outdoor exposure (with 
the exception of the exposure to mercury) because, although the sites influence the 
type and concentration of chemicals, they do not directly affect the basic exposure
effect relationship. 

4.6.2 National Ambient Air Quality Standards 

Many countries have set up ambient air quality standards which require that clean air 
efforts be initiated when these standard values are exceeded. Monitoring adherence 
to these values generally requires continuous measurements over long periods of 
time. Most values can only be checked after measurements of one year. Several years 
of measurements in many sites are required to identify trends. The standards of the 
USA and Germany are listed in Table 4.6 as examples. 

4.6.3 MIKl Values ofthe Verein Deutscher Ingenieure 
(VDI = Association of German Engineers) 

MIK values of the VDI were set up by a team of scientists from different fields and 
experts from industry and administration and were subjected to a hearing with 
counter-arguments from the public. It is the aim of the VDI's MIK values to prevent 
detrimental effects of air pollutants on man and his environment, i.e., animals, plants, 
materials, soil, water and atmosphere, including their functioning interrelationship 
such as in, e.g., ecosystems [47]. MIK values for the protection of human health and 
well-being are included in Table 4.6, those for the protection of the earth's vegetation 
in Table 4.7. 

The relevant reference times are also indicated when determining maximum 
immission values. These reference times have been adapted both to the nature of the 
pollutants' effects and to the reactions of the relevant subjects. The MIK values for 
the protection of human health and well-being, e.g., have fixed time bases of 0.5 or 
24 hours. Exceeding the maximum concentration thus does not depend on the total of 
all data measured, but on the momentarily occurring individual half-hourly or diurnal 
mean values. 

2 MIK stands for "Maxima1e Immissions-Konzentration" = Maximum Immission Concentrati
on) 
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4.6.3 Smog Alarm Values 

Based on earlier smog catastrophes involving numerous cases of illness and death the 
smog warning plans of the federal states of the FRO [66] serve the purpose of re
stricting air pollution during periods of high contaminant concentrations and of 
warning the population. However, due to the emission reduction measures of the past 
years pollutant concentrations have not been as high during low-exchange weather 
conditions as they used to be in the past. 

When the values of the smog pre-warning stage are exceeded and there is a like
lihood of the low-exchange weather situation continuing for an extended period, 
population and industry are asked to avoid pollutant emissions wherever possible. In 
the cases of alarm 1 and 2, e.g., emission restrictions take effect in the form of auto
mobile operation prohibition and operation restrictions for industrial furnaces and 
other emitting plants. 
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5 Measuring Techniques for Recording 
Air Pollutants 

5.1 General Criteria 

5.1.1 Applications of Measuring Techniques 

The choice of a measuring process for air pollutants depends on the substance to be 
measured, the properties it has, and the information to be gained from the measured 
values. Measurements must be carried out both at the location of formation of the air 
pollutants to determine emissions and at the location of effect to determine air qual
ity. Pollutants occur in the different states: gaseous, liquid and solid. Accordingly, 
manifold measuring techniques are required. An overview is presented in Fig. 5.1. 

Concentrations of air pollutants are primarily measured. Mass flows are also rele
vant for emissions. Measuring techniques for them will be dealt with later. For the 
subject of air quality, too, mass flow or deposition measurements are of interest. 
Measuring techniques for these must be tailored for this special purpose. 

5.1.2 Discontinuous or Continuous Measurements 

In measuring technology one must distinguish between discontinuous and continuous 
measuring methods. Apart from the question of the available technical equipment it 
mainly depends on the object of the measurements whether discontinuous single 
measurements are to be carried out or whether a continuously operating measuring 
device has to be employed. Whereas continuously operating measuring devices re
flect the temporal profile of the measured quantity, discontinuous methods provide 
the measured quantity as a mean value over the sampling period. When using dis
continuous methods knowledge on the temporal profiles of the air pollutants to be 
measured should be available so that sensible sampling periods can be set. The appli
cability of discontinuous single measurements and continuous measuring is com
pared in Fig. 5.2 by using various emission profiles as examples. 

Ambient air pollutants also have fluctuating concentration profiles, as pollutant 
emissions change constantly along with atmospheric dispersion conditions. Here the 
measuring method to be applied is essentially determined by the possible effect of 
the air pollutants. For long-term effects it is sufficient to determine mean values 
which can be fixed quite well by a series of individual discontinuous measurements. 
To determine peak values, however, one must employ continuously operating meas
uring instruments, reflecting the temporal course of the concentrations as completely 
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Fig. 5.1. Fields of application for measurement techniques, a emission control, b air quality 
control 

as possible. E.g., conditions where concentrations are high cannot be predicted most 
of the time, as they depend on many factors. 

Apart from the profiles of the measured quantities the use of continuous or dis
continuous measuring procedures is determined by the technical possibilities of the 
methods themselves. The characteristics of the two measuring procedures are com
pared in the following: 

Continuously operating measuring instruments 

automatic measuring instruments based on physical, chemo-physical or chemical 
measuring principles, 

- constant recording and indication or electric output of the measured values, 
- the instruments must be calibrated, e.g., with calibration gases or by comparative 

measurements with manual processes, 
automatic instruments for all measured components have not been developed and 
are therefore not available for all of them. 
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Fig. 5.2. Application of continuous and discontinuous measuring methods for different emis
sion profiles. a approximately constant emission concentrations, e.g., of a continuously opera
ted firing, emissions are recorded well by random or single measurements; b fluctuating emis
sion concentrations due to the production plant's batch operation; actual concentrations can 
only be determined by continuous measurements 
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Discontinuous measuring methods 

mostly manual processes or automated discontinuous processes, 
generally, measurements are carried out in two stages: 
1. collecting of samples on location in different sampling devices: in collecting 

vessels, e.g., in gas sampling tubes or syringes, in absorbing solutions, on fil
ters or by adsorption on solid substances, e.g., activated carbon, 

2. analysis of the samples in the laboratory, 
the samples taken can be analysed thoroughly in the laboratory so that it is also 
possible to determine substances which cannot be accessed by continuously op
erating measuring instruments, 

- by accumulation over long sampling periods, very low concentrations to which 
continuously operating instruments almost do not respond can be detected, 
main disadvantage: the results measured are only available after a certain period 
of time after the samples were taken, 

- measured quantities are frequently based on weight and volume determinations, 
e.g., wet-chemical methods. A calibration with external standards, e.g., with test 
gases, is not necessary in these cases. For this reason, these types of processes are 
used as reference measuring methods. E.g., the precise concentration of the test 
gases being used for the calibration of continuously working measuring instru
ments can be determined with wet-chemical reference measuring methods. 

5.1.3 Physical and Chemical Measuring Principles 

In physical measuring methods a specific physical property of the pollutant is made 
use of as quantity to be measured; in these methods the air sample does not change 
materially during its measurement. Specific physical properties of the substances to 
be investigated are applied to which other components of the sample do not contrib
ute. 

In chemical measuring methods the quantity to be measured is transformed into a 
condition with characteristic and measurable properties by a chemical reaction; dur
ing this chemical reaction the measured quantity changes. 

Measuring processes based on a physical principle can generally be automated 
better for continuous processes, chemical methods usually being suitable for discon
tinuous measurements. Chemo-physical measuring principles are also applied. 

An essential principle which is primarily applied in the continuous measurement 
of gaseous pollutants, is the excitation of molecules by adding energy. Excitation can 
be caused by exposure to radiation in different wave lengths, by generating high 
temperatures, e.g., via combustion, or by chemical reactions. Either the energy used 
for excitation or the energy released in another form is exploited for measurement. 
So physical quantities are measured, while excitation can also take place chemically. 

There are still further methods of excitation, e.g., excitation by electric, magnetic 
or nuclear forces. Methods of this type can be used for laboratory analyses of air 
pollutant samples collected. They are used less frequently, however, for direct meas
uring. 
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Table 5.1 shows examples of different types of excitation and the measuring ef
fects thereby applied, s. also Fig. 5.3. 

Table 5.1. Different types of molecular excitation, measuring effects and measuring principles 
used in emission and air quality control 

Molecular Excitation 

Rotary spectrum 
- microwaves 
- infrared radiation (lR) 

Vibrational spectra 
due to infrared 
radiation 

Electron spectra 

Chemical reaction 

Flames 

Measuring Effect 

Specific absorption of the 
radiation or the microwaves 

IR-photometer, 
Specific absorption of the 

radiation 

Specific absorption of visible 
(VIS) or ultraviolet (UV) 
radiation; 

Resulting radiation emission: 
UV fluorescence 
Scattered light 

Intensity of the resulting 
light emission 

Specific light emission 
Formation of ions 

Measuring Principles 
Used 

e.g., 
non-dispersive 

or laser photo
meter 

UV and VIS photometer 

Fluorescence measurement 
Raman spectroscopy 

Chemiluminescence 

Flame photometry 
Flame ionisation 

5.1.4 Different Requirements for Emission and Air Quality Measurements 

The different requirements for emission and air quality measurements are compared 

in table 5.2. The main difference lies in the varying ranges of concentration. Gener-

Table 5.2. Different requirements in emission and air quality measurements 

Concentration 
range 

Interfering 
parameters 

Pollutant flows 

Emission 

High concentrations 
e.g., in water vapor, particulates, 
CO2, aggressive gases 

Work-intensive sampling and gas 
preparation, high selectivity of 
measuring methods, frequent 
maintenance 

Determination of carrier gas volume 
flows with auxiliary parameters 

Air Quality 

Factor 1000···100000 
lower, low detection 
thresholds, small 
drifts 

lower 

Volume flows: 
work-intensive 
meteoro-
logical measurements 
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ally, air quality measuring devices must have a considerably lower detection limit 
than emission devices. In contrast to this, emission measurements often require time
and work-intensive sample preparation. 

5.1.5 Emission Components to be Recorded 

Using exhaust gases from combustion processes as an example, table 5.3 lists the 
most important emission components to be recorded with the help of measuring 
techniques. 

Table 5.3. Tasks and present state of technology for the detection of pollutants emitted by 
combustion processes 

Pollutant Task of Measurements State of Technology 

Con- Discon- Pre- Inte- Commer- Manual Labora- Sophisticated 
tinuous tinuous scrib.a rest, cially methods tory research 

Re- avail. methods methods 
search instruments 

Leading parameters for combustion 
O2 x X x 

CO2 x x x x 

H2O (x) x (x) (x) x 

(CO) x x x 

(Soot) x x x X 

H2S04- X X X x 

dewpoint 

Products of incomplete combustion 
CO x x x x x 

Hydrocarbons 

Alkanes} 
Alkenes x (sum) x x (sum) x x (sum) x x x 

Alkines 
Aromatics x (x) x x x x 

Oxidized x x x x x 

hydrocarbons, e.g., 
aldehydes 

Odorous x (x) x x 

substances 
Soot x x x x 

Sulfur compounds 
S02 x x X x X 

SOl X X X (x) 
H2S (x) X X (x) x 

Nitrogen oxides 
NO, x x x x x 

(N0+N02) 
single x x x x x 

NO, N02 
NHl x x X x x x (x) 
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Table 5.3. (continued) 

Pollutant Task of Measurements State of Technology 

Con- Discon- Pre- Inte- Commer- Manual Labora- Sophisticated 
tinuous tinuous scrib" rest, cially methods tory research 

Re- avail. methods methods 
search instruments 

Other inorganic gases 
Ch or (x) x x x (x) x x 

HCl 
F2 or (x) x x x (x) x x 

HF 
Particulate matter content of exhaust gases 
Total part. x x x x x 

matter 
Particle size x (x) x (x) x x 

distribution, 
aerosols 

Particulate components 
Sulfate, nitrate, x (x) x x x (x) 

chloride, 
fluoride 

Heavy metals 
E.g., V,Ni, x (x) x x x x 

Cd, Hg, Pb 
Organic x (x) x x x x 

components 

a Different plants are subject to different regulations relative to measuring technology 

5.1.6 Ambient Air Components to be Recorded 

Table 5.4 lists those ambient air components which, on the one hand, have been 
released into the air as emissions and which, on the other hand, can be formed as 
secondary pollutants via chemical transformations in the atmosphere and for which 
measuring techniques are to be provided. 

5.2 Measuring Methods for Gaseous Pollutants 

The the most important measuring principles for gaseous air pollutants are described 
in the following paragraphs. 

An overview of the most important measuring methods and the gases to be de
tected in each case is shown in table 5.5. 
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Table 5.4. Tasks and state of technology for air quality control 

Pollutant Task of measurements State of technology 

Con- Discon- In- Special Commer- Manual Prod. Sophisticated 
tinuous tinuous measur. cases, cially methods in research 

grids Re- avail. Re- lab. methods 
search struments search 

Classic pollutants 
S02 x x X x x 
NO x x X 

N02 X X X X X 

0 3 X X X X X 

CO x (x) x x x 
CnHm x x x x x x 

(total, methane-free) 
CO2 x x x x x 
Suspended x x x x x x 

particulate 
matter 

Sedimented x x x x 
particulate 
matter 

Air-chemically formed gases, special gases 
H2S (x) x X (x) X 

NH3 (x) X X (x) x X 

HN03 (gaseous) x x (x) x X 

N03,N2O (x) X X (x) x 
OH x x x (x) X 

H02,R02 X X X (x) x 
HCHO x x x (x) x 
higher x x (x) x 

aldehydes 
PAN x x x (x) x 
Ca x (x) (x) x (x) x 
CnHm 
Individual x (x) x x x x x 

components 
Precipitation 
Amount x x x x x 

of rain 
Duration x x x 

of rain 
Snow x x x 
Fog (x) x x x 
Dew (x) x x x 
Components: 

pH value x x (x) x x 
conductivity x x (x) x x 

Sulfate, nitrate, x x x x x x 
chloride, 
fluoride, 
ammonia 



224 5 Measuring Techniques for Recording Air Pollutants 

Table 5.4. (continued) 

Pollutant Task of measurements State of technology 

Con- Discon- In- Special Commer- Manual Prod. Sophisticated 
tinuous tinuous measur. cases, cially methods in research 

grids Re- avail. Re- lab. methods 
search struments search 

Metals: 
alkali, x (x) x x x x 
alkaline earth 

Heavy Metals x (x) x x x x 

Particulate components 
Salts x x x x x 

Metals x x x x x 

Org. substances x x x x x 

Table 5.5. Overview of the most important measuring techniques for gaseous air pollutants 

Measuring Emission Air quality Con- Discon- Examples of gases to be 
technique tinuous tinuous detected 

Radiation x only CO x CO, CO2, S02, NO, NH3, 
absorption in H20, CH4, C2H2, C2~' 
the infrared range C2H6, a.s.o. 
(IR Photometer) 

Radiation x x x 0 3, NO, N02, S02, Ch, 
absorption in H2S, HCHO, (NH3) 
the ultraviolet 
range (UV 
photometer) 

Radiation x x N02, Ch 
absorption in 
the visible range 

UV fluorescence x x x S02 
Chemilumin- x x x NO, NO+N02, 0 3 

escence 
Flame photometry x x Total sulfur or S02 
Flame ionization x x x Total hydrocarbons 
Conductometry x x x S02, H2S, CO2, Ch, 

(elect. con- HCI 
ductivity) 

Amperometry (x) x N02, H2S, O2, CO, S02 
Coulometry x x x S02, Ch 
Potentiometry x x x pH of solutions, HF, 

HCI,02 
Paramagnetism x x O2 
Heat conductivity x x CO2, H2 
Gas chromato- x x x Organic components, 

graphy (GC) individual determination 
High-performance x x x Organic components, 

liquid chroma- individual detemination, 
tography (HPLC) ions in solutions 
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Table 5.5. (continued) 

Measuring 
technique 

Emission Air quality Con- Discon- Examples of gases to be 
tinuous tinuous detected 

Wet-chemical 
methods 
Colorimetry 

Titration 

(x) 

x 

5.2.1 Photometry 

x (x) 

x 

x S02, N02, F-, HCI, Ch, 
H2S, NH3, 0 3, HCHO 

S02, S03, NO+N02, CO, 
C12, H2S, NH3 

Photometry uses the absorption of infrared (IR), visible (VIS) or ultraviolet (UV) 
radiation by the gases as measuring effect. Wave length ranges are: 

IR: 1 000 ... 10 000 nm, 
VIS: 400... 800 nm, 
UV: approx. 200... 400 nm. 

In the visible and UV range shell electrons are excited by radiation, in the IR range 
predominantly molecule vibrations but also rotations are. During this, the gases ab
sorb energy in certain wave length ranges (absorption bands). The loss of radiation 
intensity caused by this is measurable. 

Fig. 5.3 shows the types of excitation for the different wave length ranges as well 
as the "absorption bands" of some gases in the IR range (s. also [1-3]). 

A photometer (s. Fig. 5.4) consists of a radiation source whose focused beam of 
light falls through a cell on a radiation detector; the latter transforms the beam into 
an electric signal of proportional intensity. The loss of radiation intensity due to the 
absorption of the measuring gas is - when frame conditions are constant - a measure 
for its concentration. 

The interrelationships of radiation absorption are described by the Lambert-Beer 
law: 

1=lo·e- E ' Q ' I . 

When pressure and temperature are constant the following applies: 

1=lo·e-E ' c ' l . 

Transformed, the following results: 
I 
T=T=T, 

o 
1 

E=ln-
T 

1 10 _ =_ =eEcl 

T I 

E=ln l o =ecl' 
I ' 

(5.1) 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

where 10 stands for intensity of entering radiation (intensity of light for the reference), 
I for intensity of exiting radiation (intensity of light for the sample), T for transmis-
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sion, 6 for the extinction coefficient (dependent on wave-length), p for gas density, c 
for the concentration of gas or pollutant, I for optical pathlength of the cell measure
ment, E for extinction (non-dimensionalized) of the absorbing substance inverse 
logarithm of the transmission T. 

5.2.1.1 IR Photometer 

In contrast to diatomic elementary gases with symmetrical electron arrangement in 
the molecule all heteroatomic gases are somewhat dipolar in character. This dipole 
character is the reason why the molecule, when exposed to IR radiation, is set vibrat
ing and thus absorbs radiation. Therefore, depending on their molecular structure 
heteroatomic gases have absorption bands of varying strengths which are separated 
from each other relatively well. The IR absorption bands of some gases are shown as 
examples in Fig. 5.3. The relatively wide bands are the result of vibrating molecules. 
If there is a sufficiently high resolution a fine structure becomes visible in the bands 
which results from the excitation of rotation. 

Most IR photometers function as so-called non-dispersive instruments (NDIR) , 
i.e., radiation is emitted in the entire IR range; there is no spectral splitting of th-e IR 
radiation emitted by the radiation source. Selectivity is achieved by installing a ra
diation detector filled with the component to be measured. This type of detector is 
possible only in the IR range, as the lifespan of the molecules excited by IR radiation 
is so long that the excitation energy can be released via molecule collisions as ther
mal energy. 

Extinction E as a measure of the radiation absorption of a gas (or also of a liquid) 
is thus dependent on the properties of the gas (extinction coefficient 6), on the con
centration c and on the optical pathlength I which the beam of light must pass 
through. If ambient conditions are constant, 6 for a gas is constant. If I is also kept 
constant, then extinction E is directly dependent on the concentration of the gas to be 
measured. 

In practice it is not sufficient to form the logarithm of the ratio of intensity 10 in 
and intensity lout and to thus determine extinction E. Even without the presence of 
the component to be measured the instruments absorb radiation, e.g., via optical 
windows and the gases to be investigated. Thus, even without the presence of the 
component to be measured, radiation in is not equal to radiation 10 out. This blank 
absorption must generally be determined experimentally. 

For small extinctions (up to 1) the calibration curve is usually a linear when pres
sure is constant, s. Fig. 5.5. With increasing concentrations and uniform cuvette 
length I extinction gradually undergoes a saturation (curve b). Usually calibration 
curves are determined experimentally. 

So far, single-beam photometers have been treated. In this type of photometry 
fluctuations of radiation intensity directly influence the stability of zero point. To 
compensate for the instability of the zero point one either operates ~ith a reference 
beam through a blank cell (dual beam principle), or zero gas and the gas to be meas
ured are fed through the same cell alternately, or the measuring beam and a reference 
beam of a neighboring wave length are sent 'alternately through one and the same 
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Fig. 5.5. Correlation between extinction and concentration (calibration curve); Ii, a and I are 
constant. a linear correlation at low extinctions; b saturation at high extinctions and concen
trations 

cell. The unknown measured component may not absorb any radiation from the 
neighboring wave length. What is measured is always the relationship of intensity 
between measuring beam and reference beam. Photometers operating with only one 
cell have the advantage that not only fluctuations of source radiation intensity but 
also soiled cell windows and in part even interferences by other gases are compen
sated for. To raise sensitivity and zero line stability, the radiation is usually modu
lated with chopper wheels. In this case the signals appear as alternating voltage after 
the detectors and can easily be amplified [4]. 

Nowadays instruments operating with infrared and ultraviolet radiation have be
come well established in trace gas analyses. Instruments operating with visible light 
have not been able to prevail as their uses remain restricted to few colored gases such 
as N02 (brown), chlorine (green) and other halogens, and their absorption coeffi
cients are not very large. Photometers operating with visible light are relatively in
sensitive and unsuitable for air quality measurements unless the atmospheric air 
masses are directly passed through using very long path lengths (s. sect. 5.2.1.3). 

The following sections will deal more closely with infrared and ultraviolet pho
tometry and its use in trace gas analyses. 

The arrangement of an IR gas analyzer is shown in Fig. 5.6. 
Usually electrically heated filaments serve as radiation source. Radiation which is 

modulated by a rotating chopper wheel is passed through the measuring and refer
ence cell. To reduce the influence of interfering gases whose absorption bands 
slightly overlap those of the measured component (s. Fig. 5.3), filter cells filled with 
the interfering component are generally placed before the measuring and reference 
cell in the radiation path. In this way, only the radiation part which corresponds to 
the interfering components is absorbed in advance. None of the different absorption 
bands of the measured components are cut off. In combustion gases the main inter
fering component is CO2 ; therefore the filter cells are filled with COl' 
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Fig. 5.6. Diagram of a non-dispersive IR gas analyzer 

The radiation detector is placed behind the cells. It consists of two chambers, 
both of which are filled with the gas to be measured. The measuring effect results 
from the fact that when the unknown gas to be measured is present in the measuring 
cell, a pre-absorption of the IR radiation takes place there. Due to this less radiation 
reaches one chamber of the receiver than the other. Behind the reference cell this 
leads to varying degrees of warming and thus to a varying increase in pressure in the 
two chambers of the detector. The increase in pressure takes place periodically at the 
frequency of the chopper wheel which modulates the IR radiation. The amplitude of 
this pressure fluctuation depends on the extent of the pre-absorption of IR radiation 
in the measurement cell and is therefore a measure of the concentration of the gas to 
be measured. The individual types of instruments essentially differ in the construc
tion of the detector which transforms the pressure fluctuations into electric signals. 
Thus, the classical detector type consists of two chambers separated by a very thin 
metal membrane. Together with a fixed electrode the metal membrane forms an 
electric condenser which changes its capacity constantly with oscillation of the 
membrane. The electric signal is received from this [5, 6]. Other instruments work 
with micro flow sensors placed between the two detector chambers [7, 8]. These 
micro flow sensors are electrically heated filaments and are part of a Wheatstone 
bridge. Here, these sensors transform the different pressure fluctuations in the detec
tor chambers into electric signals. 

NDIR instruments are primarily used for emission measurements; analyzers are 
mainly suitable for the determination of the gases CO, CO2, NO, S02' HP, CH4, C2H6 

and many other hydrocarbons. For CO and CO2, NDIR photometry is the most com
monly used measuring technique, which is also unrivalled in its application for the 
measurement of these gases in the ambient air range. 

Infrared gas analyzers are being constantly updated in their development. There 
is a trend towards smaller cells in the instruments, and with this towards shorter re
sponse times, less sensitivity to vibrations und higher stability of the signal. E.g., the 
latest development in the field of CO measurement is the so-called in-line measure
ment, i.e., an infrared measuring path is inserted directly into the exhaust gas channel 
or into the stack and radiation absorption is then measured on location without hav-
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ing to suction off a part of the exhaust gases and passing it into the measuring in
strument [9]. 

For dispersive IR analyzers mention must be made of an instrument for the meas
urement of different organic components in which the wavelength of the emitted 
radiation can be adjusted by a system of filters: Miran [10]. The lower sensitivity 
which results - in contrast to NDIR photometry - from the fact that only one absorp
tion band at a time is used for the measurement is compensated for by the use of 
extra long cells (up to 20 m, "White Cell"). In a minimum of space the long path is 
achieved by multiple reflection [10]. 

Nowadays, instruments with tunable IR lasers are used for multicomponent 
measurements [11, 12]. As these instruments are highly complex and correspond
ingly expensive, apart from laboratory and research applications, they are not yet 
available for general emission and air quality measurements. Instruments for emis
sion measurements derived from laboratory equipment are now being offered which 
are based on Fourier transformation spectroscopy [13]. 

5.2.1.2 UV Photometer 

A diagram of the UV absorption spectra of some air polluting gases is shown in Fig. 
5.7. It is to be seen that there are gases with relatively narrow UV absorption bands, 
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Fig. 5.7. UV absorption spectra of some air polluting gases [14]; absorption A versus wave
length A. 
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e.g., NO and NH3• Other gases, however, absorb UV radiation widebandedly; these 
wide bands, however, may contain a finer structure. To be able to obtain selective 
measurements certain strategems are to be applied. A first selection is made by 
choosing the right UV lamp. Depending on their metal or gas fillings UV lamps have 
certain emission spectra. Therefore one uses lamps with emission bands which best 
correspond to the absorption bands of the measuring components or which lie within 
the absorption bands as clearly defined lines. However, gases absorbing wide
bandedly are still an interfering factor. Besides soiled cells and lamps with fluctuat
ing intensities, they also lead to high and fluctuating reference values 10 of the radia
tion and thus to high blank values of extinction. There are different possibilities of 
compensating for the blank extinctions and of receiving corrected reference radiation 
intensity 10; two of them will be outlined using the example of UV-photometric 
measurement of NO and 0 3, 

UVabsorption measurement with blank value compensation by 
wavelength comparison 

A UV absorption measuring instrument for NO was developed whose lay-out is 
shown schematically in Fig. 5.8 [14, 15]. 

In a hollow cathode lamp filled with nitrogen and oxygen at reduced pressure 
excited NO molecules are formed in an electrical discharge. The energy of the ex
cited molecules is dissipated by emission of characteristic luminescence radiation. 
The source of radiation is selective; it produces an emission range which corresponds 
precisely to the absorption range of NO in the measuring cell. This is called reso
nance absorption. One peculiarity of the radiation excited by electrical discharge is 
that two groups of NO-specific lines are emitted, i.e.: 
1. "cold" emission lines - this is the group absorbed by the NO to be determined in 

the measuring cell (measuring radiation), 
2. "hot" emission lines - that group of radiation showing lines in the neighboring 

range and meeting the detector not influenced by NO (reference radiation). 

NO-Lamp 

Chopper 
wheel 

Gas inlet Gas outlet 

l Measuring cell t , / , 

Control signal 

NO Calibration ~ 
gas filter U 

Interference 
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Fig. 5.8. Diagram ofa UV gas analyzer for the detection of NO with blind value compensation 
by wavelength comparison [15] 
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The radiation is modulated by a chopper wheel and passed through the measuring 
cell via a condensing lens. It reaches the radiation detector, a photomultiplier, via an 
interference filter where interfering radiation is removed. If NO is present in the 
measuring cell, then the radiation is reduced by resonance absorption (extinction E) 
according to the Lambert-Beer law. 

In this measuring technique the blank value of extinction Eo is compensated for 
by alternately setting the chopper wheel to a position where all radiation (hot and 
cold emission lines) is passed through and to a position with a gas filter. The gas 
filter contains NO in high concentrations which completely absorbs the cold emis
sion lines. The hot emission lines, however, which are in the immediate neighbor
hood range, pass through it as reference radiation. Just like the measuring radiation 
they are influenced by the in-line optics, by the cell windows but mainly by the 
wide-banded interfering components to produce the intensity reference value 10 at the 
photomultiplier. The photomultiplier'S signals are converted by a division unit con-

trolled by the chopper wheel (In~=E), so that the signal is shown being prop or-
1 

tional to the NO concentration. Intensity fluctuations of the lamp are also compen
sated for in this manner. This blank value compensation of a neighboring wave 
length is called a wave length comparison [4]. For calibration purposes a defined NO 
calibration gas filter can be inserted into the radiation path either manually or by 
automatic control. 

The main difficulty with this instrument was to develop sufficiently stable UV 
lamps for continuous use, something which has obviously been successfully 
achieved subsequently [14]. 

UVabsorption measurement with blank value compensation by substance 
comparison 

UV photometers have been developed for OJ measurements which are currently in 
widespread use in air quality measuring networks. The underlying principle is shown 
in Fig. 5.9. 

The UV lamp, a mercury low-pressure lamp (high absorption by 0 3 with the mer
cury resonance line at 253.7 nm, s. Fig. 5.7), sends its radiation unmodulatedly as 
constant light through the measuring cell to the radiation detector, a photomultiplier. 
Controlled by a solenoid valve, the air to be measured sucked in by the pump alter
nately enters the measuring cell either directly or via the converter. The converter 
contains several sieves covered with manganite (Mn02). Its task is to quantitatively 
remove 0 3 from the air to be measured, but to let all other gases, which possibly 
absorb UV radiation wide-bandedly, pass. 

The solenoid valve switches, e.g., every 10 seconds. While air cleaned of OJ 
reaches the measuring cell via the converter, reference intensity 10 is measured. The 
intensity I measured during the next cycle is related to the output intensity 10 and then 
delogarithmatized. The measuring signal is thus proportional to the 0 3 concentration. 
Lamp aging, cell polluting and interfering gases are in this way compensated for. 
However, the lamp may not decrease in its intensity too much, otherwise one is be-
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Fig. 5.9. Diagram of a UV gas analyzer for the detection of 0 3 with blind value compensation 
by substance comparison [16, 17] 

yond the valid range of the calibation curve. For this purpose the lamp is checked by 
a control detector which signalizes a fault when intensity gets too low. Radiation 
absorption in the measuring cell depends on 0 3 concentration and measuring gas 
density. To eliminate the dependency on gas density, a pressure and temperature 
compensation has been added. 

As blank value compensation is, in this case, carried out at the same wave length 
but with a different gas (same gas but with 0 3 removed) one speaks of a substance 
comparison [4]. 

The precise functioning of this UV photometer succeeds or fails with the con
verter's efficiency. If it leaks 03' the indicated value is too low; if it absorbs interfer
ing gases, then the indicated value is too large. Due to the converter's sensitivity such 
an 0 3 measuring instrument is only suitable for use in relatively pure air (air quality 
measurements). In furnace exhaust gases (e.g., for monitoring 0 3 formation in elec
tric precipitators) the converter would be instantly damaged. 

UV photometry is being increasingly used for trace gas analysis and is constantly 
being further developed. E.g., there is an S02 emission measuring instrument work
ing on the principle of UV absorption [8]. For analyzing formaldehyde emissions, 
e.g, UV photometry is presently being developed, with the greatest problems here 
caused by wide-bandedly absorbing gases [19-21]. 

5.2.1.3 Long.Path Photometry 

For long-path photometry highly dispersive sources of radiation, e.g., tunable lasers, 
can be utilized. For this, radiation is only emitted in the wavelength range where the 
absorption bands of the required gases are situated. Measuring paths can be several 
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kilometers in length here. The instruments serve for the measurement of mean values 
over extended sources such as refineries, chemical factories, other industrial com
plexes or entire cities. E.g., in Vienna N02 concentrations were measured over a 
distance of 3 kIn with a long-path photometer [22]. 

Another possibility is to emit light with a lamp in the widest possible wavelength 
range. At the detector site which can be located at distances of hundreds of meters up 
to several kilometers radiation absorption of different wave lengths can be measured 
with a tunable monochromator. In this way concentrations of trace gases and even 
radicals (OH radicals, HCHO, HN02, NPs etc.) which are normally inaccessible for 
any measuring technique have been measured in Germany between the Feldberg and 
the Schauinsland (path distance 8 kIn) without any direct contact [23]. A new, com
mercially available instrument for noxious gas components such as S02' NO, N02, 
03' formaldehyde (HCHO) and with some limitations for aromatic hydrocarbons 
such as toluene (C7HS) and p-xylene (CSHIO) operates according to the same principle 
[24]. In this process called DOAS (differential optical absorption spectroscopy) 
visible light and UV radiation are emitted, detected after a certain distance (300 m to 
several kIn) and then transmitted to an evaluation device via an optical glass fiber 
cable. A very fine spectral decomposition of the received light takes place now at 
differing wavelength ranges. The evaluation of the received spectra is carried out by 
comparison with stored ones with the help of modern PC (personal computer) tech
nology. By subtracting the spectra of the different gases the process becomes selec
tive [24, 25]. This integrally measuring method offers advantages where results of 
point measurements are strongly influenced by local flows, e.g., in streets with heavy 
traffic. In addition there is the advantage that several components can be registered 
by one instrument. 

Another method for local detection of air-polluting substances over longer dis
tances uses the scattering of laser light on polluting particulate (small suspended 
particles of aerosols or pollutant molecules) as measuring effect. Distance and parti
cle density of a pollutant cloud or a smoke plume can be calculated from travel time 
and intensity of the backscattered laser light impulses (Laser-Lidar). Gaseous pollut
ants can be analyzed qualitatively and quantitatively by evaluating the Raman
spectrum or fluorescence spectrum of the light backscattered by them [26]. 

5.2.2 Colorimetry 

In colorimetry the color intensity of an absorbing solution, which has entered a 
chemical color reaction with the gaseous component of interest, is measured. The 
measuring gas to be investigated must be brought into close contact with the smallest 
possible amount of a reaction solution specific to the pollutant of interest, so that the 
chemical reaction can take place as completely as possible. For this, the gas sample is 
passed through washing bottles with fritted disks containing the reaction solution, s. 
Fig. 5.17c. Within certain limits the resulting coloring obeys the Lambert-Beer law, 
i.e., color intensity is proportional to the concentration of the measuring component 
of interest in the reaction solution. Color intensity is measured with a photometer. 
Colorimetric measuring processes have been developed for numerous air polluting 
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gases and are described in VOl guidelines (s. sect. 5.2.12). Many color reactions are 
highly sensitive, thus being suitable for detecting low concentrations, and they react 
mostly selectively, i.e., the reaction solutions are insensitive to other interfering 
gases. 

Generally, colorimetric measuring methods are discontinuous samplings followed 
by evaluation in the laboratory. But the process of the gas-fluid reaction and its sub
sequent photometric measurement has also been achieved with automatic measuring 
instruments. 

5.2.3 UV Fluorescence 

UV fluorescence as a measuring technique is related to photometry. The measuring 
gas is also exposed to radiation. However, it is not the radiation absorption which is 
measured but a luminous phenomenon (fluorescence) which is caused by the excita
tion of molecules through UV radiation of a certain wavelength. The measuring 
principle is, e.g., applied in S02 ambient air measurement, s. Fig. 5.10. 

The air sample is exposed to UV radiation in the wavelength range of 190-320 
nm. If present, S02 gives off a fluorescence radiation of 320-380 nm. Due to an in
terference filter only a radiation of this wavelength is recorded by the detector 
(photomultiplier); thus, the measuring principle is strictly selective. The higher the 
S02 concentration, the greater the fluorescence. 

One interference in this measuring technique is that other components can absorb 
the energy of the excited S02 molecules, thus reducing the fluorescence yield. This 
interfering effect is known particularly from water vapor and hydrocarbons. By in
terposing a permeation gas exchanger an elimination of the interfering components 
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Fig. 5.10. Principle ofUV fluorescence measurement (acc. to [27]) 
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from the measuring gas is attempted. Measuring instruments operating according to 
this principle are used for both SO, air quality measurements as well as for SO, 
emission measurements [27, 28]. In emission measurements the interferences are 
higher due to the higher concentrations of the interfering components. Air quality 
measurement instruments operate very stably as far as zero point and sensitivity drift 
are concerned and as long as the intensity of the UV lamp remains constant. 

5.2.4 Chemiluminescence 

Chemiluminescence is related to UV fluorescence. The difference between the two is 
that in chemiluminescence molecules are not excited by UV radiation, but are ex
cited by a chemical reaction. Thus, the measuring principle is a chemo-physical one. 
The intensity of the radiation created is a measure for the concentration of the react
ing gas in a mixture of gases, if the external conditions (pressure, temperature and 
volume flow of the measuring gas) are kept constant. Just as is the case in UV fluo
rescence, the radiation created is recorded by a photomultiplier acting as radiation 
detector and is transformed into an electric signal. This method is used mainly for 
measuring NO, NO+NO, (i.e., NO,) and Or It is equally suitable for emission and air 
quality measurements, whereby 0 3 is usually investigated as ambient air pollution. 

5.2.4.1 NO. Measurement 

When measuring NO 0 3 is required as an auxiliary gas. The following reactions take 
place in the measuring instrument: 

NO+03 -+NO;+02 

NO+03 -+N02+02 

NO;-+N02 +hv 

NO;+M-+N02+M, 

(5.7) 

(5.8) 

(5.9) 

(5.10) 

where hv is emitted light energy at 600-3200 nm with a radiation maximum of 1200 
nm, M triple collision partner which absorbs energy but otherwise does not take part 
in the reaction. 

The reactions proceed at different reaction velocities. A constant part of the NO 
(approx. 10 % [4]) reacts with ozone to an excited NO; molecule. When the excited 
NO; molecule changes into its basic state, according to (5.9) light energy hv 
(chemiluminescence) is emitted whose intensity can be used as a measuring effect. 
Part of the excited NO; molecules, however, give off their energy to collision part
ner M and in doing so change into their basic state. This radiation-free energy dis
charge is called quenching. The lower the pressure und with it the gas density in the 
measuring chamber, the smaller the probability becomes that an N0 2 molecule can 
discharge its energy via a collision partner without giving off radiation. 
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Fig. 5.11 shows the diagram of a chemiluminescence instrument for the determi
nation of NO or of NO+NO, (i .e., NO). 

The ozone required for the reaction is produced via an electric gas discharge in an 
air or oxygen flow. During this, approx . 2 % ozone is formed which must be abun
dantly available for the reaction with the NO in the reaction chamber. When NO 
concentrations are high, pure oxygen is required for a greater ozone yield in the 
ozonizator. To sustain low pressure in the reaction chamber the major part of the 
measuring gas is conducted through a bypass system with only a small part being 
conducted into the reaction chamber via fine capillaries or a critical nozzle. If merely 
the gas required by the reaction chamber were sucked in by the measuring instru-
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ment, then the small volume flows in the intake lines would cause too great a delay 
in response. In addition, the bypass system upholds constant pressure conditions just 
before the capillary or the critical nozzle. 

After passing an interference filter the radiation emitted by the reaction is trans
formed into an electric signal by a photomultiplier. 

N02 can also be measured with this technique. For this, it must be reduced to NO 
before the chemiluminescence reaction takes place. This is done in a converter by 
reduction with hot metals, e.g., molybdenum. By setting up and controlling the the 
solenoid valve SV efficiently, both the total nitrogen oxide concentration (NO + 
N02) as well as the NO concentration can be measured. From this, N02 concentration 
is determined by subtraction. There are also devices with two reaction chambers of 
which one is supplied directly with measuring gas and the other one via the con
verter. In this way NO and NO + N02 can be measured simultaneously. 

There are several manufacturers of chemiluminescence devices for NOx meas
urement. Depending on their design the measuring instruments are suitable for air 
quality measurements down to measuring ranges of 0 - 1000 ppt NOx and for emis
sion measurements up to 10000 ppm NOx' The indication is very linear and owing to 
the specific reaction, there are generally only very slight interferences towards other 
gases. 

5.2.4.2 OJ Measurement 

According to the same chemiluminescence reaction as in the NO measurement, 
ozone could be measured by its reaction with NO. A better and more inexpensive 
reaction partner for ozone, however, is ethene (C2H4): 

03+C2H4~02 +C2H 40· 

C2 H 4 0· ~C2H40+hv (300 ... 600nm) 

C2H 40, H 2C......... /CH2 Ehtylenoxid, Oxiran. 

° 

(5.11) 

(5.12) 

During this reaction chemiluminescence radiation is once again formed to be 
measured analogous to NO determination. The sole disadvantage of this ozone 
measuring technique is that ethene is required which is only available from a gas 
cylinder. As it is a flammable gas, this measuring technique is regarded with disfavor 
in air quality measuring stations and has given way increasingly to UV photometry. 
In the matter of interference and susceptibility to faults the chemiluminescence 
method is superior to UV photometry. 

5.2.5 Flame Photometry 

In flame-photometry atoms are excited in a flame and made to luminesce. The spec
tral line of the atom of interest is filtered out from the radiation of the flame via an 
interference filter and measured with a photomultiplier. In gas analyses this process 
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is used mainly for sulfur measurements, but it is also suitable for measuring phos
phorous compounds. In sulfur measurement, however, the flame-photometric effect 
is not based on an atom emission but on a recombining of sulfur atoms whereby 
excited S; molecules are formed which pass into their basic state under a light 
emission of approx. 320 nm-460 nm. With an optical filter a wave length of 394 nm 
is chosen for sulfur detection [4]. 

The total sulfur content of the air, mainly H2S and S02 is primarily measured. If 
individual compounds are to be identified, then single g~ses must be removed by 
absorption and adsorption filters prior to measuring. This process is distinguished by 
a high sensitivity (low detection limit!) and by a very brief response time. Therefore 
measuring devices working on this principle are used, e.g., for air quality measure
ments with aircraft [29]. Owing to the fact that hydrogen is required as an auxiliary 
gas for generating the flame inside the device the flame photometer is used less fre
quently in stationary air quality measuring stations. It is not common practice to use 
it for emission measurements as the concentrations to be measured are too high and 
there are too many interfering components (quenching). 

5.2.6 Flame Ionization 

Gases can be ionized more or less easily by the addition of energy. For gas analyses 
the ionization of organic molecules in flames (flame ionization) has gained the great
est significance. Ionization by radiation of radioactive substances in detectors, e.g., in 
gas chromatography, is also applied [30]. 

The so-called flame-ionization detector (FID) was originally developed for gas 
chromatography. Nowadays, it is also used as the most important measuring device 
for the continuous recording of organic substances in exhaust gases or in ambient air. 

The measuring principle of the FID has been described many times, e g , in 
[30-32]. It will be summarized here with the help of Fig. 5.12 . 

The hydrogen flame burns out of a metal nozzle which simultaneously represents 
the negative electrode of an ionization chamber. The positive counter-electrode is 
fixed above the flame, e.g., as a ring. Between the two electrodes direct voltage is 
applied. The ion current is measured as a voltage drop above the resistor W. The 
measuring gas is added to the burning gas shortly before entering the burner nozzle. 
The air required for combustion flows in through a ring slot around the burner 
nozzle. 

For stable measuring conditions it is essential that all gases - combustion gas, 
combustion air and measuring gas - are conducted into the flame in constant volume 
flows. For this, all gas flows are conducted via capillaries. Constant pressures before 
the capillaries ensure a constant flow. Sensitive pressure regulators for combustion 
gas and combustion air are used to achieve this fine-tuning. The measuring gas is 
pumped past the capillary in the bypass in a great volume flow. Pressure is kept con
stant by the back pressure regulator, so that a constant partial flow reaches the flame 
via the capillary. Most FIDs operate with overpressure, i.e., the measuring gas pump 
is located before the capillary. 

To avoid condensation of the hydrocarbons to be measured almost all instruments 
can be heated to 150-200 0c. Heating includes the particle filter and the measuring 
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gas pump; in most cases, particularly with warm exhaust gases, a heated sampling 
line is also used from measuring gas sampling to the measuring instrument. 

Hydrocarbon compounds are oxidized in the flame with ions being formed as an 
intermediate product. In a certain range of the accelerating voltage the strength of the 
ionization current is in first approximation directly proportional to the amount of C 
atoms of the burned substance. Thus, an FID basically responds to all hydrocarbons 
and measures their total sum. Corresponding to the number of carbon atoms, larger 
molecules with many C atoms produce a higher signal than smaller molecules with a 
small number of C atoms. Ionization energy does not only stem from the flame's 
energy, but mainly from the oxidation energy of the carbon. Accordingly partially 
oxidized hydrocarbons provide a weak detector signal, completely oxidized hydro
carbons no signal at all; HCHO, CO and CO2, e.g., are not detected. 

If exhaust gases predominantly consist of mixtures of pure, i.e., non-oxidized or 
halogenated hydrocarbons, the FID provides a signal nearly proportional to the car
bon mass content of the exhaust gas. With the help of special technical controlling, 
e.g., adding helium to burning gas, operating conditions can be stabilized and pro
portionality of the indication to the C content of the measuring gas be improved [33]. 
Flame ionization detectors are characterized by very short response times (<1 s). 

FID is the standard measuring method for the determination of unburnt hydrocar
bons in automobile exhaust gases and is used in test stands to determine HC emis-
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sions of the different driving cycles. Within certain limits the FID can also be used 
for total C monitoring which is mandatory in Germany for certain plants according to 
Technical Directive On Air Pollution Control [34]. Application possibilities and 
limitations are described in the VDI guideline 3481, part 6 [35]. The FID can also be 
used for monitoring volatile organic substances, e.g., solvents. It can be directly 
calibrated for the substances emitted in which case so-called response factors are 
used. The response factor shows the ratio of the FID's signal between the substance 
of interest and a reference substance (when both substances are of the same concen
tration). The calibration procedures for the determination of the response factors are 
described in detail in [36]. If information on the composition of the emitted organic 
substances is to be gained, then samples must be taken discontinuously and analyzed, 
e.g., gas-chromatographically. Knowing the composition alone, however, is of no 
use, if nothing is known about the temporal course. In batch processes, e.g., emis
sions can be subject to considerable fluctuations, s., e.g., [37]. In such cases a total 
HC measurement of the course with an FlD is to be recommended with samples 
being taken at specific periods for a differentiated analysis. 

5.2.7 Conductometry 

In conductometric methods the gas to be investigated is brought into contact with a 
reaction solution specific for the measuring component, and the change in electrical 
conductivity of this solution is measured. It is a chemical measuring method. All 
gases causing a change in conductivity in a reaction solution can in principle be 
measured with such a method, e.g., S02' CO2, H2S, HCI, NH3 and others. CO, e.g., 
can be oxidized to CO2 by precombustion and can then also be measured via con
ductivity change [32, 38, 39]. 

Measuring a change in conductivity is the longest established continuous measur
ing method for the determination of S02 for both the fields of emission as well as air 
quality investigation. The reaction solution used is an aqueous hydrogen peroxide 
solution (HP2) with which S02 reacts to form sulfuric acid (H2S04): 

(5.13) 

In the aqueous solution the sulfuric acid formed occurs in a virtually completely 
dissociated form. The change in conductivity of the absorption solution caused by 
the ions formed is a measure of the S02 concentration. The change in conductivity is 
measured via an electrode measuring section which is part of a Wheatstone bridge. 

The principle underlying a measuring instrument of this type is shown as a dia
gram in Fig. 5.13. 

The measuring gas is sucked in by the membrane pump in the bypass. A smaller 
part of the gas flow is sucked out of the bypass into the measuring cell. The reaction 
solution is pumped from a reservoir into the reaction section where it mixes with the 
measuring gas. The S02 contained in the measuring gas reacts completely with the 
reaction solution. After the reaction the gas is separated from the fluid as the latter 
must be free of gas for the conductivity measurement. After the conductivity meas-
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urement in the electrode measuring section, the fluid is sucked out of the measuring 
instrument together with the measuring gas. Constant gas and fluid flows are essen
tial for an exact measurement. 

With emission measurements it is sufficient to measure the conductivity of the 
solution after the reaction with S02. 

For SOz air quality measurements, however, the method is somewhat more 
complicated. True, the measuring principle is analogous to the One for emission 
measurements, but the HPz solution is acidulated with HzS04 • In the measuring 
instrument the difference between the conductivities before and after the reaction 
with S02 is determined. Applying the conductivity method many different instru
ments have been used for S02 measurement [42-45]. 
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Temperature directly influences the conductivity of the solution. Therefore, a 
thorough thermostatting of the measuring cells is essential. Problems frequently 
occur due to clogging of the fine capillaries, the formation of algae or soiling. Also, 
purity of the electrodes in the conductivity measuring section is of great importance. 
Flawless functioning of the conductivity measuring instruments therefore requires 
relatively high maintenance. When properly cared for, S02 conductivity measuring 
instruments can work very well [46]. They were, e.g., formerly used in all air quality 
measuring networks of Germany [47,48], but they have been partly replaced by the 
physically operating UV fluorescence instruments nowadays. 

5.2.8 Amperometry 

Amperometry is the application of a galvanic current produced in an electrolyte after 
a reaction with the measuring component. The measuring cell represents a galvanic 
element which only supplies current via an external closing circuit if its electrolyte 
comes into contact with the gas of interest and in doing so produces ions. The ions 
migrate to the electrodes and charge them negatively or positively, so that a current 
can flow in the external circuit. What is important here is that the measuring compo
nent alone sets off the current-producing process and determines its intensity. Then 
the current intensity is proportional to the measuring component in the gas. Possible 
interfering components are generally removed by absorption filters before the meas
uring cell. The electrodes and the electrolyte are gradually exhausted. The electro
chemical measuring cells must therefore be replaced from time to time. 

Formerly there were cells with flowing electrolytes but these were never gener
ally accepted. Nowadays, electrochemical cells are used in hand-held or portable 
measuring instruments, e.g., for spot sampling determination of O2, CO and other 
components in workplaces and small furnaces, s., e.g., [51-54]. These instruments 
are much less expensive than, e.g, IR gas analyzers but they are not suitable for con
tinuous measurements. They do not operate stably enough and would also wear out 
too fast in continuous operation. 

5.2.9 Coulometry 

Coulometry measures the quantity of electricity required for dissociating an 
electrolyte. The electrolyte is formed by introducing the gas component in question 
into a suitable solvent. For this, the air to be analyzed is continually pumped through 
a measuring cell containing the reagent solution. The component to be determined 
must be completely dissolved and must form the ions necessary for the electrolytic 
reaction. The electrolytic current caused by a voltage between two electrodes is 
directly proportional to the number of ions formed and thus to the measuring 
components' mass flow. 

The best-known measuring instrument working on this measuring principle was a 
Philips S02 monitor for air quality measurement [55]. Its production was dis
continued, however. Current instruments for measuring extremely low S02 con-
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centrations work on a similar measuring principle developed by Rumpel using the 
polarographic-coulometric process. This polarographic-coulometric process is based 
on the following principle [4]: 

If a very easily polarizable and an unpolarizable electrode of suitable potential 
are submerged into a suitable electrolytic solution, a current flows if a substance 
acting as depolarizer is present in the electrolyte. The unpolarized counterelectrode 
keeps its potential even if an external voltage is applied. 

The set-up of the S02 measuring instrument developed by Rumpel is shown in 
Fig. 5.14. A very slowly flowing electrolytic solution (1 % H2S04) is saturated with 
iodine in cell 1, then subsequently purified from possible iodide (J) by electron 
emission in cell 2 at a polarizable Pt-electrode. This electrolyte solution then reaches 
cell 3, where a continuously controlled flow of measuring gas bubbles through it. If 
S02 is present in the measuring gas, then it is oxidized with iodine, with the iodine 
being reduced to iodide: 

(5.15) 

The iodide ions act as depolarizer and again oxidize to iodine at the polarizable 
Pt-electrode (indicator electrode) of cell 3. The electrolytic current generated there is 
determined by the S02 concentration. The current measured between polarization 
electrode and non-polarizable reference electrode in cell 4, through which the 
solution subsequently flows, represents the measuring signal. An external cell 
voltage of 200m V keeps the indicator and reference electrode at a potential which is 
constant in reference to each other. After the solution has passed through the 
measuring cells, it is collected in a receptacle. 
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This measuring instrument was used by the German Federal Environmental 
Agency for detecting SOr It permits measurement of the frequently very low S02 
concentrations at the clean air stations. It is said that its detection threshold is less 
than 1 ~g/ml S02 [56]. 

5.2.10 Potentiometry 

If electric direct current is applied to an electrolytic solution its chemical composi
tion changes. Inversely, electrical energy is to be gained from chemical processes. 
This fact is utilized in potentiometric measurements. 

5.2.10.1 PH Measurement 

The potentiometric measuring principle is the one applied the most frequently in the 
pH measurements of aqueous solutions. For this, glass electrodes which are filled 
with a buffered reference electrolyte are generally used [58]. This reference electro
lyte is separated from the measuring solution by a glass diaphragm which is perme
able to H ions. However, although a reduction-oxidation reaction (redox reaction) 
with an electron or ion exchange does not occur, at the phase boundaries potentials 
are created due to a charge exchange which are conducted through metal electrodes 
(reference and measuring electrode) or whose difference can be determined by 
highly resistant voltmeters. The voltage created is described by the Nernst equation 
[59]. Nernst relies on the principle of the glass electrode: 

If a glass sphere with the properties of a glass membrane filled with a buffered 
solution of known pH value pHi is submerged in a solution with the pH value pH, 
voltages of different strengths occur at both phase boundaries. The potential differ
ence is called membrane voltage and can be measured. The Nernst equation deter
mines the relationship between the membrane voltage and the activities of the de
termining ion type 

(5.16) 

in which UE is membrane voltage, T absolute temperature, R gas constant=8.31439 
J. (K . molY\ n the number of elemental charges (in hydrogen n=l), F Faraday con
stant (charge of one mol of a substance), I F=96486 As mor\ a the activity of the 
ion to be measured and ai the activity of the internal electrolyte. 

For potentiometric pH measurement the activity of the monovalent hydrogen ion 
H+ is decisive when glass electrodes are used. As the same H+ ions exist inside and 
outside, the activities a and a 1 are proportional to the concentrations c and c of the H+ 
ions. 

The Nernst equation shows that when the pH value is measured, the temperature 
ofthe solutions or glass electrode also has an influence. 

In literature pH measurement has been described in detail and has been largely 
standardized in German industrial standards [60-68]. In air pollution analysis pH 
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measurement is used mainly to determine the acid content of precipitation. Apart 
from discontinuous analysis of precipitation samples, automatic precipitation moni
tors which are now commercially available have also been developed for this pur
pose [69-71]. Apart from automatic pH measurement, precipitation sampling in the 
automatic monitors is also highly labor-intensive. At present, precipitation monitors 
still require a lot of maintenance. 

5.2.10.2 HF and HCI Measurement with Ion-Sensitive Electrodes 

Electrodes developed not only for hydrogen ions but also for other ions are com
mercially available as so-called ion-sensitive electrodes. Potentiometric methods 
with ion-sensitive electrodes have been used to measure hydrogen chloride (Hel) 
and hydrogen fluoride (HF) in exhaust gases [72]. Hel and HF measurements are, 
e.g., required in waste incineration plants. 

5.2.10.3 02 Measurement with Solid-State Ion Conductor Zirconium Dioxide 

The same principle of potentiometric measurement forms the basis for solid-state ion 
conductors, e.g., the so-called A.-sensor for the measurement or control of oxygen in 
exhaust gases. If gases with different oxygen contents are separated by a zirconium 
dioxide (ZrO) membrane at high temperatures, then oxygen ions diffuse through 
vacancies in the lattice of the Zr02 membrane and generate an electrical charge. If 
both sides of the zirconium dioxide membrane are covered with a platinum grid an 
electrical charge can be collected if the two separate gas mixtures have different 
oxygen concentrations. Just as is the case in pH measurement according to the Nernst 
equation (5.16), membrane voltage depends logarithmically on the partial pressure 
ratio or the concentration ratio of the oxygen on both sides of the membrane. Fur
thermore, temperature has an influence, too, 

u = R . T . In Po, ( Luft ) 
n· F Po, (Abgas) , (5.17) 

where POl is partial oxygen pressure. 
It must be noted, that 02 ion conductivity of the Zr02 starts only at more than ap

prox. 400 °e. Fig. 5.15a shows a diagram of a Zr02 exhaust gas probe. 
On the inside of the thimble-shaped Zr02 membrane there is air with 20.93% vol

ume percent of 02. Exhaust gases are passed on the outside. In A. measurement (air 
excess measurement) of automobile exhaust gases the sensor is exposed directly to 
exhaust gases. The smaller the 02 content of the exhaust gas, the greater the 02 ratio, 
as there is always the constantly high 02 content of the air on the inside of the sensor. 
With increasing 02 concentration ratio, the sensor voltage goes up exponentially, i.e. 
the sensitivity of the measuring method increases as the quantity to be measured 
becomes smaller, a phenomenon not frequently observed in measuring techniques. 
Fig. 5.15b shows the dependencies of the sensor voltage on the 02 concentration in 
the exhaust gas for different temperatures. The voltage cannot increase indefinitely 
with decreasing 02 content; if voltage increases, at a certain voltage (depending on 
the internal resistance) a discharge via the Zr02 membrane itself takes place. 
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Fig. 5.158. Diagram of a zr02 probe [73]. With decreasing O2 content the measured voltage 
increases 

More and more frequently Zr0z sensors are used for 0z measurement in furnace 
flue gases. There the sensors are heated to a constant temperature, so that usually 
only one of the curves shown in Fig. 5.15b actually applies. In automobile exhaust 
gases, however, usually no exact 0z measurement takes place. Rather the air-fuel 
ratio is controlled such that the 02 content approaches zero at the sensor, during 
which the sensor voltage rises sharply. This steep voltage rise is used for controlling. 
Voltage switch limits are set such that differing temperatures at the sensor do not 
exert any great influence. 

If there are any appreciable concentrations of CO and hydrocarbons in the ex
haust gases then a catalytic afterburning takes place at the sensor (catalyzed at the 
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Fig. 5.16. Paramagnetic Oxygen Measurement. a. Magnetic susceptibility of some gases refer
red to O2 (= 100%) [5]. b. Principle of a paramagnetic oxygen measuring instrument 

platinum grid of the sensor) with residual oxygen being used up, i.e., 02 content 
indicated by the sensor would be too low. In automobile exhaust gases this is no 
problem as residual oxygen is, e.g., needed in the succeeding catalytic converter for 
the afterburning of CO and hydrocarbons. Thus, not the 02 content is controlled by 
the sensor, but the air ratio A approaches I, i.e., only as much O2 or air is supplied as 
is needed for the complete oxidation of all unburned components. Therefore the 
name A sensor. 
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5.2.11 Paramagnetic Oxygen Measurement 

One principle of oxygen measurement uses the specific paramagnetic features of this 
gas. Fig. 5.16a shows the magnetic susceptibility of some gases referred to 02 
(= 100 %). Most of the gases are showing no magnetic susceptibility. The concentra
tions of gases of about 40 % susceptibility relative to oxygen (NO, N02, CI02, CI03) 

are so low (compared to 02) that no interference has to be feared. 
The principle of a paramagnetic oxygen measuring instrument is shown in Fig. 

5.16b. In the measuring cell a "dumb-bell" is situated comprising two quartz spheres 
filled with nitrogen. This dumb-bell is suspended on a thin platinum band under 
tension. In the center of the dumb-bell a small mirror is placed. the dumb-bell is 
surrounded by a magnetic coil. Outside the measuring chamber there are permanent 
magnets. The magnets generate a powerful inhomogenous magnetic field. When 
oxygen molecules enter the measuring chambertogether with the sample gas, they are 
displaced in the area of the strongest magnetic field and thus exert differential forces 
on the two spheres of the dumb-bell, which is rotated away from its stationary posi
tion. As soon as the mirror is diverted away from its stationary position, the signal 
produced by a detector generates a current in the connectd amplifier. This current is 
transmitted through the coil which then generates its own magnetic field to bring the 
dumb-bell into the stationary position again. The current generated is thus a direct 
measure of the oxygen concentration present, and can be measured and displayed by 
a galvanometer. 

The whole measuring instrument consists of the measuring cell itself, a perma
nent magnet, a power supply, the evaluation electronics including the display and a 
housing. The sample gas is sucked through the instrument by an external pump. 

5.2.12 Measurement of Thermal Conductivity 

The different thermal conductivity of gases is primarily used for measuring CO2 and 
H2• H2 has a considerably higher thermal conductivity than other gases; CO2 occurs in 
relatively high concentrations in furnace flue gases and is different from other gases 
in this respect. The principle of thermal flow measuring instruments is based on the 
fact that heated filaments exposed to the sample are cooled to different extents de
pending on the gas composition and thus change their electric resistance in the proc
ess. Thermal conductivity is not suitable, however, for the measurement of trace 
gases. 

As the gases CO2 and H2 are not pollutants but auxiliary variables, e.g., for the 
determination of air excess in combustion processes, we will refrain from a more 
detailed description here. Relevant literature is offered in [5, 7, 32]. 
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5.2.13 Manual Analysis Methods 

In manual analysis methods generally a sample is first taken and then further proc
essed in the laboratory. During sample taking an enrichment of the measuring com
ponent usually takes place, so that even very low pollutant concentrations can be 
detected. Fig. 5.17 shows different possibilities of manual analysis sampling. The 
choice of method depends on the species of interest and on the type of laboratory 
method with which the sample taken is further evaluated. 

The simplest type of sample taking is done with gas-sample collectors (Fig. 5.17a 
and b) - in plastic bags for large volumes, in gas-samplingtubes made of glass for 
small volumes. In the laboratory the sample taken can, e.g., be fed in an automatic 
measuring instrument or it can be investigated by manual analysis. 

Wet-chemical measuring methods in which the sample is collected in absorbing 
solutions and bound chemically are widespread. The simplest of this type of meas
urement is volumetry. In this method a defined exhaust gas volume is taken and 
flushed several times through a specific absorption fluid. The remaining residual 
volume is subsequently measured; the difference to the initial volume corresponds to 
the volume concentration of the absorbed gas in the % range. The method is well
known as Orsat Analysis. It is used for manual CO2 determination in exhaust gases. 

Another method of determining the absorbed pollutant content in a reaction solu
tion is by color change titration. A sample is collected in the wash bottle according 
to Fig. 5.17c. Then, in the lab a reagent is gradually added to the absorbing solution 
until the bound pollutant is transformed quantitatively or the excess reagent in the 
absorption solution is used up quantitatively. The end of the reaction is indicated by 
appropriate color indicators. 

Colorimetric methods show a highly sensitive reaction. The reaction solution in 
the wash bottle either reacts directly with the pollutant or after further chemicals 
have been added to form a color complex. Here, color intensity is a measure of the 
pollutant content in the reaction solution. Color intensities are calibrated with known 
pollutant amounts. The pollutant content of the reaction solution in proportion to the 
gas volume sucked through which is indicated on the gas meter shows the concen
tration of the gas in the investigated sample. 

Table 5.6 lists the wet-chemical measuring methods for different components de
scribed in the VDI guideline [76]. 

5.2.14 Chromatographic Techniques 

Chromatography - translated from Greek it means "color writing" - is an analytical 
procedure based on physical principles. One of the simplest chromatographic ana
lytical procedures is paper chromatography. If a solution of different dyes is dropped 
on blotting or filter paper, then the individual substances in the solution spread to 
varying extents due to their different affinities to the absorption substance, the blot
ting paper. On the paper they can be identified by color bands or concentric color 
rings. 

In modern chromatography, however, so-called separating columns through 
which the substance mixture is passed, are used. Depending on their different affini-
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d Arrangement for adsorption of pollutant gases on solid adsorbents, e.g. activated charcoal 
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2 Particle filter, heated if necessary 
3 Condensate precipitator 
4 Gas pump 
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7 Glass gas sampling tube 
8 Manometer 
9 Wash bottle with sintered insert 

10 Flask with drying agent 
11 Throttle valve 
12 Gas meter 
13 Adsorption tube 

For ambient air measurement parts 1, 2, 3 are left out 

Fig. 5.17a-d. Sampling methods for manual measurements with evaluation in the lab 
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Table 5.6. Wet-chemical measuring methods for air and exhaust gas analysis described in VDI 
guidelines [76] 

Component to Measuring Method Emis- VDI GuidelinellSO standard 
be measured sion (E) 

Name Principle Immis- d=draft Date 
sion (I) 

S02 Iodine thiosulfate Titration E 2462, part 1 0211974 
Hydrogen Titration E ISO 7934 d 0911987 

peroxidelbarium 
perchlorate/thorin method 

Hydrogen peroxide Gravimetry E 2462, part 3 02/1974 
method 

Silica gel method Adsorption! 2451, part 1 08/1968 
colorimetry 

TCM Colorimetry 2451, part 3 d 11/1994 
Thorin spectrophoto- Colorimetry ISO 4221 05/1990 

metric method 
S03 2-propanol method Titration E 2462, part 7 0311985 
NO+N02 Phenoldisulfonic Colorimetry E 2456, part 1 1211973 

acid method 
Hydrogen peroxide Titration E 2456, part 2 12/1973 

method 
Sodium salycilate Colorimetry E 2456, part 8 0111986 

method 
N02 Saltzman Colorimetry I 2453, part 1 1011990 
CO Iodine pentoxide Titration E 2459, part 2 0211994 

method 
Total F- NaOH absorption Colorimetryl E 2470, part 1 10/1975 

potentio-
metry 

F- Sorption method Potentiometry 2452, part 3 07/1987 
with silver balls or photometry 

HCl Absorption with A) Titration, E 3480, part 1 07/1984 
water B) potentiometry, 

C) colorimetry 
Cl2 Methyl orange Colorimetry E 3488, part 1 12/1979 

method 
Bromide-iodide Titration E 3488, part 2 1111980 

method 
Methyl orange Colorimetry 2458, part 1 12/1973 

method 
H2S Iodimetry Titration E 3487, part 1 1111978 

Molybdenum blue Colorimetry I 2454, part 1 03/1982 
sorption 

Methylene blue Colorimetry E 2454, part 2 03/1982 
impinger 

NH3 Sulfuric acid Colorimetryl E 3496, part 1 0411982 
(total N) absorption titration 
NH3 Indophenol method Colorimetry 2461, part 1 03/1974 

Nessler method Colorimetry 2461, part 2 0511976 
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Table 5.6. (continued) 

Component to Measuring Method Emis- VDI Guideline/ISO standard 
be measured sion (E) 

Name Principle Immis- d=draft Date 
sion (I) 

Aliphatic MBTHmethod Colorimetry E 3862, part 1 12/1990 
aldehydes 
(C1 to C3) 

Sulfite-pararosaniline Colorimetry I 3484, part 1 0111979 
Phenols p-nitraniline method Colorimetry I 3485, part 1 1211988 
TOC (Total Silica gel adsorption CO2 coulometry E 3481, part 2 04/1980 

Organic Silica gel adsorption CO2 coulometry I 3495, part 1 0911980 
Carbon) 

Polychlorinated Dilution method, Extraction E 3499, part 1 d 03/1990 
dibenzodioxins filtering or GeIMS 
and dibenzo- absorption 
furans 

Polycyclic Filter/condenser Extraction E 3499, part 2 d 03/1993 
aromatic method GCIMS 
hydrocarbons Filter condenser Extraction E 3872, part 1 05/1989 
(PAH) method GCIMS 

Dilution method Extraction E 3873, part 1 1111992 
GCIMS 

ties to the individual adsorbents, substances with great affinity migrate more slowly 
through the separating column than those with a small affinity, so that they exit the 
column at different times. At the column's outlet the individual substances are re
corded by means of physical detectors. 

5.2.14.1 Gas Chromatography 

Gas chromatography is a method for separating gas mixtures. Fluids can also be 
separated, only they must be vaporized beforehand and may not decompose. The 
principle has been frequently described, s., e.g., [30, 31]. Fig. 5.18 shows the sche
matic diagram of a gas chromatograph. 

A carrier gas, the so-called mobile phase - hydrogen, nitrogen or helium - flows 
through the separating column. The gas or fluid mixture to be separated is injected 
into the carrier gas flow with an injection syringe. The injection block is heated to 
such an extent that even substances injected in a fluid state vaporize instantly up to a 
certain boiling point. The sample mixture is then flushed into the separating column 
by the carrier gas. To enlarge the inner surface the "packed" columns are filled with a 
porous inert material, e.g., silicagel. In so-called gas-fluid chromatography this ma
terial is coated with a fluid phase, the stationary phase, to improve the separating 
performance. When flowing through the stationary phase the mobile phase, the car
rier gas, carries the components of the sample along with it according to the distribu-
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Fig. S.18. Principle of gas chromatography 

tion equilibrium between mobile and stationary phase. Therefore, the individual gas 
or vapor components flow through the separating column at different velocities, so 
that they reach the column outlet at characteristic intervals of time. Subsequently 
they flow through the detector where their concentrations are determined individu
ally. The detector's signals are registered by a recorder as peaks. The record showing 
the succession of the individual peaks is called "gas chromatogram", s. Fig. 5.19. 

The distribution equilibrium of the individual substances between the mobile and 
stationary phase is temperature-dependent. The separating column is therefore kept 
at a constant temperature in the so-called column oven or is heated with defined 
temperature programs, so that even nonvolatile substances can be expelled from the 
column and be analyzed. 

The separating performance of the packed columns is limited. For this reason 
capillaries have been developed as separating columns in the past years which are 
coated with the stationary phase as an extremely thin film of fluid on the inside wall. 
With these capillaries which are made of fused silica and have a length of 25 or 50 
m, very good separating results have been achieved. 

Of all air pollutants there are mainly the manifold hydrocarbon compounds which 
are determined gas chromatographically, both emissions as well as pollutants in 
ambient air. The flame ionization detector is primarily used as gas chromatographic 
detector of such compounds. 

The retention time inside the column is characteristic for each substance. The 
identification of the substances of interest is carried out by comparing the retention 
times with those of known pure substances, s. Fig. 5.19. The concentrations of the 
substances are proportional to the areas A under each peak. These area sections can 
be converted directly into concentration units by computer controlled integrators. 
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Fig. 5.19. Principle presentation of a gas chromatogram with retention time tl and peak area F 

The peak area of a specially added substance can act as reference quantity, as a so
called internal standard. 

5.2.14.2 Gas ChromatographylMass Spectrometry 

If identification based on retention times is not possible in gas chromatograms with 
numerous peaks, then a mass spectrometer (MS) is often included in the set-up as a 
detector after the gas chromatograph (GC). Fig. 5.20 shows the principle of a mass 
spectrometer: the gas to be investigated is fed into an ion source where charged 
molecules are generated by bombarding with electrons. By applying high voltage 
these are formed to an ion beam and focussed with an electrostatic lens. After having 
passed through a cylinder condenser the different components of the ion beam are 
separated from each other in a magnetic field and are recorded with a suitable detec
tor. By measuring the strength of the magnetic field, the mass M of the ions can be 
determined. In Fig. 5.20 mass M2 of the ions just reaching the detector is greater than 
MJ' but smaller than M3• 

The analytical possibilities of mass spectrometry have been described in detail in 
reference publications, e.g., in [77]. Although gas-chromatography-mass-spectro
metry (GeIMS) is an expensive analysing technique, it is indispensable today in both 
trace analysis as also in air quality control. 

As gaseous air pollutants do not occur in such high concentrations that they can 
be injected directly into the gas chromatograph and be analysed there; it is necessary 
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Fig. 5.20. Principle of a magnetic mass spectrometer; Mt, Mt, M3 are masses of different 
ions [78] 

to enrich the substances most of the time. This, e.g., is carried out on activated car
bon or other adsorbants, s. Fig. 5.17d. The substance mixture can then be extracted 
from the activated carbon, e.g., with a solvent such as carbon disulfide (CS) and can 
then be injected as a fluid mixture into the gas chromatograph. Another method of 
separating the substances which accumulate on the adsorbent is thermal desorption. 
For this the sampling tubes are heated and their contents are flushed into the carrier 
gas flow in a gaseous state. 

5.2.14.3 High Performance Liquid and Ion Chromatography 

Relatively recent methods for determining pollutant concentrations in solutions such 
as are shown in Fig. 5.17c are high performance liquid chromatography (HPLC) and 
ion chromatography as a special version of the HPLC. These methods are particu
larly suitable for determining several components in solutions. For this, the solutions 
to be investigated are sent through special separating columns where the species of 
interest are retained for different lengths of time and accordingly exit at different 
times. The substances are then recorded with suitable detectors, e.g., with UV ab
sorption or fluorescence detectors in HPLC, with conductivity detectors in ion chro
matography. In air and exhaust gas analyses HPLC is used particularly to determine 
organic pollutants such as aldehydes [79]; ion chromatography today is the common 
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method of determining anions, e.g., sulfate, nitrate, chloride and cations such as 
NH! ,Na+, K., Ca2., Mg2+, A13+ etc. in aqueous samples [80]. 

5.2.14.4 Determination of Highly Toxic Organic Compounds 

Polycyclic aromatic hydrocarbons (PAH), polychlorinated dibenzodioxins, dibenzo
furans and polychlorinated biphenyls are to be mentioned here. More information on 
structure and occurrence of these substances is given in sect. 2.2.3. 

Polycyclic aromatic hydrocarbons and polychlorinated dioxins and furans occur 
in exhaust gases only in traces. Exhaust gas temperatures in motor vehicles, furnaces 
and incineration plants range between 60 and 400°C. Most of these compounds 
condense when cooling down to temperatures in lower ranges. Apart from condens
ing, organic compounds are mainly adsorbed by existing soot and particulate matter. 
At temperatures of approx. 400 °C, however, many compounds occur in a gaseous 
state [81]. 

Due to the low concentrations and varying states of aggregation, samplings of 
these substances are subject to special requirements. When exhaust gas temperatures 
are low sampling must primarily concentrate on collecting the organic compounds on 
filters. When exhaust gas temperatures are higher the substances must either be con
densed by cooling the exhaust gases and then be separated on filters, or absorption 
devices (e.g., wash bottles) are included in the set-up after the filters to collect the 
gaseous components [82, 83]. 

To guarantee an effective sampling it is the safest to conduct the entire exhaust 
gas flow over the sampling train, but this is only possible with exhaust gas flows of 
up to approx. 50 m31h. Sampling trains operating according to this method are, e.g., 
used in exhaust gas investigations of motor vehicle engines and in domestic furnaces. 

Fig. 5.21 shows the set-up of the sampling system with coolers and filters as it is 
used for collecting polycyclic aromatic as well as polychlorinated aromatic hydro
carbons [83, 84]. When dealing with large flue gas flows, such as those of industrial 
plants, only a partial flow can be taken as a sample, but then a grid sampling over the 
cross-section of the flue gas canal is necessary. As part of the organic substances 
occur in particulate form, sample taking must take place at the same speed isokineti
cally (s. sects. 5.3 and 5.4). Measuring trains for such samplings are, e.g., described 
in [83]. 

Sample preparations as the step between sample taking and analysis are often 
complicated and work-intensive. There are three fractions of the sample to be inves
tigated: in the water condensate, in the cooler and on the filters. The filter usually 
contains the main amount of the P AH. The preparation of the three fractions is 
shown in a diagram in Fig. 5.22: The PAH of the three fractions are first extracted, 
the extracts then treated further one by one or together and then separated from the 
accompanying substances, such as paraffins, by a double liquid-liquid separation. 
After another pre-cleaning in a silica-gel column the PAH are split into two fractions 
by column chromatography of which one contains the components with 2-3 rings, 
the other those with 4-7 rings. After this pre-separation the solutions can be analysed 
gas-chromatographically without having to fear that the PAH peaks of interest in the 
chromatogram may be obscured by interfering components. 
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Fig. 5.21. Diagram of a P AH sampling system with the total flow method in a research furnace 
(acc. to Grimmer [85]); nearly the same apparatus is used for sampling automotive exhaust 
gases 

The appropriate sample preparation for polychlorinated aromatic compounds is 
also done by extracting the different fractions and by concentrating (vacuum evapo
ration) the species of interest. 

When collecting the wanted components on filters and during preparation of the 
samples chemical transformations can occur which lead to errors. E.g., Hartung et al. 
found nitro-derivatives of the PAH as artefacts in samplings of diesel exhaust gas 
[87]. PAH measurement depends on the reactivity and on the temperature of the 
PAH, on the concentrations of the interfering components (e.g., oxides of nitrogen) 
and on the sampling time. In polychlorinated aromatic compounds, also, artefact 
formation during sample taking on filters must be taken into consideration. 

Analysis of the prepared samples is generally carried out gas-chromato
graphically with separating capillaries and mass-selective detectors or, in chlorinated 
compounds, with electron-capture detectors [78, 82, 84, 85, 88]. 
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5.2.15 Method for Determining Odorous Substances - Olfactometry 

Odorous substances generally occur in such low concentrations or as such complex 
combinations of substances that a recording with measuring techniques based on 
chemical or physical methods is mostly impossible. As odorous substances are often 
offensive to people a "measuring technique" has been developed which has the hu
man nose itself serve as a detector. For this, equipment is used in which the gas to be 
investigated can be diluted with pure air to varying extents. This diluted gas is then 
conducted to a funnel where smelling tests are conducted by a panel of persons. This 
method is called dynamic olfactometry, s. Fig. 5.23 . 

Mixer 

Flow meter 

-Odorous 
sample Activated charcoal 

Fig. 5.23. Principle of odorous substance determination by olfactometry 

Dilution air 
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Of the gas to be investigated either a continuous partial flow is conducted into the 
olfactometer or gas samples in plastic bags which were filled at the source of the 
odor are entered into the olfactometer [89]. Olfactometry has to fulfill several tasks 
[90]: 
- detecting odor thresholds of individual substances and combinations of sub

stances in the laboratory, 
- determination of odor units in unknown combinations of substances at emission 

sources or in the ambient air, 
- assessment of the type of odor (agreeable, disagreeable, terms of association ... 

etc.) = hedonic effect. 

The odor threshold in a sense of recognition threshold is the concentration of an 
odorous substance triggering a just barely perceptible sensation of odor. According 
to convention it is that concentration where a test person reports a perception of odor 
in SO % of the odorous samples. Accordingly, for a panel test (with several test per
sons) perception of odor is to be indicated SO % of the persons [90]. 

To determine the odor threshold the sample gas in the olfactometer is diluted 
until its odor is clearly below the perceptible range. Then the concentration is raised 
until the test person indicates just a barely perceptible sensation of odor. 

As a relative measure of concentration of undefined odor samples the odor unit is 
used. According to definition, the odor sample with threshold concentration has one 
odor unit. The number of odor units of an odor sample is identical with the dilution 
number Zso' which is defined at the point at which the odor threshold is reached in 
olfactometer measurement [90]: 

(S.18) 

where Z is the dilution number of the dilution of the odor sample, V p is the volume 
flow of the odor sample, V R is the volume flow of the added pure air, and Z so is the 
dilution number indicated by 50 % of the panel. 

Investigations of the hedonic effects of odors are carried out in the supertbreshold 
range. 

Olfactometric measurement must be carried out absolutely painstakingly. Exact 
instructions are listed in [90]. The deviations of the odor tresholds and of the relative 
odor concentrations can in some cases be considerable. Results of ring tests also 
show, however, that the method of olfactometry is essentially suitable for the as
sessment of odors [91-96]. 

5.3 Measuring Methods for Particulate Matter 

When examining particulate matter in emissions as well as in ambient air the follow
ing factors must be taken into account: 
- total mass concentration of the particulate matter, 
- concentration of fine particles, 
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- size distribution, 
- chemical composition. 

The following sections will give an overview of the different ranges of application 
and some examples of measuring techniques will be decsribed. As a complete repre
sentation of all measuring methods is not possible within this book, we recommend 
that more specialized literature be consulted for this purpose, e.g., [97]. 

In the air quality range particle sedimentation as well as non-sedimenting sus
pended particulate matter is of interest, particularly the latter, as it is respirable and 
can thus carry pollutants into the human body. 

5.3.1 Gravimetric Determination of Particulate Matter in Exhaust Gases 

The simplest method of determining the particle content of exhaust ga:;es is to suck 
off a partial flow of the exhaust gas and to conduct it over a filter. Particle COnCen
tration is then calculated from the added weight of the filter and the gas volume 
sucked through. This is a manual and discontinuous method. It is used in acceptance 
tests, for calibrating automatic particle measuring systems and for the taking of 
samples of particulate matter whose composition is to be determined subsequently. 
This measuring technique has been described in detail in the guideline no. 2066 of 
the German Engineering Association (VDI) [98,99]. To reduce faulty measurements 
the partial flow must be sucked off isokinetically, i.e., with the same speed as the 
exhaust gas flow which makes the whole method more complicated. This is illus
trated by Fig. 5.24: 

If the sampling rate is too slow (Fig. 5.24a) the exhaust gas moving in stream 
lines which ought to flow into the sample inlet diverges past it. Due to their inertia 
the particles do not follow the diversion, but enter the sample inlet instead. The par-
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Fig. 5.24. Influence of a non-isokinetic partial flow suction; a. suction speed too low, b. sucti
on speed too high 
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ticulate content measured is too high. If the sampling rate is too fast, the exhaust gas 
from the surrounding area is sucked into the sample inlet, again the particles do not 
follow the stream line flow, pass by on the outside (Fig. 5.24b) and the particulate 
content measured is too small. Findings have shown that the errors made when the 
suction speed is too slow increase much more dramatically than when the suction 
speed is too high [89, 100]. However, this depends on the grain size and on the den
sity of the particles. The smaller and lighter they are, the better they can follow the 
divergent flow, and the smaller the likelihood of errors. 

For matching sampling rate the speed of the exhaust gas stream must be deter
mined before the actual particulate measurement, distributed over the entire cross
section of the exhaust gas canal. Fig. 5.25 shows a measuring set-up for gravimetric 
particulate content determination including the set-up for the measurement of the 
flue gas speed. 

The speed of the partial stream is determined with the help of the venturi tube and 
the manometers and set at the pump. The total gas volume sucked through is read on 
the gas meter. 

When using a pi tot tube the speed of the main gas stream can be calculated ac
cording to the following equation (Bernoulli): 

Filter cartridge Special suction tube 

t 
Flue gas 

Thermometer 

Pilot tube U-Tube manometer 

--~ 

--~--"" 
___ "" I \ 

\ I I 
I I I 
I, I 
I r- I 
I , 

(5.19) 

Gasmeter 

(0--\ 
I 
I 

Condensate 
flask Pump 

U-Tube manometer 

Fig. 5.25. Principle of in-situ gravimetric particle measurement in flue gases 
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where v is gas speed, Pd is dynamic pressure (= total pressure - static pressure) meas
ured with a pi tot tube and Pr is the density of the humid flue gas. If the carrier gas is 
not air but, e.g., furnace flue gas, then for the determination of the flue gas density, 
the flue gas temperature, static flue gas pressure as well as gas composition have to 
be determined first, e.g., CO2, 02' Hp and possibly also the S02 content. Possible 
measuring techniques have already been discussed in sect. 5.2. 

One possibility to avoid the complex speed measurement is offered by the use of 
a so-called zero pressure probe [101]. In this method the static pressure is measured 
on both the inside and the outside of the suction tube, then the pressure difference is 
set to zero by adjusting the partial flow. 

High-grade steel cartridges or glass fiber cartridges stuffed with quartz wool are 
generally used to collect the particulate matter, s. Fig. 5.26. It is recommended that 
the particle filter be positioned directly in the flue gas canal. In this way it will be 
heated by the flue gas; external heating to prevent water vapor condensation in the 
filter is thus not necessary. In addition, the short suction tube minimizes particulate 
losses in the sampling system. For special purposes, particularly for the collection of 
low particulate concentrations, plane filters can also be used [102]. 

The particulate matter sampled on the filters can be examined for special sub
stances. E.g., to examine for adsorbed sulfuric acid, the particulate matter together 
with the filter material is dissolved in water and titrated with caustic soda. To deter
mine its combustible content, e.g., soot, the filter is incinerated and the so-called 
ignition residue is weighed. 

Nut 

Elbow tube 
Sealings Quartzwool 

Exchangeable sampling probe 

Fig. 5.26. Diagram of an in-situ sampling filter: stainless steel case packed with quartz wool 
[100] 
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To analytically determine heavy metals such as barium, cadmium, chromium, 
nickel, lead, vanadium a.o. the particulate matter is broken down chemically together 
with the quartz wool filter and the elements are analyzed with the help of atomic 
absorption spectrometry (AAS) [103]. However, when analyzing metals in exhaust 
gases it must be considered that, due to the high temperatures, some compounds can 
also be present as metal vapors. To be able to detect such metal vapors, complicated 
collecting equipment must be installed after the filter, e.g., gas wash bottles [104]. 

5.3.2 Continuous Registration of the Flue Gas Particle Concentration 

To monitor the effectiveness of particulate removal systems, the correct setting of 
furnaces and the observance of maximum emission values the concentration of par
ticulate matter in exhaust gases must be measured and recorded continuously. For 
this, two measuring principles which have passed suitability tests and have been 
officially approved by the Environment Ministry of the FRG [105]. One category of 
these are optical (photometric) measuring instruments, and the other is an instrument 
applying the attenuation of P radiation as measuring effect. 

f3 radiation attenuation 

Fig. 5.27 shows the principle of a P dust meter. A partial gas flow is sucked from the 
flue gas channel isokinetically. The particulate matter contained in the partial stream 
is collected on a strip of filter paper and the particulate deposit is then penetrated by 
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Fig. 5.27. Principle of particle measurement by attenuating /i-radiation [106, 107] 
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radiation from a ~ emitter. The attenuation in radiation is used as measuring effect; it 
depends on the particulate mass on the filter. 

After a certain period the filter paper is advanced and a new mass of particulate is 
collected. Particulate concentration is determined by the maximum value achieved. 
Thus, the method is a quasi-continuous one. The instrument must be calibrated by a 
gravimetric particle measurement. 

Photometric particle measurement - opacimeter 

When looking at particle measuring instruments one must differentiate between 
simple smoke-density measuring equipment and calibratable particle concentration 
measuring equipment. What both types of equipment have in common is that they 
are positioned directly at the stack or flue gas channel, penetrate it with light and use 
the light absorption caused by the particulate matter in the flue gas as measuring 
effect (opacimeter). 

Simple smoke density measuring instruments operate with visible light and 
measure the transmission, which is the ratio of attenuated light intensity to emitted 
light intensity, s. equation (5.3). Decreasing transmission values are equivalent to 
increasing smoke density or increasing particle content in the exhaust gas. These 
instruments are, e.g., used for monitoring the completeness of combustion in fur
naces [105, 108, 109]. 

If an opacimeter is to be used to determine the particle concentration of flue gas, 
then the extinction is measured (logarithm of the reciprocal value of transmission, s. 
equation (5.4), (5.5». According to the Lambert-Beer law, extinction is directly 
proportional to the concentration of interest in flue gas, s. equation (5.6) [110]. Fig. 
5.28 shows a diagram of an opacimeter which can simultaneously determine the 
particle concentration and the S02 concentration of the flue gas via UV radiation 
absorption. 

There are three specific wavelengths which are used for measurement: 313 nm, 
436 nm, 546 nm. In each of these wavelengths particles cause light absorption, at 
313 nm so does S02' The absorption at the wavelength 436 nm is used as auxiliary 
variable to prevent faulty S02 measurements. 

Emitter and detector unit are housed together in one casing. On the other side of 
the stack there is only a mirror. A low-pressure mercury lamp serves as light emitter. 
In the detector unit the beam of light is diverted by a beam splitter and focused on 
the photomultiplier. Beforehand, the measuring light beam is spectrally split into the 
three different wave lengths with the help of a rotating filter disk. The reference light 
is measured every 15 minutes by inserting mirrors. The intensities of the measuring 
light and reference light are transformed opto-electronically by the photomultiplier 
and passed on to the electronic evaluation device. The extinction values for particles 
and S02 are calculated from the sum extinctions measured at the three wave lengths. 
Every 120 minutes zero and control point are measured by insetting mirrors and 
filters and recorded on the recording strip. This measuring principle offers the advan
tage of a so-called in situ measurement, i.e., the measurement takes place directly in 
the stack without partial stream removal by suction. Problems of a representative 
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Fig. 5.2S. Diagram of an opacimeter for in-situ determination of particle and S02 concentrati
on in stack gases (acc. to [Ill]) 

sampling point, of cooling the measuring gas, faulty measuring gas pumps, clogged 
filters etc. (s. sect. 5.4) do not have to be dealt with. However, calibration must be 
carried out by comparative measurements with other measuring methods; for parti
cles with gravimetric measurement, for S02 generally with a wet-chemical reference 
measuring method. This calibration prodedure is work-intensive as networking 
measurements at different concentrations are required. The calibration of optical 
particulate measurement is only valid for one single type of particles and size distri
bution. If the particles have other optical properties as compared to the particles used 
in calibration, e g., finer grain size or a different color, then errors in measurements 
occur. It is obvious, e.g., that black soot absorbs light quite differently than white 
gypsum, which reflects part of it. 
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5.3.3 Determination of the Soot Number of Furnace Flue Gases 

To monitor the completeness of combustion in oil furnaces a so-called soot number 
has to be conformed to [34, 112]. A hand pump into which a white filter paper is 
inserted serves as "measuring instrument". A defined volume is drawn off from the 
exhaust gas (generally 10 draws). The soot contained in the flue gas is precipitated 
on the filter paper and leaves a round, blackened spot. The degree of blackening, also 
known as the soot number according to Bacherach, is determined with the help of a 
comparative scale containing 10 comparative degrees of blackness from 0 (white) to 
9 (black). This method is standardized with precise requirements having to be ful
filled by pump and filter paper [113]. Furnaces for light fuel oil may not exceed 
blackening degree 2, furnaces for heavy fuel oil may not exceed degree 3. This 
method is a qualitative one. Correlations between degree of blackening and particu
late mass cannot be easily determined as particles with different optical properties 
can be emitted depending on furnace and fuel. However, the soot number is a good, 
easily determinable indicator to monitor the completeness of combustion in oil fur
naces and thus limit CO and hydrocarbon emissions. 

If oil derivatives (unburned fuel oil components) are present on the filter spot, 
they can be recognized by a yellowish-brown tint, then a so-called blotting-paper test 
is to be carried out to render them visible [114]. This is a simple paper
chromatographic technique: when the filter paper strip is dipped into acetone 
(formerly pyridine, which is toxic, was used) it becomes saturated beyond the filter 
spot and flushes out the oil derivatives which become clearly visible around the filter 
spot. 

Furnaces for solid fuels not only emit soot but also tar. Baum and Brocke have 
developed a scale of comparison, for easy monitoring of emissions in small furnaces. 
This scale contains 10 blackening degrees and 8 yellowish-brown hues as further 
parameters, thus extending the entire scale to 80 different hues [115]. A semiauto
matic sampling device has also been developed by the authors for this measurement. 

5.3.4 Determination of Grain Size Distribution of Particles 

Even if collectors for particulate matter show sufficient efficiencies they frequently 
emit considerable amounts of fine particles, as these do not weigh as heavily as 
coarser particles when the degree of separation is determined. It is the fine particles, 
however, which cause the haze in the air because they remain suspended. Fine parti
cles also have the special property of adsorbing gases. Furthermore fine particles are 
respirable. All this makes the degree of fraction separation of dust collectors all the 
more interesting today. Particle size analyses are necessary to determine the degree 
of fraction separation. To determine the size distribution it would be possible to re
move particle samples from the flue gas stream, to be then investigated in a pneu
matic size analysis or a screen analysis. These analyses, however, require minimum 
amounts of particulate mass which cannot be obtained easily, when the particulate 
content of the flue gases is low. To catch larger amounts of particulate matter, the 
collecting filter would have to be located outside the flue gas channel. In that case 
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the problem arises that probably certain size fractions would tend to adhere to the 
walls of the sampling pipes. It is therefore preferable to measure or collect the parti
cles with the different grain sizes directly in the flue gas, a so-called in situ meas
urement. 

One possibility for a grain size determination directly in the flue gas is, e.g., of
fered by cascade impactors [116]. The principle of such impactors consists of perfo
rated plates which are set up in a cascade-like arrangement one above the other with 
baffleplates below each one. The holes which have the effect of nozzles on the gas 
stream decrease in size with each level. Thus the speed rises incrementially from the 
first to the last level. Fig. 5.29 shows the operating principle of a cascade impactor. 
By means of the nozzles the gas streams are aimed at the baffleplates such that the 
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Fig. 5.29. Principle of particle grain size determination by cascade impactor [117] 



5.3 Measuring Methods for Particulate Matter 271 

particles starting from a certain minimum size impact on the plate because of their 
inertia and are deposited there. Particles below this minimum size are diverted at the 
baffleplate along with the gas stream and enter the next level where gas speed is 
higher owing to the smaller hole diameter. Thus, depending on the gas speed, each 
grain fraction is separated on individual baffleplates of the cascade. The individual 
levels do not have perfectly separating lines, the actual separating lines are shown in 
Fig. 5.30 [118]. Each level can be assigned a grain diameter for which the separation 
probability amounts to 50 %. 

The individual baffleplates which are usually made of glass fiber paper are 
weighed before and after the sampling process, and the relative proportion of the 
individual grain fractions is determined. 

The cascade impactor is available in such a small size that it can be inserted di
rectly into the flue gas channel for in-situ measurements. The precision of impactor 
measurement depends entirely on the precision of the weighing. Thus, weighing 
techniques must meet very strict requirements. Among other influences, temperature 
and humidity can possibly mask the measuring results. 
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If a layer of dirt forms on window sills, car roofs or garden furniture, then this layer 
is caused by particle deposition. Formerly, this particle deposition used to be consid
ered an archetypal characteristic of air pollution, particularly if the dirt layer was 
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Fig. 5.30. Particle size distribution cascade impactor. 
b. Electron mocroscope scan of the particles collected on the different stages of the cascade 
impactor (sizes in brackets are given by manufacterer) (Photo: Konrad Glaser) 
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black. Therefore it was relatively early on that horizontal collecting surfaces or col
lecting containers were set up so that particle deposition per unit of surface and time 
could be determined. 

In the meantime various particle collecting devices have been developed. The 
Technical Directive on Air Pollution Control (TA Luft) of the FRO [34] mandates 
the so-called Bergerhoff method. This includes a glass jar which is positioned on a 
pole in a basket with a bird protection ring, s. Fig. 5.31. Exposure time usually 
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amounts to 30 days. Both particulate matter as well as liquid precipitation (rain, 
snow) are collected. During evaluation total particulate matter is determined gra
vimetrically and the weight is related to the open area of the collecting jar and expo
sure time. Particle deposition is then expressed in grams per square meter and day 
[g/(m2·d)]. As this is an extremely inexpensive "measuring instrument", particle 
deposition measurements can be carried out in narrow grids. 

Various other collecting devices have been developed, e.g., a bottle with a col
lecting funnel ("Lobner-Liesegang device") [120] and adhesive foil collecting sur
faces which are covered with vaseline as adhesive agent [121]. The collected particu
late matter can be viewed under the microscope and even be partially identified, e.g., 
soot particles, plant pollen etc .. However, with this method particle deposition cannot 
be completely recorded, as they can be washed away by rain or the adhesive agent 
can be damaged. 

If particle deposition is to be analyzed for its composition, collection on adhesive 
foils is out of the question. But even collection with the Bergerhoff instrument 
proves to be problematic: the rain which is collected in the jar can contain dissolved 
pollutants which crystallize when the rain is vaporized and are then identifiable as 
particulates. Neither is the Bergerhoff method well-suited for the analysis of liquid 
precipitation as, conversely, particulates can dissolve in water and cause errors. Thus, 
Rohbock and Georgii developed a so-called dry-and-wet sampler for research pur
poses [122] which closes the rain collecting vessel with a lid when the weather is dry 
and opens it when there is precipitation. A particle collecting vessel, on the other 
hand, opens in dry weather and closes in wet. In the meantime this dry-and-wet 
sampler is also commercially available. 

5.3.6 Measurement of Particle Concentration in the Air 

5.3.6.1 Filter Sampling Instruments 

As is the case with gravimetric particle emission measurements the air to be investi
gated in ambient air measurements is also sucked through a filter by a pump, the 
mass increase is measured and the air volume sucked through is determined. In am
bient air measurements an isokinetic suction is irrelevant, as samples must, e.g., also 
be taken from air without any flow. Depending on the measuring operation the in
struments used vary in their rate of air flow, filter size and intake port. 

High-volume particulate sampler 

If the components of the particles sampled are to be analyzed by several techniques, 
then so-called high volume samplers are used to collect enough material for these 
analyses. These samplers achieve rates of air flow up to 1.5 mJ/min. (corresponding 
to 90 m 3Jh). Generally, the air is sucked in through a glass fiber or other filters hav
ing a large diameter (e.g., 257 mm) on which almost all particles with an aerody-
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Fig. 5.32. Diagram ofa high-volume sampler [123] 

namic diameter of > 0.3 /Jm settle. Exposition time per filter usually amounts to 24 
hours. Fig. 5.32 shows a diagram of such a high volume sampler [123]. Filter and 
preseparator are heatable, as the pressure loss at the filter would increase during the 
collection of, e.g., fog droplets. Owing to the heater the droplets quickly evaporate. 
Besides, when collecting fog droplets in winter there would also be the danger of the 
filter freezing over. 

Low-volume particulate samplers 

Apart from high volume samplers there are also low-volume samplers with smaller 
filters, e.g., 120 or 50 mm 0 [124-127]. These instruments usually have a rate of air 
flow of between 2.5 and 16 m3Jh and are set up for sampling times between 1 and 24 
hrs. Sometimes there is so much dust on the filter, that in addition to determining the 
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Fig. 5.33. Set-up ofa particulate matter sampling device [1241 
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weight, identification of the individual particles collected can also be carried out. 
Fig. 5.33 shows the diagram of such a dust sampler. 

Minimization of chemical reactions on filters 

As mentioned earlier, particle collection filters should be heated to avoid problems 
when collecting fog droplets. Damp filters also have another disadvantage - gaseous 
S02 dissolves in the humidity, reacting with certain kinds of dust particles, e.g., with 
calcium, to become sulfate [128]. Thus sulfate and sulfur determinations of the par
ticles collected would lead to errors, so-called artefacts, as part of the sulfate was 
formed on the filter. Artefact formations have not only been observed with sulfates 
but also with other substances, e.g., with nitrates and organic substances [117]. 
Heating the filters solves this problem for the most part. In this context it must be 
noted, that some filter materials are particularly prone to absorb humidity due to its 
hygroscopic properties. In the presence of acidically reacting gases such as S02 and 
N02, glass fiber filters may not be used, as they are usually slightly alkaline and, 
combined with the residual humidity, cause the gases to remain on the filter [117]. 

Heating the filters, however, can also entail dangers: highly volatile particles can 
vaporize, particularly when working with high volumetric flow rates. 

When identifying dust components one must also pay attention to the fact that the 
particles separated on the filter can interreact chemically with each other. The longer 
the filter exposure time, the more transformations can take place. In a particulate 
sampling optimized for these factors the following must be observed: 

careful choice of filter material, 
gentle heating, 
the lowest possible volumetric flow rates, 
short sampling times. 

Naturally, compromises must be made, as small volumetric flow rates and short 
sampling times only lead to small volumes of particulate matter being sampled which 
in turn magnifies errors in subsequent analyses. 
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Particle fractionation during sampling and determination of particle size 
distribution 

Generally, particle sampling instruments have filter covers to keep rain out and to 
prevent particle depositions or separation of too large fragments, e.g., leaves, from 
being sucked in. Depending on the design of the cover on the filter holder different 

Fig. 5.34. Diagram of a heated particle sampling device with coarse particle precipitator (PM 
10 ~m) 
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sized particles are separated. E.g., at a vertical flow rate of approx. 0.55 mis, parti
cles in a diameter range below 80 /lm are collected in the suction tube shown in Fig. 
5.33 [124]. In particulate measurements mainly for the measurement of respirable 
particles a specially shaped preimpactor holding back all particles with a diameter 
larger than 10 /lm [129] from the filter is necessary. In air pollution measurements 
in the forests of Southern Germany suction tubes working according to this principle 
are used to preseparate coarse particles, s. Fig. 5.34 [130, 131]. Particles with an 
aerodynamic diameter > 20 /lm as well as water and large fog drops are impacted 
during gas diversion in the suction slit. A filter heater is also included in this set; it 
consists of an electric bulb with a reflector radiating onto the filter. This type of 
heating guarantees an even heat distribution and direct contact of the heating fila
ments with the filter is avoided. 

In ambient air measurements particle size determinations of the particles to be 
collected and analyzed are carried out almost exclusively with impactors of the most 
varying types of construction. The principle of particle fractionation with a cascade 
impactor has already been explained in the context of Fig. 5.29. 

5.3.6.2 Automatically Recording Particle Concentration Measuring 
Instruments 

Many cases require a periodic continuous particle concentration measurement in the 
air. Instruments with automatic filter changers or long strips of filters are suitable for 
this purpose only to a certain extent as the collecting times for each filter do not 
become shorter and often amount to at least 12 hours. 

For continuously recording particulate content determinations, as is the case with 
particle emission measurements, either measuring instruments are used which use as 
measuring effect the reduction of l3-radiation on filters which are loaded with parti
cles or optical instruments are employed. Both principles only permit determinations 
of total dust content but not identification of component particles which are often of 
greater interest. 

f3 particle meters 

The principle of ambient particulate measurement according to l3-radiation absorp
tion is the same as in emission measurement, s. Fig. 5.27. In the Federal Republic of 
Germany two measuring instruments operating on this principle are approved for 
ambient particulate measurements [132, 133]. The sampling systems for these in
struments have also been standardized. 

Scattered-light photometer [134] 

If a light beam is sent through a gas volume laden with particles the light is both 
attenuated and at the same time scattered by the particles. In optical smoke density 
and dust content measurements for emissions light attenuation is measured as a 
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Fig. 5.35. Light scattering of particles (134] 

measure for the particle content. In ambient air measurements, however, the instru
ments used evaluate scattered light which is scattered forward at a 25 0 angle to the 
incident light beam and is thus deflected from the main light beam, s. Fig. 5.35 . 
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Fig. 5.36. Particle measurement with a scattered light photometer [134] 
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The principle of the measuring instrument based on this scattered light process 
can be seen in Fig. 5.36 [134]: 

A beam of light is sent by a mains-powered light source to the flicker mirror 
which alternately generates a measuring beam and a reference beam. The measuring 
beam reaches the measuring cell and is scattered by the particles there. The scattered 
light is received by the photocell. The reference beam is passed through an attenuator 
and the reference standard. If the beams of light alternately reaching the photocell all 
have the same light intensity, a direct current results, the optical bridge is balanced. 
More particles in the measuring cell generate more scattered light resulting in an 
alternating current adjusting the attenuator (making it penetrable) for a period of time 
until the alteration ceases owing to the same light intensities of both beams. Obstruc
tion of the attenuator until bridge balance is achieved again is shown on the moving 
coil measuring system and is a direct, electrical measure for the amount of scattered 
light. The amount of scattered light depends on the number and size of the particles 
in the air volume to be measured. 

5.3.7 Determination of Chemical Composition of Particulates 

A wide variety of methods are applied to determine components of particulate sedi
mentation and suspended particles. 

The following paragraphs introduce some examples of analytical methods 
without laying any claim to completeness. Further information can be obtained from 
specialized literature, e.g., [117,135]. 

Microscopy 

The particles collected on, e.g., adhesive foils, are examined under a light micro
scope. Soot particles, tire abrasions, plant pollen etc. can be identified easily [136]. 

Ashing and residue determination 

Organic suspended particulate content can be determined by ashing in an annealing 
furnace and by determining the loss of weight. This can, e.g, be of significance if the 
organic substance content consists mainly of soot, e.g., in the heating season during 
the winter months. 

Atomic absorption spectrometry (AAS) 

AAS is a standard laboratory method for identifying metals. The metals are extracted 
from the filters by means of a solution and then vaporized in a flame. A beam of 
light with a wavelength which can be absorbed by the species of interest is sent 
through the vaporized sample. Light absorption is measured and the metal mass is 
determined according to the Lambert-Beer law by comparison with standards. 
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X-ray fluorescence 

The sample on the filter is excited with the help of monochromatic X-rays. When 
excited in this manner, each element emits characteristic X-rays (X-ray fluorescence) 
whose wave-length or energy is used for identification and whose intensity is a 
measure of the element mass on the filter surface being examined [137]. 

Particle-induced X-ray Emission (PlXE) 

With this method particles heavier than sodium can be analyzed. The sample is bom
barded with a particle beam, usually protons. During this, the elements in the sample 
are excited, leading to an emission of X-rays whose wavelengths or energies are 
characteristic of each element [138]. 

Neutron activation analysis (NA) 

The sample is bombarded with neutrons and radioactivity thus induced in the parti
cles, particularly the characteristic gamma rays released, are measured [117, 135]. 

Mass spectrometry (MS) and laser microprobe mass spectrometry (LMMS) 

Mass spectrometry is a general method for the identification of organic substances (s. 
also sect. 5.2.13), but some inorganic components can also be analyzed with it. To 
analyze individual particles a special version, laser microprobe mass spectrometry 
(LMMS), is applied. The particles settling on a thin, organic carrier foil are vapor
ized individually with laser impulses under microscopical control. The conditions 
present in the laser focus lead to the formation of element, molecule and molecule 
fragment ions. The masses of the ions thus formed are analyzed in the mass spec
trometer (s. also Fig. 5.20) via time of flight [139]. 

Colorimetry 

Ions adhering to different particles or ions of which the particles themselves consist, 
e.g., Cl-, NH/, S042-, NOJ- a.o. can be analyzed with colorimetric methods. For this, 
the particle sample is put into a chemical reaction solution where the ions of interest 
cause color to form. Color intensity is determined photometrically (s. also sect. 
5.2.2). 

Ion chromatography (IC) 

The ion content of particles, e.g., sulfate, nitrate, chloride etc. is frequently deter
mined with ion chromatography. The sample is put into an aqueous, possibly acidi-
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fied solution, the particles are filtered off and then the solution is subjected to ion 
chromatographic separation and analysis [140]. 

The precondition for the application of each method of substance identification is 
that the filter materials do not interfere with the analysis. This is particularly the case 
when the filter itself contains elements which are to be analyzed or when the filters, 
e.g., in physical analyses (AAS, X-ray fluorescence etc.) generate an excessive noise. 
Materials therefore need to be chosen accordingly. In the VDI guideline 2463, no. 1, 
filters suitable for the measurement of particles are listed [141]. 

5.4 Setting up of Measuring Equipment, Sampling Techniques 
and their Influences on the Accuracy of the Measurements 

When measuring air pollution, be it in the form of emissions or in the ambient air, 
the method of sampling has a decisive influence on accuracy. Applying the most 
expensive measuring instrument is of no use if, e.g., the pollutant to be investigated 
is influenced during its sampling to such a degree that it either cannot reach the 
measuring instrument at all or not in its original state. Requirements which must be 
met in sampling when carrying out emission and ambient air measurements vary to 
some extent. For this reason both topics will be dealt with separately here. 

5.4.1 Emission Measurements in Furnaces and Process Equipment 

5.4.1.1 Location of Sampling 

The choice of a certain sampling location for emission measurements depends on the 
task to be accomplished. If emissions reaching the environment are to be monitored 
in a large furnace, then the measuring instruments must be installed at a section of 
the exhaust gas system where the exhaust gases are not further transformed, i.e., in 
the stack or in the exhaust gas channel just before the stack, Fig. 5.37. 

If, however, burning behavior is to be monitored with a CO or soot measurement, 
then the measuring instruments must be installed as close as possible to the end of 
the furnace, s. Fig. 5.37. To control the efficiency of exhaust gas cleaning devices, as 
in the example for the reduction of NO. or S02 shown in Fig. 5.37, measuring in
struments must be installed at both ends of the cleaning system. 

When flue gas channel cross sections are large it must be taken into consideration 
that due to possible streaks in the flue gas the concentration distribution may not be 
even. As an example, Fig. 5.38 shows the distribution of NO. and 02 concentrations 
in the flue gas channel of a pulverized coal furnace. Gas samples for continuously 
operating measuring instruments must be collected at a representative spot, i.e., 
where concentrations are as close to the mean value as possible. However, concen
tration distribution can also shift when the load changes. If mass flows of pollutants 
are to be determined from the concentrations, then it must be taken into account that 
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6.4 .... 1887. • 7.0 ~ 1585 7.2 + 1443 

• 6.8 +1826 6.9 +1725 • 7.3 .... 1418 

• • • 7.1 .... 1549 • 
6.6 .... 1902 • 7.0 .... 1689 • • 
6.6 + 1913. • • 7.4 + 1465 

Fig. 5.38. Different NOx and O2 concentrations in the flue gas channel of a pulverized-coal 
furnace (acc. to [142]). Numbers on the left indicate the O2 concentration in vol. %, numbers 
on the right indicate the NOx mass concentration as N02 in mg/m3 related to 0 °C and 1013 
mbar, dry and 5 vol. % O2, Mean value calculated from all points of net measurement: NOx as 
N02=1 690 mg/m3 

differing gas velocity distributions can also occur. In emission measurements of the 
particulate content of flue gases grid measurements in the flue gas channels are pre
scribed [98] so that representative results will be achieved. For this, the flue gas 
channel cross section is divided into rectangles or rings with the same area, sample 
gas is sucked off from the center of each area, and the mean value of the particulate 
emission for the total channel cross section is determined. 

5.4.1.2 Setting up of the Site of Measurement - Sampling System 

The sampling system must collect the gas to be measured from the flue gas channel, 
remove interfering components and feed the gas into the measuring instruments. The 
most important interfering factors influencing the measurement of gaseous pollutants 
in furnaces are the particle and water vapor content of the flue gases as well as leaks 
in the measuring system. Besides, certain measuring instruments or measuring tech
niques can be highly sensitive towards other gaseous components in the flue gas. 
Ambient influences, above all temperature and vibrations, can also have a disturbing 
influence on the measurements. The two latter interfering factors of extreme sensi
tivity and ambient influences, can be kept at a minimum by choosing the right meas
uring instrument. The first-mentioned interfering factors, however, have to be over
come by the sampling system. 

If dust particles enter the measuring system they can cause clogging of the de
vices and faulty readings. The exhaust gases of most furnaces contain a lot of water 
vapor which condenses when cooling. Condensed water in the measuring system 
inevitably leads to malfunctioning. Moreover, acid exhaust gas components, such as 
S03' dissolve in the condensed water, so that apart from the interfering influence of 
the water itself corrosive effects have to be coped with. 



Sampling probe with coarse filter 
inside flue gas channel 

2 Exterior filter, heated 
3 Heated line 
4 Gas cooler with condensate collector 
54-Way cock 
6 Pump 
7 Membran filter 
8 Flow meter 
9 S02 Instrument 

10 02 Instrument 
11 NO/NOx Instrument 
12 HC Instrument 
13 Recorder or data acquisition system 
N Zero gas 

E1 ... E4 Calibration gases 

4 
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N E4 

N E1 
E2 

N E3 

Fig. 5.39. Set-up of an emission sampling and measuring system for S02, NOx, O2 and He 
concentrations 

Fig. 5.39 shows the set-up of a sampling system in which interfering influences 
ought to be minimized as much far as possible. 

The particle filters which are located before the water condensator must be 
heated. Coarse particle filtering is best carried out in the sampling probe directly in 
the exhaust gas channel (1). The heat of the exhaust gas serves as heating. The con
necting tube between sampling probe and measuring gas cooler should be kept as 
short as possible. To be consistent, it should be heated, too (3), although this is not 
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always the case in practice. Possible errors caused by this will be dealt with further in 
the next section. 

Gas coolers with condensate separators (4) are now standard for drying the meas
uring gas in measurements of the classic pollutants S02' NO" CO and 02' Errors 
which can appear due to this type of measuring gas drying will also be dealt with in 
the next section. In the measurement of most gas components gas drying with absor
bants is not possible, as these drying substances frequently do not only absorb water 
vapor but also the components of interest. Residual drying can also be carried out 
with so-called permeation dryers [143]. However, drop separation cannot be replaced 
by this. Since the water is separated from the exhaust gas, the measuring results fi
nally refer to dry exhaust gas. 

The fine filter is important (7). If the fine particulates are not filtered out care
fully, the cuvette windows in, e.g., infrared or UV gas analyzers gradually become 
covered, thus leading to a reduction of the instruments sensitivity. In chemilumines
cence measuring instruments (for NO,) fine particulates gradually clog the measuring 
gas capillaries which also leads to malfunctioning. To be able to detect in continuous 
operation whether condensate escapes from the cooler before it reaches the measur
ing instruments, fine dust filters are often fitted with condensate sensors (con
ductivity measurement). 

If the sample gas contains gas components which would themselves condense on 
cooling, the gas cannot be conducted through coolers. In this case the entire measur
ing system including the measuring instrument must be heated to avoid condensa
tion. This is, e.g., general practice in hydrocarbon measurements with flame ionisa
tion detectors, s. Fig. 5.39. In this case, water vapor condensation takes place after 
the measuring instrument. 

5.4.1.3 Possible Faults during Sampling 

Leakages 

The greatest source of faults during sampling are leakages. If the particle filters in 
the measuring gas probe become clogged, a vacuum can build up to the measuring 
gas pump. Under these circumstances even the slightest of leakages will lead to the 
penetration of ambient air and thus to the dilution of the measuring gas and to faulty 
measurements. The most effective leakage control can be exercised via 02 measure
ments by introducing pure nitrogen into the measuring system. If infiltrated air 
penetrates into the system at any point, then the 02 measuring instrument indicates 
the oxygen in the air. By introducing nitrogen into the system at different points the 
leak can be pin-pointed. 

Measuring gas losses in the condensate 

Faults can also occur when the measuring components of interest dissolve in the 
condensed water of the gas cooler or at other points of the sampling system and thus 
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Table 5.7. Solubilities (Henry coefficients H)l of 
some air polluting gases in water at 25°c without 
chemical reactions acc. to [117] 

Gas 

O2 

NO 
C2H4 

N02 

0) 
N20 
CO2 

S02 
HONO 
NH) 
H2CO 
H20 2 
HNO) 
H02 

PAN 
CH)SCH) 

1.3 . 10') 
1.9· 10.3 

4.9' 10.3 

I . 10.2 

1.3 . 10.2 

2.5' 10.2 

3.4 . 10-2 

1.24 
49 
62 
6.3' 103 

(0.7"'1.0) '105 

2.1 . 105 

(1"'3) '10) 
5 
0.56 

I In German literature these Henry Coefficients are 
also called solubility L: L=clHd, where 
c=concentration in the fluid in mol per I and 
Hd=Henry coefficent acc. to German definition in 
bar. 

do not reach the measuring system completely. Particularly with highly water soluble 
and condensable gases losses are to be expected. The more water-soluble the gases 
are, the more problematic the sampling becomes. Table 5.7 shows the water solubili
ties (Henry coefficient) of some pollutant gases. 

As can be seen, sulfur dioxide (S02) is 100 x more soluble than nitrogen monox
ide (NO); ammonia (NH3) is still 50 x more soluble than S02' For this reason, it is 
very difficult to measure NH)" This has recently become evident, especially when 
measuring NH3 slippage behind catalytic converters for the reduction of nitrogen 
oxides in power plant emissions. Continuous NH3 trace measurement is difficult 
enough, but problems of the sampling side are even greater. Apart from its high 
water solubility this gas reacts with SOl below approx. 280°C to become ammonia 
sulfite and ammonia sulfate. To avoid losses in this way it is necessary to heat the 
entire system up to 300 °C. This is not an easy task to accomplish as, the optical 
systems integrated in the measuring instruments can warp due to the different ex
pansion coefficients of the components of the instruments. 

SOl measurement, e.g., is just as problematic as NH3 measurement. Apart from a 
highly maintenance-intensive instrument operating on wet-chemical principles there 
are no automatic measuring instruments for this exhaust gas component. Results 
from manually measured analytical methods decisively depend on how the sample 
was collected. To avoid S03 losses sampling lines are not used at all, and the measur-
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ing device is fitted directly at the nozzle of the sampling probe. The particle filter 
used must also be submitted to an analytical S03 determination as S03 can be ad
sorbed to the dust particles filtered out. 

When dealing with critical measuring components such as hydrocarbons, NH3, 
S03 and other gases, drying of the gas to be measured by cooling and condensation is 
to be avoided. However, when measuring the classic gas components S02' NO, N02, 
CO, CO2 and 02 gas coolers are used without any reservations. Hardly any losses of 
CO, NO and also O2 and CO2 which have low water solubility are to be expected, the 
reason being, among others, that the wetted condensation distance in the gas cooler 
and with it the residence time of the gases over the condensation water are short. 
With S02' however, whose water solubility is relatively high, losses in the measuring 
gas cooler must be expected. Experimental investigations of furnace exhaust gases 
with an S02 content of 1.6 g/m3 and 10 % water vapor revealed S02 losses in the 
cooler of upto 4.5 % [144]. Losses depend on cooler temperature and on the water 
and S02 content of the exhaust gases. Theoretical calculations [145] agree quite well 
with the experimentally gained results [144]. The higher the water content of the 
exhaust gases and the lower the S02 content, the higher the losses are (the larger 
amount of condensation water can dissolve more S02)' Cooler temperature has the 
greatest influence. The warmer the condensation water, the lower the losses. If the 
cooler is warmer, however, the efficiency of water condensation declines. Due to the 
increased water vapor content of the gas, this in turn leads to an increased interfer
ence of the measuring instruments, particularly in infrared gas analyzers. If the S02 
content is low and cooler temperatures are at 2-5 °C losses can amount to over 10 %. 

For the calibration of S02 measuring instruments the Hartmann & Braun Com
pany [146] recommends wetting the calibration gases which are then to be conducted 
over the gas cooler just like the measuring gas. In the cooler the calibration gas then 
acquires a water vapor content corresponding to the one in the measuring gas. In this 
way faulty responses of the infrared gas analyzers sensitive to water vapor are com
pensated for. However, S02 losses in the cooler do not correspond to those gas con
ditions of the sampled gas as the cold calibration gas cannot absorb as much water 
vapor as the hot exhaust gas. However, a certain fault compensation is to be expected 
by this measure, so that S02 losses in the cooler are not as critical. 

As unheated measuring gas lines are sometimes used in practice it was tried to 
determine the ensuing S0210sses experimentally [144]. However, it was not possible 
to achieve a definite result as S02 losses basically occur whenever there are conden
sation phenomena in unheated measuring gas lines. On the other hand, liquid or dried 
condensate in the tube has a certain storage effect so that behind an unheated measur
ing gas tube more S02 can be found after heating than was actually present in the 
exhaust gas. Thus, unheated gas lines lead to undefined conditions in the sampling 
system when sampling water-soluble and reactive gases. 

5.4.2 Emission Measurements for Motor Vehicles 

One must distinguish between pollutant measurements done on engines running on 
test blocks and those on motor vehicles directly. E.g., measurements of engines serve 
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the purpose of determining the dependency of pollutant emissions on certain engine 
factors such as performance and speed. The measurement set-up is similar to that 
used for furnaces. 

To control emission threshold values measurements must be carried out for the 
motor vehicle itself and not just for the engine alone. For this it must be taken into 
account that pollutant emissions depend to a high degree on the driving behavior of 
the vehicle. Driving behavior is simulated on roller dynamometers by various driving 
programs and the pollutants emitted are measured. 

5.4.2.1 Exhaust Gas Sampling and Measurement According to the 
CVSMethod 

Though the prescribed driving programs (driving cycles) and emission threshold 
values vary from country to country. the method of exhaust gas sampling and meas-

3 Collecting bags 

Control of 
constant 

volume flow 

Heat exchanger or 
particle precipitator 

Filter 

CVS unit 

Air .. 
Exhaust gas 

Concentration 

CO ~ 

HC 

Flow 

Suction 

Analysis unit Computer 

Driving curve 

Test benches 
Fig. 5.40. CVS method for sampling and analyzing pollutant emissions of automobiles [149] 
(internal combustion system; for diesel vehicles an additional sampling system for particulate 
matter is included) 



290 5 Measuring Techniques for Recording Air Pollutants 

urement has in the meantime been standardized in the USA, Japan and Europe. The 
so-called CVS method (constant volume sampling) is applied. The principle underly
ing this type of sampling of motor vehicle exhaust gases is shown in Fig. 5.40. For 
this, the exhaust gas produced by the motor vehicle during the test cycle is diluted 
with purified ambient air in such a way that a constant volume flow of exhaust gas 
and air is being sucked through. A small partial flow is continuously taken from this 
air-exhaust gas flow, sampled in bags and analyzed after the test with continuously 
operating measuring instruments. Pollutant concentrations in the sampling bags cor
respond to the mean values of the exhaust gas-air mixture suctioned off during the 
test. The pollutant quantities emitted during the driving cycle can then be calculated 
on the basis of the known volume flow and the individual gas concentrations [147, 
148]. 

The advantage of this dilution method is that the dew point of the exhaust gas is 
lowered and water condensation is thus avoided. By keeping the air-exhaust gas 
volume flow at a constant level the problem of continuously recording continually 
changing exhaust gas volume flows is conveniently solved. 

The limited exhaust gas components and the measuring methods which have in 
the meantime been standardized in most countries are listed in Table 5.8. 

To determine evaporation losses (total hydrocarbons, HC) in the fuel system the 
vehicle to be tested is placed in a gas-tight chamber. After going through a one-hour 
test the increase of the CnHm concentration in the chamber is measured [147]. 

Table 5.S. Limited compounds in motor vehicle exhaust gases and measuring methods applied 

Component 

Carbon monoxide 

Nitrogen oxides 
Hydrocarbons (HC) 
Particulate matter 

Vaporization losses 

in addition 
Carbon dioxide 

(for fuel consumption) 
Oxygen (for controlling 

of fuel/air ratio) 

CO 

NOx (NO+NOz) 
Total HC 
Soot 

Total CoHm (HC) 

5.4.2.2 Various Driving Cycles 

Measuring Method 

Non-dispersive infrared absorption 
(NDIR) 

Chemiluminescence instrument 
Flame ionization detector (FID) 
Not standardized yet; collection on 

filters or 
opacity of exhaust gas 

FID 

NDIR 

Zirconium dioxide sensor or 
paramagnetism 

The driving programs carried out on the roller dynamometers for the measurement of 
exhaust gas vary greatly. 

In the USA a driving program was introduced which approximately simulates the 
driving conditions existing on a Los Angeles highway in the morning [148]. The 
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Fig. 5.41. Different driving cycles. a. US-Test 75 (FTP-75: Federal Test Procedure) b. Part 1: 
conventional ECE-driving cycle (city); Part 2: Extra-Urban Driving Cycle (EUDC); Partl+Part2: 
MVEG (Motor Vehicle Emission Group) 

driving curve which must be simulated on the roller dynamometer is shown in Fig. 
5.41a. This test is characterized by numerous acceleration and braking operations 
and has a highway share of 90 kmIh in the cold and in the warm phase respectively. 
The USA have the most stringent regulations, i.e.: 
- HC (CnHm): 0.41 glmile, 
- CO: 3.40 glmile (California 7.0), 
- NOx: 1.00 g/mile (California 0.4). 
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With the exception of the additional warm phase the US test 75 has been adopted by 
Switzerland and Sweden. 

The EU countries apply the so-called ECE test, s. Fig. 5.41 b. This test was to 
simulate the stop-and-go traffic of city driving during rush hours with low speeds 
and long idling phases. However, the actual driving behavior is reflected in a very 
simplified fashion. Sampling starts 40 s after starting the cold engine (point BP in 
Fig. 5.41). It proved difficult not to exceed the maximum values during this cold start 
phase, above all in motor vehicles which had been retrofitted with exhaust gas 
cleaning equipment. 

In the meantime the ECE test has been supplemented by a second part, so that 
extra urban traffic with driving speeds of 80 to 120 kmlh is taken into consideration 
(Extra Urban Driving Cycle, EUDC) [148]. 

The ECE threshold values are staggered according to the engine size of vehicles, 
s. [147]. 

In Japan, on the other hand, other tests than those in the USA and Europe are pre
scribed. It is therefore a difficult undertaking to compare pollutant emissions of mo
tor vehicles which were determined with different testing programs. 

As even the US test, which covers many driving conditions, is merely a simula
tion, and actual driving behavior can be quite different in each individual case, 
measurements in actually running motor vehicles under various real traffic condi
tions are now carried out in addition to the tests on roller dynamometers [150]. 

5.4.3 Ambient Air Measurements 

5.4.3.1 Significance ofthe Locations of the Measuring Sites 

When measuring pollutant gases in the air a difference must be made between mo
bile measurements with measuring vehicles and stationary measurements at measur
ing stations. Mobile measurements are carried out at random at regularly changing 
locations to determine the spatial distribution of the air pollutants, whereas stationary 
measurements continuously record the temporal distribution at only a few points of a 
certain area, e.g., in a city. Particle and rain precipitation measurements, similar to 
the distribution of the mobile measurements of the gases, are frequently carried out at 
numerous locations with collecting vessels which have a temporally integrating ef
fect (s. sect. 5.3.5). 

Stationary measurements must be carried out at a representative point of the area 
to be investigated. For this purpose it would be a good idea to know the spatial dis
tribution of the ambient air pollutants which is determined with mobile measure
ments at the corner points of a I x 1 km grid over the area to be investigated. 

In the early and middle seventies isolated measuring stations in the industrial and 
urban centres of the FRG developed into measuring networks of the German states 
which have been continuously expanded. When the recent forest damage became 
known, forest measuring stations were built by the German states in the early eight
ies. Moreover, the German Federal Environmental Agency (Umweltbundesamt) runs 
a measuring network in the FRG with several measuring stations outside the urban 
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and industrial centres. In the eighties, the long-range transport processes of air pol
lutants were determined, based on the results of these "clean air stations". These 
processes were the reason for high pollutant concentrations being found even in rural 
areas during certain weather situations, in particular high S02 values. This lead to the 
fact that the existing ambient air measurement networks were recently expanded by 
further stations, above all in the smaller towns. 

Overviews of the measuring networks in the FRO are given in [152, 153]. 
Selection of the right sampling site can be of great importance for stationary as 

well as for mobile measurements, on which, e.g., the calculations for the mean values 
of 1 x 1 km areas are based. 

In the FRO guidelines have been drawn up so that in the measuring networks the 
site locations for automized measuring stations are chosen according to standardized 
criteria. These guidelines are to serve as a basis when planning telemetric air quality 
measuring networks, i.e., with telemetric data transfer to a central station [151]. 
When selecting site locations for ambient air quality measuring stations the following 
factors must be taken into consideration: 
- goal: ambient air sample representative of the area, 
- measuring grid with constant mesh size: multiple of 1 km, in a north-southleast-

west direction, 
- distance of measuring site to the closest flow obstacle of twofold height or width 

of the obstacle; sample suction below half of the mean building height, 
- keep influence of local emittents low: keep distance to sources (industry, domes

tic furnaces, streets with heavy traffic) ~ 20 m, special investigation when indus
trial sources are situated nearby, 

- free flow accessability of sampling systems: within a radius of :::; 10 m no flow 
obstacles such as trees or buildings, 

- excluding influence on measuring site by topographically caused local circula
tion. 

The guidelines also indicate that for the investigation of special pollution and de
pending on the specific issue the appropriate principles are to be applied when select
ing the site location. 

The measuring stations of the FRO were generally set up according to the above 
mentioned guidelines. Since 1985, an EU guideline requires that the pollutant gas 
N02 must be measured continuously, particularly "in locations with the suspected 
highest load risk", i.e., also near roads with heavy traffic, in street canyons etc. [154]. 

When carrying out air quality measurements it is important to define the problem 
precisely (submission of a measuring plan) and to choose the site locations or meas
uring stations accordingly. The significance of spatial and temporal distribution of air 
pollutants and their identification will be dealt with in greater detail in sect. 6.2. 

5.4.3.2 Sampling Systems in Measuring Stations 

The following sections will deal with the air suction in measuring stations for pollut
ants which can be recorded with continuous measurements. Nowadays mobile meas-
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urements are primarily carried out with measuring vehicles which are equipped with 
continuously operating measuring instruments. Thus, the measuring set-up corre
sponds to the most part to the one in stationary measuring stations. 

Sampling system in automized measuring stations 

It is the task of the sampling system to feed the ambient air into the measuring in
struments in the most as unadulterated form possible. The guidelines for the 
automized measuring stations in the measuring networks of the FRG also provide 
standards concerning the design of the sampling lines for gaseous and particulate 
pollutants. Accordingly, the sampling line for gaseous pollutants consists of a sam
pling nozzle, a guide tube, the central sampling tube, sampling lines leading from the 
central sampling tube to the individual measuring instruments and a fan or a pump. 
The sampling nozzle should be constructed as a pre separator for particles and pre
cipitation. 

The sampling line should extend 1 m beyond the station roof. 
In the standard measuring stations particle filtering in the sampling system is not 

provided for to preclude possible reactions of the gases on the filters. To protect the 
measuring instruments particle filters are only installed at the input of the instru
ments themselves. A special sampling nozzle is prescribed for the collection of par
ticulates [151]. 

Sampling for special measuring tasks. e.g .• the measurement 
of concentration profiles 

In air quality investigations pollutant concentration profiles must frequently be 
measured. Examples for this are the determinations of pollutant concentrations in and 
over forest stands at different altitudes [131, 155] or the registration of the concen
tration decline in the vicinity of streets with heavy traffic [156, 157]. To be able to 
simultaneously or quasi-simultaneously measure the gas concentrations at several 
locations there is the possibility of sucking the air in via tubes and to conduct it to a 
set of measuring instruments with the help of a measuring gas change-over in short 
periods of alternation. 

When measuring gas is sucked in through long tubes the influencing of gaseous 
substances is generally to be expected even if the tube wall material is inert, e.g., 
teflon. This depends on the reactivity of the gases to be investigated. Examinations 
with long tube lines have shown that the component ozone is most prone to losses in 
the tube system whereby a clear dependency on the rate of flow through the tube is 
to be observed. Ozone losses in measuring gas tubes can be minimized with short 
periods of contact which can be achieved by sufficiently high suction speeds [158, 
159]. 

With the gas components NO, N02 and S02 no losses have been observed in the 
tube even during low volume flows [158, 159]. 

Apart from measuring gas losses caused by wall effects, faulty readings of the 
measuring instruments caused by low pressure in the suction system must be taken 
into consideration and avoided [160]. 
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Di verging from the above mentioned guideline [151] is deviated from, the air 
sucked in must be filtered when entering the tube to avoid dust depositions on the 
relatively large inner surface of the long tubes. A tube soiled on the inside surface 
would interfere with concentration measurements by uncontrolled ad- and absorption 
to an undefined extent. 

The influence of the amount of particles precipitated on the filter on trace gas 
measurement was examined: when filters were dry no influencing of the gases 0 3 

and S02 could be measured. However, great losses occur with the water-soluble gas 
S02 when the filters are very damp or saturated with water. For 0 3 there were no 
measurable influences even in this case [159]. 

As has already been indicated in sect. 5.3.6.1, gases react particularly with par
ticulates on damp filters. Apart from interfering with the separated particle compo
nents there is also the danger of adulterating the measured gases. In the suction hood 
shown in Fig. 5.34 the losses of trace gases were minimized by the filter heater. 

5.4.3.3 Set-up of Air Quality Measuring Stations -
Example of a Forest Measuring Station 

Based on the findings described in the section above, two measuring stations were 
set up in the Black Forest [131, 164]. Within the framework of forest damage re
search similar measuring stations were set up in Switzerland [161] and and by other 
institutions in Germany [162, 163]. Fig. 5.42 shows a diagram of a set-up of such a 
forest measuring station with measuring gas suctions. The measuring gas suction 
hoods (corresponding to the one shown in Fig. 5.34) and different meteorological 
measuring instruments are installed on a 42 m high lattice tower at different altitudes. 

The gas sampling system equipped with 2 suction inlets as well as the set-up of 
the pollutant measuring instruments are shown in a diagram in Fig. 5.43. Apart from 
the instruments for the measurement of pollutants there are numerous other instru
ments for the recording of meteorological parameters such as wind direction and 
wind speed, temperatures, global radiation, duration of rain and bedewing, amount of 
rain etc .. 

Measured value registration is carried out by a computer controlled electronic 
data acquisition system. The computer also controls the valve timing and correctly 
stores the measured values according to the given valve position. Half-hourly mean 
values are calculated which are are stored on disks and printed out. Further evalua
tion of the data is then carried out on a large computing system. Some measuring 
stations work with direct data transmission to a central computing station. For rea
sons of safety the measured values are additionally recorded by multichannel con
tinuous-line recorders or multipoint recorders independently of the computer con
trolled measured value recording system. If the computer breaks down these recorder 
graphs can be evaluated if necessary. Besides, the computer's recordings can be veri
fied once again with the help of these strip-charts. 

The measuring principles of the pollutant measuring instruments are listed in 
Table 5.9. 

To record meteorological parameters the measuring instruments customarily 
applied by the meteorological services are used. 
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Fig. 5.42. Diagram of a forest measuring station with air sampling at different heights above 
the canopy and within the stand 
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Fig. 5.43. Set-up of the sampling system of a forest measuring station with air suction through 
long tubes and with sampling gas switching; a. Teflon tube, heated, 45-26 m long; b. switch
over valve; Pu low-pressure measurement; c. flow control 

Table 5.9. Principles of measuring instruments for air quality control in a forest monitoring 
station 

Compound to be measured 

NO, N02 

S02 
OJ 
CO2 

Dew point or humidity 
pH of rain 

Measuring Principle 

Chemiluminescence 
UV fluorescence 
Chemiluminescence or UV absorption 
IR absorption 
Dew point level 
Precipitation monitor including flow-through cell 

with pH electrode 

With the measuring technology described here it is possible to continuously de
termine the pollutant load in forests [131, 163, 164]. 
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5.5 Calibration for Pollutant Measurements 

5.5.1 Definitions 

According to DIN 1319 adjusting signifies setting or trimming a measuring instru
ment as accurately as possible, while calibrating signifies determining the deviation 
measured as compared to the accurate value or the value considered as such [165] 

In air pollution measurements calibration conditions are set up with the help of 
calibration gas mixtures. These are gas mixtures whose composition has been pre
determined with sufficient certainty by measuring basic parameters such as mass, 
volume, time, amount of substance (molar number) or with the help of independent 
analysis methods and which influence the system to be calibrated in the same way as 
the air samples to be analyzed [166]. 

During calibration the calibration gas mixtures are entered into the measuring set
up (measuring instrument or measuring process), the values indicated are read and 
compared with the values of the calibration gases assumed correct, then the devia
tions are recorded. Frequently, calibrating a measuring instrument is accompanied by 
other measures such as maintenance, function control, trimming and others. 

Hartkamp et al. [166] divide the total of all calibration processes into three types 
of calibrations: 
- basic calibration 
- routine calibration 

and control calibration. 

Basic calibration 

The basic calibration provides the fundamental relationship between given calibra
tion gas concentrations and recorded signals, and is called calibration function. In 
many instruments linear calibration functions are indicated. During the basic calibra
tion not only gradient and zero point of this calibration function are checked but also 
the linearity itself. 

The basic calibration can basically also be carried out by comparative measure
ments with reference measuring methods, e.g., directly in the exhaust gases to be 
measured [167, 168]. As reference methods mostly wet-chemical measuring methods 
are used in which the measurement is based on determining basic parameters such as 
mass, volume etc .. 

Routine and control calibrations 

According to Hartkamp routine and control calibrations ensure the validity of the 
calibration data of the basic calibration. This control verifies whether the data ob
tained by the basic calibration carried out last are still valid. The results of routine 
and control calibrations are yes-no-decisions. The many aspects which must be taken 
into consideration during calibration and which depend on the task at hand also the 
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different calibration methods for air pollution measurements have been described in 
great detail by Hartkamp et al. [166]. 

5.5.2 Calibration Gases 

The principle of calibration gas production is based on the procedure of adding a 
known amount of the gas of interest to a known volume or volume flow of carrier 
gas (mostly N2 or air) in certain doses. 

This dosing can be carried out via mass determination (gravimetrically), volume 
determination (volumetrically) or via a partial pressure determination. When convert
ing the concentration values thus obtained into other units (e.g., volume concentra
tion in mass concentration) it must be taken into consideration that there are possible 
deviations from the ideal law. 

Whether the calibration gas is produced with static or dynamic (i.e., dosing as 
substance flow) processes depends on the required amount of calibration gas and on 
other frame conditions, e.g., on the desired concentration and on the required exact
ness and stability of the calibration gases. 

The following sections list the different processes of calibration gas production. 
Most of the methods are described in detail in ISO standards VDI guidelines [76] or 
federal regulations [176]. 

5.5.2.1 Static Methods for the Production of Calibration Gases 

Gravimetric methods. The measuring and the carrier gas are filled into the pressure 
gas cylinder one after the other and the mass increase is determined. 

Volumetric methods. The individual volumes of the gases to be mixed are determined 
close to atmospheric pressure and are then filled into the space of a known volume, 
e.g., into a glass container. 

Manometric methods. Changes in pressure occurring while adding each mixture 
component are measured (e.g., during the filling of pressure gas cylinders). 

5.5.2.2 Dynamic Methods - the Mixing of Volume Flows 

Gas mixing pumps. Carrier gas and measuring gas are conveyed through a pump 
system with two separate, simply operating pistons in defined flows and subse
quently mixed (suitable for relatively high concentrations). 

Periodic injection with plugs or loops. Small, constant and defined volumes of the 
measuring gas are periodically flushed into a continuously flowing, constant volume 
flow of the carrier gas by means of plugs or loops and are subsequently mixed well. 
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Continuous injection with capillaries or critical orifice. The measuring gas is in
jected continuously into a continuously flowing, constant basic gas flow with a capil
lary or a critical orifice. 

Permeation through membranes. The measuring gas is added to a constant, continu
ously flowing volume flow of the carrier gas from a liquid or gaseous stock via per
meation through a membrane. The rate of permeation is, e.g., obtained by determin
ing the weight loss of the stock. 

Saturation methods. The measuring gas is added to a constant, continuously flowing 
carrier gas flow via gas saturator, e.g., by dropping below the dew point or by a va
porization method. 

Ozone calibration gas by UV radiation. By exposing a continuous air flow to UV 
light part of the oxygen molecules can be excited, whereby ozone is formed via 
atomic oxygen. 

In all methods the aim is being able to determine the final gas concentration from 
basic quantities such as mass or volume determinations. To make sure, however, an 
analytic determination with a reference measuring methods is frequently carried out. 

5.5.2.3 Example of a Calibration Gas Production 

The method of periodic injection with plugs will be described here as an example of 
calibration gas production [36,169-171]: 

The measuring gas is discontinuously added to a certain amount of carrier gas 
(nitrogen or even air) in very small dosages. By passing the gases through mixing 
vessels a homogenous mixing of the gases is achieved. 

The set-up of a system operating according to this principle is shown in Fig. 5.44. 
The carrier gas quantity taken from a gas bottle is set by a valve. The carrier gas flow 
rate must be determined with a gas meter; the rotameters indicated merely serve as a 
flow rate control. 

A certain amount of measuring gas is added to a part of the carrier gas with the 
rotating plug. The measuring gas or carrier gas flows over the overflow capillaries 0 
if the measuring gas cannot pass through the plug because the latter is not set accord
ingly. The carrier gas, having flowed by, is conducted back to the mixture whereas 
the overflowing measuring gas is drained off as excess gas. The gas mixture concen
tration for one depends on the volume of the plug and the rotational speed of the 
plug, for another on the carrier gas rate of flow. 

The gases mix in the mixing cylinder. A relief pressure vessel behind it has the 
task of preventing excessively high or low pressures. After the relief pressure vessel 
the gas reaches the outlet. In the first degree of dilution the concentration set ap
proximately corresponds to that of emission concentrations. Mixtures with ambient 
air concentrations can also be produced with this unit. For this, the gas has to be once 
again diluted in the same way. 
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Fig. 5.44. Dynamic calibration gas production by periodic injection with rotating plugs. 
o bypass capillary 

5.5.2.4 Difficulties in the Production of Calibration Gas 

The most convenient way of calibrating is with commercially available calibration 
gases in pressure gas cylinders (produced with static methods). In some cases, how
ever, it is of no use to produce calibration gases in pressure cylinders as they are 
unstable. 

Particularly when dealing with reactive gases in the trace range one is frequently 
forced to produce suitable calibration gases oneself, something which is usually done 
with dynamic methods. 

The difficulties of calibration gas production for the ambient air are summarized 
by Hartkamp et al. [166]: 

extreme ratios of pollutant and carrier gas, usually in the ranges of 1: 106 and 
1: 1010, 

stringent requirements for the purity of the basic gas, 
highly unfavorable proportion of substance amount to vessel, line and instrument 
volume which lead to considerable sorptive substance losses as well as to mem
ory effects, 
occasionally considerable reactivity of the measuring components towards resid-
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ual impurities (e.g., water) which are unavoidable even in highly pure carrier 
gases, and towards the vessel and line material, 

- stringent requirements concerning the stability of the calibration gas properties, 
- stringent requirements concerning the compatability of the calibration equipment 

with changing environmental influences (e.g., climatic fluctuations, changes in 
pressure, vibrations). 

5.5.3 Significance of the Calibration 

The accuracy of air pollution measurements stands and falls with the precision of the 
calibration methods used, particularly of the calibration gases used. In this the meas
uring task has a decisive influence on the requirements to be made on the calibration. 
If, e.g., compliance with emission threshold or alarm threshold values (e.g., in smog 
alarm situations) is to be monitored, calibration must be carried out with particular 
precision. If, however, characteristic profiles of pollutant concentrations are to be 
recorded, then it is sometimes more important to achieve a good reproducibility of 
the measurements rather than to be absolutely precise. For this, the equipment may 
not drift. These drifts again must be checked by control or routine calibrations. 

In principle, the comparability of different measurements depends decisively on 
the precision of the calibration. In this respect it is abolutely essential that it is carried 
out both conscientiously and meticulously. 

5.6 Accuracy of Measuring Methods and Measuring Instruments 

5.6.1 Overview of Characteristic Values 

The accuracy of measuring methods and measuring instruments is characterized by 
performance characteristics. There is a general description of the performance char
acteristics customary in air analysis techniques in VDI guideline 2449, part 1 [172] 
and in DIN 1319, part 3 [173] as well as in DIN ISO 5725 [174]. 

Performance characteristics are listed for each of the measuring methods and 
measuring instruments described in the VDI guidelines [76]. In the FRG instruments 
used for monitoring limited emissions or for official air quality measurements must 
be approved by the Environmental Protection Agency. To obtain this license the 
measuring instruments must meet certain minimum requirements [167, 175]. When 
applied for by the producer the instruments will be submitted to so-called qualifica
tion tests which are carried out by recognized measuring institutions to establish 
whether the instruments meet these minimum requirements. 

Table 5.10 lists an overview of the most important performance characteristics of 
the measuring techniques for air pollution. The minimum requirements listed are 
valid for instruments which are used in the field of air quality control regulations. 
Different requirements concerning performance characteristics may need to be met 
for other measuring tasks, e.g., in research. 
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Table 5.10. Important performance criteria of measurement methods for air pollutants and 
minimum requirements for the certification of instruments for exhaust gas and air quality 
measurements in Germany 

Performance Characteristics 
[172-174,176] 

Calibration function 
x = .f(A) 

Taking into account blind values: 
x- x o=f(A) 

In case of linearity: 
x- x o=K·A 

Verification of linearity 

Minimum Requirements 

Emission Measurement 
Instruments [167] 

through graphic depiction and regression 
calculation 

Analytical function 
A = f(x) 

To be determined by 

(Reversal of the calibration function) 

Sensitivity 
Quotient resulting from the changes 
of the output and the input signals 
(slope of the calibration function, 
factor K) 

Standard deviation s (empirical) 
(most important parameter for the 
determination ofthe random variation 
of n single values of a measuring series 

around their mean value x) 

1 n 2 
S = -- L(xl -x) 

n-l ;=1 

Variance s2 or 0'2 (square of standard 
deviation) 

Variation coefficient (empirical) 

a reference method with 
regression calculation 

(also called relative standard deviation) 
s 

v= I~ 

v is frequently expressed in % 
Measuring range 

Air Quality Monitoring 
Instruments 175] 

To be determined by 
calibration gases with 
regression calculation 

Terminal value at the end 
of range ~ threshold 
value, 

Zero point "Life zero point", to be able to recognize drifts 
Detection limit ~ [172, 177] 
Smallest quantity which can be 

distinguished from zero with a 
statistical certainty of 95% 

~ 2% ofthe most ~ ~ 10% of the longterm 
sensitive range air quality threshold 

value 
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Table 5.10. (continued) 

Performance Characteristics 
[172-174,176] 

:!. = 3·Sxo or:!. = t·sxo 

Threefold (t-fold) standard deviation of 
the blind values x 

I n _ 2 
SxO = -- I,(Xoi -Xo) 

n -I n=l 

Response threshold [176] 
value of a required minimal change 
of the quantity to be measured with 
a recognizable change on the 
signal 

Uncertainty range U 
Difference between upper and lower 

limit of the single values' interval 
and the mean value at a confidence 
levelof95% 

U =±s·t 

Student factor t 
see Table 5. 11. 

The uncertainty range is frequently 
related to the mean value and is 
indicated in % (c ± LlC) 

Accuracy: The closeness of agreement 
between the true value and the 
measured value. 

Precision: The closeness of agreement 
between the results obtained by 
applying the experimental procedure 
several times under prescribed 
conditions. 

Repeatability standard deviation or 
Repeatability r. 
Quantitatively, the value below 

which the absolute difference 
between two single test results 
measured under the same con
ditions (same operator, same 
apparatus, same laboratory and short 
intervals of time) may be expected 
with a probability of95%. 

r = 1.96.fi . crr = 2.77 . crr 

Minimum Requirements 

Emission Measurement 
Instruments [167] 

(in DIN ISO 5725 the value 2.83 (=2 . .fi ) 
is used instead of 2. 77) 

Air Quality Monitoring 
Instruments 175] 
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Table 5.10. (continued) 

Performance Characteristics 
[172-174,176] 

Application, e.g., in repeated 
measurements of calibration gases 

Systematic errors are not recognizable 

Comparison standard deviation OR 
Reproducibility R. 
Quantitatively, the value below 

which the absolute difference 
between two single test results 
on identical material obtained by 
operators in different laboratories, 
using the standardized test method, 
may be expected with a probability 
of95%. 

R=1.96.J2 ·oR=2.77-0R 

Minimum Requirements 

Emission Measurement 
Instruments [167] 

Air Quality Monitoring 
Instruments 175] 

(in DIN ISO 5725 the value 2.83 (=2 . .J2) 
is used instead of 2.77) 

Reproducibility is, e.g., used in double 
determinations and in measurements 
of several laboratories at the same 
measuring object (ring tests), 
s. especially [174] and [172] 

Dead time 
Time from sudden change of 
gas concentration to the moment 
at which the indication reaches 
a value conventionally fixed at 
10 % of the final change in 
indication 

Rise time 
time from 10% to 90% of the expected 
value 

Response time 
total of dead time+rise time 
(90%-time) 

Maintenance interval 

Temperature dependency of the 
indication at zero point 

~ 200 seconds ~ 180 seconds 
including sampling system 

must be determined and indicated; e.g., 14 days 
when ambient temperature changes by 10 K: 
~ ±2% ofthe most ~ ±2% of the measuring 

sensitive range signal at the threshold 
value (is also valid for 
gas temperature) 
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Table 5.10. (continued) 

Performance Characteristics 
[172-174,176] 

Zero point drift 
Change of the signal when 
measuring signal at the 
operating with zero gas over a 

length of time without adjusting 

Temperature dependency ofthe 
sensitivity 

Sensitivity drift 

Interference 

Availability 

Other operating conditions 
- power-supply voltage 

ambient temperature 
- relative humidity 
- liquid water content in the air 
- resistant to vibrations 

Explanation of symbols of Table 5.10. 
:!. measured value 
Xi single value 
Xoi single blind value 
x 0 mean blank value (blind value) 

Minimum Requirements 

Emission Measurement 
Instruments [167] 

Within maintenance 
interval 

:::;; ±2% of the most 
sensiti ve range 

Air Quality Monitoring 
Instruments 175] 

Within 24 hours:::;; ±2% 
of the measuring 
signal at the threshold 
value within the 
maintenance interval 
:::;;±IO%ofthe 
measuring signal at 
threshold value 

When ambient temperature changes by 10K: 
:::;; ±3% of the slope of :::;; ±2% of the slope of 
the analytical function the analytical function 

(is also valid 
for gas temperature) 

Within maintenance interval Within 24 hours:::;; ±2%; 
:::;; ±3% of the slope of within maintenance 
the analytical function interval:::;; ± 10% of the 

slope ofthe analytical 
function 

:::;; ±4% of the most :::;; ±6% of threshold value 
sensitive range when C02' H20, S02, 

NO, N02, H2S, NH3' 
some HC interfere 

In a three-month long-term test 
<::90%, <:: 80%, 
aim: 95% aim: 90% 

Defined, a.o. acc. to DIN 43 745 

n number of single values 
v variation coefficient 
U uncertainty range 

A given quantity of object to be measured 
K slope factor 

numerical value oft distribution 
acc. to Student 

r repeatibility 
x detection limit R reproducibility 

s, (J standard deviation 
Sxo standard deviation of blind values 
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Table 5.11. Values for Student factor t with a confi
dence level of 95 % (acc. to [173]) (in pollutant 
analyses confidence levels of 95 % are commonly 
used) 

Number n of individual values 

2 
3 
4 
5 
6 
8 

10 
13 
20 
30 
32 
50 
80 

100 
125 
200 
more than 200 (t=t<X!) 

12.71 
4.30 
3.18 
2.78 
2.57 
2.37 
2.26 
2.18 
2.09 
2.05 
2.04 
2.01 
1.99 
1.98 
1.98 
1.97 
1.96 

The student factors required for the calculation of the detection limit and the un
certainty of measurements are listed in Table 5.11 for the confidence interval of 
95 %. 

Some performance characteristics and their determination will be described in the 
following section in more detail. 

5.6.2 Linearity of the Calibration Function and Sensitivity 

The calibrating functions of infrared (IR) gas analyzers are normally not linear. The 
measuring outputs of these instruments have been linearized by the producers so that 
users of this equipment do not have to determine the result via the calibration func
tion each time a measurement is carried out (which is very inconvenient) but it can 
be read off directly. The simplest way of linearizing is to install a special scale in the 
indicating instrument. As the measured values are usually recorded electrically. the 
electric outputs are generally linearized also. In older equipment this type of lineari
zation did not always function flawlessly. Fig. 5.45 compares as examples the cali
bration functions of an old and a new IR CO gas analyzer recorded with CO calibra
tion gases [39]. The old CO instrument shows a non-linearity leading to a deviation 
from the ideal linear calibration function of approximately 10 % in the medium 
stretch of the measuring range. If regression is linear, the fault is somewhat smaller 
in the medium stretch of the measuring range; in the lower stretch, however, there 
are considerable deviations from the actual values. As can be seen, this non-linearity 
does not become visible in a two-point calibration (zero point and one span value). 
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Fig. 5.45. Calibration functions of two infrared gas analyzers for CO detection. x measured 
value, A given quantity of the object to be measured, in this case CO test gas concentration in 
ppm v, K slope factor of the calibration function. a. old version of an IR instrument, linear 
regression: x - 0.55 = 0.02 A (but non-linear I), sensitivity: K = 0.02 rnA/ppm CO; b. newer 
version of an IR instrument, linear regression: x - 0.026 = 0.059 A; sensitivity: K = 0.059 
rnA/ppm CO 

In the newer CO measuring instrument the calibration function is strictly linear. 
The zero point deviations resulting in the regression calculation are so small that they 
cannot be recorded. 

The new instrument is approximately three times as sensitive as the old one. 

5.6.3 Interference 

The disturbing influence of accompanying substances in the gas to be investigated is 
called interference. Interferences can have a linear or a non-linear effect on the 
measuring signal. 

Fig. 5.46 shows as examples the possible interferences in both an automatic, 
physical measuring method and in a wet-chemical analysis. In the IR gas analysis 
technique the danger of interference is due to the fact that the IR absorption bands 
partially overlap (s. Fig. 5.3). This type of interfering factor can exist particularly 
when measuring low CO concentrations in the presence of high CO2 contents, as is 
usually the case in furnaces. Producers of measuring instruments try to minimize this 
interference by technical means, particularly by installing selective filters. Fig. 5.46a 
shows that this concept has been carried out relatively successfully in the new IR 
analyzers. With a CO2 volume concentration of 15 %, a customary value in furnaces, 
the interference amounts to <5 ppm (CO indication). In the old IR instrument I a 
faulty indication of 30-40 ppm must be taken into consideration; the second old IR 
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Fig. 5.46. Representation of interferences in an automatic, physical measuring instrument and 
a wet-chemical measuring method. a. interferences of CO infrared measurement with CO2 

[39]. b. sulfite-pararosaniline method for the detection of formaldehyde; dependency of color 
intensity on HCHO concentration with different S02 contents (interferes with the calibration 
function) [179] 
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analyzer showed a fault of approx. 10 ppm. Fundamentally, in IR analyzers a high 
sensitivy to water vapor and corresponding interference must be taken note of. 

As an example fig. 5.46b shows the influence of S02 on the development of color 
intensity in formaldehyde determination according to the sulfite-pararosaniline 
method [178]. This method is intended for the determination of formaldehyde in 
ambient air. Attempts to use this method in furnaces revealed a high interference 
from S02" The development of color intensity is highly impaired by S02' i.e., the 
sensitivity of the method is reduced. In contrast to the interference shown in Fig. 
5.46a, where an increase in the measured value is wrongly indicated, a decrease in 
the measured result is shown in this case. Its influence varies depending on the the 
different S02 contents (non-linear interference). 

Depending on the measuring task one must be aware of possible interferences 
when using measuring methods, and, if necessary, additional tests must be carried 
out to clarify the situation. VDI guidelines generally point out interferences which 
were discovered in the course of protracted investigations and which were, if possi
ble, eliminated before the guidelines were passed. 

5.6.4 Determination of the Efficiency of Measuring Methods by Ring 
Tests 

In ring tests either a calibration gas (e.g., in a gas cylinder) is sent from laboratory to 
laboratory and the results of the analyses are compared, or samples are simultane
ously taken from a test gas or exhaust gas line and analyzed, or simultaneous meas
urements are carried out in these lines with continuously operating instruments. In 
the past years numerous ring tests have been carried out to make measurements re
procuceable. Most of these experiments are carried out at the State Institution for 
Ambient Air Quality Protection (Landesanstalt fUr Umweltschutz, LAU) in Essen, 
where a ring line was installed specifically for this purpose [180, 182], recently also 
in the EU research center in Ispra, Italy. There, the most varied test gases or test gas 
mixtures are produced and fed into the line in specific doses. However, ring tests 
with actual exhaust gases have also been carried out [39]. 

Ring tests offer the following possibilities: 
- to check the feasibility of measuring regulations, 
- to improve the efficiency of individual laboratories, when their measuring results 

deviate excessively, 
- to determine the repeatability and reproducibility of measuring methods, 
- to simultaneously and reproduceably determine the interferences of different 

measuring instruments and measuring methods, 
- to gain information through mutual exchange of experiences of the ring test par-

ticipants. 

Fig. 5.47 shows as an example the result of a ring test in the test gas line of the LAU 
for the testing of techniques for the measurement of nitrogen oxide in ambient air 
[182]. Both wet-chemical measuring methods as well as automatic chemilumines
cence instruments were used. 
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Fig. 5.47. Comparison of wet-chemical methods and automatic instruments for NOz ambient 
air measurement, results of a ring test [182]. m mean value, m = 27.3 Ilglm3, r repeatability, r = 

7.53 Ilglm3, Sr repeatability standard deviation, Sr = 2.66 Ilglm3, Vr repeatability variation coef
ficient, Vr = 9.7 %; R reproducibility, R = 34.8 Ilglm3, SR reproducibility standard deviation, SR 

= 12.3 Ilglm3, VR reproducibility variation coefficient, VR = 45 % 

The deviations of the individual participants can be regarded as an indication of 
the quality of their measurement. Their mean value with a repeatability coefficient of 
variation of v,=9.7 % lies just within an acceptable range of repeatability. However, 
the measuring results of the different participants differ strongly from each other: 
The reproducibility with a coefficient of variation of vR=45 % is very poor. It is to be 
seen here that with relatively high precision (small repeatability standard deviation, 
e.g., with participant 10 and 11) measurements can be carried out very wrongly from 
an absolute point of view. This is a result of bias during calibration, e.g., by using 
different calibration gas standards. This does not mean that the mean value is the true 
one under all circumstances. 

The results of ring tests, however, can turn out considerably better. Wet-chemical 
measurements, e.g., of CO calibration gases in steel cylinders (emissions) achieved 
reproducibility variances of <2 % (with 510 ppm v/v) and of <10 % (with 
40 ppm v/v) [39]. 

The reproducibility of the results of ring test participants improves when the 
circle of participants discusses problems and draws the appropriate conclusions from 
the deviations. To harmonize the measuring techniques and standards of the measur
ing networks of the FRG a first nitrogen oxide ring test was carried out in 1982. 
After the results has shown relatively high deviations the problems were discussed 
and the ring test repeated. Table 5.12 shows how the reproducibility of the results 
could be improved in this way. 

As experience has shown, variances in the reproducibility up to 5 % must be re
garded as a good result in ring tests, variances between 5-10 % are still acceptable. 
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Table 5.12. Relative variation coefficients (mean ranges) of participant 
mean values of the NO/N02 ring tests in May 1982 and October 1982 in 
% [181] 

NO (automatic instruments) 
2N02 (automatic instruments) 
N02 (wet-chemical, 

Saltzman) 

May 1982 

9.0 ... 12.0 
6.9 ... 13.7 
2.6 ... 12.2 

October 1982 

3.5 ... 6.1 
4.1...5.1 
2.1 (1.8) ... 5.1 

With variances in excess of 10 % measuring methods must be improved and the 
standards used must be checked and corrected if necessary. 

5.6.5 Fault Consideration using the Example of a Complete Emission 
Measurement 

Apart from pollutant concentrations, auxiliary quantities such as the exhaust gas 
volume flow and the 02 content of the exhaust gases must be measured to determine 
emission flows. By this, the inaccuracy of the original measurement is magnified. As 
an example of the determination of nitrogen oxide emissions from a furnace the 
possible fault will be roughly estimated here: 

The variance of a function Z (xl' ... 'xk) can be estimated from the variances of the 
individual variables according to the law of error propagation: 

(5.20) 

The percentage faults which are possible in the individual measuring phases and 
which can be estimated from experience are shown in Fig. 5.48. 

Simplified, the possible total error (empiric variation coefficient va) is for this 
purpose estimated as sum of the single errors as shown in Fig. 5.48 (empiric varia
tions s ~ ) for the most favorable and for the most unfavorable case. There may be 
varying dependencies in individual cases, e.g., a concentration dependency of the 
error: 

Va= Vsi +s~ +s~ +s~ +s; +s~ +s~ +s~ +s~ , 

most favorable case: 

Va = V 4 + 25 + 25 + 4 + 4 + 4 + 25 + 4 + 25 = 020 

va=11 %, 

most unfavorable case: 

Va = V 25 + 100 + 25 + 25 + 4 + 4 + 100+ 25 + 100= V 408 

va=20 %. 

(5.21) 
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Uncertainty of NOx calibration gas 
2 ... 5% 
(Random error) 

2 
Uncertainty of NOx measuring instrument, e.g. drifts, interferences, 
influences of temperature, converter efficiency, electrical transmission etc. 
5 ... 10% 
(Random error) 

3 Representativity of sampling place at flue gas channel 
5% 
(Systematic and random errors) 

4 
Sampling method 
2 ... 5% 
(Systematic and random errors) 

5 
Fuel flow measurement 
2% 

6 
Uncertainty of the 02 calibration gas 
2% 

7 
Uncertainty of 02 measurement 
5 ... 10 % 

8 
Sampling method for 02 measurement 
2 ... 5% 

9 
Consideration or averaging of load 
deviations including starts and shut downs 
5 ... 10 % 

Fig. 5.48. Possible relative errors (variation coefiicients), estimates based on experience in the 
individual steps of emission rate determination. Example of NO, measurement of a furnace 
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According to this, the determination of emission flows from concentration meas
urements includes an error of 10-20 %. This, however, implies that the accuracy 
(reproducibility) of emission measurements (fault 1+2) lies between 5 and 10 %, 
which is not necessarily guaranteed, as different ring test results have shown. 
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6 Evaluation of Air Pollution Measurements 

In the field of emissions as well as in air quality control air pollutants are generally 
recorded by measuring instruments in concentrations. This determination of concen
trations is sufficient for the purpose of comparing them with threshold values; they 
must be mass concentrations, however, which requires a transformation of the meas
ured results, as many measuring techniques determine volume concentrations. 

To assess air pollution it is not sufficient to merely indicate concentration values, 
rather it is the mass flows which are frequently of interest. Basically, mass flows are 
calculated from pollutant concentrations multiplied with the volume flows in which 
they are contained. Determination of these volume flows is mostly very time
intensive and involves inaccuracies. 

Mass flows are described by the following definitions: 
- Emission flow is the mass of an air polluting substance escaping into the atmos

phere per unit of time. 
- Pollutant flux is the mass of an air polluting substance entering the acceptor 

(human, animal, plant, soil, materials) per unit of time. 
- According to [1] the integral of the pollutant flux for the time during which the 

acceptor was exposed to the polluting substance is called pollutant dose. 

The term pollutant dose is sometimes simply used as the product of concentration 
and time [2]. 

The following sections will deal with the evaluation of air pollution measure
ments in the fields of emission and air quality control with regard to the different 
possibilities of assessment and quantification. 

6.1 Determination of Pollutant Emissions 

6.1.1 Detection of Pollutant Emissions from Concentration Measurements 
of Exhaust Gases 

6.1.1.1 Emission Flows and Emission Factors 

The means of determining emission flows and so-called emission factors from con
centration measurements in exhaust gases is illustrated in Fig. 6.1 with the example 
of exhaust gases from furnaces. The determination of emission flows and emission 
factors in industrial production plants is, in principle, carried out in much the same 
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Pollutant concentration measurement of flue gas 
components in ppm v (or in mg/m3) related 
to O°C, 1013 mbar and dry gas , 

Measurement of Conversion into mass concentration mg/m3 

auxiliary quantities (. Gas density p in mg/cm3) 

Fuel rate ~ Calculation of flue gas 
in kg/h 

flow rate with specific 

02 or CO2 I--
flue gas volume in m3/kg -- Pollutant concentration 

in Vol. % and flue gas dilution for - related to a defined 
(Dilution of 

f-- different loads dilution of flue gas, e.g. 
flue gas) (Fuel rate) 3 or7 % 02 

or 

Flue gas flow rate }- Conversion of Comparison with 

in m3/h flue gas flow rate threshold values 

in m3/h, dry 
Temperature, 
pressure, humidity 

Emission rate in kg/h 
reI. to different loads 
of the plant 

+ 
Operating hours at Related to 
different loads per actual fuel rate 
time, 
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Emission factors: 

Mass of emitted 
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different load situations to different loads 
per related time 

~ Heating value 

Real emissions of f- of fuel 
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of the plant 

Mass of the emitted 
substances per 
quantity of heat in 
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emitted substances 
per produced electric 
power in g/kWh 

Fig. 6.1. Determination of emission rates and emission factors from concentration measure
ments of flue gases - diagrammatic example for furnaces 
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way. Instead of dealing with fuel flows, production flows are to be dealt with. When 
trying to determine emissions in motor vehicles the matter is somewhat more com
plicated, as measurements are rarely carried out on vehicles in traffic and the differ
ent driving conditions must be simulated on roller dynamometers instead, s. [3-6]. 

The emission flows can be determined within the error limits described in sect. 
5.6.5. Greater errors are to be expected when the emission factors are applied to 
other plants, as the emissions of different components, e.g., NO., depend heavily on 
individual combustion conditions. 

When determining pollutant emissions (CO, CoRm' soot) stemming from insta
tionary combustion conditions, which are formed, e.g., during incomplete combus
tion, the error is magnified. These substances develop, e.g., when starting or closing 
down furnaces and during break-downs. For these cases the individual determination 
of the flue gas volume flow is highly inaccurate - in the majority of cases even im
possible. In domestic furnaces with solid fuels the individual degree of charging and 
burn out enter into the calculation. If even determining the emission flows of the 
components CO, CnRm and soot gives rise to problems, it is obvious that the determi
nation of emission factors which are transferable to other plants can only represent a 
rough estimation. 

Considering these points of view the emission factors mentioned in literature 
[7,8] should be assessed and used carefully. 

6.1.2 Calculation of Pollutant Emissions from Fuel Properties 

6.1.2.1 Sulfur Dioxide 

As was shown in chap. 2 the sulfur bound in fuels burns almost completely to sulfur 
dioxide. The latter is emitted or, in some coal combustion processes, bound into the 
ashes (s. Table 2.4). It is advisable to calculate the S02 emission flows from fuel 
flows or fuel consumption. Precondition for this is, that the sulfur content of the fuels 
is known and does not change in the time relevant. When carrying out the calculation 
the following molecule balances must be considered: 

S+02 = S02 

1 Mol + 1 Mol = 1 Mol 

32 g + 32 g = 64 g 

1 g + 1 g = 2 g. 

Thus, 2 g S02 are formed from 1 g bound sulfur. 

(6.1) 

(6.2) 

(6.3) 

(6.4) 

Example: 1 kg of light fuel oil with a sulfur mass content of 0.2 % is burnt~ 4 g 
S02 are formed from 2 g of sulfur. 

From the consumptions of individual fuels the S02 emissions of an entire area 
can be calculated relatively accurately for a defined period of time. The emission 
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values by the German Environmental Protection Agency are based on such calcula
tions [9]. 

These calculations, however, become inaccurate if the sulfur content of the fuels 
are not known exactly. For light fuel oil, for instance, a maximum sulfur content of 
0.2 mass proportion in % was prescribed [10], and calculations were usually carried 
out using this amount. The mineral oil industry, however, stated that the sulfur con
tent of some light fuel oils was lower and that the average for the oil commercially 
available supposedly amounted to 0.24 % in 1984 [11]. 

The accuracy of the SOz emission calculations also decreases the more flue-gas 
desulfurization equipment is used. As these desulfurization units are at varying tech
nological levels and have different removal efficiencies, measurements must be car
ried out directly in the flue gas when determining SOz emission flows. For this, the 
considerations on methods of determination and accuracy made in the previous 
chapter apply. 

6.1.2.2 Nitrogen Oxides 

As was shown in sect. 2.1.3 it is not possible to calculate nitrogen oxide emissions 
from the nitrogen content of the fuel. For one thing, not all of the fuel nitrogen is 
transformed into nitrogen oxide during combustion, for another, more or less atmos
pheric nitrogen is oxidized into nitrogen oxide depending on the combustion tem
perature. 

When calculating flames and furnace dimensions it is advisable to calculate NO, 
emissions beforehand. However, this is only feasible for furnaces with defined di
mensions and with known fuel properties [12, 13]. These models are at a stage where 
results calculated with them must be compared and verified with measured results. 
When applying the results of one furnace to another, furnace dimensions, fuel prop
erties and load conditions would have to be included in the calculation process. The 
purpose of such computation models is not to collect emission data for NO, but 
rather to calculate in advance NO. emissions of furnaces at the planning stage so as 
to be able to design the construction of the burner and the furnace chamber such that 
NO. emissions are kept at a minimum. 

When determining NO. emission flows from the many different plants one is 
therefore as dependant now as before on measurements in flue gases. 

6.1.2.3 Products of Incomplete Combustion (PIC) 

It is not possible to determine products of incomplete combustion (CO, CnHm and 
soot) from fuel properties as the emissions of these substances are influenced almost 
exclusively by the combustion process. Only a rough estimation of emission is pos
sible by using emission factors determined at similar furnaces. 

6.1.2.4 Heavy Metal Emissions in Oil Furnaces 

While soot and total dust emissions in oil furnaces cannot be calculated from fuel 
properties, the metals contained in the oil can be determined in the flue gases as 
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oxides. It has, however, not yet been checked whether this determination is quantita
tively possible [14]. Particularly when burning heavy fuel oils metal emissions have 
a special significance. Nickel and vanadium oxides, for instance, are emitted in the 
process. When tracing atmospheric pollutants these metals can serve as indicators of 
flue gas components from heavy oil furnaces [15]. 

In light fuel oils metals occur only in the slightest of concentrations so that the 
emissions of the relevant oxides have as yet had no significance. Up until now lead 
was added to gasoline in the form of lead tetraethyl as an antiknock agent. The lead 
emissions of the motor vehicles correspond to the lead content of the gasoline used 
and can be extrapolated from them. However, that does not tell us in which form the 
lead is emitted. E.g., halogenous compounds are added so that lead compounds 
volatilize easier. 

When burning coal there is a high degree of ash components in the flue dust. 
However, the fact that part of the ash is already retained in the furnace chamber and 
the largest part of the flue ash is kept back in the flue gas particle precipitators 
makes calculating particle emissions from fuel composition impossible. For coal 
furnaces particle emissions can only be determined by flue gas measurements. 

6.1.3 Registering Pollutant Emissions of an Area in Emission 
Inventories 

6.1.3.1 Spatial Pollutant Distribution 

To be able to recognize relationships between emissions and pollutants in a certain 
area it is important to begin by compiling an overview of the dispersion of pollutant 
emissions of the area concerned. In these emission inventories the extent of the 
emissions from the different main source groups is listed: 
- motor vehicle traffic, 
- domestic furnaces and those of small-scale industries, 
- industry: furnaces including power plant furnaces and industrial processes. 

For these inventories the area to be assessed is usually divided into subsections of 1 x 
1 km and pollutant emissions released in these areas are calculated per annum. 
Emission conditions are depicted graphically by coloring these subsections in topog
raphical maps. Owing to this type of presentation one can, e.g., infer from these 
maps in which sections of a town high amounts of pollutants are released and where 
emissions are low. In combination with air quality inventories areas can be identified 
where air pollution control measures should be preferably taken. Therefore emission 
and air quality inventories are vital components of air quality control concepts. 

The temporal dispersion of the pollutant emissions cannot immediately be in
ferred from the inventories. It must be calculated separately and according to [8] it is 
to be shown also for the period of one calendar year with the proportions of the in
dividual emittents visibly marked. 
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Pollutants 

According to [8] the following atmospheric pollutants, in particular, are to be in
cluded in the emission inventories: 
- particulate, 
- fine particles <0.01 mm (aerodynamic diameter up to 85 % <0.01 mm), 
- lead and lead compounds - listed as Pb, 
- sulfur dioxide (S02)' 
- nitrogen dioxide - listed as N02, 
- carbon monoxide (CO), 
- gaseous and vaporous organic compounds, 
- chlorine and gaseous anorganic chlorine compounds - listed as Ct, 
- fluorine and gaseous anorganic fluorine compounds - listed as F-. 

Frequently, there are no measuring data available on the individual pollutants emit
ted, particularly for the not so common pollutants (e.g., fine particles, organic com
pounds, Cl- and F-). Therefore, the values used are usually based on estimates or 
emission factors based on them. Thus, great accuracy may not be expected here. 

6.1.3.2 Determination of Pollutant Emissions of Motor Vehicle 
Traffic 

The path of computation for the determination of pollutant emissions of motor 
vehicle traffic is shown in a diagram in Fig. 6.2. The traffic inventories of cities 
where the daily traffic load for the most important roads is given can serve as an 
important basis for computing emissions. If these types of data are not available, then 
traffic surveys must be carried out separately, where according to [8] traffic load 
must be determined depending on the time of day by counting motor vehicles in 
separate categories of passenger cars and trucks. Roads which are not registered as 
so-called line sources must be considered plane sources where the traffic load must 
be determined by random surveys. Driving behavior or driving speeds must be de
termined for the individual streets, if necessary by random in-traffic test drives. The 
Technical Control Board Rhineland in Germany have introduced so-called "driving 
modi" to characterize driving behavior. The emission factors of these modi were 
measured on roller dynamometers [3, 4]. The emission factors listed in [8] are based 
on the investigations of the Technical Control Board Rhineland. 

The annual loads of S02' NO, and CO per street in t/(km . a) are obtained via 
traffic load, driving behavior and the applicable emission factors. With the pollutant 
emissions thus calculated the streets in the city map can be color-coded according to 
their loads, e.g., the emission map for the source group traffic of the cities of Stutt
gart, Mannheim and Karlsruhe [16-18]. For these latter maps the total sum of hydro
carbons, lead and soot was also determined and depicted, in addition to the common 
pollutants S02' NO, and CO. 

The streets with their specific pollutant emissions can then be allocated to the 1 x 
1 km grid squares of the area under investigation and the lengths of the individual 
streets be measured in the different squares. The specific emissions multiplied by the 
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Fig. 6.2. Calculation mode for determining the S02 and NO, emissions from traffic per road 
and per square kilometer in a city (also valid for other compounds) 

relevant street length give the annual emissions of each street per determined square 
kilometer. The sums of all streets of a grid square then represent the pollutant emis
sions in tJ(km2.a) caused by motor vehicle traffic [16-18]. 

6.1.3.3 Pollutant Emissions of Domestic Furnaces and Small
Scale Industries 

The 5th Administrative Regulation for the Implementation of the Federal Air Pollu
tion Control Act [8] stipulates that the number and type of furnaces, the fuels used, 
the nominal capacities of the furnaces, the source heights and the geographic position 
are to be determined. For this, the data secured by the chimneys weeps on their an-
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nual check of domestic furnaces is to be used as far as possible. Determining the 
number of furnaces, however, is relatively complex. The accuracy thus achieved is 
partially undone by the fact that there are no data available on the fuel consumptions 
of the furnaces and that estimates must be made for this as the furnace capacity does 
not necessarily say anything about its degree of utilization. 

Occasionally, studies on district heating also include data on heat requirement 
densities of individual town sections. If the annual heat supplies of gas and piped 
heat are known (these can be obtained relatively easily), then the consumption of 
light fuel oil can be estimated by calculation. Pollutant emissions can thus be deter
mined for the inventories via the individual heat consumptions and with the help of 
emission factors. E.g., an air quality control concept for the city of Heilbronn, Ger
many, was carried out in this way [19]. 

Fig. 6.3 shows the computational method applied for this. When drawing up the 
official administrative emission inventories in Germany surveys were not carried out 
with the utmost consistency, the final energy consumptions being determined via 
computational methods similar to the one shown in Fig. 6.3 instead [20, 21]. 

In his "Manual on the Setting up of Clean Air Plans" [22] Dreyhaupt gives direc
tions on how to carry out statistical surveys in large urban areas without interviewing 
all households (a so-called microcensus). 

As an example an emission inventory was drawn up for a small town for which 
approximately 70 % of all households were individually interviewed to collect data 
on type of fuel and annual fuel consumption [23]. An emission inventory compiled 
in this manner naturally surpasses all other survey methods in accuracy. However, it 
cannot be implemented in larger towns as it is very work-intensive. 

Pollutant emissions from small-scale industries depend on the materials used, on 
the type of construction and the mode of operation of the furnaces. The following 
businesses shall be listed as examples: gasoline stations, printing shops, dry cleaners, 
paint shops, woodworking, smokehouses, light fuel oil depots and plants for the 
treatment of parts with chlorinated hydrocarbons. Dreyhaupt [22] gives detailed 
instructions on how to collect data for this purpose, too. To do this, questionnaires 
must cover all types of plants. The calculation of the emissions is carried out, e.g., 
with the help of specific emission factors and the amount of produced or consumed 
materials. 

6.1.3.4 Pollutant Emissions from Industries 

When compiling an emission inventory for Industry one cannot avoid individually 
interviewing all plant operators. In the "polluted areas" for which the authorities must 
set up an air quality control concept the operators of "plants requiring official ap
proval" [24] must make so-called emission statements [25]. The emission statements 
are requested by the approving authorities, e.g., the industrial inspection boards. 
Apart from the information covering the plants operating hours, the types and 
amounts of materials used (e.g., fuel consumptions), direct statements pertaining to 
the emission flows must be made. The emission statement is to be up-dated every 
two years. 
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The annual emissions of the plants are either determined from the individual 
emission flows by mUltiplying them with the operating hours, or they are calculated, 
e.g., in industrial furnaces, from the fuel consumption with the help of specific 
emission factors. Depending on the location of the individual plants the pollutant 
emissions thus determined are allocated to the grid squares of the survey area and are 
color-coded in the emission inventory maps [26, 27]. 

6.1.3.5 Summary of Annual Emissions 

To determine their spatial dispersion the pollutant emissions of the individual source 
groups are combined for each square kilometer of the surveyed area (based on the 
1 x 1 kIn Gauss-Krueger grid l ) and color-coded according to their concentrations. In 
this way the emission inventory maps were set up for the polluted areas as being 
essential to the air quality control concepts [28-30]. As an example the emission 
dispersion of the pollutant NO. (NO+N02) determined and depicted in the manner 
described is shown for the town of Heilbronn, Germany, s. Fig. 6.4 [19]. 

As can be seen, the highest NO. emissions come from a power plant, even if 
emitted via high stacks. Besides these power plant emissions the highest emissions 
occur in the inner city area on the one hand and in the northern part of the town near 
a highway on the other. This NO. emission dispersion which is mainly caused by 
motor vehicle traffic is typical of urban areas. In areas with high traffic densities 
which unfortunately occur frequently in the city centers along with high residential 
density traffic-related pollutant emissions (NO., CO, hydrocarbons) are also at their 
highest level. Apart from these, highways with heavy traffic represent large nitrogen 
oxide sources. 

The emissions of the different source groups do not become effective as pollut
ants to the same extent due to their varying source heights (motor vehicle exhausts 
directly in the respiratorial space, industrial stacks up to a height of 250 m). It is 
therefore attempted to weight the emissions according to their individual contribution 
of pollution to the ambient air. For this, apart from the source heights, the different 
weather conditions which influence the dispersion of the pollutants are included. 
After comparing dispersion calculations and pollution measurements Kutzner [31] 
has defined so-called pollution assessment factors for the different emission sources 
for the example of Berlin. Assessments of this type [19, 29] can occasionally be 
found in air quality control concepts. Such an assessment for the pollution compo
nent NO. is shown graphically in Fig. 6.5. It must however be admitted, that the 
values indicated for the polluted areas are rough estimates and rough mean values for 
an entire urban area (there are definite local differences). Such considerations, how
ever, can be of help in deciding on pollution control measures. 

1 In topographic maps the 1 x 1 Ion Gauss-Krueger grid is plotted with the coordinates of the 
x- and y-axis. 
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Fig. 6.4. Distribution of NO. emissions in the city ofHeilbronn, FRG [19] 

6.1.3.6 Temporal Pollutant Distribution 

To determine relationships between emissions and pollution a fine temporal resolu
tion is often useful. For pollution in urban areas, e.g., characteristic diurnal courses 
can be determined which are on the one hand created by meteorological dispersion 
conditions such as height of mixed layer, but on the other hand the emission diurnal 
course has a considerable influence on the pollution profile. Thus, at least for re
search which aims at tracing atmospheric pollution from emission to deposition it is 
important that diurnal courses of emissions are known with an hourly or half-hourly 
resolution. 
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Fig. 6.5. Emissions of source groups traffic, domestic heating, industrial furnaces and power 
plants with their contribution to air pollution in an urban area (example for the component 
NOx)[19,32] 

To determine diurnal courses of emissions for the source group traffic the diurnal 
courses of the traffic load of the most important streets in the area surveyed must be 
determined by counts. Based on the relevant driving behavior (driving modi) the 
profiles of pollutant emissions can be calculated. Fig. 6.6a shows, for instance, the 
hourly traffic volume on a street on a weekday. Weekdays have characteristic diurnal 
variations with peaks of rush-hour traffic in the morning and in the afternoon [16]. In 
this case there is an additional maximum on the street concerned at noon. Saturdays 
with shopping trips and Sundays with excursion trips have other diurnal courses. The 
diurnal courses determined for the pollutants NO. and S02 resulting from motor 
vehicle movement and the heating operations are shown in Fig. 6.6b. The NO. diur
nal course virtually reflects the traffic load, as domestic furnaces emit considerably 
less NO •. Concerning the component S02 traffic has practically no influence on 
emissions; the S02 is caused exclusively by furnaces. 

In March 1985 a large-scale experiment called TULLA was carried out in Baden
Wuerttemberg, Germany, to compile an S02 mass balance for the area of Baden
Wurttemberg. As part of of this experiment a fine-meshed 1 x 1 km map of the S02 
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and NO. emissions with an hourly resolution was drawn up [33, 34]. The emissions 
of small furnaces were computed with models based on the evaluation of data of the 
ambient conditions. For the larger industrial plants emission rates were determined 
by interviews. 

The profiles of the NO. emissions in Baden-Wuerttemberg during the two weeks 
of this field experiment are shown in Fig. 2.18 as an example of this evaluation. The 
large share of motor vehicle emissions with completely specific diurnal courses are 
to be seen: peaks in the mornings and in the afternoons, at night always a drop to 
lowest values. The two lower peaks in the middle of the diagram indicate the lower 
week-end traffic. The biggest part of these motor vehicle-related NO. emissions 
comes from the urban areas and from the country's highly frequented highways. 

Knowing the spatial and temporal structure of the pollutant emissions can in 
many cases explain why ambient air pollution occurs. 

6.2 Evaluation and Graphic Representation of Air 
Quality Measurements (with K. Baumann) 

Concentrations of the different air pollutants can be subject to marked fluctuations as 
far as time and space are concerned. It is the task of measuring technology to obtain 
as much information as possible on this. 

Depending On the problem at hand different measuring plans can be set up and 
differentiated evaluations and graphic representations of the pollution measurements 
can be carried out. Instructions on setting up measuring plans can, e.g., be found in 
the 4th General Administrative Regulation for the Implementation of the Federal Air 
Pollution Control Act "Determination of Air Quality in Polluted Areas" [35]. It 
should be noted that the layout of the measuring plan and the representation of the 
results can even imply an evaluation of the results. The following sections will pro
vide possibilities of evaluating and graphically representing measured data. 

6.2.1 Temporal Resolution and Mean Value Formation 

The temporal profile of pollutant concentrations can be recorded with the help of 
continuously operating measuring instruments. Fig. 6.7a shows the profile of the S02 
concentration of one day; it was recorded by a measuring instrument and continu
ously plotted with a line recorder. The measuring instrument used shows a delayed 
reading (generally 180 s), so that the profile shown in Fig. 6.7a is somewhat 
smoother than the actual course. 

To further evaluate and assess the pollution measurements in Germany half
hourly mean values are generally formed from the measured data as smallest unit of 
reference. In the international field also one-hour mean values ate in use. In the 
simplest case the mean values can be formed by evaluating the recordings; most of 
the time, however, data acquisition systems are connected parallel to the line record
ers which automatically calculate half-hourly or hourly mean values. Fig. 6.7h shows 
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the concentration profile of Fig. 6.7a, averaged with half-hourly values. If three 
hourly mean values are formed from the profile which, e.g., are the time basis in 
smog alarm plans, then there is a concentration profile as shown in Fig. 6.7c. The 
daily mean value (24 hour mean value) is shown in Fig. 6.7d. As can be seen, aver
aging the values causes a loss of information on the structure of the temporal profile. 

The temporal averagings can also be the result of the measuring technique used. 
Very low concentrations in outside air, for instance, can sometimes only be measured 
by enriching them through longer sampling times. In this way particle concentra
tions, e.g., are sometimes recorded as daily mean values [37]. 

The extent of the temporal resolution of air quality measurements depends on 
their biological effect, or on any other effect which is to be investigated or which is 
to be cautioned against via this measurement. 

Table 6.1 shows the different response times of different effects of atmospheric 
pollutants. 
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Table 6.1. Examples of different reaction times of individual effects of air pollutants (acc. to 
[38]) 

Objects of Characteristic reaction times 
effect 

Short-term effects Medium-term effects Long-term effects 
(seconds) (days and possibly (months to years) 

constantly repeated 
short-term effects) 

Humans Perception of Acute diseases of the chronic diseases of the 
odors, visibility, respiratory system respiratory system, lung 
irritation of mucous cancer 
membranes and eyes 

Vegetation Reduced yield of Reduced yield of Soil acidification, reduced 
field crops, damage field crops, yield of field and 
on ornamental plants damage on forest crops 
(acute necroses) ornamental plants 

Materials Acid-caused pit corro- Brittleness of rubber Corrosion, decomposition 
sian destruction of and synthetics, of art monuments, surface 
nylon fibers tarnishing of silver, soiling 

darkening of colors 
Measuring Continuously operating Continuously operating Random sampling measure-

methods measuring instruments measuring instru- ments with mean value 
ments or constantly formation or integrating 
repeated sampling measurement (exposure 

of collecting tanks, 
exposure 
oftest pieces/objects) 

Even today it has not been clarified whether the recent forest damage is the result 
of long-term effects caused, e.g., by pollutant intrusion into the soil or whether short
or medium-term effects of high pollutant concentrations have triggered off the dam
age. The influence of pollutants occurring for short or medium length periods of time 
has hardly been investigated up to this point, as mostly random samples were taken 
in forest areas, or medium- to long-term sampling was carried out which merely 
permits an assessment of long-term effects. Only of late have more frequent continu
ous pollutant measurements been carried out which can throw light upon the actual 
course of events. It is the task of measuring technology to reflect the informational 
content of the results of the continuous measurements through suitable means of 
representation and not simply to reduce the value of the measuring results to an as
sessment of long-term effects via mean value calculations over shorter or longer 
periods of time. 
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6.2.2 Summary and Graphic Representation of 
Measuring Data from Continuous Measurements 

6.2.2.1 Unsmoothed Monthly Profiles 

For the representation of its measuring results the Environmental Protection Agency 
of Germany has chosen as smallest unit of reference mean values of 1 hour [37]. A 
complete graphic representation of all I-hour mean values for one month is shown in 
Fig. 6.8. Every I-hour mean value is plotted as a vertical line, so that all peaks, all 
low values and all failures of measurement are recognizable. Such a compact repre
sentation saves considerably more space than the plottings of a continuous-line re
corder and can be grasped at a glance, which is not the case with tables. Fig. 6.8 
compares the S02 concentration recordings for two months of the German measuring 
site Waldhof. In both months a monthly mean value of 11 ~g/m3 was calculated from 
the individual values. These graphic representations show how by solely indicating 
mean values actual events can become blurred: in August 1983 there were two peak 
concentrations of 130-150 ~g/ml, whereas in September very brief peaks amounted 
to only 70 ~g/m3. The different monthly profiles are with certainty different in their 
relevance of effects. 

6.2.2.2 Mean Value Calculation for Smog Warnings 

To assess smog hazards sliding 3-hourly mean values are formed from the half
hourly values measured as usual. In this case sliding means, that after every newly 
measured half-hourly value the previously calculated 3-hour mean value is updated. 
In the smog regulations of Germany [39] 3-hour threshhold values are fixed for dif
ferent alarm phases; when these are exceeded the appropriate smog warning is to be 
issued. E.g., a smog warning must be given when two measuring stations in a town 
record values exceeding 0.6 mg/mJ of S02 or 0.6 mg/ml of N02. 

Moreover, the smog regulations also provide threshold values for a 24-hour aver
aging time. In this, the measured air-borne particulate concentration is included in 
the assessment. 

6.2.2.3 Diurnal Courses 

If specific situations are to be investigated in greater detail, then pollutant profiles are 
usually shown as diurnal courses based on half-hourly values (s. Fig. 6.7b). As an 
example of special situations Fig. 6.9 compares the concentration profiles of a day 
with an inversion and a rainy day. The diurnal courses of wind speed are also in
cluded. As can be seen, there are only low wind speeds on the inversion day. When 
the wind speed picks up some in the early afternoon pollutant concentrations imme
diately decrease. On the rainy day there is a strong wind throughout the whole day 
and the pollutants provide only low values. The concentration increase in the morn
ing hours is not a result of unfavorable exchange conditions but of the rush-hour 
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traffic peak during this time of day. This fact can be confirmed by a comparison with 
the diurnal course of the traffic load [40]. 

6.2.2.4 Long-Term Annual Profiles 

In the simplest method of representing the pollutant profiles of several years the 
annual mean values are included graphically, s. [41]. However, one does not obtain a 
lot information from this as concentrations can fluctuate considerably within one 
year. 

One possibility of representing the development of pollutant concentrations over 
several years and in different towns as a comparison is shown in Table 6.2. Here, 
too, the fluctuations occurring within the individual half years cannot be recognized. 
Further details, however, would go beyond the scope of this tabular representation 
and would make it less clear. 

If one takes a look at the response times for the atmospheric pollutants listed in 
Table 6.1 to take effect it becomes clear that such long-term mean values (semi
annual and annual values) cannot be directly used for assessing whether there is a 
hazard for acute respiratory tract diseases or even mucuous membrane irritations. If 
anything, these values could be regarded in connection with chronic respiratory tract 
diseases. 

To include the maximum information possible on the fluctuations and peaks dif
ferent possibilities of representation are available, s. Fig. 6.10. 

In Fig. 6. lOa all 24-hour mean values for the period from June 1, 1981 to Febru
ary 28, 1985 are marked as vertical lines. Here one can clearly recognize the struc
ture of the concentrations in this relatively long period of time [43]. In Fig. 6. lOb the 
monthly mean values (11) over the same period of time are entered as horizontal 
lines. In addition, the monthly 98 %-values of the frequency distribution (12) ar 
shown [43] (for further information on frequency distribution s. sect. 6.2.3). In a 
complete measurement of one month the 98 %-value (12) represents the concentra
tion that is exceeded by the 29 highest half-hourly values of the month. Thus, the 98 
%-value of a month is always higher than a daily mean value (24 hours = 48 half 

Table 6.2. Half-annual mean values of S02 concentrations (in mg/m3) of different measuring 
sites of the State Authority for Environmental Protection in Baden-Wuerttemberg; Germany 
(acc. to [42]) 

Measuring station Sum. Win. Sum. Win. Sum. Win. Sum. Win. 

79 79/80 80 80/81 81 81182 82 82/83 
Mannheim - south 0.11 0.13 0.09 0.11 0.04 0.09 0.03 0.05 
Karlsruhe - downtown 0.04 0.08 0.03 0.07 0.04 0.08 0.03 0.06 
Freiburg - west 0.02 0.04 0.02 0.06 0.03 0.03 
Heilbronn 0.04 0.07 0.04 0.07 0.04 0.06 
Stuttgart - Marktplatz 0.02 0.06 0.03 0.07 0.04 0.13 0.03 

(downtown) 
Vim 0.02 0.04 0.02 0.06 0.03 0.06 0.04 0.03 
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hours). The representation in Fig. 6.lOc is similar to the one in Fig. 6. lOb, except that 
instead of the 98 %-values (12) the highest daily mean values (vertical lines on the 
left, polygonal course on the right) are plotted together with the monthly mean val
ues (bars). In addition to the monthly mean values (bars) the highest half hourly 
values (vertical lines) are included with every month in Fig. 6.lOd [45]. 

6.2.3 Frequency Distribution 

Graphic representation of frequency distribution serves to investigate how frequently 
certain pollutant concentrations occurred in a measuring period or measuring series. 
For this, the pollutant concentration is divided into the required number of classes on 
the abscissa, and the frequency of the measured values in the individual classes, 
either in their absolute number or in percent in reference to all measuring values is 
shown on the ordinate. Fig. 6.11 shows a frequency distribution of this type. 

20~--------------------------------------------------~ 

15 

5 

o 

Fl 
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I I .... : : .... L:: :J r "'1 
.J I c .. : 
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50 

Near road 
30 m distance 
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100 150 

100 % = 6339 values 
100 % = 6331 values 
100 % = 6696 values 

200 

Concentration classes in l1g/m3 

250 300 

Fig. 6.11. Frequency distribution of an N02 measuring series near a highway, measuring cycle 
from April to November 1985 

Fig. 6.10. Different possibilities of representing annual courses including information on 
maximum values; B. 24-hour mean values; b. monthly mean values (11) and monthly 98 % 
values (12); c. monthly mean values and highest daily mean value as well as polygonal curve 
of the daily mean values of a month; d. monthly mean values and highest half-hourly values 
[43-45] 
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Atmospheric pollutants generally have an asymmetrical distribution, i.e., there 
are many low measuring values and only a few high ones. The latter are, e.g., caused 
by low exchange weather conditions which are not very persistent in typical Central 
European weather conditions and do not occur very frequently. In this asymmetrical 
distribution the mean value of the measurement is generally not identical with the 
most frequent value (highest point of the envelope curve). 

The frequency distribution is different for every measuring site; in sites close to a 
source it will be shifted to the right to higher concentrations as compared to sites far 
from sources. One can also see from the diagram how much the measuring values 
fluctuate. A slender envelope curve signifies slight, a wide envelope curve consider
able fluctuations. 

Another method of representing frequency distribution is the cumulative fre
quency curve. This means that for every concentration value (on the abscissa) the 
number of measuring values which are below this value are added up. Generally the 
share in percent of the total number of the measuring values is indicated on the ordi
nate. Fig. 6.12 shows a cumulative frequency curve of a measuring value collective. 
The condition for exceeding or keeping a certain threshold value is in many cases 
coupled with a frequency distribution. E.g., the EU threshold value for nitrogen diox
ide (NOz) of 200 f.!g/mJ [47] is exceeded if 2 % of all values for one year are in ex
cess of this concentration. The German regulations, e.g., the Technical Directive on 
Air Pollution Control (TA Luft) [46] provides maximum values (IW2) which are to 
be compared with the 98 percentile of a measuring series (12). The 98 percentile (c9S) 
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Fig. 6.12. Cumulative frequency distribution of a measuring series of nitrate deposition in a 
forest stand with 75 and 98 percentiles (C75 and C9S) [45] 
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is the concentration below which 98 % of all measuring values ar to be found, s. also 
Fig. 6.12. Thus, 2 % of all values are in excess of this concentration. Accordingly, 
the 98 percentile is, e.g., identical with the above-mentioned EU maximum concen
tration which is exceeded when 2 % of all values are in excess of it. Apart from the 
C98 value the C75 value has been marked in Fig. 6.12 which is the concentration which 
is not reached by 75 % of the measuring values or exceeded by 25 % of all values. 

If the total number of the measuring values is known, it is possible to calculate 
how many measuring values exceed the threshhold concentrations (e.g., in excess of 
C75 or cg8). Percentile methods have become established in many institutions so that 
most of the time C98 values are shown in evaluations. 

If the frequency distribution curve is known one use the threshold concentration 
on the abscissa as a basis; where the curve intersects with the ordinate one can see 
how many percent of the values are below this concentration. The percentage mul
tiplied by the total number gives the number of the values which fall below the 
threshold concentration. 

If one wants to determine excess frequencies then simply those values which lie 
above the desired concentrations must be counted in the evaluation. Table 6.3 gives 
an example of such an evaluation of S02 measurements in several measuring stations 
in a narrow valley where a factory is located [36]. The concentrations limits shown 
here are the threshold values of different organisations. 

Other institutions, too, indicate excess frequencies in this tabular form, compare 
[48,49]. 

If excess frequencies are to be represented graphically, then the sum frequency 
curve is not so clear. This latter shows how many values are below a certain concen
tration - thus, this curve primarily shows frequencies remaining below these concen
trationsd. Of course, excess frequencies can be calculated upto 100 % by determining 
the difference. But it is also possible to enter the percentage excess over the concen
tration directly. Fig. 6.13 shows an example of excess frequencies of different pollut-

Table 6.3. Number of S02 half-hour values exceeding the listed maximum values in the mea
suring period from October 1985 to March 1986; 4 S02 monitoring stations in a Black Forest 
valley [36] 

Measuring Site Total number of Threshold Concentrations 
measured values 

0.075" 0.15b 

1 St6ckerkopftop 7327 349 162 
2 St6ckerkopf middle 6142 462 206 
3 SWckerkopf bottom 4629 27 12 
4 Surrbachkopf 6541 440 87 

" Threshold value of IUFRO for fir. 
b Threshold value ofIUFRO for spruce. 
c Threshold value acc. to VDI for highly sensitive plants. 
d Threshold value acc. to VDI for sensitive plants. 
• MIK value for the protection of human health. 
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Fig. 6.13. Exceeding frequency of different pollutants at a forest measuring station [45] 

ants at a forest measuring station. If one is trying to determine the number of measur
ing values having exceeded a certain threshold concentration in the measuring pe
riod, e.g., 120 flg/m3, then one must, at the correct spot of the abscissa, go vertically 
upward until it intersects with the respective curve, and at this level of the ordinate 
one can read how many percent of the values exceeded the concentration. The total 
number of measuring values (= 100 %) is also indicated in the diagram. 

As can be seen, a lot of low values occur for the component NO, whereas with 
ozone the concentrations frequently turn out considerably higher. 

6.2.4 Spatial Distribution of Pollutants 

An essential part of air quality control concepts is the determination and graphic 
representation of the spatial dispersion of pollutant concentrations in the investigated 
areas in air quality inventories (e.g., in polluted cities). In this representation with 
high pollution zones are to be identified so as to be able to take specifically directed 
air pollution control measures. 

6.2.4.1 Method of Determination and Graphic Representation 

For the determination of the spatial dispersion measuring trips are carried out. Dur
ing these trips, the grid points of the 1 x 1 km GauB-Kruger coordinate system are 
generally chosen as measuring points. According to German regulation [46] 26 or 13 



z 
E 
Q) 

E 
~ 
:::l 
gj 
Q) 

E 
'0 
iii 
D 
E 
:::l 
Z 

6.2 Evaluation and Graphic Representation of Air Quality Measurements 347 

half-hourly measurements per year are preferably to be carried out, with 13 of them 
being the minimum. The area mean value II and the 98 % value 12 (short-term 
value) are formed from the measuring results of the 4 corners of a I x I km area. 
Thus, each area value is based on 104 or 52 (with 13 measurements per measuring 
point) half-hour values. The drawbacks of this determination method with so few 
measuring points per year will be discussed in more detail in the next section. 

The reliability of the random measuring values can be improved by comparison 
with the results of continuously measured values which have been carried out simul
taneously at a few points. The measuring values can turn out different from year to 
year depending on whether there were smog situations in the year of measurement or 
not and whether these were registered at some of the measuring points and not at 
others. In addition to the uncertainties of the random sample measuring method 
caused by the small number of measuring values, there is also the natural fluctuation 
of pollutant concentrations from year to year. Therefore, to determine the initial 
degree of pollution of the area to be surveyed, pollutant concentrations are to be 
determined by averaging the measuring values of at least three successive measuring 
periods (3 years) [46]. 

When setting up air quality inventories for air quality control concepts measure
ments are confined to a one-year duration, usually with only 26 measurements per 
measuring point, mostly due to reasons of expense. 

Air quality inventories where pollutant concentrations are color-coded for each 
square kilometer can be found in numerous air quality control concepts [19, 22, 28-
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-100 -50 o 50 100 -100 -50 50 100 
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Fig. 6.14. Uncertainty ranges of the mean value (a) and the 95 percentile (b) as a function of 
number of measurements N [50] 
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31]. It must be noted here, that these figures are mean area values of 1 km'. Depend
ing on the presence of local pollutant sources there can be differences within these 
areas. 

6.2.5 Methods for the Investigation of Consistent Patterns in the 
Occurrence of Pollutants 

6.2.5.1 Mean Diurnal Courses 

The calculation and graphic representation of mean diurnal courses are an appropri
ate means of identifying certain regularities in the occurrence of daily pollutant con
centrations. For this, mean values are calculated for each half hour of the day from 
the data of the measuring period to be investigated and they are entered above the 
time of day. In this way the diurnal course of one average day is obtained. 

In streets with a lot of traffic pollution concentrations, e.g., depend on the traffic 
load on the one hand and on the atmospheric exchange conditions on the other. 
When representing mean diurnal courses the interrelationships become obvious. As 
the traffic load on Saturdays and Sundays is clearly different from the one on week
days, it is advisable to represent the mean diurnal courses separately according to 
weekdays, Saturdays and Sundays. Fig. 6.15 shows that on weekdays the concentra
tion maximum is distinctly higher in the morning (from 6:00 o'clock onwards) than 
in the afternoons, even though the traffic volume is greater in the afternoons. The 
influence of air exchange conditions which can be read off the mean diurnal course 
of the wind speed thus becomes obvious. In the morning, when the first rush hour is 
at its peak, the surface inversion is highly distinct and wind speed is at its minimum, 
which is why pollutant concentrations have their highest mean value then. With 
increasing wind speed in the further course of the day, pollutant concentrations de
crease, even though the traffic load barely eases off. With the wind dropping in the 
afternoon, concentrations rise again. The widest maximum of concentrations is 
reached at a time when the traffic volume is already subsiding but the surface inver
sion is developing. At night the pollutants caused by traffic remain at a higher level 
than during the day because of the reduced change conditions over night. Two pa
rameters, both of which influence the pollutant concentrations present,overlap here. 
If the cause of the pollution ceases to exist, e.g., the traffic maximum in the morning 
hours, then, despite inversion conditions, there is no concentration maximum of the 
polluting gases, as can be seen in the mean diurnal course of Sundays (Fig.6.15b). 
This course of events holds good for the majority of motor vehicle-related nitrogen 
oxides and carbon monoxide. With S02 the course of the heating activity, e.g., also 
forms part of the pollutant behavior. 

The mean diurnal courses would be even more pronounced, if the days surveyed 
were grouped according to weather conditions, e.g., mean diurnal courses for week
days with sunshine and nightly surface inversion on the one hand and days with 
overcast, windy weather on the other. 

For the use of mean diurnal courses see also Figs. 3.19 and 3.23. 
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6.2.5.2 Correlation Calculations 

To establish the dependency of the occurring pollutant concentrations on other fac
tors correlation calculations can be applied [57]. 

In forests, e.g., pollutant concentrations over the canopy and between the trees 
are determined by continuous measurements [45]. When the measuring values were 
assessed it was striking that concentration differences between the air above the 
canopy and the air within the trees were always particularly high when there was a 
high pollutant concentration up above. To examine the obvious dependencies more 
closely, all measuring values are entered in a diagram where the dependant variable 
parameter (in this case the concentration difference) is graphically represented over 
the independent variable parameter (in this case the pollutant concentration above the 
canopy). Fig. 6.16 shows two examples of this: the dependency of the concentration 
difference on those concentrations above the canopy of S02 and ozone. For the com
ponent S02 one can recognize a definite connection - all the values measured are 
positioned quite closely around the regression line and the calculated correlation 
coefficient is r2=0.998. The component OJ' however, is an example of a less obvious 
dependency. Here, sometimes high concentration differences occur even when pol
lutant concentrations above the canopy are low, and vice versa there are also small 
differences when there is a large amounty of ozone (r2=0.287). With ozone, chemical 
reactions which do not occur with S02 mask the dependency on the absolute pollut
ant concentration. Further information explaning pollutant behavior can be obtained 
from mean diurnal courses [45]. The dependencies shown here are not generally 
valid but only apply to the situation in the given measuring period at the measuring 
station mentioned. 

In many cases it is advisable to investigate the dependencies of pollutant concen
trations with the help of correlation calculations (further examples s. [45,58]). 

6.2.5.3 Pollutant Wind Roses: Pollutant-Wind Correlations 

In air quality measurements wind direction and wind speed should always be meas
ured to find out from which direction atmospheric pollutants are transported to the 
measuring site. How representative of a larger or smaller area the measured wind 
directions are depends on the local topography, and must be checked in each indi
vidual case. In the diagram the measured wind directions (the most frequent values 
per each half hour respectively) can, e.g., be divided into 12 or 16 sectors and the 
frequency (in %) of the measuring values occurring in the individual sectors can be 
plotted in the circular coordinates. In this way the wind rose of the measuring period 
is obtained which can be divided according to wind speed sections, [45, 60). 

If as in [35] every measured pollutant value is matched according to the wind di
rection (in 12 or 16 sectors), if the concentration's mean value is formed for each 
sector and if then these mean values are entered in the circular coordinates over the 
wind direction, then the so-called pollutant wind rose is obtained, s. Fig. 6.l7a, [45, 
59]. If there are bulges in the concentration curve in certain sectors of the pollutant 
wind rose, then increased atmospheric pollutant concentrations are carried along with 
winds coming from these directions. 
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The following can be recognized from the pollutant wind rose shown in Fig. 
6.17: the highest NO and N02 concentrations on the site of the measuring station 
(Schonbuch nature park) occur during winds from northerly directions. In this direc
tion lies the greater Stuttgart area with its heavy traffic releasing nitrogen oxides 
which clearly pollute the Schonbuch nature park during northerly winds. In the 
mean, the lowest concentrations occur during southwesterly winds. 

A slight increase in the nitrogen oxide wind rose occurs during southeasterly 
winds, implying sources in this direction. 

Pollutant wind roses can also be drawn up for different wind speed classes. Fig. 
6.17b shows a wind compass diagram divided into three wind speed classes [45]. It 
can be seen, that during week winds (0.5-2.0 mls) higher nitrogen oxide concentra
tions occur than during stronger winds (2.0-5.0 mls). During strong winds (> 5 mls) 
which solely come from southwesterly directions in this area, only very low nitrogen 
oxide concentrations occur. 

The pollutant wind roses shown here do not provide information on the fre
quency of the concentrations determined in the individual sectors. It could, e.g., well 
be possible that the wind directions during which high concentrations were measured 
occurred only very rarely. 

If the concentrations of the pollutant wind roses are multiplied by the correspond
ing frequency of the wind direction (affecting duration) and then divided by the total 
concentration mean value from all sectors, a pollutant dose wind rose is obtained. 
The values thus calculated provide information on which percentage contribution is 
made by a wind direction sector to the mean pollutant load at the measuring site. 
Detailed information on the representation of wind direction-related pollutant loads 
including examples of such pollutant dose wind roses is given in [60] by Baumiiller 
and Reuter. 

One can also determine the total load by adding up all concentrations measured 
as half hourly mean values in the measuring period; also the concentrations of each 
wind direction sector can be added up and their contribution to the total load be de
termined. In this way, too, a pollutant dose wind rose is obtained representing the 
contribution of each wind direction to the total load. There is no difference between 
this pollutant dose wind rose and the one according to Baumiiller and Reuter relating 
to the mean value. The pollutant dose wind rose of Fig. 6.18 is based on the same 
measurements as those represented in Fig. 6.17. In this pollutant wind rose low con
centrations, too, if they occur often enough contribute to the bulging of the dosage 
curve (e.g., direction southwest) owing to the high frequency of this wind direction. 
By comparison, the elevated concentrations measured during southeasterly winds 
(s. Fig. 6.17) occur so rarely that they practically do not show up in the dose wind 
rose. 

Fig. 6.17. Pollutant wind roses; the pollutant mean values of the entire measuring period are 
represented in the individual wind direction sections; IVD forest measuring station in the 
Schonbuch (south of the greater Stuttgart area, FRG) [45]; measuring period: 11111986-
31112/1986. B. NO and N02 mean values of all wind speeds; b. N02 mean values of different 
wind speed classes (WS) 
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Fig. 6.18. Pollutant dose wind rose; NO and N02 data of Fig. 6.17 at the IVD forest measuring 
station in the Sch5nbuch [45]; measuring period from 1I111986 to 12/3111986 

Depending on the biological effectiveness of the pollutants the appropriate type 
of graphic representation must be chosen. If one is of the opinion that the frequent 
but very low concentrations do not have any effect, then the pollutant dose wind rose 
is certainly not a suitable means of representation as the low concentrations are over
emphasized here by high wind direction frequencies. However, it would also be 
conceivable to draw a pollutant dose wind rose merely containing concentrations 
exceeding a certain threshold concentration. The criteria for this would have to be 
determined in cooperation with biologists and physicians. It must also be noted that 
pollutant concentration wind roses (Figs. 6.17a and b) do not lend themselves to 
short periods of measurement as individual sectors may only show with few measur
ing values which could be misleading. E.g., when evaluating just one month it is 
possible that, contrary to all theories, there are very high concentrations in some 
sectors. When checking this it can turn out that only one or two values caused this 
situation. A pollutant dose wind rose is better suited for short periods of measure
ment. 

The German State Board for Air Quality Control in Essen applies another type of 
evaluation [61]: the flow density wind rose. It is formed by multiplying the pollutant 
concentrations in each sector with the wind speed prevailing at the time and by as
sessing them according to their frequency. In this way it is determined which pollut-
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ant mass flows through an imaginary vertical surface of 1 m2 in one year at the 
measuring site. It must be emphasized that it is not a mass flow which is deposited on 
the ground or the vegetation. Apart from the frequency of the main wind direction 
the magnitude of the wind speed is included in this type of representation. As in 
Germany winds from westerly directions are the most frequent and also the strong
est, these directions are strongly emphasized despite low concentrations. 

It was shown that the representation of pollutant wind roses is an important 
means of determining the origin of atmospheric pollutants. However, even choosing 
a certain type of a pollutant wind rose can mean an interpretation of the measuring 
results in a certain way. One must therefore proceed with utmost care when applying 
and interpreting such wind direction-related representations. 

6.2.5.4 Abatement Curves 

It is often interesting to note how pollutant concentrations abate with increasing 
distance to the source, e.g., a street. Fig. 6.19 shows some abatement curves from 
measurements made on level terrain. When calculating these curves wind conditions 
may, of course, not be neglected. If, during the measurements, the wind blows 
against the street, then no traffic-related influence on measured concentrations can be 
detected even a short distance away (curve 4 in Fig. 6.19). On approximately level 
terrain the abatement curves usually have a profile like curves 2 and 3 [62]. The 
absolute level of the abating concentrations depends on the value of the initial con
centrations, and these are again dependent on the source strength and on the weather
related exchange parameters. Curve 1 implies the abatement of the concentrations 
during low exchange weather conditions. 

In street "canyons" (between rows of high buildings) atmospheric pollutants natu
rally behave differently [63]. Knowledge on abatement curves should have an effect 
on, e.g., development plans, suggesting residential areas near roads. 

The dispersion of pollutants specific to motor vehicle traffic has been investi
gated in detail by Baumann [64] taking into account wind, time of day and street 
layout by using the example of a much frequented highway. Compared to a level 
roadway roads cutting below ground level are advantageous for the area in the im
mediate vicinity of the road at medium and high wind speeds; however, during weak 
wind conditions in general and low exchange weather conditions in particular, the 
load increases, as the air in the trough enriched with pollutants "overflows". This 
deep street bed layout of highways which can be found with increasing frequency 
represents a higher health hazard even for the road users themselves, as the motor 
vehicle emissions are channelled, cannot take part in the air exchange and thus ac
cumulate. 
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Fig. 6.19. Decreasing NOx concentration with increasing distance from an arterial road during 
different meteorological exchange conditions [40]. J surface inversion, wind speed <0.1 mis, 
wind contacting the highway at a small angle; 2 weak wind «I mls) at almost right angles to 
the highway, snowfall; 3 turbulent fair weather, wind speed - 2 mis, wind contacting the hig
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7 Emission Control Technologies 

7.1. General Considerations 

The tasks of air pollution control in the different emission source areas of traffic, 
industrial processes and industrial furnaces as well as domestic heating systems are 
manifold. Basically, emission reductions are possible by 
- changing to lower-emission processes or low-emission fuels, 
- improving the process, e.g., the combustion process: primary prevention meas-

ures, 
exhaust gas purification: secondary measures. 

Which course of action should be taken in the individual case depends both on the 
degree of air pollution control that is to be achieved, and on the feasibility of the 
measure which usually shows directly in the cost. 

The cost of pollution control is generally exponentially dependent on the degree 
of pollutant removal, s. Fig. 7.1. 
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Fig. 7.1. Cost ofpolJution control dependent on the degree ofpolJution reduction [1] 
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If, by pollutant removal, raw materials can be recovered, expenses can be saved 
initially. With low degrees of removal savings can be greater than the cost of the 
emission reduction process, s. Fig. 7.1. With an increasing degree of pollutant re
moval, however, the cost of pollutant reduction will exceed the attainable savings. 

It must be decided in each individual case which process of pollution control can 
best meet the necessary requirements while causing the least expense at the same 
time. However, not only short-term cost considerations should be weighed but long
term developments should also be taken into consideration. E.g., processes requiring 
less energy should always be given preference even if the currently low prices of 
certain fuels (e.g., fuel oil) seem to make low energy consumption unnecessary. 

7.1.1 Process Modification 

One example of modifying an industrial process to reduce emissions of air pollutants 
is painting. Most articles of daily use made of metal, from tin can to refrigerator and 
automobile undergo painting as surface treatment. Fig. 7.2 shows that in the tradi
tional, mostly used spray painting process with compressed air at least 50 % paint
aerosol losses (solid pigments) occur solely due to process-related conditions [2] the 
majority of which pollute the surrounding air if no measures are taken. Depending on 
the workpiece painted losses can rise up to 90 %, e.g., when spray-painting a bird 
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cage. By spray-painting without compressed air or by spraying with electrostatic 
processes paint-aerosol losses can be reduced considerably. It must be noted, how
ever, that with electrostatic spray processes surfaces do not turn out as smooth as 
with spray-paint processes - something which is more a purely aesthetic difference 
rather than a loss of quality. 

By using other painting systems air pollution caused by solvent vapors can be 
considerably reduced and work- and cost-intensive air purification measures could 
possibly be saved. Fig. 7.3 shows the solvent content of different varnishes. It is to 
be assumed that the greatest part of the solvents evaporates during painting and dry
ing and is released into the air. Traditional fast-drying varnishes and synthetic resin 
varnishes have high solvent contents and are thus highly emission-intensive. One 
possibility of reducing the emission of organic solvents as much as possible while at 
the same time maintaining varnish quality almost at the same standard is the use of 
water-soluble varnishes. In part, these varnishes are already in use for painting auto
mobiles. Problems of treating waste water produced due to the water solubility of the 
residual solvent may not be ignored. Coating powders which are applied electrostati
cally are completely free of solvents. With these powders, however, the varnish coat 
does not turn out as smooth as in the other systems. 

There are numerous other cases where modifying the process can drastically re
duce the emissions of air pollutants. A known example is the production of sulfuric 
acid where S02 emissions of originally 17 kg per ton of produced sulfuric acid could 
be reduced to 2-3 kg owing to the introduction of the double contact process. [3,4]. 
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7.1.2 Emission Control for Furnaces 

Industrial and domestic furnaces are a major source of air pollution. Before discuss
ing special air quality control measures some general aspects on emission control 
will be pointed out. 

Fig. 2.1 shows three groups of pollutants emitted by furnaces: 
1. products of incomplete combustion: CO, soot, unburned hydrocarbons, 
2. complete combustion by-product: NO., 
3. products caused by fuel impurities: SOz' SOl' HzS, NO., chlorides, fluorides, 

metal compounds. 

The different pollutants are not emitted by all furnaces to the same extent. Composi
tion and amount of pollutants vary depending on the size and type of furnace as well 
as the fuel used. Fig. 7.4 presents an overview of the main pollutant emissions from 
different furnaces . 

While small furnaces have the problem of emitting pollutants caused by incom
plete combustion and insufficient control, large-scale furnaces cause air pollution by 
burning low-priced but impure fuels which in turn cause emissions containing, e.g., 
particles, SOz' NO. and other inorganic components. 
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Fig. 7.4. Fuels and pollutants of different sizes and kinds of firing systems 
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7.1.2.1 Products of Incomplete Combustion 

Due to uneven burning, insufficient possibilities for controlling and adjusting the 
load and the air-fuel ratio, small furnaces predominantly used for the heating of pri
vate homes or in small-scale industries, especially solid fuel furnaces (wood and 
coal), cause the major share of all CO, CnHm- and particulate emissions [5]. As a 
consequence, this often leads to an intensely annoying odour in residential areas. It is 
possible to reduce these emissions by changing the design of the furnaces and their 
operation. In fact, efforts are being made with the goal of keeping a steady flame 
burning despite varying charge volumes (different amounts of fuel). However, even 
well-designed furnaces cannot avoid being influenced by different types of opera
tion. Using damp firewood, e.g., leads to low burning temperatures, and closed air 
flaps will inevitably lead to smouldering fires with higher emissions. The market also 
offers catalytic converters for the afterburning of CO and hydrocarbons. Regardless 
of the efficiency of such converters, however, the focus of emission removal in small 
furnaces will have to be directed to preventing the formation of pollutants during the 
combustion process. 

In small oil furnaces with blowpipe burners emissions of products caused by in
complete combustion are normally negligible. Faults, however, such as the pollution 
of air pipes or the blocking of fuel nozzles can lead to incomplete combustion. Until 
the chimney-sweep finds these faults during his next annual check-up there may be 
emissions of unburned substances over a long time, possibly in combination with an 
annoying odor. This hazard is particularly acute with oil stoves for individual rooms 
operating with evaporator burners. Improvements can be achieved by optimizing the 
reliability of the burner systems used and by regular maintenance and control. 

Pollution removal measures for small furnaces will not be discussed in fur
ther detail; instead the reader is referred to specialised literature on this subject which 
is compiled in [5]. 

7.1.2.2 Particulates 

The highest emissions of particulate matter are caused by solid fuel furnaces due to 
the release of mineral fuel components. Except for few cases, even in large-scale 
industrial furnaces particle precipitators have not been installed either in oil furnaces 
operating with light fuel oil or in those operating with heavy fuel oil. At most particle 
emissions can pose a problem in heavy fuel oil furnaces. Here, e.g., combustion
promoting additives can improve the degree of combustion of soot particles to such 
an extent that the prescribed perticle emission threshold values can be adhered to 
[6,7]. 

In coal furnaces the removal of suspended particles makes the use of particle 
precipitators necessary. In medium-sized furnaces cyclone collectors, among others, 
are used and in special cases filtration systems have also been installed. Practically 
all large coal-dust furnaces in power plants in the Federal Republic of Germany are 
equipped with electrostatic precipitators. The mode of action of the different particle 
precipitation processes will be treated in sect. 7.2. 
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7.1.2.3 Nitrogen Oxides 

To reduce nitrogen oxide emissions caused by combustion processes there are basi
cally two possibilities: 

1. Primary measures. By modifying different parameters nitrogen oxide formation is 
reduced during combustion or already formed nitrogen oxide is re-converted while 
still in the combustion chamber. 

2. Secondary measures. The nitrogen oxide formed during combustion is removed 
from the exhaust gases by purification processes. 

The different possibilities of reducing nitrogen oxide emissions in combustion pro
cesses will be dealt with in more detail in sect. 7.3. 

7.1.2.4 Sulfur Dioxide 

Apart from a few special chemical processes stationary furnaces are the main source 
of sulfur dioxide (S02)' There are basically three methods of reducing S02 emissions: 
1. fuel desulfurization, 
2. choice of fuel, 
3. flue gas desulfurization. 

In the FRG just under 50 % of all small furnaces which are used for domestic heating 
and small-scale industries run on light fuel oil. To reduce emissions of this source 
group the sulfur content of light fuel oil was progressively reduced by ordinance . 
Until 19880.3 % sulfur was permitted, from March 1988 on it was reduced to 0.2 % 
[8]. Diesel fuel is subject to the same ordinances as far as sulfur content is concerned. 
There were and are still attempts to make small flue gas desulfurization units for S02 
reduction in domestic heaters commercially available. However, reducing the sulfur 
content of the fuel oil used is a means of efficient S02 reduction for all light fuel oil 
furnaces. 

Fuel desulJurization 

The refineries regulate the sulfur content of light fuel oil by mixing oils of different 
origins and varying sulfur contents. Besides this, light fuel oil is also de sulfurized by 
adding hydrogen to the oil. Desulfurization is then carried out with specific catalytic 
converters - mostly of cobalt and molybdenum on an alumina carrier - at tempera
tures of 320-420 °C and pressures of 25-70 bar [9]. In this process the sulfur is split 
off by hydriding and escapes as hydrogen sulfide which is subsequently transformed 
into elementary sulfur in a Claus process. Fig. 7.5 shows the diagram of a plant for 
the catalytic desulfurization of oils. The oil charge is heated in an oven to the correct 
temperature, is mixed with pre-warmed hydrogen and then reaches a reactor contain
ing the catalytic converter. The reaction product is cooled and freed from the excess 
hydrogen in a high pressure gas precipitator. The hydrogen is then fed back into the 
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Fig. 7.5. Simplified diagram ofa catalytic fuel desulfurization plant (acc. to [9]) 

process as cycle gas and is replenished with fresh hydrogen. Hydrogen sulfide is 
separated in a low pressure gas precipitator. The liquid product is freed from reaction 
products with a low boiling point in a stripper. 

In principle, heavy fuel oil can also be de sulfurized in this way; reaction condi
tions, however, must be considerably more extreme (higher temperatures and higher 
pressures) [10]. Heavy metal traces in heavy fuel oils pose problems as these can act 
as catalytic poisons [9]. So far, however, one has managed to do without this special 
fuel desulfurization when preparing heavy fuel oils with certain sulfur content (e.g., 
heavy fuel oil with 1 % sulfur or even lower values). 

Another possibility of reducing S02 emissions from furnaces is to choose a cer
tain fuel or changing to a different fuel. In the past few years, the use of natural gas, 
e.g., has increased considerably in small and in industrial furnaces. As natural gas 
contains practically no sulfur, S02 emissions have been further reduced in this way. 

According to the German "Large Furnace Ordinance" of 1983 [11] flue gas 
desulfurization plants should have been installed in the last years in industrial fur
naces of more than 100 MW thermal power operated with heavy fuel oil. For reasons 
of expense, however, most furnaces were converted to natural gas with light fuel oil 
as substitute fuel. 

When coal is used as fuel, fuel desulfurization is hardly at all possible. In most 
large-scale furnaces, particularly in power plant furnaces, a conversion to lower 
sulfur and more expensive fuels is out of the question. For this reason flue gas de sul
furization plants are used for S02 removal from these furnaces. Flue gas desulfuriza
tion will be dealt with in more detail in sect. 7.4. 
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7.1.3 Efficiency of Exhaust Gas Purification Systems 

In many cases the problem of air pollution cannot be solved satisfactorily solely by 
changing the process or choosing a different fuel. Special processes for the purifica
tion of exhaust gases must be applied. The efficiency of exhaust gas purification 
processes is characterized by the degree of removal and the residual emission. The 
definition of this and further characteristic parameters of a precipitator are repre
sented in a diagram in Fig. 7.6. 

The degree of removal is the quantity of pollutant removed (M,em) or the concen
tration Srem in reference to the pollutant quantity (M,aw) or concentration S,aw entered: 

'1= Sab ·100 in %. 
Sroh 

(7.1) 

If the entered pollutant quantity is unknown, then Sraw can also be calculated from 
the removed Srem and the quantity (Mpore) or concentration Spore still being emitted: 

'1= Sab ·1ooin%. 
Sab+Srein 

(7.2) 

(7.3) 

The degree of removal can also be determined from the raw gas and pure gas bal
ance: 

Sroh-Srein 100' 0/ '1= . In /0. 

Sroh 
(7.4) 

Flue gas SI --_~·r--------I----------. Purified gas Spur 

MI kg/h 
VI m3/h 
cI g/m3 

Waste gas 
cleaning 
plant 

Collected 
residue 
Sr 

Mr kg/h 

Residue in 
collector 
Sc 

Mpur kg/h 
. 3 

Vpur m /h 
cpur mg/m3 

Fig. 7.6. Parameters for expressing properties and efficiency of exhaust gas purification plants. 
S,aw, Spureo Sab, SVl, SVb ... pollutant contents or amounts 
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Generally the pure gas concentration Cpure and the emission mass flow it pure in the 
pure gas are the factors of interest where observing threshold values is concerned. 
Mostly, pure gas concentration can only be determined by measurements. To be able 
to compare the results, it is common practice to convert the concentration to standard 
conditions (0 °e, 1 013 mbar) with the general gas equation: 

pV=mRT 

or 

pV 
mT =const 

with 

m c=-
V 

the following results are obtained: 

Po Pl 

273 Pl 

(7.5) 

(7.6) 

(7.7) 

(7.8) 

(7.9) 

where p is pressure, V volume, m masses, R general gas constant, T temperature in K, 
t temperature in °e, C concentration, index n standard conditions (0 °e, 1 013 mbar). 

Apart from the pure gas concentrations certain degrees of removal are required 
either due to regulations or for economic reasons. In balance considerations of this 
type losses (SI) and residues in the precipitator (Sre.) may not be ignored (s. Fig. 7.6). 

Merely determining the pure gas concentration Cpure is not sufficient for mon~tor
ing adherence to threshold values. In addition, either the emission mass flow M is 
calculated by multiplying the pure gas concentration Cpure with the exhaust gas vol
ume V 

M=cV , (7.10) 

or the exhaust gas dilution is taken into account in the pure gas concentrations meas
ured. The concentration could theoretically be lowered by merely mixing exhaust gas 
with air. In exhaust gases from combustion processes exhaust gas dilution is, e.g., 
taken into account by relating the measured concentration or emission to a fixed 
oxygen reference content [11, 12]: 

(7.11) 

where EB is emission, related to the reference oxygen content, EM measured emission, 
0 8 referred oxygen content, OM measured oxygen content. 
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7.2 Processes for the Removal of Particulate Matter 
from Exhaust Gases (H. Gross) 

Dispersions of particles with a diameter of between approx. 10.3 and 103 !-1m of any 
form and density in gaseous media are called aerodispersions. Dispersing forces such 
as flow forces which are caused by turbulent movements of the gas delay or prevent 
the natural sedimentation process to which every particle is subject due to gravity. 

Therefore, the basic principle of all particle removal is to transport the particles 
with suitable forces, e.g., centrifugal forces or electrical forces, into areas where 
dispersing forces are no longer of decisive influence. In this area the final separation 
is effected. This principle is illustrated with the example of some dust removal proc
esses. 

Inertial particle collectors. In the gravitational collector particles are transported by 
gravity into a flow stagnation zone. In the centrifugal collectors the gas flow laden 
with particles is diverted in a suitable manner. Particles which cannot follow this 
change of direction due to their inertia are flung against the outer wall of the gas 
flow in the collector. They accumulate there and under the influence of gravity sink 
into the particle bunker. 

Scrubbers. The forces of inertia occurring while the gas is flowing around water 
droplets lead to the trapping of particles onto the surface of the liquid, e.g., onto the 
surface of droplets dispersed in the gas; subsequently these droplets are collected by 
gravitational or centrifugal forces. 

Electrostatic precipitators. Particles are charged electrically and are transported to 
the precipitation electrode through an electric field. They are retained there by adhe
sive forces. The precipitation electrodes are either cleaned by periodic shaking or by 
a trickling film of a fluid. 

Filters. Apart from the grid effect of a porous system (e.g., woven material) inertial 
and diffusing forces are mainly decisive for the transport of the particles. The parti
cles are retained at the surface of the porous system by adhesive forces. The porous 
material is subsequently replaced or cleaned by shaking or rinsing with gas. 

The performance of removal devices can be characterized by the following crite
rIa: 
- Total degree of removal. The total degree of removal is the ratio of removed 

quantity of particles per unit of time to the entering quantity of particles per unit 
of time. 

- Fractional degree of removal. It represents the ratio of removed particle quantity 
of a certain class of size to the entered particle quantity of this particle size per 
unit of time. 

- Residual content. It is characterised by the particle quantity per volume unit of 
the pure gas after leaving the particle removal device. This residual content can 
be related to the gas condition at the intake of the removal device. 



370 7 Emission Control Technologies 

A suitable particle removal process should be chosen according to the following 
criteria: 

Required total degree of removal or residual content: Inertial collectors can only 
achieve limited degrees of removal. In contrast to this, very low pure gas particle 
content can be achieved with electrostatic precipitators, scrubbers and fabric fil
ters. 

- Condition of the carrier gas: Mass or volume flow, temperature, humidity, dew 
point, chemical composition. 

- Type of particulate matter: Amount of dust, density, grain size distribution, 
chemical behavior a.s.o .. 

The following sections will provide an overview of the different particle removal 
processes. Detailed descriptions of particle removal processes can be found in spe
cialized literature on the subject [13-16]. 

7.2.1 Inertial Collectors 

Even today, gravitational particle separators are still widely in use. Owing to their 
simple design they are robust and long-lasting, additionally they stand out for their 
relatively low cost of acquisition and low maintenance requirements. They are 
mainly used in areas where coarse particles are to be removed or where only a partial 
particle separation is necessary. The principle modes of operation and designs of 
gravitational partice separators have been dealt with in numerous publications and in 
the VDI guideline 3679 [19]. 

It is common practice to classify gravitational particle separators according to the 
forces of transport in effect: 
- gravitational separators: gravitation is the active force. 
- Under the influence of gravitation, particles sediment out of the gas flow with a 

sinking speed of v,: 

v _ d2 «(h-ed . g 
s- 18.110 (7.12) 

with: d being particle diameter, P2 density of the particle, P density of the gas, g 
earth gravitation, 1]G viscosity of the gas. 
- Inertial particle collectors: as centrifugal force is considered an inertial force, the 

centrifugal particle collector belongs to this group. Merely owing to its inertia the 
particle is flung against the wall of the collector in the diverted gas flow. Strictly 
speaking, only the observer actually rotating in the gas flow may speak of a cen
trifugal force. The smaller the particle diameter or the lower the density of the 
particle, the smaller the forces of inertia. Therefore, finer and lighter particles 
must be subjected to greater accelerations to achieve adequate separation. 
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7.2.1.1 Inertial Force Particle Collectors 

Particulate matter can be separated from a gas by making use of their inherent forces 
of inertia. Obstacles are placed in the gas flow and divert it. Due to their mass inertia 
the particles carried along try to maintain their original direction. Thus, they either 
collide with the obstacle or reach an area outside of the gas flow and are thus sepa
rated from the gas. From there the separated particles must be removed to prevent 
reentrainment. 

The Linderoth tube, Fig. 7.7, also called Aerodyne Tube, is composed of the stub 
end of a sheet metal cone with numerous shutter-like slits. The particle-laden gas 
enters at the wide end and is abruptly diverted at the slits. The particles keep on 
floating straight ahead, so that the gas flowing straight ahead is enriched with dust. 
This gas can then be treated in a cyclone and is subsequently fed back into the proc
ess. 

7.2.1.2 Centrifugal Force Particle Collectors 

If a particle-laden gas stream is forced into a closed circle, the particles are subject to 
a centrifugal acceleration. Cyclones, shown in Fig. 7.8, and rotational flow collec
tors, shown in Fig. 7.10, operate according to this principle. 

Particle-enriched ¢:::::::J ~--..... 
air to further 
treatment 

I'~ 
I'~ 
/ \ 
.?~ 

/ )\ 
.~.\ 

/ \ 
/ \ 
/ \ 
/ \ 
/ \ 
/ \ 
/ \ 
/ \ 
/ \ 
/ \{ 
I' ~\ 

t 
Waste air 
(particle-laden) 

c::::::=> Cleaned air 

Fig. 7.7. Inertial separator (Linderoth louvre separator) 
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Fig. 7.S. Cyclone particle collector. a. Principle; b. different cyclone designs [13-15] 

Cyclones 

Muschelknautz, e.g., has investigated and described the cyclone in detail [20]. Fig. 
7.8a shows the principle. A cyclone is composed of a cylindrical housing with a 
tangential inlet at the upper end and a gas outlet which is fixed concentrically in the 
lid as an immersion pipe. 

The entering gas stream performs a spiralling trajectory downwards. The flow is 
a swirl sink. If a particle with the mass m is moving on a circular orbit around the 
axis of the cyclone with the radius r and the velocity v, then the particle is subject to 
centrifugal acceleration a: 

(7.13) 

At the usual circumferential speeds of 15-40 rnls and radiuses of curvature between 
0.1 and 1 m a centrifugal acceleration is formed which is one hundred to one thou
sand times greater than the earth's acceleration. The radial centrifugal speed v, 
formed under the influence of this acceleration is given as relative speed between 
solids and gas molecules: 

d2 ·b·{! 
Vf = 1811a 

(7.14 ) 
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where d is particle diameter, a centrifugal acceleration, p particle density, 7]G gas 
viscosity. 

As the centrifugal speed depends on the particle diameter d, a fractional particle 
separation is carried out in the cyclone, too. The particles flung against the wall slide 
down and accumulate in the lower part. As the cyclone is closed at the bottom the 
direction of the gas stream is reversed while the spiralling movement remains. The 
particle collection bunker must be positioned deep enough under the reversal area of 
the gas spiral so that the dust collected is not stirred up. 

Particle-laden 
gas inlet ... 

Cell-wheel lock 
(particle outlet) 

Fig. 7.9. Set-up of a multi-cyclone (acc. to WEDAG, Bochum, FRG) 

Purified 
gas outlet 
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The separation of the particles must be accomplished in such a way that no ambi
ent air can enter the system. This can be achieved by a double-cone closure or a cell
wheel lock. 

For normal requirements for which no particular degree of fine particle separa
tion must be achieved, cyclones with diameters between 1 and 5 m are used. Their 
separation range covers particle sizes over 50 !lm. 

For the separation of smaller particle sizes centrifugal acceleration must be 
raised. According to equation (7.14) this is achieved by reducing either the track 
radius or the cyclone diameter. Raising gas speed is ruled out for economical rea
sons. As small cyclones can only handle small gas volumes, many small cyclones are 
combined to a multicyclone. 

Fig. 7.9 shows a multicyclone collector which achieves high degrees of particle 
separation efficiency even with fine particles. The collector is composed of a number 
of very small cyclones with an outside diameter of 20 cm which are connected to 
form several blocks depending on the gas flow to be treated. Their resistance is be
tween 9-11 mbar at approx. 3 ml/min gas flow per cyclone. Depending on the parti
cle size their efficiency is at 92-98 %. Currently, particles down to 12 !lm are being 
separated in these cyclones. When designing the inlet channels of a multi cyclone it is 
important to ensure that the surfaces of the individual cyclones will be loaded evenly. 

Rotary flow particle collector 

The physical basis and principle of the rotary flow particle collector have been de
scribed in detail by Schmidt [21]. 

In rotary flow particle collectors two concentric spin flows are at work which 
have the same sense of rotation but are axially opposed. The basic design is shown in 
Fig. 7.10. The inner spin flow is formed by the raw gas which is set in rotary motion 
by a swirl obstacle with fixed vanes. The outer spin flow is created by tangentially 
blowing in additional air. As a result of the centrifugal forces at work the particulate 
is flung out of the raw gas, reaches the area where the additional air is flowing 
downward and is transported along with it into the hopper. Part of the raw gas, ambi
ent air or pure gas may be used as additional air. 

Energy consumption and degree of removal depend on the raw gas/additional air 
ratio. Common additional air volumes range between 40 and 100 % of the raw gas 
qunatity. The total degree of removal improves with increasing additional air. It is 
not possible to determine the size of the smallest particulate to be removed by way of 
calculation. Test results give reason to assume that it is between 0.5 and 3 !lm. 

Klein [22] has pointed out the performance limits of the rotary flow particle col
lector 

7.2.2 Wet Scrubbers 

Wet scrubbing was developed from dry mechanical particle separation. Due to the 
small mass of the particles the acting gravitational or inertial forces are not sufficient 
to separate the particles from the gas stream. If the mass of the particle grains is en-
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larged by binding them to the drops of a scrubbing liquid, then a subsequent gravita
tional separation is more successful. For reasons of economy it is common practice 
to use water as scrubbing liquid. 

As in wet particle collection the pollution problem is shifted to water there must 
be special reasons for employing this type of method. One important field of appli
cation is, e.g., the precipitation of flammable particles or the particle separation in 
exhaust gases containing sparks [23]. Wet particle precipitation is preferably used in 
the grain size range of 0.1-50 /lm. The finer the particle and the lower its concentra
tion, the more difficult it is to separate. The particle is considered separated when it 
has been brought into contact with the scrubbing liquid and is retained by it. 
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Usually the particle-laden fluid is subsequently collected in gravitational precipi
tators into sludge and purified fluid. The latter can be fed back into the cycle either 
totally or in part. 

Basically, wet particle collection is divided into two processes: 
- precipitation on fixed, flushed surfaces, 
- precipitation on the surface of fluid droplets or gas bubbles. 

Scrubbers with fixed flushed walls consist, e.g., of material with a large specific 
surface which is sprayed with the washing liquid and the particle flow passes through 
it in the same, opposite or lateral direction. It is also possible to use plates which are 
smooth or with a structured surface, which are positioned parallel to each other and 
wetted or sprayed. The particle-laden gas is passed through the passages between the 
plates. 

7.2.2.1 Principles of Wet Scrubbing 

When binding particles to the surface of drops or bubbles 5 zones can be distin
guished. 

1 Wetting zone 

Bringing particles and washer liquid into contact can be carried out by the following 
methods, depending on the design and performance of the scrubber: 

1.1 Spraying or nozzling 

This method entails scrubber designs with large flow diameters and low flow speeds. 
The particle-laden gas is passed between horizontal or vertical walls and is sprayed 
with water from nozzles on its way. 

1.2 Washing or whirling 

If a gas-particle mixture is flowing through a layer of liquid and has its outlet below 
the liquid's surface, then the method is called washing. Removal efficiency is highly 
dependent on bubble formation speed, bubble size and the length of the bubble line 
which corresponds to the height of the liquid layer in this case. This method is un
suitable for stricter requirements pertaining to exhaust gas quality as the formation of 
bubbles cannot be influenced well and it is not reproducible. 

1.3 Injection under pressure 

In this method the gas stream is passed through a restriction of a tube, similar to a 
Venturi tube, where flow speed increases and pressure decreases. Water is injected at 



7.2 Processes for the Removal of Particulate Matter from Exhaust Gases 377 

the place where speed is highest and pressure lowest. The high gas flow speed is 
necessary for a high removal efficiency as the relative speed between scrubbing 
liquid and gas considerably influences their contact. Fast acceleration of smaller 
droplets and with it decreasing relative speed have a negative effect on the removal 
efficiency. 

2 Contact zone 

The water injected into the wetting zone must be mixed thoroughly with the particu
late matter so that a binding of the two components with each other can take place. 
This process is promoted by various effects. 

2.1 Gravitation-related direct contacting of particles with the dispersed 
scrubbing liquid (impaction contact) 

In most cases inertial forces together with technical flow-related effects influence a 
contact of particles and water droplets, which can be termed an impaction contact. 
Fig. 7.11 serves as an illustration of this process. A particle-laden gas stream with a 
speed v flows in streamlines around a spherical water droplet with the diameter ddr. 
However, the particles, depending on their mass, follow the streamlines only in part. 
Under simplified conditions boundary streamlines can be calculated within which the 
particles do not follow the streamlines, but impact with the water droplet and, de
pending on its wetting ability, adhere to it or penetrate it [13, 14, 24, 25]. As little is 
known yet about the occurring droplet sizes, their distribution and the influence of 
diffusion and condensation, it is practically impossible to determine the efficiency of 
this type of scrubber by computation. 

Particles with slowing speed vf 

- ~~::--
~-------

Particle depositions 

- - - - Particle lines 

- -- Streamlines 

Fig. 7.11. Streamlines and particle paths around a sphere or sphere-shaped liquid droplet. 
dTr droplet diameter, w gas velocity, e distance between bordering lines 
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2.2 Condensation processes [14 J 

If cool water is injected into hot gas it vaporizes at first. Depending on the tempera
ture gradient, the vapor thus formed mixes more or less quickly with the gas. As the 
gas cools down with increasing saturation, the vapor condenses whereby particles in 
the gas and also cold water droplets can act as condensation nuclei. During this, the 
vapor flow in the direction of the condensation nucleus can transport particles to the 
drop surface (diffusion effect). 

2.3 Diffusion effects 

Another cause for the binding of particles and scrubbing liquid can be found in the 
diffusion process. However, it is of more theoretical significance as there is not suf
ficient time for the formation of diffusion processes during the short retention times 
in the contact area. 

Seen from the point of view of molecular kinetics, the molecules of a gas are in 
permanent, irregular motion which is perceived as heat. The molecules keep collid
ing and in doing so transfer a part of their energy onto particulate matter present in 
the gas. If the dust particles are large approx. the same number of molecules collide 
on all sides so that the resulting force equals zero. If the particles are small molecules 
hitting predominantly one side can cause a movement. If one imagines that the par
ticles diffuse through a boundary layer close to the drop surface, then this process 
may be called a diffusion removal. 

2.4 Sedimentation 

Sedimentation is the precipitation of particles under the influence of gravitation. As 
the wet scrubbers described here are always based on flow effects with higher 
speeds, sedimentation has no significance due to its slow sedimentation speed. 

2.5 1nfluence ofwettability 

Wettability is the adsorptive ability of liquid molecules on the surface of particles. 
As three phases (solid, liquid and gaseous) are in a turbulent state in these effects and 
an ordered adsorption seems practically impossible, wettability is defined as the 
affinity of a certain number of particles to a droplet of liquid [26]. 

On contact with the liquid the wetted particles immediately migrate into the in
side of the drop. Particles, however, that do not wet well, settle on the surface of the 
droplets. 

If the particle content is low the degree of removal is hardly influenced by the 
wettability due to the largely unoccupied drop surface. If the particle content is high 
and large part of the droplet surface is already occupied by particles, removal effi
ciency is expected to decrease in particles which do not wet well. 
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3 Separation Zone 

In the separation zone the particle-laden scrubbing liquid is separated from the gas 
stream. Depending on the design and the geometric proportions of the scrubber, 
gravitational forces effect the separation of the scrubbing liquid. As, as a rule, the 
earth's gravitation is not sufficient, removal efficiency is increased by centrifugal 
forces similar to those in gravitational collectors. The turbid liquid collected in the 
separator is passed to the sludge zone for further treatment. 

4 Conveyor zone 

The conveyor zone takes care of the transportation of the gas-particle mixture. As a 
rule a fan of radial or axial design is installed which simultaneously produces the 
pressure difference which is needed to overcome the resistance of the scrubber and 
the pipes attached to it. The fan can be positioned before or behind the scrubber. 
Operating the scrubber on the suction side reduces hazards of erosion, fire and ex
plosion as compared to the version with the pressure side. 

5 Sludge zone 

Depending on the gas streams to be separated, the wet scrubbers used today require 
considerable amounts of water. Fresh water operation, where the dirty water is not 
reused is therefore uneconomical in most cases; recycling water operation is com
mon practice today. The sludge deposited in the separating zone is conducted into 
the sludge separators, e.g., settling ponds, where the particles sediment. The purified 
water is subsequently reused; only the amount of water which vaporized must be 
replenished. 

7.2.2.2 Different Types of Wet Scrubbers 

Different types of designs have been developed for wet scruubing. In their design 
they vary in their equipment for liquid distribution and for the homogenous mixing 
of the particle-gas stream with the scrubbing liquid. According to the German VDI 
guideline 3679 [25] wet separators are classified according to the following designs: 
- wet scrubbers, 
- whirl scrubbers, 
- Venturi wet scrubbers, 
- wet rotation scrubbers. 

The different scrubber types are shown in a diagram in Fig. 7.12. 

Wet Scrubbers 

Wet scrubbers are devices usually containing components into which the scrubbing 
liquid is injected via nozzles in droplet form. These components (e.g., baffles or 
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Fig_ 7_12. Diagram of the most commonly used wet scrubber designs [23, 25]. 
a. wet scrubber; b. vortical scrubber; c. Venturi scrubber; d. wet rotational scrubber 
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layers of packing material) cause an even distribution of the scrubbing liquid. The 
particle-gas stream is usually conducted in a counterflow to the scrubbing liquid. 
Separation of the water droplets loaded with particles is usually carried out by 
gravitational or inertial forces, e.g., on collecting plates. 

Whirl scrubbers 

In whirl scrubbers the particle-gas mixture flows to the surface of a liquid and in 
doing so, is diverted. This already causes a particle removal. Subsequently, the gas is 
conducted through a channel during which the scrubbing liquid carried along is 
sprayed at the diversion edges of the whirl zone causing a homogenous mixing with 
the particle-gas stream. As in the normal scrubber droplet separation is carried out by 
gravitational forces, e.g., on plates, layers of packing material or centrifugal collec
tors. 

Venturi wet scrubbers 

The particle-gas mixture is conducted through a Venturi tube and at the smallest 
diameter of the tube, the throat, it attains its highest velocity and lowest pressure. In 
or before the throat the scrubbing liquid is added to the particle-gas flow. Owing to 
the high relative speed between gas and scrubbing liquid there is a good contact 
between gas stream and fluid causing atomization of the water. Gas velocity is re
duced in the subsequent diffuser. During this, droplets containing particles are 
formed, as explained in the above paragraphs. Droplet separation is usually carried 
out by centrifugal forces, e.g., by a subsequently positioned cyclone. Venturi scrub
bers are characterized by their high removal efficiency and the fact they require little 
floor space. 

Wet rotational scrubbers 

Wet rotational scrubbers have rotating components for the production of droplets and 
for the homogenous mixing of scrubbing liquid and gas stream. 

Example 

Depending on their application the most varying models have been constructed on 
the basis of the mentioned construction types. As an example, the reader will find a 
scrubber for the particle separation from flue gases of an asphalt mixing plant (max. 
5 tIh of dust, 50,000 m3/h exhaust gas at a DC, 1 013 mbar), s. Fig. 7.13. Wet scrub
bing is carried out by spraying and nozzling. 

To produce a rotational motion the flue gases are fed into the upper part of the 
interior tube tangentially. For a thorough whirling of the flue gases there are cover 
plates in the interior tube as well as full cone nozzles for intensive spraying. Flowing 
in the same direction as the scrubbing liquid the gases are wetted by numerous other 
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nozzles and at the foot of the interior tube they reach the separation tank. There, the 
droplets containing particulates are removed, while the purified flue gases rise in the 
exterior casing tube and leave the plant by way of the stack. Owing to its generous 
dimensions the plant operates at relatively low flue gas speeds; the plume dissolves 
very rapidly after having left the stack. 

The dirty water drips from the lower casing edge into the outer ring gap of the 
sludge separator and sinks down. The particulates collect in the cone part of the tube 
and are pushed over a slide bar in the form of viscous sludge. The purified water is 
sucked in by a pump in the upper part of the interior tube and injected back into the 
flue gas flow via atomizer nozzles. 

7.2.3 Electrostatic Precipitators 

Electrostatic precipitators are some of the most efficient gas purification devices. 
They are characterized by high collection efficiencies and can be used for a multi
tude of applications. Their mode of operation is to a large extent dependent on physi
cal and chemical factors. In general it can be said, that particle sizes down to frac
tions of a flm are covered and that high degrees of removal in excess of 99.9 % can 
be attained. The pressure loss of an electrostatic precipitator is generally in the range 
of 1-4 mbar. Individual electrostatic precipitators can handle gas volumes of more 
than 106 m3/h (0 °C, 1013 mbar). 

Much has been published on the subject of electrostatic precipitators. The first 
detailed book was written by White [27]; in other books on particle removal electric 
particle precipitation is also given a lot of space [13-16]. In 1980 the German VDI 
issued a special guideline for electrostatic precipitators [28]. 

7.2.3.1 Operating Principle 

The operating principle of an electrostatic precipitator is shown in a simplified form 
in Fig. 7.14. The particles distributed in the gas are electrically charged and collected 
on so-called collecting electrodes. The particles are charged by ions and electrons, 
which are generated by a corona discharge of the central wire electrodes carrying a 
dc voltage of 10,000-80 000 V. In the electrical field generated between the wire 
electrodes and the collecting electrodes the thus charged particles are attracted by the 
collecting electrodes [13-16, 27-29]. 

Fig. 7.15 shows the basic diagram of electric gas purification. There, the precipi
tator is indicated by a metallic tube in which a wire which is electrically insulated 
against this tube is axially installed. The inside of the grounded tube is the particle 
collection surface. The central wire electrode is negatively charged by the high
voltage plant. Apart from the tube-type electrostatic precipitator shown in the dia
gram there is the much larger group of the plate-type collectors w1th plate-like col
lecting electrodes. 
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Fig. 7.14. Simplified diagram ofthe separating process in an electrostatic precipitator 

7.2.3.2 Mode of Operation 

j 

The particle removal in an electrostatic precipitator can be divided into four basic 
sub-processes: 
1. Charging of the particulates, 
2. Migration of the particles to the collecting electrode, 
3. Deposition of the particles on the collecting electrode, 
4. Removing the collected particles into the storage hopper. 
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Fig. 7.15. Basic set-up of an electrostatic precipitator [30] 

1 Charging the particulates 

High-voltage 
aggregate 

Of the different methods of charging particles artificially, charging them in an elec
trical field under the influence of corona discharge is the most efficient. Therefore, it 
is also used in the electrostatic precipitator. For this, the electrical discharge electrode 
is negatively charged. An electrical field is then formed between the electrical dis
charge electrode and the grounded collecting electrode. In the vicinity of the electri
cal discharge electrode, which either has a diameter of only a few millimeters or has 
sharp edges and points, the field intensity is so high that it exceeds a value character
istic of the gas - a gas discharge, called corona, is formed. The formation of the 
corona depends on the radius of curvature of the electrical discharge electrode, 
s. Fig. 7.16. In the corona the gas molecules in the vicinity of the electrical discharge 
electrode are ionized and are split into positive gas ions and electrons. The electrons 
settle on neutral molecules, sometimes forming negative gas ions at the same time. 
The positive gas ions remain close to the electrical discharge wire or migrate to it. 
Under the influence of the electrostatic force the electrons migrate with great speed 
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Fig. 7.16. Influence of surface curvature of the spray electrode and voltage applied on the type 
of discharge [31] 

to the collecting electrode and ionize further neutral molecules, mainly by collision. 
Due to these processes a large number of additional electrons and ions is created 
avalanche-like in the vicinity of high field strength close to the electrical discharge 
wire. 

On their way to the collecting electrode the negative gas ions and electrons col
lide with neutral gas molecules and give these a directed impulse. The flow created 
in this way is called "electric wind" [32]. 

2 Migration of the particles to the collecting electrode 

Particles in the gas are charged by the taking up of electrons and gas ions. In the 
electric field they are then subject to force p. directed to the collecting electrode. 

Pe=qE, (7.15) 

where q is the total taken up load amount A . s, E is the field strength in V . mol. 
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Fig. 7.17. Particle path between vertically arranged discharging and collecting electrodes 

From this force and from the friction of the particles in the gas a migration veloc
ity Wo of the particles on their way to the collecting electrode results: 

q'E 
Wo=--

6nr1'fG ' 

where r is particle radius, 17a is the viscosity of the gas in Nsm-2• 

(7.16) 

Together with the flow velocity of the gas v" a resulting speed vR of the particle in 
the precipitator can be calculated, s. Fig. 7.17. 

This movement, however, is frequently disturbed by turbulences and electric 
wind, so that a calculation of the degree of collection based on the above formula 
(7.16) is not possible [33, 34] (s. sect. 7.2.3.3). 
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3 Deposition of the particles on the collecting electrode 

Whether the particles arriving at the collecting electrodes adhere there depends on 
the extent of the adhesive forces acting on the dust. Electric adhesive forces are 
mainly influenced by the resistivity of the particles which determines whether the 
charge is drained slowly or quickly on to the collecting electrode. If the particles 
release their charge quickly, only a small electric field builds up in the layer of dust: 
the adhesive forces are small. Even a movement of charge can occur so that the par
ticles are repelled again. If electric dust resistivity, however, is high, the electric 
adhesive forces can attain very high values due to the charge accumulation. The 
electric field building up in the dust layer can become so great, that this situation can 
lead to gas discharges in the pores of the particle layer and an electric disruptive 
discharge can occur which leads to the undesirable effect of back brush [15, 32]. If 
dust resistivity is too high, flue gases are sometimes conditioned with special gases, 
e.g., with SOl' to improve collection efficiency [15, 35]. 

Gas flow 

Fig. 7.1S. Rapping of collecting electrodes by rappers (acc. to [36]). 8. collecting electrodes; 
b. discharging electrodes; c. mounting of collecting electrodes; d. rapper; e. insulator 
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4 Removing the deposited particulate matter into the storage hopper 

The dust adhering to the collecting plates must be removed from them and collected 
in the hopper. Dust removal is carried out in two steps: 
- Removing or shearing the dust off the collecting plate, 
- transport ofthe stripped dust into the storage hopper. 

The dust layer on the collecting plate of a plate-type precipitator (s. sect. 7.2.3.4) is 
usually removed by vibrating the plate with one single rap while it is highly charged, 
s. Fig. 7.18. The time between two raps on the same collecting plate is called a rap 
interval. In practice, the rap interval is constant for all collecting plates of the same 
cleaning stage. However, for consecutive cleaning stages in the gas stream it varies. 

The dust sheared off from the collecting plates falls by gravity into the hopper. 
While falling, part of the dust adhers anew to the collecting plates. Another part is 
carried by the gas stream out of the first cleaning stage into the following cleaning 
stage or to the pure gas side of the electrostatic precipitator. Collection efficiency is 
considerably influenced by the cleaning of the collecting plates [37]. In practice, rap 
intervals are varied until the quantity of the dust reaching the hopper has been opti
mized. 

7.2.3.3 Precipitation Equation 

There are a number of methods with whose help the precipitation equation for an 
electrostatic precipitator can be deduced. It is always assumed that there is a turbu
lent stream in the collecting chamber. This turbulent stream and the electric wind 
evenly distribute the particles over the area available, i.e., particle concentration is 
homogenous. Furthermore it is assumed, that velocity is the same everywhere in the 
filter and that there are no other disturbing effects. 

Deutsch [38] and White [27] assume that a particle can only be precipitated if it 
enters the laminar boundary layer of the collecting electrode. 

Calculating the degree of precipitation with the above assumptions yields the so
called Deutsch equation 

1]= (l_e- Aw/V ) 100 % (7.17) 

where 17 is degree of precipitation, A is the total collecting area of the precipitator in 
m2, V is the volume flow rate in m3/s, w is the index related to the technical process, 
also called migration velocity, in mls. 

As initially explained, the calculation of the collection efficiency of an electro
static precipitator requires a series of assumptions usually not fulfilled by industrial 
units. The theoretical migration velocity calculated according to equation (7.16) is 
not identical with w in equation (7.17). The parameter w which is also simply called 
migration velocity is a characteristic index for any electrostatic precipitator; it is 
related to the technical process and only incidentally has the dimension of a velocity. 
In effect, it includes all measurable and unmeasurable influencing factors on the 
efficiency of an electrostatic precipitator. In the meantime, different authors have 
tried to modify the Deutsch equation [16]. 
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The index w related to the technical process depends on a number of influencing 
parameters. These are mainly: 
1. particle migration and dust adhesion, 
2. dust composition (type, grain size, electrical resistivity), 
3. gas velocity in the electrostatic precipitator, 
4. gas composition, temperature and humidity, 
5. geometric dimensions of the precipitator and design of electrical discharge 

electrodes and collecting electrodes (width of passageways), 
6. reraising of the dust, 
7. characteristics of current and voltage profiles. 

The migration velocity w rises with increasing voltage between electrical discharge 
electrode and collecting electrode. The voltage is limited by the electric breakdown. 
This breakdown voltage, and with it the precipitation efficiency, depends on the gas 
composition. As the composition is not constant due to strand formations in the pre
cipitator passageways, the breakdown voltage also varies [39]. In practice, voltage 
for each separate electric field is increased to such an extent that single short-term 
spark-overs are admitted, however without a steady arc being formed [28]. Nowa
days, optimum current-voltage control is carried out by microcomputer [40]. 

In contrast to gravitational dust collectors electrostatic precipitators have a high 
collection efficiency for almost all particle size fractions. In certain particle size 
ranges collection effciency may be reduced [41]. Causes for this have not been fun
damentally researched yet. 

7.2.3.4 Constructions 

There are tube-type and plate-type electrostatic precipitators. Both types can be used 
for dry, wet and misty gases. 
- Tube-type collectors consist of a number of parallel vertical tubes with a circular 

or honeycomb-like cross-section, where insulated wire electrodes are installed. 
The wires are attached to the negative pole of a high-voltage unit, the tubes are 
connected with the other pole and are grounded. They form the collecting elec
trodes. 
In plate-type collectors (Fig. 7.19) many vertical, parallel plates serve as collect
ing electrodes, with insulated wire electrodes stretched between the plates. The 
collecting electrodes are smooth and profiled metal plates, in special cases box
shaped hollow electrodes. The filter housings, depending on application and gas 
properties, are available in sheetmetal, brick, concrete or plastic. 

Mode of operation 

- Dry precipitators. The dust collected on the electrodes is sheared off periodically 
by rapping, falls into the hopper and is removed through locks. Hammer mecha
nisms are used for rapping, rap intervals are adapted to the adhesive properties of 
the dust by control units. 
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Fig. 7.19. Horizontal plate electrostatic precipitator (cross-section in vertical and horizontal 
direction to flow), [30] 

- Wet precipitators. Dust from wet gases collects on the electrodes as sludge, from 
where it flows off or is rinsed off. Water, tar or acid vapors are also collected and 
flow off in the shape of a fluid film. Wet electrostatic precipitators are, e.g., used 
in the removal of explosive dusts or for particles, which are particularly difficult 
to clean off from the collecting plates, e.g., varnish particles. 

Depending on the duct of the gas stream to be purified, one speaks of horizontal and 
vertical electrostatic precipitators. Dry electrostatic precipitators are usually built as 
plate-type collectors. 

Shapes of electrical discharge electrodes and collecting electrodes 

Fig. 7.20 shows the shapes of electrical discharge electrodes and collecting elec
trodes most commonly used today. 

The width between the collecting electrodes usually amounts to 250 mm, and the 
width of a plate is between 400 and 700 mm. As the floor space available is often 
limited, large electrostatic precipitators are often very high. Plate height frequently 
peaks at 8-10 m. Modern collectors are divided into two or three consecutive fields, 
each of them possessing an independent power supply and plate rapper. 

The length of a field is about 8-12 m. Gas velocity is between 1.5 and 2.0 mls. 
The efficiency of collection is usually between 95 and 99.9 %. 

A modern electrostatic precipitator for the dust collection of the flue gases of a 
700 MW power plant block with 2.3 mio m3/h is shown in Fig. 7.46. The precipitator 
has a height of approx. 35 m and a length of 31 m. In combination with the flue-gas 
desulfurization plant pure gas particle contents of approx. 10 mg/m3 are achieved. 
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Fig. 7.20. Different types of discharging and collecting electrodes. a. discharging electrodes: 
I star wire electrode, 2 barbed wire electrode, 3 cylindrical wire electrode; 
b. 4-7 collecting plate electrodes, different types of tin plates, view from the top [36] 

7.2.4 Filters 

Filters represent one of the oldest methods of removing particulate matter from a 
medium. Particularly in the recent past, with higher levels of removal of especially 
fine particles being increasingly required, filters have gained more and more impor
tance. Filter materials are different types of fabrics or fleeces. 

The fundamentals of particle collection with fabric filters, filter media and filter
ing units have been treated in detail by Loffler, Dietrich and Flatt [42] and have also 
been represented in the German VOl guideline 3677 [43]. For an in-depth study of 
this subject we recommend this literature. 

Both in former times and partly even today fabric filters have consisted of inter
woven natural fibers. However, artificial fibers and fabrics made of fine metal 
threads have decidedly expanded the field of application of the fabric filter owing to 
their resistance against wearing and chemical influences. 

The suitability of a fabric filter or fleece and its durability are determined by the 
operating temperature and the properties of the particles. Cotton can be used up to 
80°C, wool or wool felt up to 110 °C, polyacrylic nitride (orIon) or superpolyamide 
(nylon, perIon) up to 130°C. In addition, the two latter fabrics are almost nonreac
tive to moisture and chemical influences. For temperatures up to 260°C, glass fiber 
fabrics, e.g., are used. Table 7.1 lists the properties of different filter materials. 

For trouble-free operation moisture content and temperature of the gas must be 
within a certain limited range. If, e.g., gas temperature falls below its dew point, 
clogging of the filter can ensue. Excessive gas temperatures have an unfavorable 
effect on the durability of the fibers. If there is not sufficient moisture, man-made 
fibers can become brittle and possibly tear, natural fibers also need a certain mini
mum moisture. 



7.2 Processes for the Removal of Particulate Matter from Exhaust Gases 393 

To obtain a rough estimate of the size of fabric filters, the filter ratio Fr must be 
determined, i.e., the ratio of the carrier gas volume flow Q to the gross surface of the 
filter elements F. 

(7.18) 

where Fr is the filter ratio, Q is the carrier gas volume flow in m3 Is and F is the gross 
surface of the filter elements in m2• 

Corresponding to its dimension Fr is also called surface velocity. In conventional 
filters, e.g., tube filters, Fr is between 1-2.5 m3/m1·s. 

The filtering process is initiated by a layer of dust forming on the fabric threads. 
This first layer consists of the finest particles which are, theoretically, small enough 
to fit through the voids of the woven fabric. However, gravitational influences, proc
esses involving molecular kinetics (diffusion, Brownian movement) and electrostatic 
forces effect the settling of these particles which, in turn, function as a layer filter. 
This process is also called depth filtration. The sieve-like filtering effect even re
moves particles as small as 1 !lm, while depth filtration can separate particles smaller 
than 0.5 !lm. With natural fibers such as wool or cotton this primary formation of 
layers is supported by the fine fibers projecting from the threads into the fabric. With 
the mostly smooth artificial and metal fibers this effect is lacking. Instead, electro
static adhesive forces occur in synthetic fibers. 

The performance of a fabric filter is limited by the consideration that the initially 
favorable deposited layer becomes too thick and must be removed because of the 
excessive pressure drop. The different types of fabric filters and their cleaning proc
esses will be dealt with in more detail in the following sections. 

7.2.4.1 Tube Filters 

Design and mode of operation of a tube filter can be seen in Fig. 7.21. Depending on 
the performance required, a closed housing accomodates a number of filter tubes. 
The lower part of the housing functions as a hopper. During the filtering process 
dusty air enters it via the inlet. The coarse particles are immediately separated here 
and are removed with the already separated dust by a removing mechanism. Subse
quently, the dirty air flows through filtering tubes, deposits the particles and leaves 
the collector, with the help of a fan, by the outlet. If the filtering layer becomes too 
thick and the pressure drop increases, the filter is shut down for cleaning. For this, 
the outlet is closed with a flap and pressurized air is blown in, washing out the tube 
in the opposite direction. Simultaneously, the tubes are vigorously rapped with the 
rapping mechanism, so that the filtrate layer falls off. 

A filtering plant for continuous processes must therefore consist of several such 
filtering units as one filter is always shut down during the cleaning period. 

So-called reverse air flow cleaning was developed to avoid interrupting the filter
ing process by periods of cleaning [42]. In this process a nozzle ring whose nozzles 
are blowing constant jets of air on the deposited dust glides up and down each single 
filter tube, thus continuously removing dust from the filter fabric. The dust blown off 
then falls into the hopper. 
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Fig. 7.21. Set-up of a tubular bag filter 

7.2.4.2 Baghouse Filters 

There is no difference between tube and frame filters in their basic mode of opera
tion. The filtering elements consist of pillowcase-like bags pulled over tentering 
frames. The open slot on the one side is pulled over a flange and sealed. Filtering 
usually takes place from the outside to the inside. Cleaning is carried out by vibrating 



7.3 Nitrogen Oxide Reduction in Combustion Processes 397 

the frame or by alternating the air pressures to cause the filtering surfaces to flutter. 
During this, usually only the upper layers of the filter cake will fall off, so that the 
primary layer of dust with its favorable filtering properties is preserved. The timing 
for cleaning is regulated by automatic pressure drop controllers. In most frame filter 
systems operations must be shut down for cleaning. In this respect they are no differ
ent from tube filters, however, with the advantage of accommodating more frame 
filter surface in the same amount of space. 

In processes yielding very fine and light dust, gravity settling chambers and wet 
collectors do not suffice. This is where dust filtering systems can best be used. Their 
collection efficiency is very high. 

7.3 Nitrogen Oxide Reduction in Combustion Processes 

In the following pages primary measures for the reduction of nitrogen oxide in com
bustion plants and secondary measures for large-scale furnaces and motor vehicles 
will be discussed. 

7.3.1 Primary Measures in Furnaces 

The formation of nitrogen oxides is classified as follows: 
- thermal NO formation, 
- NO formation from fuel nitrogen and 
- prompt NO formation (s. also Chap. 2). 

Thermal NO formation can be mainly influenced by primary measures, but partially 
also the transformation of fuel nitrogen. Prompt NO formation is merely of subordi
nate significance. 

According to the formation conditons of nitrogen oxides in flames mentioned in 
Chap. 2, primary measures aim at the following: 
- reducing the oxygen available in the reaction zone, 
- lowering combustion temperatures, 
- avoiding peak temperatures by even and quick mixing of the reagents in the 

flames, 
- reducing the retention time at high temperatures, 
- reducing already formed nitrogen oxides at the end of the flame. 

These goals can be achieved with different technical measures. 

7.3.1.1 Reducing Air Excess 

Figs. 2.11 and 2.2 have shown the considerable dependency of the NOx emissions on 
the air excess during combustion. Reduction measures aim at achieving complete 
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combustion even with a lower air excess by fine-tuning the air-fuel ratio and improv
ing the mixing in the reaction zone. 

7.3.1.2 Stage Combustion, Multiple-Stage Mixing Burner and 
Top Air Nozzles 

Corresponding to Fig. 2.11 NO emission drops to very low values when there is a 
lack of air on the one hand and high air excess in a flame on the other. High air ex
cess as a solution is out of the question due to the energy loss involved - the exces
sive air would escape by way of the stack as heated flue gas and be useless. 

The principle of stage combustion is to lower the air-fuel ratio to values below 1 
in the main reaction zone of the flame where high temperatures occur, and to after
burn the residual products of incomplete combustion - CO, hydrocarbons, soot - at a 
low temperature (> 750 Qq. The excess air in the center of the flame cannot be low
ered at will because of the stability of the ignition. Special burner designs, however, 
achieve air staging as well as a stable flame [44]. 

Fig. 7.22 shows the principle of a multiple-stage mixing burner where besides air 
staging, fuel staging is additionally carried out. In a central burner a slightly under
stoichiometric primary flame is produced having a high ignition stability over the 
total range of performance owing to flow-induced inner recirculation and almost 
stoichiometric operation. At the periphery of the burner the residual fuel with carrier 
air is injected into the edge of the primary flame in such a way that a strongly sub-

Staged air 

Fuel 2 and 
carrier air 

Covering air, 
swirled 

Fuel 1 and 
carrier air 

Fig. 7.22. Flame zones of a multiple-stage circular burner [44] 



7.3 Nitrogen Oxide Reduction in Combustion Processes 399 

stoichiometric secondary flame results. In a third stage, the burn-out zone, the com
bustion products produced are remixed with a strong jet of more combustion air and 
are burned out. 

Injecting the secondary fuel into the periphery of the primary flame produces an 
atmosphere where the already formed nitrogen oxide is reduced back to molecular 
nitrogen through gas components such as NH1, HCN and CO. The formation of ni
trogen oxide in the burn-out zone can be kept low by low combustion temperatures. 
If such burners are used as pulverized-coal burners, there is the danger of unburned 
coal particles and CO occurring in the flue gas. Very fine pulverizing of the coal can 
provide for an improved burn-out process here [44,45]. 

A simplified form of staged combustion, particularly in already existing plants, 
consists of the installment of top air nozzles. For this, the burners are operated 
slightly substoichiometrically and complete burn-out is achieved by the upper air at 
low ~~mperatures. This principle of nitrogen oxide reduction is, however, limited by 
the flame stabilities in substoichiometric operation and by insufficient mixing of the 
upper air with the flame gases. 

7.3.1.3 Slight Air Preheating 

Reduced preheating of combustion air results in a lowering of the combustion tem
perature and thus a reduction of nitrogen oxide. In gas and light fuel oil furnaces air 
preheating is not necessary to achieve a complete burn-out. Therefore, it has been 
done away with in most of the newer plants. The residual heat from the flue gas is, in 
this case, used for preheating water or for other purposes. Fig. 7.23 shows the con
siderable influence of combustion air temperature on NOx emissions in gas furnaces. 

7.3.1.4 Reduction of the Volume-Specific Combustion Chamber Load 

If a lot of heat is released in a small space high combustion temperatures and thus 
high nitrogen oxide emissions result. Small, intensive flames lead to a lot of NOx 

formation, whereas comparable larger flames produce less. The volume of the com
bustion chamber where the flames are confined also has an influence. This depend
ency becomes particularly apparent if the load dependency of the NOx emissions are 
considered at certain given combustion chamber volumes. Fig. 7.24 shows the NOx 

emissions of a steam boiler over the boiler load with the fuels heavy fuel oil and 
natural gas. As an additional parameter the air excess or the residual oxygen content 
in the flue gases is indicated. Due to the fuel NO, the combustion of heavy fuel oil 
causes higher nitrogen oxide emissions than the combustion of natural gas. Apart 
from the influence of the excess air already mentioned, one can see the strong de
pendency of the NOx emissions on the load. If, from the outset, chamber and burners 
were designed larger and were not operated with such high loads, then NOx emis
sions could be kept lower, particularly in the combustion of heavy fuel oil. 
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Fig. 7.23. Influence of combustion air temperature on NOx emission in gas furnaces [46] 

7.3.1.5 Flue-Gas Recirculation 

By recirculating the flue gases into the combustion air of the burner, the inert gas 
part in the combustion zone is raised and the 02 concentration reduced, leading to a 
fall in peak temperatures and to increased evenness of combustion. In this way, ni
trogen oxide emissions can be reduced, especially in furnaces with high combustion 
results of tests with flue-gas recirculation in a heavy fuel oil furnace operated with 
approx. 500 kW thermal power. [47]. It can be seen that with an increasing degree of 
recirculation nitrogen oxide emissions drop, which is to be attributed to the sinking 
flame temperature. The heat radiation of the flame sinks owing to the recirculated 
flue gases and the convective part goes up. Due to this shifting of heat release, the 
use of flue-gas recirculation is limited in existing plants of steam boiler design. Re
circulation streams in excess of 10-12 % would require considerable modifications to 
the steam generator. 
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Fig. 7.24. Dependency of NO. emissions on boiler load and excess air [46] 

7.3.1.6 Low-NO. Burners 

Based on the knowledge of low-NO. combustion several companies have developed 
burners which not only make a staged combustion possible, but also force a recircu
lation of flue gases in the flame. Such burners keep NO. emissions low from the start 
[44,48]. 

7.3.1.7 NO. Reduction Potential of Primary Measures 

Fig. 7.26 compiles the NO. reduction potential of the individual primary measures. 
The effects of the measures sometimes overlap so that the NO. reduction is alto
gether limited to approx. 40-70 % depending on the type of fuel. 

As primary measures predominantly reduce the thermal NO, the greatest reduc
tion potential is achieved in plants with little fuel nitrogen oxide, i.e., in natural gas 
furnaces. It is hoped that with gas and possibly also oil furnaces, the control meas
ures listed will make it possible to stay below the prescribed threshold values even 
without additional, costly secondary measures. 
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7.3.2 Secondary Measures in Furnaces 

If primary measures for the reduction of nitrogen oxides in furnaces are not suffi
cient, secondary measures must be applied. Their specific investment costs as well as 
their operating costs are higher than those of primary measures. Yet, for keeping 
emission threshhold values they are nevertheless unavoidable in large-scale coal and 
sometimes also oil furnaces. 

The main problem with removing nitrogen oxides from flue gases is that nitrogen 
monoxide (NO) as the main component does not dissolve well in water. Simple 
scrubbing procedures are therefore not suitable for the separation of nitrogen mon 
oxide. 

Basically, two process principles are employed in the removal of nitrogen oxides 
from flue gases: 
- Reduction processes. NO is reduced to molecular nitrogen, with NH3 generally 
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Fig. 7.26. NOx reduction potential of primary measures in gas and oil furnaces [46] 

being used as reductant for the absorption of oxygen. One distinguishes between 
non-catalytic and catalytic reduction. 

- Oxidation processes. NO is oxidized, e.g., by radicals which are generated by 
electron beams or by ozone. The oxidation product N02 or nitric acid is generally 
transformed into ammonium salts by ammonia (NH]). 

In the following section the three most frequently used processes currently are de
scribed in brief. 

7.3.2.1 Reduction Processes 

In industrial furnaces reduction processes are most often used for the reduction of 
nitrogen oxides. NH] is generally employed as reductant. The reaction products 
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Table 7.2. Characteristics of NO x reduction methods commonly used today 

Method Catalyzer Temperature NOx re- Remarks References 
range in °C duction 

in% 

Selective No catalyzer, 850 ... 1000 30 ... 80 [49] ... [56] 
non-cata- direct NH3 or 
lytic re- (NH2)2CO 
duction (urea)- dosing 
(SNCR) into the fur-

nace chamber 
Selective Metal oxides 280 .. .450 70 ... >90 [56]-[60] 

catalytic on ceramic depending 
reduction carriers on catalyzer 
(SCR) material 

Molecular 380 .. .480 70 ... 90 [61]-[62] 
sieves 
(zeolites, 
solid ceramics) 

Activated char- 100 ... 150 30 ... 80 Simulta- [63]. .. [65] 
coal neous 

S02INOx 
removal 

formed by this process - N2 and Hp - are unproblematic. Table 7.2 compares to
day's commonly used processes and their characteristic features. 

Selective non-catalytic reduction - SNCR processes 

A selective reduction of NO with NH3 can proceed without a catalyst, too, if tempera
tures are high enough. Fig. 7.27 gives an overview of the different reaction mecha
nisms which playa role in the reduction with NH3 [53-55]. 

In non-catalytic processes optimum nitrogen oxide reduction takes place within a 
relatively narrow temperature range. When temperatures are too high NH3 reacts 
with oxygen to become Hp and the unwanted NO (path B in Fig. 7.27). If tempera
tures are too low NH3 slip (path C) occurs. The following conditions are important 
for the SNCR process to function well: 
- thorough mixing of the flue gases with the NH3, 
- injection of the NH3 at optimum temperature into all load ranges of the furnace, 
- maintaining certain minimum retention time. 

As these requirements cannot usually be realized to an optimum extent, NO reduc
tion rates are either very low or a high NH/NO ratio is necessary to achieve an ac
ceptable degree ofreduction [56]. 

Newer developments point to employing aqueous urea solutions in place of am
monia. Handling these solutions is considerably less problematic than handling am-
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NH3+NO 

+ OH: 0' + 02 
NH3 --(1-)--". NH2 -~-)-+-O-H-/-·~ HNO ~ fh NO 

NH· H20 + NO 

Path A 
T>2000K 

Path B 
higher temperature 

Path C 
low temperature 

Fig. 7.27. Simplified reaction mechanism of NO reduction or NO formation with NH3 

monia. At present it is assumed that urea splits at such high temperatures and that 
equal parts ofNH) and cyanic acid are formed [55, 56]: 

NH3 
NH2 / 

"'-...co 

NH~ ~HNCO 
The ammonia formed takes effect via the reaction paths shown in Fig. 7.27. It is 

not known by which reaction mechanisms HNCO also contributes to NO reduction. 
When a reasonable quantity of reductant is used, the SNCR process does not have 

very high NO. reduction rates. In furnaces with relatively low initial NO. values, e.g., 
in industrial oil-fired units, it can actually be a sensible alternative to the SCR proc
ess for a further necessary lowering of emissions. 

Selective catalytic reduction - SCR processes 

For large-scale furnaces the SCR is the most frequently used process for the reduc
tion of nitrogen oxide emissions. It is basically possible to reduce nitrogen oxides 
with gases such as CO, H2 or CH •. These gases, however, do not reduce nitrogen 
oxides selectively but are used up (oxidized) in large amounts by the residual oxygen 
present in the flue gases. As has been shown earlier, ammonia (NH), on the con
trary, possesses a good selectivity for the reduction of nitrogen oxides. The reduction 
reaction achieves its greatest efficiency within the temperature range of between 900 
and I 000 °C. The decrease in temperature necessary for the reduction is accom
plished by special catalysts. 
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The following main reactions take place at the catalyst during the reduction of 
nitrogen oxides with ammonia: 

4NO + 4NH3 + O 2 -+4N 2 + 6H20 

NH/NO molar ratio = 1: 1 

6NO + 4NH3 -+ 5N 2 + 6H20 

NH/NO molar ratio = 2:3 

Possibly present N02 (generally no more than 5 %) will also be reduced: 

6N02 + SNH3 -+ 7N2 + 12H20 

NH/NO molar ratio = 3:4 

2N02 + 4NH3 + O 2 -+ 3N 2 + 6H20 

NH/NO molar ratio = 2: 1 

Undesirable side-reactions at the catalyst are, e.g.,: 

4NH3 + 302 -+ 2N 2 + 6H20 additional NHl consumption 

2S02 +02-+2S03· 

(7.20) 

(7.21) 

(7.22) 

(7.23) 

(7.24) 

(7.25) 

Excess ammonia reacts with sulfur trioxide (SOl) to become ammonium
hydrogen sulfate and ammonium sulfate: 

NH3 + S03 + H 20-+ (NH4) HS04 

2NH3 + S03 +H20-+ (NH4)2S04· 

(7.26) 

(7.27) 

When temperatures fall below certain ranges these ammonium salts can lead to 
considerable deposits on the components after the catalytic converter,e.g., the air 
preheater. 

The following requirements must be fulfilled by the catalytic converters: 
- high activity over a wide temperature range, 
- high selectivity, 
- low SO/SOl conversion, 
- sulfuric acid resistance, 
- resistance to dust abrasion and catalyst poisons, 
- long life. 

The following materials can be used for SCR catalysts: 
- titanium dioxide, aluminum or silicon oxides as porous basic materials (zeolites), 
- adding vanadium pentoxide, molybdenum oxides and tungsten oxides as active 

substances or oxide and sulfate mixtures of iron, manganese and copper or other 
metal oxides [56,57,67]. 

To prevent abrasion of the active catalyst layer by dusty flue gases and to thus also 
prevent inactivation, the catalyst material is included in the carrier. Therefore, new 
active material takes effect with each abrasion. 
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The activeness of the catalytic converter and with it the degree of reduction is, 
among other factors, dependent on the temperature. Fig. 7.28 shows this dependency 
for a SCR converter of the kind commonly used today in power plant furnaces. 

The NO. reduction degree R is defined as follows: 

R NOx prior to converter - NOx after converter .100 in %. 
NOx prior to converter 

(7.28) 

Other active materials have other temperature dependencies. In the presence of S02 
the activity optimum shifts to higher temperatures due to partial sulfating of the 
catalyst material [67,68]. 

A totally different type of catalytic converter is the molecular sieve catalyst con
taining no additions of active substances at all [61]. Its catalytic effect is based on its 
molecular structure. It consists of a crystal lattice traversed by a system of voids 
interconnected by pores (zeolites). At a defined pore size of 50-70 nm there is high 
selectivity, as only molecules of a certain size can diffuse into the system. According 
to the manufacturer's product information, S02' CO, CO2 and halogenides cannot 
interfere with the actual reaction, as they cannot enter into the molecular sieve due to 
their size. High electrostatic forces in the pores and channels reduce the reaction 
potential to such an extent that the exothermic NH/NO. reaction already takes place 
at 300-480 0c. The reaction products N2 and Hp are expelled from the molecular 
sieve by the heat released during the reaction. The basic material of molecular sieve 
catalytic converters is made from zeolites, which are in turn made up of silicon and 
aluminum oxides. 

At given temperature conditions and given flue gas volumes three interdependant 
factors are important for the design of a catalytic converter [56]: 
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Fig. 7.28. Dependency of NO. reduction degree of the SCR process used in power-plant fur
naces on flue-gas temperature [56] 
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- the required degree of NOx reduction, 
- the admissible or justifiable NH3 slip, 
- the catalytic converter volume. 

The basic assumption appears valid that under otherwise equal conditions a certain 
degree of reduction can either be attained by a large catalytic converter volume and a 
small ammonia slip or by a small catalytic converter volume and a higher ammonia 
slip. 

The almost linear dependencies between reduction degree, NH3 slip and catalytic 
converter volume shown in Fig. 7.29 are only valid up to a reduction degree of 
80-85 %. In excess of that, the required catalytic converter volume and/or the NH3 
Schlupf rise disproportionately due to various factors such as irregularities in the flue 
gas stream (velocity, temperature, local NOx and NH3 concentration) [56]. 

Apart from the temperature, the molar ratio of NH/NO and the so-called space 
velocity are influential factors pertaining to NOx reduction. 

Depending on whether reaction (7.20) or reaction (7.21) prevails at the catalytic 
converter, maximum reduction ensues at a NH/NO molar ratio of 1 or of 0.66. 
Which reaction preferentially takes place depends, among other factors, on the ma
terial of the catalytic converter and on the oxygen content of the flue gases [57, 68]. 

The space velocity (SV) indicates the amount of flue gas put through per catalytic 
converter volume: 
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Fig. 7.29. Correlation between NH3 slippage, catalyst volume and NOx reduction degree (acc. 
to [56]) 
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SV[l/h] flue gas volume VA [m3 / h (0 DC, 1013 mbar)] 
catalytic converter volume VK m3 • 

(7.29) 

Thus, space velocity is the inverse value of retention time. The catalytic converter 
volume does not indicate anything about the size of the active surface. Catalytic 

Structure 

Catalyst module 

Catalyst 
element 

Flue-gas inlet 

t 

Flue-gas outlet 

Fig. 7.30. Set-up of an SCR catalyst unit for N03 reduction in large furnaces [56] 

Catalyst 
layers 
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converters with a large interior surface can be operated with a higher space velocity 
than converters with a smaller interior surface. 

An SCR converter generally consists of individual elements which are combined 
to form modules. The modules are built into the catalytic converter housing at sev
erallevels, s. Fig. 7.30. A multi-level set-up is required as a certain flow velocity as 
well as a certain space velocity must be maintained. 

Fig. 7.31 shows the configuration of a SCR converter unit for the reduction of 
nitrogen oxide emissions in a power plant furnace. In the flue gas path the SCR reac
tor must come directly after the steam boiler so that a temperature range between 350 
and 400°C can be exploited; air preheater, electrostatic precipitator and flue gas 
desulfurization unit follow. At present, electrostatic precipitators are not operated at 
high temperatures, they must therefore be preceded by the air preheater. This means 
that the SCR converter is exposed to the entire dust load of the flue gases, a so-called 
"high-dust set-up". 

There are also set-ups where the catalytic converter is positioned at the "cold" 
end, which means it is positioned subsequent to the flue gas desulfurization unit; one 
then speaks of a "low dust set-up". These versions are used mainly in existing plants 
where it is technically impossible to install the catalytic converter between the steam 
boiler and the air pre heater. In this case the flue gas must be heated again to achieve 
the required reaction temperature which means the use of additional fuel [56]. 

NH3 + Air 

r::==~SCR-
'"' Reactor 

Furnace --
Air 

Air 
NH3 Tank and 
evaporation plant 

Electrostatic 
precipitator 

To desulfurization 
plant 

Fig. 7.31. Construction of an SCR plant in the exhaust gas system of a power plant furnace 
[56] 
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Activated coke process 

In this process the flue gas is conducted through a moved bed reactor operated with 
char (activated coke) at 100-150 °C during which S02 and NOx are adsorbed to the 
charcoke. The S02 oxidizes to sulfuric acid and by adding NH3 NOx is reduced cata
lytically to elementary nitrogen and water on charcoke. 

The bound S02 or the H2S04 is expelled again by thermic desorption and further 
processed to become S02 liquid gas, sulfuric acid or elementary sulfur. 

During the charcoke process the following reactions take place: 
- S02 adsorption 

NH3 (NH4) HSO 4 ads' ( NH4) 2S0 4 ads 

(unwanted reaction: unnecessary NH3 consumption) 

- NOx reduction 
Act. coke 

- regeneration at 350-600 °C 
Act. coke 

H2S04 ads -+ S02' H20 

Act. coke 

(NH4 )2S04ads -+ S02, H20, N2 

(7.30) 

(7.31) 

(7.32) 

(7.33) 

(7.34) 

Fig. 7.32 depicts the circuit diagram of a two-stage adsorber for the simultaneous 
removal of SOjNOx from furnace flue gases. 

There are also several other processes for NOx reduction which are not yet very 
widespread [65]. 

7.3.2.2 Oxidation Processes 

There are different processes during which nitrogen monoxide (NO) is oxidized to 
nitrogen dioxide (N02). In most cases the N02, together with S02' is absorbed by 
substances such as ammonia or calcium hydroxide which react on an alkaline basis 
with nitrates and sulfates being formed, or else the N02 is separated in aqueous ab
sorption solutions. 

In all these processes the problem is how to achieve inexpensive oxidation of the 
NO to become N02' NO reacts sufficiently fast with oxygen to become N02 only in 
very high concentrations. For NO concentrations such as those occurring in flue 
gases, other oxidants are required - e.g., ozone (03) or chlorine dioxide are used 
[65]. Another possibility of making the NO more reactive so that it can, e.g., react 
with the residual oxygen of the flue gases, is by excitation with high energy radia
tion. Electron beams are used for this purpose. 



412 7 Emission Control Technologies 

-

Flue gas 

II 
II 
II 
II 

Activated coke 
moving bed 

Fresh coke 

Purified 
flue gas 

Furnace 

Air 

Enriched gas 

Natural gas 

Exhaust gas 

Fig. 7.32. Principle of the BergbauforschunglUhde process for simultaneous removal of 
S02INO. from furnace exhaust gases [64]; flue gas is generally used as desorption medium, 
part of which is discharged as gas laden with S02 

The so-called electron-beam process is a dry simultaneous process for the re
moval of S02 and NO, from flue gases [69] whereby the flue gas stream is continu
ously exposed to intense electron beam radiation. During this, flue gas components 
such as HP, 02 and others are split into the radicals OH·, 0 ·, H02· and N· . In this 
way the compounds S02 and NO are first oxidized to SO) and N02, and finally with 
the water vapor of the flue gases to sulfuric acid and nitric acid. Subsequently the 
acids are neutralized by adding NH), whereby the final crystalline products ammo
nium sulfate and ammonium nitrate are formed. The end products are collected on 
filters and can be used as fertilizer. Flue gas temperature for optimum NO) reduction 
and desulfurization is between 70 and 120°C in this process. In test and pilot plants 
NO, and S02 collection efficiencies of over 70 % were measured. The present trial 
period in a German power plant will show whether this technical process will be 
used on a large-scale basis in the future [69]. 
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7.3.3 Catalytic Converter Technology for the Reduction of Nitrogen Oxides 
and Other Components in Automotive Exhaust Gases 

Apart from the products of incomplete combustion - CO, hydrocarbons and soot -
nitrogen oxides, constitute a main problem in automotive exhaust gases. Basically, 
diesel-powered engines come off more favorably in this respect than gasoline
powered engines as they are operated with a high excess air and thus lead to fewer 
NO, emissions [70-72]. Technical modifications to the engine have been able to 
lower NO, emissions in diesel passenger cars to such an extent that so far no further 
exhaust gas purification measures have been necessary to keep the threshold values 
pertaining to NO,. The soot problem of the diesel engine will not be dealt with in 
detail here. To solve this problem not only the engine is being worked on but also the 
development of exhaust gas purification systems (e.g., soot filters), particularly in 
truck engines [73]. 

In the gasoline-powered engine technical modifications to the engine alone are 
generally not enough. Therefore, the three-way catalytic converter is nowadays being 
used as a "secondary measure". The term "three-way" implies that the three pollut
ants CO, HC (hydrocarbons) and NO, are transformed. 

Construction of A Three- Way Catalytic Converter 

Catalytic converters consist of honeycomb-shaped ceramic or metal monoliths 
coated with the active substance, primarily with the noble metals platinum and rho
dium [74-77]. An intermediate layer, the so-called wash-coat, is the carrier of these 
metals and it consists of aluminum oxide (AlP3) applied to the walls of the ceramic 
body or metal carrier. The wash-coat has a high specific surface and thus increases 
the effective surface many times over. 

Oxidation reactions preferably take place on the platinum, whereas rhodium as
sists reduction of oxides of nitrogen. The optimal platinum-rhodium ratio is approx. 
5: 1 [75, 76]. As the raw material rhodium is considerably more expensive than plati
num, efforts are being made to raise the PtlRh ratio or to find replacement substances 
for rhodium. 

The catalyzer bodies are embedded in a high-grade steel housings which are in
stalled in the exhaust path of the motor vehicle before the mufflers. Fig. 7.33 shows a 
diagram of the design of a catalytic converter for motor vehicles. When designing 
such a converter the following problems must be taken into consideration, [75-78]: 
- the ceramic catalyzer must not be exposed to too much vibration to prevent it 

from breaking, 
- the hazard of overheating on the one hand and fast starting during cold starts on 

the other must be taken into consideration - the optimal temperature range is 
between 300 and 850°C [78], 

- resistance to fast changes in temperature; 
- resistance to corrosion, 
- lead, but also other fuel and oil additives can have a disactivating effect due to 

chemical reactions and deposits. 
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Stainless steel housing 

Fig. 7.33. Set-up of a motor vehicle catalytic converter [78] 

Reactions in the catalyzer 

In contrast to catalyzer technology in large-scale furnaces there is no one particular 
reductant used for the transformation of nitrogen oxides in automotive catalytic con
verters. This task is carried out by the residual CO and residual hydrocarbons present 
in the exhaust gases. The following gross reactions occur in the three-way catalyzer 
[78]: 

Hydrocarbon transformation: 

CnHm+ (n+m/4)02-+nC02+m/2 H20 

CHm+2H20-+C02+ (2+m/2)H2 

Carbon monoxide transformation: 

CO + 1/2 O2 -+C02 

CO + H20-+C02 + H2 

Reduction of nitrogen oxides: 

NO+CO-+1 /2 N2 +C02 

2(n+m/4 )NO+CnHm-+ (n+m/4 )N2 +m/2 H20+nC02 

NO+H2-+1 /2N2+H20 

(7.35 ) 

(7.36) 

(7.37 ) 

(7.38) 

(7.39) 

(7.40) 

(7.41 ) 
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Undesirable side-reactions: 

S02 + 1/2 O2 -+S03 with excess air 

S02 + 3H2 -+ H2S + H20 with lack of air 

NO+5/2 H2-+NH3+H20 

2NH3+5/202-+2NO+3H20 

NH3+CH4 -+HCN+3H2 

H2 + 1/2 02-+H20. 

(7.42 ) 

(7.43 ) 

(7.44) 

(7.45 ) 

(7.46 ) 

(7.47 ) 

Fig. 7.34 depicts the hydrocarbon, CO and NOx concentrations before and after a 
catalytic converter depending on the air ratio. 

With air ratios A<1 (rich mixture) the residual oxygen in the exhaust gases is not 
sufficient to completely oxidize the CO and hydrocarbons. The reason for the hydro
carbons decreasing more in this range than CO is that the hydrocarbons are more 
easily oxidized than CO, and that a partial oxidation of these substances with the 
residual oxygen takes place before the CO oxidation does [74]. 

However, as a result of the partial oxidation in the catalyzer in this rich range 
new substances can form which are conspicuous for their odour intensity [e.g., H2S, 
s. equation (7.43)] or their irritating effect (e.g., aldehydes). On the other hand, the 
NOx present is reduced almost completely in this rich range, as CO and hydrocarbons 
are abundantly available. 

During air excess operation (lean mixture A>I) emissions of CO and hydrocar
bons are low, as these substances are post-oxidized by the residual oxygen of the 
exhaust gases in the catalyzer. Emissions of nitrogen oxides, however, are not low
ered in this oxidizing atmosphere as there is no reductant (CO or hydrocarbons) 
available. 

If the mixture is stoichiometrical (A=l) all emission components are at a mini
mum. To which extent these substances can be decreased depend, on the one hand, 
on the properties and the condition of the catalytic converter used but, on the other 
hand, mainly on how precisely the stoichiometric mixture can be adjusted in all of 
the vehicle's modes of operation. To adjust the exact stoichiometric mixture injec
tions with lambda (A) control are used [79]. In some cases controlled carburetor 
systems also exist. In both cases continuous measurement of the air-fuel ratio is car
ried out by a lambda sensor. 

In motor vehicles having catalytic converters with lambda control, emissions of 
nitrogen oxides are appreciably reduced, as also emissions of the different, in part 
not limited exhaust gas components such as aldehydes, phenols, alkanes, alkenes, 
aromatic compounds such as benzene and toluene, polycyclic aromatic hydrocar
bons, cyanides a.s.o. [80]. 

It is obvious that pollutant reduction cannot show such satisf~ctory results in 
catalyzer vehicles without lambda control as conditions with the above emission 
ratios frequently occur in the fuel-rich lack-of-air range as well as in the excess-of
air range (Fig. 7.34). The efficiency of emission reduction in motor vehicles without 
lambda control depends on the individual case, namely on how well a stoichiometric 
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mixture can be made available by the fuel treatment system (generally the carbure
tor). 
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7.4 Flue Gas Desulfurization 

Processes for the desulfurization of flue gases of furnaces can be categorized as fol
lows: 

a 

b 

c 

Flue-gas , 
Adsorber 

Adsorber 
Desorber 

Desorber 

Flue-gas 

1 

Claus-plant 
Claus-plant 

~t--- Lime 

Filler Scrubber 

Flue-gas , 
Lime or limestone 

;r--i----r---

Scrubber Concentrator 

Deposilion 

Dehydrating 
UCIIYUI allll~ 

Sulfur 
Sulfur 

Fig. 7.35. Flue gas desulfurization systems - diagrams of the most frequently used methods. 
8 . dry adsorption process; b. dry additive or spray absorption process; c. lime scrubbing 
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1. Dry processes: dry absorption processes, 
absorption-desorption processes. 

2. Semi-dry processes: spraying scrubbers, 
other scrubbers. 

3. Wet processes: lime scrubbers. 

The most frequently used flue gas desulfurization systems are depicted in a diagram 
in Fig. 7.35. 

In dry flue gas desulJurization S02 and SOl sorption takes place purely physically 
(adsorption) on fixed sorption agents or through absorption and reaction processes 
(chemisorption). In dry adsorption processes one frequently works with continuous 
moving-bed operation whereby the adsorption agent is conducted to meet the gas to 
be desulfurized. Subsequently the agent is reactivated in the regenerator and is fed 
back into the adsorption process. In dry absorption processes the absorption agent is 
blown into the flue gas in pulverized form. 

In semi-dry processes an alkaline or alkaline-earth suspension is brought into 
contact with the flue gas for the removal of S02' A dry reaction product is formed in 
the hot flue gases which is subsequently collected in particle precipitators. 

Wet flue gas desulfurization is mainly carried out in scrubbers. The principle is 
that alkaline or alkaline-earth absorption agents (solutions or suspensions) are dis
persed in the gas to be desulfurized or are brought into homogenous contact with it, 
so that the oxides of sulfur are washed out by absorption. Gas scrubbing with simple 
water would basically also be possible, but the tendency of the gases to be removed 
to solve in water is poor. 

Much research has been done in the field of flue gas desulfurization. There are 
numerous processes applying these different principles. They are frequently based on 
the materials available for use and differ only minimally from each other. An over
view of the most important, currently used flue gas desulfurization processes is given 
in Table 7.3. Some processes are designed only for large-scale firing plants (>100 
MW Feuerungswiirmeleistung thermal capacity), others for small to medium-sized 
plants «50-100 MW). 

7.4.1 Dry Flue Gas Desulfurization 

One possibility of dry desulfurization of flue gases is with solid sorbents by physical 
adsorption. The charcoke process for the combined removal of S02 and NO. works 
on this principle. Another possibility, mainly for small to medium-sized plants 
«50-100 MWm), is the chemical absorption of the S02 by dry, reactive additives. 
Adding dry, pulverized additives on a calcium or magnesium basis for the emission 
reduction of acidic gas components (S02' but also, e.g., Hel and HF) has been 
known for a long time [81, 82] and is in the meantime common practice in numerous 
furnaces. Additives can be added at different points of the firing or in different points 
in the flue gas path. Fig. 7.36 gives an overview of this. Processes where the additive 
is dosed in between boiler and filter are the most common, as in this way the fewest 
changes to the existing plant components such as combustion chamber and boiler 
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construction are necessary [83]. There are also units which are positioned at the rear 
end, i.e., between the particle collector and the stack [8]. Additional particle filters 
are required for this. 

In brown coal and fluidized-bed furnaces good results have been obtained with 
additive dosing in the fuel [85, 86]. For mineral coal Chughtai and Michelfelder 
suggest dosing in the additives with the combustion air of the burners [87]. 

Binding S02 and also other acidically reacting gases such as HCI and HF depends 
on several factors. One very important parameter is the temperature. Fig. 7.37 shows 
the degree of S02 absorption of different dry additives in relation to temperature. As 
can be seen, the effectiveness of the additives declines strongly both at low and at 
high temperatures, with magnesium compounds exhibiting smaller degrees of ab
sorption and narrower temperature ranges than additives on a calcium basis. 

When temperatures are too low there is not sufficient activation energy to initiate 
the absorption reactions, if temperatures are too high the reaction equilibrium is on 
the gas side [87], and surfaces of the additive particles sinter at high temperatures, so 
that there is no effective surface left available for S02 absorption. It is evident from 
the curves that MgO is hardly effective by itself. As the compound MgSOj is not 
formed the presence of a catalyzer to oxidize the S02 to SOl is necessary. Adding 
2 % of Fepj as catalyst distinctly improves the effect of the MgO. 

With raw limestone (CaCO), whose temperature behavior is not indicated in 
Fig. 7.37, the reaction with S02 starts only at temperatures in excess of approx. 
600°C, with raw dolomite (CaCOj) in excess of approx. 500°C [89]. 

Apart from the temperature, the effectiveness of S02 absorption with dry addi
tives depends on several other factors, e.g., on the residence time, on the mixing of 
the additives with the flue gas, on the particle size and on the pore structure. Pore 
structure which plays an important role, is, among other factors, influenced by the 
combustion process of the limestone [83]. Weisweiler et al. [89] have carried out 
fundamental research on S02 absorption by optimizing the pore structure. Modified 
sorbent types can be produced by impregnation with reagents, calcination, hydration 
as well as by pelletizing. They can differ considerably in their S02 sorption ability 
depending on the reaction temperature and reaction time. The reaction sequences 
occurring during the calcination, hydration and sulfating (S02 absorption) of, e.g., 
dolomite (CaCOj·MgCOj) are shown in Fig. 7.38. Hydration generally increases the 
specific surface which improves the S02 absorption pertaining to burnt limestone or 
dolomite. The CaO part is hydratized more than the MgO and thus contributes more 
to the S02 absorption. The type of hydration strongly influences the sorption ability 
[89]. 

The different dependencies of S02 absorption explain why, depending on the re
quired application or dose inlet location (according to Fig. 7.36), an optimized addi
tive must be used. 

By additionally contaminating the hydrated lime particles with moisture, a wet 
particle surface favorable to S02 sorption can be created. In moist surroundings S02 
solubility increases exponentially with sinking temperatures. This being the case, it is 
sensible to cool down the flue gases as much as possible - something which can also 
be achieved by adding water. When employing this process the additive cannot sim
ply be blown into the existing flue gas channels. Additive preparation, conditioning 
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(1 ) (2) (3) (4) (5) 

Sorbent 
Process Sorbents 

addition 

(1 ) Direct desulfurization by addition to fuel Ca(OH)2 . (CaC03) 

(2) Direct desulfurization by addition to combustion air Ca(OH)2 . (CaC03) 

(3) High temperature process, non regenerative Ca(OH)2 . (CaC03) 

(4) Low temperature process, non regenerative Ca(OH)2 

(5) Low temperature process, regenerative Activated charcoal 

Fig. 7.36. Overview of sorbent dosing possibilities in furnaces [83] 
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Fig. 7.37. Temperature dependence ofS02 absorption in different dry additives [88] 
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r- ---., 
I Ca(OH)2 . MgO I L... _____ ...J 

r-- ------, 
I CaS04 + MgS04 I L _______ ..J 

Calcination 

Hydratization 

Sulfatization 

Fig. 7.38. Reaction sequences of calcination, hydratization and sulfatization of dolomite [89] 

the flue gas, reaction and disposal of the used additive require a separate equipment 
[84]. 

To achieve sufficiently high degrees of desulfurization, additives must be added 
in hyperstoichiometric quantities in all dry additive processes [83-86]. 

Residues 

Dry additive processes produce no waste water. Usability of the dry residual prod
ucts depends on their chemical make-up and on the pre-separation of the airborne 
dust [84, 90]. The possibilities of recovery or disposal of the residues of dry additive 
desulfurization is shown in Fig. 7.39. 

7.4.2 Semi-Dry Processes - Spray Absorption Technique 

The semi-dry processes were developed based on the knowledge that S02 absorption 
on limestone particles can be improved by making them moist. In these processes the 
absorption agent - generally a lime or sodium carbonate suspension.or caustic lye of 
soda - is sprayed into the hot flue gas in a superfine dispersion. Depending on the 
manufacturer of the process, the spray mist is either produced by spraying nozzles 
[91-93] or with the help of a spinning-disk atomizer [94]. When the spray mist con
tacts the flue gas the water of the absorbent vaporizes, and the S02 reacts with the 
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Flue-gas desulfurization .. 
Residual products 

Ca(OH)2 : 25 - 30 % 
CaS04 :20-30% 
CaS03 . Y2 H20 : 0-15% 
CaCI2 2-4 % Deposition 
CaC03 :30-40% 
Ashes 3-5 % -Mono 
Heavy metals - Rubble 

Lower than limits 

f + 
Building material Landscape, Deposition construction, 

industry Recultivation Deposition operation 

- S02-Carrier in the - Fixation material for - Sealing and fixation 
cement production the filling of gravel- of ground of 

- Ume-sandstone pits, quarries and in depositions 

production mining industry 
- Sealing and fixation 

of contaminated 
sludges 

Recycling processes 

- Desalting, dehydrating, drying 

- Reuse in building industry in wet 
desulfurization plants for limestone 
reagent preparation 

Fig. 7.39. Utilization or disposal of residual products of dry flue gas desulfurization [84] 

absorption agent. The reactions taking place during this are shown in a diagram in 
Fig. 7.40 for the limestone process. The vaporization process is sustained until the 
ensuing reaction products take on the form of dry powder. This can then be removed 
from the flue gas with a standard dust collector (electrostatic precipitator or, when 
requirements are exacting, a fabric filter). 

Fig. 7.41 shows the diagrammatic representation of flue gas desulfurization ac
cording to the spray absorption process. 

The main advantage of the spray absorption process is that the water required 
vaporizes and that there is no waste water. Generally, the flue gases also do not need 
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Fig. 7.40. Possible mechanism of SOl absorption in the spray absorption process 
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Fig. 7.41. Diagram ofa spray absorption process for flue gas desulfurization [92] 
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to be reheated again. Compared to the dry additive process somewhat higher degrees 
of S02 absorption with a smaller excess of sorbent are achieved; expenditure for 
equipment, however, is higher. 

Dosing of the sorbent must be precise and is generally adapted to the load of the 
furnace. When dosing is too high there is the danger of scaling, when it is too low the 
degree of S02 removal drops. 

The final product not only consists of gypsum (CaS04·2HzO) but also has a rela
tively high calcium sulfite (CaS04·1I2 HzO) and calcium oxide (CaO) content. There
fore thermic aftertreatment is sometimes carried out to raise the gypsum content [92]. 
Products with a higher gypsum content can be used better in the building material 
and concrete industry. Otherwise the residues have the same possibilities for use as 
in dry additive processes, s. Fig. 7.39. 

7.4.3 Wet Desulfurization Processes 

Wet absorption processes can be divided into processes with: 
- alkaline sorbents, 
- alkaline-earth sorbents, 
- other sorbents. 

The water solubility of alkaline sorbents is considerably greater than that of alkaline
earth ones; the same is also true of the reaction products after chemisorption of SOl" 
Correspondingly, the sorbate of a process with an alkaline sorbent is, as a rule, a 
homogenous solution, whereas the sorbate of a process with an alkaline-earth sorbent 
is a suspension. 

In the group of processes involving other absorption agents the scrubbing liquid 
is essentially an acid in an aqueous solution. The common factor for all these proc
esses is the use of gas-liquid contact equipment. These devices have the ability to 
create a large boundary surface and to promote the mass transfer of the S02 to the 
liquid phase. 

7.4.3.1 Lime Scrubbing Processes 

The development of lime scrubbing processes to remove sulfur dioxide from power 
plant flue gases started, in particular in the USA, with trying to carry out desulfuri
zation and wet particle removal in one procedural step. In this way, the Venturi 
scrubbers in the wet systems were primarily used for flue gas desulfurization proc
esses. This combination of particle removal and desulfurization resulted in many 
cases in reactions between the dust from the coal firing and the lime or limestone, 
and thus led to heavy scaling and plugging in scrubbers, pipes and pumps [95]. Thus, 
common practice was to connect the traditional electrostatic precipitator before the 
flue gas desulfurization. This process separation "dedusting-desulfurization", is now 
general practice. Only with this process can a sufficiently pure final product (mostly 
gypsum) be achieved. 
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Spray tower absorber 

In addition, Venturi scrubbers were not generally accepted because of their high 
pressure loss (high energy consumption). In the meantime, different scrubber types 
have been developed, e.g., scrubbing towers with an integrated Venturi spray module 
or other components [96, 97]. Spray towers with uncomplicated components to 
minimize scaling and obstructions have proved to be the best solution [98, 99], s. 
Fig. 7.42. 

Such spray towers of newer construction do not contain any other packs apart 
from a few spacious spraying levels and the horizontally installed droplet precipita
tors. This has made it possible to minimize the pressure loss. The spray tower's 
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Fig. 7.42. Spray tower for wet flue gas desulfurization [98] 
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smooth walls prevent some areas from being poorly sprayed or not at all. This keeps 
the formation of scaling at a minimum. Spray tower lay-out can be divided into three 
sections: 
- the scrubber sump, 
- the gas/liquid contact zone and 
- the pure gas zone. 

The scrubber sump is where the scrubbing suspension is collected, stirred, vented 
and replenished with fresh sorbent. The volume of the scrubber sump is determined 
mainly by the dissolving velocity of the sorbent as well as by the amount of S02 to 
be removed. 

In the middle zone of the scrubber, the gaslliquid contact zone, the flue gases are 
brought into contact with the scrubbing suspension in a counterflow and are thus 
washed. The scrubbing liquid is evenly dispersed over several spraying levels. Thus 
a homogenously mixed gaslliquid space is created where the mass transfer from flue 
gas to scrubbing liquid takes place. 

In the upper area of the scrubber, the pure gas zone, the flue gases are conducted 
through a droplet separator and are freed from the fine droplets of fluid which have 
been carried along. For cleaning, the droplet separator is rinsed sector by sector with 
water from top to bottom in a certain cycle [98]. 

Chemical reactions during desulJurization with lime or limestone [95-99] 

The first flue gas desulfurization equipment in the FRG was based on the use of 
burnt (caustic) (CaO) or hydrated (Ca(OH) 2) lime as highly alkaline sorbent. In this 
way, it was hoped to accelerate the purely physical solution of the S02 in water by 
the chemical reaction. Calcium sulfite is primarily formed in the alkaline to slightly 
acidic medium, which is difficult to dehydrate. The waste sludge was disposed of in 
landfills in the USA, where large dumping areas are available. In the FRG only the 
first flue gas desulfurization equipment in a power plant produced this type of sulfite 
sludge. All other plants produced gypsum [95]. For this, the calcium sulfite must be 
postoxidized to calcium sulfate. This postoxidation takes place in separate containers 
by blowing in air. The oxidation reaction proceeds via hydrogen sulfite which 
achieves its maximum at pH values of around 4, s. Fig. 3.22. 

In the oxidation containers the pH value of the sulfite suspension is set at values 
of between 4-4.5 by adding sulfuric acid. 

The main reactions of the lime scrubbing process are as follows (gross): 

(7.48) 

pH 4-4.5 
CaS03 . 1/2H2 0 + 1/202 + 3/2H2 0 --+ CaS04 . 2H2 0 . (7.49) 

In the meantime it has been established that effective S02 sorption is also possible 
with pH values between 5 and 6, i.e., in a slightly acidic medium. At these values 
ground limestone (CaC03) can be used instead of the burnt lime (CaO). With CO2 
separation occurring in the aqueous, acidic phase and not, as is the case with lime 
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burning, by applying energy at high temperatures. Accordingly, natural limestone 
(CaC03) is far more inexpensive than burnt lime (CaO). 

Limestone solubility in a slightly acidic medium is, however, poorer than that of 
lime and, in addition, further deteriorates with increasing chloride content. This 
poorer solubility of the limestone is compensated for by very fine pulverizing and 
longer residence time which is achieved by enlarging the scrubber sump. 

Fig. 7.43 shows the influence of the pH value on the rate of oxidation. As can be 
seen, operating with a slightly acidic medium has the additional advantage that the 
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oxidation can take place in the same medium and in the same container (scrubber 
sump) without additional acidification with sulfuric acid. 

In limestone scrubbers the pH value of the S02 scrubbing cycle is between 5.5 
and 6.0 at stoichiometric operation, s. Fig. 7.44, which means it is just above the 
value of <4.5 which is the optimum for oxidation. As, on the other hand, the scrub
ber sump of the limestone scrubber is much larger than those in lime scrubbers, the 
slightly poorer rate of oxidation is overcompensated by the longer residence time. 

There are also two-stage scrubbers where, in the lower section, the pH value is 
kept low by an S02 excess which promotes oxidation. The upper zone (pure gas 
zone), on the other hand, is operated with limestone excess so that the total molar 
ratio limestone to S02 almost equals 1. Scrubbers of this type are of advantage when 
operating conditions change and S02 concentrations fluctuate [97]. 

The main reactions occurring in a spray scrubber (Fig. 7.42) operating with a 
limestone suspension are as follows [98]: 

Contact zone 

In the contact zone the S02 of the flue gas passes into the scrubbing liquid by physi
cal solution and, in a pH operating range of 5.5-6.0, occurs mainly as hydrogen sul
fite (sodium hydrogensulfite) (s. Fig. 3.22): 

(7.50) 

A part of the hydrogen sulfite ions reacts with hydrocarbonate ions to become 
sulfite, and CO2 is formed: 

HC03 +HS03 --+SO~- +H20+C02 

SO~- +Ca2+ --+CaS03 (dissolved). 

(7.51) 

(7.52) 

The calcium sulfite ions thus formed remain almost exclusively solved or, if 
crystals are formed, go back to a solved state in the scrubber sump by venting. 

Scrubber sump 

In the scrubber sump calcium carbonate (limestone) is solved in the slightly acidic 
medium and forms hydrocarbonate and calcium ions; precondition for this is very 
fine grinding: 

CaC03 (solid) + Hp ~ CaC03 (dissolved) + Hp 
H30+ +CaC03 (dissolved) --+HC03 +Ca2 + +H20. 

(7.53) 

(7.54) 

The hydrogen carbonate ions which were not consumed in the contact zone 
by/with?? hydrogen sulfite ions break down in the scrubber sump to OH ions and 
CO2 which remains temporarily solved: , 

HC03 --+OH- +C02 (dissolved). (7.55) 
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Oxygen of the gaseous phase is solved in the scrubber sump by venting: 

02 (gas) + H20--+ 20 (dissolved) + Hp. (7.56) 

The hydrogen sulfite ions of the contact zone react predominantly in the scrubber 
sump with solved oxygen to become sulfate: 

HS03' +0 (dissolved) +H20--+S0~- +H30+ 

H30+ +OH- --+2H20 

SO~ - + Ca 2+ --+CaSO 4 (dissolved) 

CaS04 + 2H20--+CaS04 . 2H20 . 

(7.57) 

(7.58) 

(7.59) 

(7.60) 

Apart from supplying the oxygen, sump venting contributes to CO2 removal from 
the solution and thus raises the solving velocity of the limestone. This is important, 
as chloride ions separated from the flue gas counteract limestone solubility. The 
existing, easily soluble chloride ions are finally washed out of the gypsum and must 
be removed from the system with the waste water. 

The sulfite ions which were formed in the contact zone are also transformed into 
hydrogen sulfite and oxidize to become sulfate: 

(7.61) 

In a steady-state balance just as much sulfite is oxidized per unit of time in the 
scrubber sump as in desulfurization. Thus, despite constant deposits of new sulfite 
ions, the composition of the suspension in the scrubber sump remains the same due 
to the simultaneous and equally constant degree of oxidation in the sump. 

The occurring reactions can be represented by the following gross equation: 

S02 (gas) + CaCO) (solid) + Y2 02 (from air) + 2Hp 

--+CaS04 • 2H20+C02 · (7.62) 

Apart from the mentioned co-reactants the suspension also contains other sub
stances such as Cl-, Mg2+, clayish components, iron and traces of other heavy metals 
which enter the system either by way of the flue gas or the sorbent. 

Process diagram 

Fig. 7.45 shows the diagram of a modern limestone flue gas desulfurization prlant 
with integrated oxidation. Plants working on this principle are in operation in new 
German power plants [98,99]. 

The raw gas cooled down by the gas/gas regenerative heat exchanger flows 
through the spray tower absorber in a counterflow. To avoid moisture oversaturation 
in the stack the pure gas is reheated in the heat exchanger to approx. 90°C. The 
degrees of efficiency of the scrubber amount to 92-98 %, so that the 400 mg SO/m) 
prescribed in the Ordinance for Large-Scale Furnaces and other more restrictive 
requirements pertaining to the desulfurization of the total flue gas stream can gen
erally be observed without difficulty. 
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Water 

Heat exchanger 

Oxidation air 

\ 

Waste water 

Limestone Silo 

Run over container AI~!~ Gypsum 

Fig. 7.45. Diagram of a limestone flue gas desulfurization process with integrated oxidation 
[98,99] 

In the absorber the scrubbing liquid is conducted in a cycle. Finely ground lime
stone is taken from the silo and prepared with water (waste water) as a suspension 
which is fed continuously into the scrubber sump. On the other hand, gypsum sus
pension is removed from the scrubber. The separation of relatively large gypsum 
crystals for further thickening and processing is, e.g., carried out in a hydrocyclone 
[99]. Fine grains of gypsum which cannot be dehydrated so well are fed back into the 
absorber cycle as "seed crystals". 

The excess of waste water which is removed from the cycle must be specially 
treated due to its ion and metal content. 

Table 7.4 shows the concentrations of components of untreated waste water from 
flue gas desulfurization plants based on lime scrubbing in comparison to achievable 
residual concentrations after being treated in waste water purification plants. 

Minimum requirements pertaining to waste water quality in flue gas desulfuriza
tion plants are being worked out within the framework of the Water Resources Act 
[101]. The treatment of flue gas desulfurization (FOD) waste water can, e.g., be 
carried out by way of chemical conditioning, separation, recirculation, ester inter
change, evaporation crystallization and recovery of useful material [199]. In this way 
waste water volume can be considerably reduced, and in some processes even com-
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Table 7.4. Ranges of concentrations of effiuent compounds in 
flue gas desulfurization plants (FDP) [100] 

FDP effiuent 
untreated 

Concentrations in mg/l 

CORa 0.05 ... 1 b 

Chloride 5 ... 200b 5 ... 200b 
Sulfate 0.8 ... 5b 
Fluoride 10 
Iron 10 
Cadmium nd 
Mercury nd 
Lead 0.1 3.0 
Chrome nd 
Copper 0.2 2 
Nickel 0.2 4 
Zinc 2.0 4 

a chemical oxygen requirements 
b'103 

nd = non detectable 

... 150 
50 

0.2 
1.0 

2 

FDP effiuent 
treated 

<80 

0.8 ... 2b 
<30 
< 1 
< 0.05 
< 0.05 
< 0.1 
< 0.5 
< 0.5 
< 0.5 
< 1.0 

pletely prevented. E.g., the useable residual materials of vaporization can be re
moved and reused or be disposed of as minimized residues [102]. 

Applications of the final product gypsum 

Gypsum has manifold applications in the building materials industry. The volume of 
the German gypsum market amounts to 3-5 million tons per annum. Being a substi
tute for natural gypsum, FGD gypsum is in competition with it, a competition made 

Table 7.5. Gypsum specifications of the National Association of 
the Gypsum and Gypsum Wallboard Industry and values of a flue 
gas desulfurization gypsum (Acc. to [103], [104]) 

Compound 

Residual Moisture 
CaS04' 2H20 
CaS03 . 0.5H20 
MgO 
Na20 
cr 
pH 
Color, degree of whiteness 
Odor 

Requirement Values obtained 

Mass Proportion in % 

<10 
>95 
< 0.5 
< 0.1 
< 0.06 
< 0.01 

5 ... 9 
>80 

neutral 

7 ... 10 
98 ... 99 

0 ... 0.5 
<0.1 

0.01 
<0.01 



434 7 Emission Control Technologies 

keener by the depletion of existing deposits and the difficulties of developing new 
ones. For the gypsum used in the building material industry, there are certain stand
ards of quality required which can generally be easily fulfilled by FGD gypsum, as is 
to be seen in Table 7.5. 

Inert impurities have the same effect on FGD gypsum as on natural gypsum; re
ducing the degree of purity up to approx. 80 % by inert impurities can be advanta
geous. 

The differences in chemical composition and in trace element content between 
natural gypsum and FGD gypsum are irrelevant from a health point of view. Ana
lytical results permit the assessment that both the FGD gypsums examined as well as 
natural gypsums can be used in the production of building materials without fearing 
a health hazard [105]. 

7.4.3.2 Other Wet Flue Gas Desulfurization Processes 

For the desulfurization of large-scale furnaces lime scrubbing processes with the 
final product gypsum are offered by different producers and in various constructions 
[98, 99,106-113]. 

There are also other wet flue gas desulfurization processes differing in the mate
rials used and in their final products. 

E.g., in the Walther Process S02 is bound to ammonium sulfite (NH4) 2S04 with 
ammonia water. The ammonium sulfite is oxidized with air to become ammonium 
sulfate, (NH4)2S04' which can be used as fertilizer [114]. 

Regenerative flue gas desulJurization is, e.g., accomplished with the Wellman
Lord Process [115, 116]. The process uses a concentrated, circulating sodium sulfite 
solution as desulfurization medium which absorbs the S02 in a scrubbing tower from 
the flue gases while forming sodium acid sulfite. During the thermal regeneration of 
the circulatory solution the S02 is desorbed again and the sodium sulfite is recon
verted at the same time: 

Absorption 

Na2S03 + S02 + H20 , • 2Na HS03 . (7.63) 
Regeneration 

Finally, the S02 is on hand in a highly concentrated form and can, e.g., be con
verted in the Claus Process to elementary sulfur, sulfuric acid or to liquid S02' Side 
products are sodium sulfate and sodium thiosulfate pentahydrate [116]. 

The regenerative Wellman-Lord Process is particularly advantageous in the fol
lowing cases: 
- high S02 content in the flue gas and high degrees of desulfurization, 
- when use of gypsum as final product is not possible, 
- in power plants of chemical works where elementary sulfur, sulfuric acid or liq-

uid S02 can be directly reused for other purposes. E.g., the process is integrated 
in BASF power plants in this manner [117]. 
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The Citrate Process [118] is also desulfurization of the regenerative type. Sodium 
citrate which is fed to a scrubbber in dissolved form serves as absorbing agent. This 
saline solution absorbs the S02 of the flue gas, forming citric acid and sodium hy
drogensulfite in the process. In thermal regeneration elementary sulfur and sodium 
citrate are formed when H2S is added. 

Various other flue gas desulfurization processes are available, and used particu
larly in small and medium-sized furnaces. Table 7.3 and special literature offer fur
ther information on this subject; overviews are to be found in [106, 117, 119]. 

7.5 Diagram of the Flue Gas Purification Units of a Power 
Plant 

Fig. 7.46 shows the diagram of the lay-out of a modern coal power plant 
(750 MWel) with the flue gas purification units with SCR catalytic converter for the 
removal of nitrogen oxides, electrostatic particle precipitator and flue gas desulfuri
zation equipment [58, 120, 121]. 

After leaving the steam boiler the flue gases first reach the SCR catalytic con
verter. Subsequently, cooling takes place in the air preheater, then particle removal in 
the electrostatic precipitator. Further cooling of the flue gases is required for wet flue 
gas desulfurization (FGD). The purified flue gases are reheated by the heat released 
before being conducted to the stack. Wet flue gas desulfurization has an additional 
dedusting effect, so that the particle content of the flue gases is very low. 

It is obvious that plants for the treatment of 2.3 million m3 of flue gases per hour 
take on enormous dimensions. The volume streams and flue gas composition of this 
power plant are shown in Fig. 7.47. 

7.6 Present Situation of Flue Gas Purification in West 
German Power Plants 

Owing to the strict regulations governing air quality control in the FRG, particularly 
the Ordinance for Large-Scale Furnaces (s. also chap. 8) in effect since 1983, West 
German power plants have consistently been equipped with units for the removal of 
sulfur and nitrogen oxides from flue gases. Power plant furnaces had already been 
equipped with particle collectors even earlier. 

The development of S02 and NO. emissions resulting from these air quality con
trol measures and the corresponding emission reduction in public electric power 
industry are shown in Fig. 7.48 for the period from 1982 to 1990. In 1990 159 flue 
gas desulfurization plants at 72 locations were in operation, removing approx. 90 % 
of the sulfur dioxide contained in flue gases. Despite the growing electricity genera
tion from coal-fired power plants this program was able to reduce S02 emissions 
from a total of 1.55 million tons in 1982 to 0.18 million tons in 1989 [122]. 

The program for the reduction of nitrogen oxides in West German power plants 
was concluded at the end of 1991; 131 catalytic converter units have been taken into 
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Furnace ash 
4Vh 

Flue gas composition 

Coal 
240Vh 

Ammonia 
O.SVh 

+ 

Flue dust 
1SVh 

Carbon dioxide (C02) : 16 % = 310 g/m3 

Air 
2.3 mio. m3/h 
(dry) 

10S m3/h water 

+ 

9 Vh limestone 

Gypsum 
12Vh 

Oxygen (02) : 6 % 
Nitrogen oxides (NO+N02): 0.04 % = 6SO mg/m3 DENOX. 200 mg/m3 

Sulfur dioxide (S02) : 0.1 % = 2000 mg/m3 FGD .. ca. 200 mg/m3 

Nitrogen (N2) : 77.S % 
Particles : ca. 6.S g/m3 ~ ca. 10 mg/m3 

/ 
I , 1''--

Stack 

Fig. 7.47. Mass flows and flue gas composition of the 700 MW power plant block shown in 
Fig. 7.46 [120] 

operation to remove nitrogen oxides at 60 locations. In some of the power plants NO. 
emissions could be lowered by primary measures. Thus, NO. emissions of the public 
electric utilities were reduced from 0.74 million tons per annum in 1982 to 0.24 
million tons per annum in 1990. This is analogous to a reduction of 67.6 % (s. Fig. 
7.48). 

7.7 Removal of Organic Substances from Flue Gases 

Air quality measures aim at preventing emissions of organic compounds in the first 
place. Possibilities supporting this were touched upon in sect. 7.1. There are many 
cases, however, where measures at the source alone do not suffice and removal of 
organic substances from the flue gases becomes necessary. To this aim, the following 
sections will describe some fundamental processes [123]. 

7.7.1 Overview of the Processes 

An overview of the processes for the removal of organic substances from flue gases 
appears in Table 7.6 [124]. Which processes are best for the removal of certain com-
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SO,· Removal 
in % 

3.2% 10.3% 20.0% 25.8% 36.8% 75.5% 88.4% 88.4% 

Base 1982 

so,· 
Emissions 
in Miol 

1.55 ~?,vCJO 
1.24 1.15 

0.98 

1982 1983 1984 1985 1986 1987 1988 1989 1990' 

NO,·Removal 5.4% 12.2% 21 .6% 31 .1% 48.6% 67.6% 

in % nnnno 
8".1982 V V V V 
NO,· 0.74 0.75 0.75 070 

~m~:~", DOD D DO D Do 
1982 1983 1984 1985 1986 1987 1988 1989 1990' 

~ preliminary values 

Fig. 7.48. S02 and NOx reduction of the public electric power plants of the Federal Republic 
of Germany from 1982 to 1990 [122] 

ponents is described in detail in the comprehensive work of Baum [125] and in the 
VDI guideline 2280 [126]. 

7.7.2 Condensation 

In the condensation process vapors are cooled down below the dew point and are 
thus made to pass into the liquid state. The lower the temperature and the higher the 
vapor pressure, the lower the vapor concentration remains after its condensation. 
Because of this one tries, if possible, to condense under pressure to increase the puri
fying effect. Condensation can be classified into direct or indirect cooling. If, during 
cooling, temperatures reach dew point or fall below it, the condensate, e.g., in indi
rect cooling condenses on the cooling surfaces or falls in small droplets in counter
flow. The condensate is separated from the flue gas stream and collected. The flue 
gas returns into the cycle of the process or is removed partly or wholly and, if neces
sary, enters one of the purification processes described below. 

The condensation process is generally used only for pre-separating and recover
ing organic substances [125] . 
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Table 7.6. Process techniques for the precipitation, recovery or transformation of or
ganic pollutants from exhaust gases [124] 

Process 

Condensation 

Absorption - scrubbing 
physical 
chemical 
biological 

Adsorption 
physical 
chemical (chemisorption) 

Incineration/oxidation 
thermal 

catalytic 

Diaphragm Processes 

Examples of applications: 

Limitations, Resulting Problems 

Limited concentrations 

Regeneration, waste water 

Construction size, waste water 

Regeneration 

Energy consumption, exhaust gases: 
HCl, SOx, NOx 

exhaust gases, contamination of catalytic 
converters 

High energy consumption, limited concentrations 

- tri- or perchloroethylene in degreasing plants, 
- methylene chloride in foil industry, 
- carbon disulfide in the viscose industry. 

7.7.3 Absorption 

Absorption is the complete or selective molecular diffusion (sorption) of gases and 
vapors and their accumulation in scrubbing liquids, whereby gas solubility can be 
effected by physical (absorption) or chemical forces (chemisorption) which become 
active between gas and absorbing medium molecules [127, 128]. Furthermore, there 
is biological gas scrubbing; in which the absorbed substances are transformed by 
microorganisms. 

Physical absorption is generally reversible, i.e., organic substances can be re
trieved (by subsequent desorption). In chemisorption and biological scrubbing, how
ever, mostly irreversible substance transformations take place. 

The degree of efficiency of absorption plants basically depends on the type and 
concentration of the compounds to be removed and the individual process conditions 
such as temperature and pressure, residence time, the ratio of gas-liquid throughput, 
vapor pressure and solubility of the component to be removed. Different scrubber 
types are used as absorbers, whereby one aims at creating a boundary surface layer 
which is as large as possible (for scrubber types and producers of scrubbers s. [125, 
129]; a clear overview of processes and equipment appear in [130]). 
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7.7.3.1 Physical Absorption 

For absorption scrubbing liquids are used which chemically react only negligeably or 
not at all with the organic compounds, but which, however, attract the latter selec
tively and solve them physically. Maximum absorption capacity (loading) of the 
scrubbing liquid is expressed by Henry's law at low concentrations: 

(7.64) 

where 
cL is the concentration or the molar part of dissolved components in the scrubbing 

liquid in mol 1'1 
L is the specific solubility constant which drops with higher temperatures in mol 1'1 

bar'l and 

Pi is the partial pressure ofthe component i in the gaseous phase in bar. 

In German literature the Henry constant H=.!.. is commonly used. 
L 

Thus, the gas volume absorbed by a volume unit of the fluid at a given tempera
ture is proportional to the partial pressure of the gas component remaining in an 
undissolved state above the fluid. 

The substance flow m moving from gas to fluid depends on the difference be
tween the gas concentration cG and the concentration at the interface surface C * be
tween gas and fluid, the overall mass transfer coefficient jJ and the interface surface 
A: 

where 
m is the mass flow rate of gas into the liquid in gis, 
jJ is the overall mass transfer coefficient relative to the gaseous phase in mis, 
A is the boundary surface layer in m2, 

c~ is the concentration in the gaseous phase, e.g., in g/m3 and 
c is the equilibrium concentration between gas and fluid, e.g., in g/m3. 

(7.65) 

The two phases - gas to be purified and scrubbing liquid - are brought into contact 
with each other while in motion, generally counterflow motion. In this way, a con
centration gradient can be maintained as a driving force owing to the constant re
moval of loaded scrubbing liquid. 

Fig. 7.49 shows an example of a scrubbing plant in the frequently used shape of a 
scrubbing tower filled with packings. 

The waste air loaded with organic solvents is, e.g., conducted through the ab
sorber from the bottom to the top. At the top, the scrubbing liquid is sprayed and 
trickles towards the waste air while passing over the packing. The loaded scrubbing 
liquid collected at the bottom of the absorber is pumped off from there, heated and 
transported to the regenerator. There, the substances washed out are separated from 
the scrubbing liquid by distillation. The separation is carried out at a higher tempera
ture than during scrubbing. The dissolved solvents escape from the heated absorption 
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Fig. 7.49. Installation of physical absorption system with solvent recovery (acc. to [126 and 
131]) 

liquid in a vacuum, are condensed on the outside and are available again in pure 
form. The desorbed absorption liquid is cooled in the heat exchanger and fed back 
into the absorber [131]. 

Possibilities of application [125, 126, 129-131] 

Physical absorption can be used wherever high quality requirements are to be met by 
the recovered solvent, where complex and water-soluble solvent mixtures are used 
and whenever solvent loads are high. The process can be applied to almost all com
mercially available solvents such as aliphatic compounds, aromatic compounds, 
halogenated hydrocarbons, alcohols, ketones, esters, glycols a.s.o. [131]. 

According to [131] plants operating on the principle of physical absorption are 
characterized by the following advantages: 
- high operational safety, 
- small floor space requirements, 
- waste water-free operation in most cases, 
- minimized energy consumption. 
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7.7.3.2 Chemical Absorption 

In this process a chemical reaction outweighs physical absorption. The substances to 
be removed from the waste gas react with the scrubbing liquid to form nonvolatile or 
barely volatile compounds [128]. In this way, there is always a high concentration 
gradient between gas and scrubbing liquid and the mass transfer takes place very 
fast. In addition, the physical absorption is promoted by chemical forces. Thus, very 
low concentrations can be attained in the exhaust gas. The scrubbing liquid is con
sumed and in many cases cannot be regenerated further. 

Organic compounds reacting acidically are washed out with alkaline solutions, 
compounds with alkaline reactions are washed out with acidic solutions. However, 
mainly oxidational scrubbing processes (oxidizing gas scrubbing) are used for low
reactivity organic substances. The following oxidizing agents are used in scrubbers: 
ozone, hydrogen peroxide, potassium permanganate, chlorine, chlorine dioxide and 
hypochlorite. 

There are many different types of scrubbers [125, 129] which have the task of 
creating a large boundary surface layer just as in physical absorption. 

Possibilities of application 

Removal of odor-intensive waste air: 
- oxidation of amines, mercaptans, hydrogen sulfide, aldehydes, phenols a.o. with 

ozone or hypochlorite solution, 
- washing out of organic acids, phenols, mercaptans with caustic lye of soda or 

caustic potash lye, 
- washing out of pyridine and similar nitrogenous and alkaline organic substances 

with diluted sulfuric acid. 

The process is, e.g., used for the purification of waste gases from foundries, indus
trial coffee roasters, coating (in carpeting), urea production, formaldehyde produc
tion, driers (sewage sludge), animal carcass utilization a.s.o. [129]. 

The scrubbing water is mostly used in cycles; however, in most cases it is neces
sary to treat the scrubbing water removed from the process. 

7.7.3.3 Biological Waste Air Purification - Bioscrubbing and 
Biofiltration 

Biological waste air purification has been described in detail by Fischer et al. [132]. 
In bioscrubbing the raw gas is brought into contact with scrubbing water where the 
components of the waste air are absorbed. Regeneration of the scrubbing liquid is 
carried out by biological degredation with microorganisms as in the waste water 
technology of bio-aeration plants. The microorganisms used for the regeneration of 
the scrubbing liquid either attach themselves permanently on the scrubber packings 
as a bacterial film (biological filtering process) or they are suspended in the shape of 
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activated sludge in the absorbent [132]. The principles governing gas absorption as 
explained in sect. 7.7.3 also apply to the bioscrubber. 

In the biofilter the pollutant-laden waste air flows through biologically active 
material, is absorbed there and subsequently transformed by the microorganisms 
settled there. The biological material - e.g., compost - must be moist. To this extent 
this is one type of pollutant absorption in liquid films with subsequent biological 
transformation. Adsorption processes on solid substances can also playa role (this is 
a question of definition, s. sect. 7.7.4). The inorganic nutrients necessary for micro
organic life, such as nitrogen, phosphorus, potassium and trace elements are nor
mally to be found in the filter material in adequate amounts. 

According to [132, 133] the following preconditions must be fulfilled to be able 
to use biological waste air purification: 
- waste-air components must be water-soluble, 
- waste-air components must be biodegradable, 
- waste-air temperature should be between 5 and 60°C, 
- the waste air must be free of substances which are in any way toxic or otherwise 

harmful to the microorganisms, 
- the waste air must be moist (biofilter). 

If possible, oxidation should take place as completely as possible so that only CO2 

and Hp remain. Organic compounds containing, e.g., chlorine, bromine, nitrogen or 
sulfur can also be degraded. However, non-volatile substances are formed in the 
process and gradually accumulate [133]. 

The temperature range must remain limited as most microorganisms are not vi
able at high temperatures. If temperatures are too low, degradation becomes too 
slow. The optimum temperature range is between 10 and 40°C. 

Fig. 7.50 shows the layout of a bioscrubber with an activated-sludge tank where 
most of the degradation of the absorbed waste-air components takes place. Apart 
from the biological filter process and activated-sludge process there are also other 
biological methods for the regeneration of scrubbing liquids, e.g., a biocatalytic 
process [131]. 

The basic layout of a biofilter is shown in Fig. 7.51. Biofilters have a number of 
process variations [132, 133]: 
- surface filters with filter heights of between 0.5 and 1.5 m, 
- tower filters with filter heights of up to 6 m and mechanical circulation of the 

filter material, 
- portable container filters, 
- multi-layered biofilters to save floor space. 

Examples of application for biological waste air purification [132] 

- Foundry waste air from core-making departments with odor-intensive substances: 
phenols, formaldehyde, amines, ammonia etc., 

- waste air containing formaldehyde from the hardboard industry, 
- waste air from paint shops, plastics processing, adhesive production a.s.o., 
- waste air from various food processing plants, 
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odor-intensive waste air from animal carcass disposal plants, bone processing, 
dung drying, waste recovery plants (compost works), sewage treatment plants 
a.s.o .. 

Biological waste-air purification offers the following advantages [132, 133]: 
- in the most favorable cases the organic waste-air components are degraded to 

C02 andHp, 
it has no other adverse effects on the environment, as additional chemicals are 
unnecessary , 
capital costs and especially operating costs are low, 
biofilters are especially suited to filtering small amounts of organic substances 
out of large volumes of waste air. However, this requires relatively large building 
volumes as filter loads cannot be very high. 

7.7.4 Adsorption 

Adsorption is one of the most important processes for the removal of gaseous pollut
ants from exhaust gases, waste air or even ambient air, if pure air quality must meet 
special standards, e.g., in clean-room technology. The principles and technical proc
esses of adsorption from the gaseous phase have been described in detail by Kast 
[134] and in the VDI guideline 3674 [135]. This literature is recommended for more 
intensive study. An overview of the practical application of adsorption processes 
including information on plant manufacturers is given by Baum in [125]. 

Essentially, adsorption is the accumulation of gases on unsaturated-valence solid 
boundary layers. The larger the surface of a solid adsorption agent, the more efficient 
it is. The inner surface of the best known adsorption agent, charcoal, is 500 - 1500 
m2/g. In addition to the adsorption of condensable gases and vapors on porous sub
stances there is, from a certain surface pressure on, capillary condensation as the 
adhesive forces in the capillaries of the adsorbing agent effect the condensation. 
During capillary condensation heat is released, which means that it is an exothermic 
process. Finally, accumulation can be reinforced by chemisorption for which im
pregnated charcoal is used. 

Some terms will be clarified [135] before the adsorption process is treated in 
more detail: 
adsorbate 
adsorbent 

(also adsorbing agent) 
desorption 

desorbate 

substance to be adsorbed, 
solid substance on whose surface 
adsorption takes place, 

reverse adsorption process, 
endothermic/endothermal?? , 
substance removed during desorption. 

According to [136] the process of adsorption takes place in the following steps: 
1. substance transport through the boundary layer around the adsorbent grain in the 

flow, 
2. substance transport into the pores of the particle by gas diffusion, 
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3. adsorption (and condensation) with simultaneous heat release in the particle, 
4. adsorption heat transport in the particle, 
5. heat transport through the boundary layer to the surrounding gas. 

During desorption the steps are followed in reversed order. 
Apart from charcoal other adsorbing agents such as aluminum oxide, silica gel, 

and zeolitic and other molecular sieves are used [134, 135, 137]. 
For optimum adsorption the choice of a suitable adsorbing agent is decisive, but 

so are further parameters such as temperature, molecular weight, concentration and 
boiling point of the adsorbate, relative humidity and the presence of other attending 
substances capable of adsorption and leading to mixed and displacement adsorption 
[135, 137]. Dust and aerosols can cover up the active surfaces of the adsorbing 
agents and must therefore be separated beforehand. 

The most important aid for the characterization of the sorption equilibrium be
tween different gases and adsorbing agents are adsorption isotherms. The curves 
show the dependency of the loading of the adsorbing agent (adsorbent) over the 
partial pressure saturation vapor pressure ratio (proportional to the concentration of 
the gaseous pollutant to be removed) for a certain, constant temperature. Adsorption 
isotherms are generally determined by experiments, but they can also be calculated 
thermodynamically [134]. With the help of adsorption isotherms the best adsorbing 
agent can be chosen for the waste air problem at hand, s. Fig. 7.52. 
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Fig. 7.52. Adsorption isotherms of benzene on different adsorbents [125, 134]. mlmAd is char
ge of the adsorber: adsorbed mass related to the mass of the adsorber; pips relative saturation 
of the adsorbate: relation of the partial pressure of the substance to be removed to its saturation 
vapor pressure in the carrier gas (proportional to the concentration) 
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Curve types 1 and 3 are optimum for attaining low pure gas concentrations, as the 
load of the adsorbent initially increases very fast when concentrations are raised 
slightly. These processes are based on higher interaction forces between adsorbing 
agent and adsorbate than in curve 4. It is only at high concentrations that the adsorb
ing agent behaving according to curve 4 adsorbs appreciable amounts of benzene. 
Therefore low pure gas concentrations can hardly be achieved with this adsorbing 
agent with reasonable ad sorber sizes. While charcoal has the best adsorption proper
ties for organic substances, as for benzene here, curve profiles are reversed for other 
gases under certain circumstances. In low concentrations water vapor, e.g., is ad
sorbed much better by silica gel than by activated charcoal [125, 135]. In both cases, 
for benzene as well as for water, molecular sieves have excellent adsorptive proper
ties. 

Adsorption isotherms are set up for equilibrium conditions, i.e., the initial con
centration before the adsorbing agent corresponds to the exit concentration after the 
adsorbing agent. In practice, there will be no constant concentrations over an adsorb
ent bed in the flow, but the initial portion of the bed will be loaded with a high con
centration and will therefore adsorb a lot (higher load). In the further course of the 
bed the gas concentration decreases and along with it the loading. During the con
stant intake of the adsorbate there comes a point when the adsorbing agent is satu
rated, first of all at the initial portion of the bed. With continued supply this satura
tion continues on through the bed until finally the adsorbate can no longer be ad
sorbed, and a breakthrough has been reached. The determination of "breakthrough 
curves" is a helpful means for the practical interpretation of adsorbers [135]. The 
following example includes such breaktrough curves. 

The diagram in Fig. 7.53 shows the adsorptive process with recovery of solvent 
mixtures. 

First of all, the waste gas is sent through the adsorber (A) filled with activated 
charcoal. If there is a breakthrough after a certain period of time (s. breakthrough 
curves in Fig. 7.53) and a set threshold concentration is exceeded, which is, e.g., 
monitored by a flame ionization detector (FID), the waste gas is conducted through a 
second adsorber (B) and the first one is regenerated with water vapor as flushing 
medium (temperature 100-110 Qq. The desorbate vapors which consists of water 
vapor and solvent vapors and come from the activated charcoal are partially con
densed. Uncondensed water vapor expels the solvents from the hot condensate into 
the evaporation tank. The solvent vapors expelled are condensed together with the 
non-separated water vapor, upon which a low-water solvent phase and a low-solvent 
aqueous phase are formed. The latter flows back to the evaporation tank. Depending 
on its intended use, the solvent phase must, if necessary, be dehydrated further by 
distillation. The recovered volume of such a process is between 95 and 99 %. 

Fields of application 

The activated charcoal adsorption process is, e.g., used for the following applications 
in air quality control: 
- solvent recovery in the solvent-processing industry, e.g., after paint driers [137-

142], 
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removal and recovery of gasoline depot vapors [129, 138], 
removal and recovery of halogenated hydrocarbons in degreasing plants and dry 
cleaners [125, 143], 
purification of waste air containing odorous substances [125, 144] . 

Problems in solvent recovery can occur when waste air concentrations are very low. 
This is the case, e .g., in spraying booths for automotive painting. 
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To make solvent recovery nevertheless possible, a concentration boost unit pre
cedes the activated charcoal plant. To this end rotating adsorbers are used of late. For 
this, fiber-like activated charcoal is applied to fibrous papers which are combined to 
form element blocks. Fig. 7.54 shows a rotor plant for the reconcentration of solvents 
from spraying booth air. Adsorption takes place in one section of the rotor, which 
turns slowly, while desorption is carried out, e.g., with hot air, in another section of 
the rotor. The desorptive air stream is much smaller than the waste air stream, so that 
the solvents are present in concentrated form in the desorption air. For their recovery 
they are conducted to an activated charcoal plant as shown in Fig. 7.53. 

Owing to the moving rotor, adsorption/desorption takes place in a continuous 
process. To protect the activated charcoal of the rotor the waste air is pre-cleaned 
with a dust collector, and an activated charcoal filter is included to even out the con
centration. 
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7.7.5 Combustion 

7.7.5.1 Thermal Afterbuming 

If, for whatever reasons, other processes cannot be applied, then there is always 
combustion as a waste gas purification process. As most organic compounds 
(containing C, Hand 0) can be oxidized to CO2 and Hp at temperatures of between 
750 and 1000 0c. The problem generally is that large amounts of air must be freed 
from small amounts of pollutants, which means that the concentrations of the organic 
substances in the waste air are so low that they are far below the auto-ignition levels, 
meaning that they do not burn by themselves but only when energy is added. The 
degree of conversion and combustion are dependent on: 
- mixing of the reactants, 
- combustion temperature, 
- retention time at this temperature, 
- type of the compound to be oxidized. 
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Fig. 7.55. Example ofa thennal afterbuming plant with integrated heat exchanger [129, 148] 
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The temperatures and retention times required are chosen according to the type of 
compound to be burned (activation energy). Combustion-inhibiting substances such 
as halogenated hydrocarbons can require higher combustion temperatures. As the 
compounds are frequently complex the necessary temperatures and retention times 
cannot usually be calculated in advance but must be determined experimentally. 

Organic compounds containing, apart from C, Hand 0, other elements such as N, 
S, P, halogens or metals, emit undesirable reaction products when burned, e.g., halo
gen hydrogen, nitrogen oxides and sulfur oxides. Substances such as these can be 
formed additionally depending on the supplemental fuel used. 

As an example Fig. 7.55 shows function and constructional layout of a thermal 
afterburning plant with heat recovery. The waste gas is conducted through a regen
erative heat exchanger and then pre-heated indirectly by the hot pure gas. Then, 
oxidation of the organic components takes place in the combustion chamber at tem
peratures around 800°C. To avoid a further increase of the gas volumes the burner is 
operated with as little excess air as possible. The need for additional fuel (fuel oil, 
gas, waste solvents or waste oil) is reduced due to the combustible substances in the 
waste gas. 

If large amounts of additional fuel must be added one cannot do without further 
heat recovery for reasons of economy. For this, there are the following possibilities: 
- pre-heating of the combustion air, 
- heating up of the waste gases to be purified, 
- heating up of heat carriers. 

The principle of thermal afterburning and the requirements to be met have been 
described in detail by Baum [125] and in the VDI guideline 2242 [147]. Afterburners 
are available from several producers [125, 129]. 

7.7.5.2 Catalytic Afterburning 

Energy requirements for afterburning can be reduced when catalysts are used. Noble 
metals (Pt, Pd) on metallic carriers or metal oxides on oxidic ceramic carriers are 
used as catalysts. The principles and applications of catalytic afterburning have been 
described in more detail by Schmidt [159] and Baum [125]. Kick-off temperature of 
the catalysts is at 300-500 °C. The layout of catalytic afterburning plants basically 
does not differ much from thermal afterburners [149]. Before entering the catalytic 
converter the waste gas is pre-heated by mixing with hot flue gases or by heat ex
change. 

As an example Fig. 7.56 shows the layout of a plant for the catalytic afterburning 
of waste gases. 

In this case, the waste gas is pre-heated in a gas or oil furnace to the reaction 
temperature, then reaches the vertical uptake which houses the catalyst elements. 
There it is burned catalytically, flamelessly and completely. In this example, the 
purified waste air releases a part of its energy content in a subsequent heat exchanger 
to the still unpurified waste gas. The economy of this process depends mainly on the 
type of heat utilization (reentrainment into the process; other heat users). Under cer-
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Fig. 7.56. Example of a catalytic afterbuming plant (Lurgi, Frankurt, FRG) 

tain circumstances (at sufficiently high concentrations of organic compounds) and if 
implemented optimally the process can even be operated autothermally, i.e., without 
additional energy [124, 150, 151]. 

The advantage of catalytic as compared to thermal afterburning lies without a 
doubt in the lower operating cost, due to the lower temperature. The process cannot 
be run at all or only at higher costs for reactivation measures if catalyzer poisons 
such as halogen or metal compounds are present in the waste gases to be purified. 

7.7.6 Membrane Processes 

A relatively new process for waste air purification has been introduced by the use of 
membranes. Their effect is based on the ability of certain membrane materials to be 
selectively permeable to different gases or vapors. This causes a separating effect 
which, in the ideal case, strictly selects the components. 

The principles and possibilities of applications of the membrane process have 
been described in more detail in [152-155]. 

In gas separation by membrane (diagram s. Fig. 7.57) the waste air stream is con
ducted past the membrane where a partial stream branches off and flows through the 
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membrane. Those substances which can permeate the membrane faster accumulate 
beyond the membrane . For this membranes are used through which vaporous sol
vents can permeate considerably faster than air components. This partial waste air 
stream loaded with solvent is conducted to a condensation unit and stripped there. 
The solvent is collected in liquid form. Depending on the degree of seperation the 
partial waste air stream can then be mixed with the so far untreated partial waste air 
stream or can be refed into the membrane process (closed circuit). 

If the total waste air stream were conducted through the membrane, nothing 
would be gained, as no stripped waste air stream would remain; the condensation 
units would have to be designed for the entire waste air stream as before. So it is 
essential to find an optimum ratio between total waste air stream and the partial 
waste air stream conducted through the membrane. 

The remaining partial stream stripped of the permeated substance will have to 
undergo a secondary treatment (if the stripping was insufficient). This can be one of 
the processes described before. 

Fields of application 

Gas separation with membranes has already proved its efficiency in several fields 
[153]: 

bio-gasllandfill-gas recovery (separation of methane CH4 and carbon dioxide CO2 

for the recovering CH4), 

- natural gas processing (removal of carbon dioxide CO2, hydrogen sulfide H2S and 
water vapor HP), 

- economical use of special oil recovery processes, 
- hydrogen recovery and accumulation, 
- nitrogen and oxygen production by splitting air, 
- recovery of hazardous materials from gasoline depots, 
- recovery of solvents from foundry waste air. 
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Except for recovering gasoline vapors from gasoline depots plants in this field have 
not gotten beyond the stage of pilot plants. Basically, however, nothing stands in the 
way of a broader application in this field [153]. The membrane process is also being 
tested in biological waste air purification. Here the "membrane reactor" makes sol
vents with poor water-solubility or highly volatile solvents accessible to biological 
degradation [132, 133]. 

Additional investments and operating costs are the disadvantages of membrane 
processes. Depending on the quality of the membrane separating process of gas per
meation the stripped waste air stream must go through conventional purification 
processes. Whether the load placed on subsequent processes is lightened by the use 
of membrane technology remains to be tested in each case under real conditions. 
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8 Air Pollution Control Conventions, 
Laws and Regulations 

The structure of air pollution control regulations on the international level is shown 
in Fig. 8.1. 

International Conventions 

Individual Countries 
Regulations 

Fig. 8.1. Air pollution regulations within the international framework 

8.1 International Conventions 

As air pollutants do not refrain from crossing borders and as some effects of air pol
lution are of a global nature, e.g., the greenhouse effect of some gases or the deple
tion of the stratospheric ozone layer, it has been acknowledged the world over that 
international conventions are necessary to limit certain emissions. The first "Con
vention on Long-range Transboundary Air Pollution" was concluded in 1979 [1]. 
Further agreements followed, an overview of which is given in Table 8.1. The signa
tory states committed themselves to converting their assurances into national laws or 
regulations within a certain time frame. 

8.2 EU Directives 

The directives of the European Union are also meant to be a harmonization of the air 
pollution control regulations, at least in the European member states. In actual fact, 
important directive proposals have served to trigger off regulations in some EU 
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Table 8.1. Important international conventions for air pollution control 

No. Convention Location Year Ref. 

Convention on Long-range Trans- Geneva Nov. 13, 1979 [1] 
boundary Air Pollution 

2 Protocol on long-term financing of the Geneva Sept. 28, 1984 [2] 
cooperative program for monitoring and 
evaluation of the long-range transmission 
of air pollutants in Europe (EMEP) 

3 Convention for the Protection of the Vienna March 22, 1985 [3] 
Ozone Layer 

4 Protocol on substances that deplete the Montreal Sept. 16, 1987 [4] 
ozone layer 

5 Protocol on the reduction of sulfur emis- Helsinki July 8,1985 [5] 
sions or their transboundary fluxes by at 
least 30 percent 

6 Protocol concerning the control of emissi- Sofia Oct. 31,1988 [6] 
ons of nitrogen oxides or their transboun-
dary fluxes 

7 Protocol concerning the control of emissi- Geneva Nov. 19, 1991 [7] 
ons of volatile organic compounds (VOC) 
or their transboundary fluxes 

8 Convention on Climate Change Rio de Janeiro May 9, 1992 [8] 

member countries which did not have any laws concerning the issues in the first 
place. In the member states the EU directives passed must be converted into national 
laws or regulations within a certain period and, in individual cases, they may contain 
requirements more stringent than the original directive, or requirements applying 
specifically to the partner state concerned. Also existing national law may be adapted 
to EU directives. If the directives are not converted within the agreed time-frame, 
then they will themselves become valid as regulations in the country concerned. This 
saves the country the legislative procedure, but the corresponding implementation 
regulations have to be passed nonetheless. 

Table 8.2 lists some EU directives on emission restriction in industrial plants and 
on the introduction of air quality control standards. The regulations for vehicular 
emissions are not included in this table, they are treated separately in Chap. 8.4. 

8.3 National Laws and Regulations 

The following sections will give an overview of the laws and regulations of the two 
countries USA and Germany as examples of national air pollution and air quality 
control. 
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Table 8.2. Selection ofEU directives for air pollution control and air quality standards in the 
member states (without vehicle emissions) [9] 

Directive (75/716/EWG) on the of Nov. 24, 1975 Sulfur contents of fuel oils 
sulfur content of certain liquid fuels and of March 23, and diesel fuel 

1993 

Directive (801779IEWG) on stan- of July 15, 1980 
dards and guidelines of air quality for 
sulfur dioxide and suspended particu-
late matter 

Directive (82/501IEWG) on severe of Dec. 3, 1981 Regulations concerning 
accident hazards in certain industrial national legislations for 
processes ("Seveso" Directive) increasing the safety of cer-

tain industrial plants; 
amendment on Jan. 8, 1986 

Directive (82/884IEWG) on a stan- of Dec. 3, 1982 Setting of a standard for the 
dard for the lead concentration in the lead concentration in the air 
air (annual mean value) of2 Il 

glm3 

Directive (84/360IEWG) for con- of June 28, 1984 Introduction of a requirement 
trolling air pollution caused by indu- of official permission for 
strial plants ("Basic Directive Prin- erecting, operating and mo-
ciple on Air Pollution Control") difYing certain industrial 

plants: no harmful environ-
mental effects, state-of-the-
art preventive measures, 
compliance with air quality 
control standards 

Directive (85/203IEWG) on air quali- of March 7, 1985 For the protection of human 
ty standards for nitrogen dioxide health; short-term air quality 

standard of200 Ilglm3; gui-
de-lines for more stringent 
regulations in special reser-
ves: rules for measures and 
methods 

Directive (85/210IEWG) on the lead of March 20, 1985 
content of gasoline 

Directive (85/337IEWG) on the ofJune 27,1985 Obligation to pre-examine 
environmental impact assessment of pro-ject plans 
certain public and private project 
plans 

Directive (88/609IEWG) on emission of Nov. 24, 1988 Emission restriction of par-
restrictions in large-scale furnaces ticulate matter, S02, NOx 

Directive (89/369IEWG) on the of June 8, 1989 Emission regulations for 
prevention of air pollution emitted by arsenic, lead, cadmium, 
incinerators for residential waste chrome, ma1\ganese, nickel, 

mercury, HCl, HF, S02 and 
particulate matter 
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8.3.1 US Air Pollution Laws and Regulations 

In the United States the Clean Air Act of the year 1963 was the first modern envi
ronmentallaw enacted by the United States Congress. The Clean Air Act of 1970 
reviewed and amended by Congress in 1975, 1977 and 1990 formed the basis of the 
federal air pollution control program of the United States. Health-based national 
ambient air quality standards were the strategic basis of the Clean Air Act. The stan
dards were to be met through the application of control technologies to reduce emis
sions with the aim of improved air qUality. Public health protection was to be given 
priority over cost and technological capability [10]. Fig. 8.2 gives an overview of the 
structure and the contents of the Clean Air Act. Fig. 8.3 gives information on the 
implementation of the regulations. The US Environmental Protection Agency (EPA) 
is responsible for implementing the Clean Air Act and for carrying out the program. 
There are, for instance, nationwide regulations directly concerning widespread prod
ucts such as motor vehicles and gasoline or some major industries. US regulations 
limiting automobile emissions are described in Chap. 8.4. The EPA set up New 
Source Performance Standards (NSPS) that placed emissions limits on new industrial 
plants and on existing ones that were substantially modified. Other regulations con
tained in the State Implementation Plans (SIP's) are addressed to the executive 
authorities of the individual states. They are to observe them when, e.g., granting 
operating permits for industrial plants. SIP's are subject to EPA approval and if a 

I u.s. I 
Clean Air Act 

I 
I I I I I I 

Title I Title II Title III II Title IV nil 
Title V I Title VI 

Air Pollution National General Acid Deposition Permits Stratospheric 
Prevention Emission Control Ozone 
and Control Standards Act Protection 

I I 
Part A Part A 

Air Quality Motor Vehicle 
and Emission 

Emission Standards 
Limitations 

PartS 
PartS Aircraft 

(Replaced) Emission 
Standards 

PartC T 
Prevention of r PartC 

Significant Clean· Fuel 
Deterioration of Vehicles 

Air Quality 

PartD 
Plan Require-

ments for 
Nonattainment 

Areas 

Fig. 8.2. Structure and subjects of the US Clean Air Act 
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Clean Air Act 

with Amendments 
1970,1977, 1990 

I 
Implementation of the Clean Air Act 
Environmental Protection Agency 

(EPA) Regulations 

I 
I I I 

Direct Federal State Implemen- National Emission 

Regulationsfor tation Plan Standard for 

Nationwide 

I 
Hazardous Air 

Products e.g. Pollutants 

MotorVehicles, State Regulations I Gasoline, some I Major Industries I 
Operating Permits 

for 
Industrial Plants 

Fig. 8.3. Procedure for implementing the US Clean Air Act (from legislation to operating 
permits) 

plan is not acceptable, the EPA is required to provide an implementation plan which 
the state is then required to enforce [10]. 

The National Ambient Air Quality Standards (NAAQS) set up by the EPA are 
mentioned in Table 4.6 (Chap. 4.6). The EPA is required ro review the standards 
every five years. Areas of the country already having high air quality have to meet 
prevention of significant deterioration (PSD) standards. Limitations are to be placed 
on new emissions in nonattainment areas [10]. 

8.3.2 German Laws and Regulations 

The basis of the German air pollution regulations is the Bundes-Immis
sionsschutzgesetz (Federal Air Pollution Control Act) which was passed in 1974 
[11]. Only motor vehicle exhaust gases and the lead content of gasoline are dealt 
with in separate laws, s. Chap. 8.4. The purpose of the Federal Air Pollution Control 
Act is to safeguard human beings, animals, plants and physical objects from detri
mental environmental effects and from the hazards, significant disadvantages and 
irritations caused by industrial plants and to prevent environmentally harmful condi
tions in the first place. 

The German Federal Air Pollution Control Act (BImSchG) consists of several 
parts, which can be basically divided into plant-, product- and area-related air quality 
control (s. Fig. 8.4). Besides this, some special areas are also dealt with. Vehicle 
emissions are also dealt with in the BImSchG but the details are regulated by the 
Road Safety Act and the EU directives, s. Chap. 8.4. 
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Federal 
Air Pollution Control Act 

I 
I I I I 

Plant-Related Plants not Product-Related Area-Related 
Air Pollution Requiring Air Pollution Air Pollution 
Prevention Permission Prevention Prevention 

I I I I 
Plants Small Furnaces Fuel Require- Air Quality 

Requiring Restriction of ments Regulations 
Permission Volatile Restriction of Emission 

I Halogenated PCB, PCT, VC Inventories 

Industrial Hydrocarbons Smog 

Production Wood Dust OrdinanceS 

Facilities Restrictions of 

Furnaces, Hydrocarbon 

Large Furnaces, Emissions of 

Waste Storaging and 

Combustion Refilling of 

Plants, Gasoline 

Storage, 
Loading and 
Unloading 

of Materials 

I 
State 

Ordinances 
Permission 
Procedure 

Fig. 8.4. Structure of the German Federal Air Pollution Control Act (Bundes-Immissions
schutzgesetz - BlmSchG) 

The BImSchG provides the framework for measures to be filled in by legal ordi
nances and administrative regulations. The latter are directed to administrative 
authorities, e.g, authorizing agencies, in order to uniformly regulate the proceedings 
for measures of air quality control. Thus, the law says that environment, human be
ings, animals, plants etc. are to be protected from harmful environmental effects, that 
industrial plants may not emit harmful pollutants etc .. However, what is to be con
sidered a harmful polluting effect or an inadmissible and, seen in the context of the 
latest technology, avoidable emission is specified in the ordinances and administra
tive regulations which were passed by the federal government or the state govern
ments after hearing the parties concerned. 

8.3.2.1 Plants Requiring Official Permission 

Since the last century the erection of plants whose emissions may cause significant 
disadvantages, hazards or irritations to residents in neighboring plots or the public in 
general has been permitted only with the official permission of the authority con-
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Table 8.3. Types of plants requiring official permission acc. to the 4th BlmSchV [12]; the 
individual plants only require permission when they exceed a certain size, size ranges are 
listed in the 4th BImSchV 

Number of Type of plant 
plant type 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Heat generation, mining, energy 

Rocks and earths, glass, ceramics, buil
ding materials 

Steel, iron and other metals including 
processing 

Chemical products, pharmaceutics, mine
ral oil refineries and processing 

Surface treatment with organic substances, 
production of sheet-shaped materials made 
of plastic, other processing of resins and 
plastics 

Wood, cellulose 

Foodstuffs, semi-luxuries and feed, 
agricultural products 

Utilization and disposal of residual sub
stances 

Storage, loading and unloading of pro
ducts 

Others 

Examples 

Power plants with fossil fuels and 
furnaces in general, briquette facto
ries 

Cement factories, glass melting 
plants, brickworks 

Raw iron and steel production, 
foundries 

Chemical plants for various pro
ducts, fertilizer factories, detergent 
production, mineral oil refineries 

Spray-painting and drying plants, 
printing shops 

Paper factories, chipboard 
production 

Mass breeding, animal carcass 
disposal plants, gelatin and glue 
production, grain mills, oil mills, 
sugar factories, coffee roasters, 
chocolate and milk powder factories 

Waste incinerators, compost works, 
chemical processing 

Gas and mineral oil storage facili
ties and those of various chemicals 

Plants for the production of pyro
technical products, rubber products, 
glue and cleaning products, dyeing 
and bleaching plants 

cerned. The 41h ordinance for the BImSchG defines which plants require official 
permission and lists the plants with their individual volume ranges. Table 8.3 gives 
an overview of the plant types listed in the 41h BImSchV [12]. As early as 1869 a 
major part of todays plants required official permission according to the rulebooks 
of the time [13]. 

The federally uniform requirements which the authorizing agency must prescribe 
for the erection and operation of plants are contained in the Technische Anleitung 
zur Reinhaltung der Luft (Technical Directive on Air Pollution Control) - TA Luft 
[14]. An overview of the contents of the TA Luft is given in Table 8.4. 
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Table 8.4. Overview of the content of the German Technical Directive on Air Pollution Con
trol (Technische Anleitung zur Reinhaltung der Luft - TA-Luft) [14] 

Field of application Valid for plants requiring official permissi
on acc. to the 4th BImSchV 

2 General regulations on air pollution and air quality control 

2.1 Definitions and units of measurement 

2.2 General principles for permission and pre
permission 

2.3 Carcinogenic substances: 

2.4 Releasing of flue gases 

2.5 Immission values 

2.6 Determination of air quality characteristics 

3 Restricting and measuring emissions 

3.1 General regulations for limiting emissions 

3.2 Measuring and monitoring emissions 

3.3 Special regulations for certain plant types 

Emisson standards for 3 substance classes 

Methods for calculating minimum stack 
heights 
Fixing of air quality values for the protecti
on of health and for the protection against 
considerable disadvantages and annoyances 

Measuring plan for determining background 
concentrations and additional pollution 
(establishment of calculation method for 
pollutant dispersion - Gaussian model) 

Process optimization, optimization of star
ting and closing-down processes, taking 
into account flue gas dilution; standards for 
particulate materials and for heavy metals. 
Handling of goods causing particulate 
emissions; standards for vaporous and 
gaseous substances: inorganic and organic 
substances in 3 classes 

Measuring sites, single measurements: 
measurement planning, measurement me
thods, evaluation, measurement of odorous 
substances. 
Continuous measurements: measuring 
programs, measurement of particulate 
matter and gases, measuring equipment 
(certified instruments), evaluation and 
discussion of results, calibration and 
function test. 

Emission standards are staggered acc. to 
plant size 

For special types of plants requiring official permission, e.g., large furnaces (> 50 
MW oil- and solid fuel-fired, > 100 MW gas-fired) and waste-combustion plants 
special ordinances were passed in Germany because of their importance for clean air. 
Emission threshold values for large furnaces are listed in Table 8.5, a selection of the 
most important threshold values for waste combustion plants are listed in Table 8.6. 
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Table 8.6. Emission standards of the 17th BImSchV for waste incineration plants (related to 
11 % O2) [16] 

Emission standards in mg/m3 
Pollutant 

CO 
Total particulate matter 
Total organic carbon 
Inorganic chlorine compounds as HCI 
Inorganic fluorine compounds as HF 
Sulfur oxides S02+S03 as S02 
Nitrogen oxides NO+N02 as N02 

Metals and dioxins 

Cadmium, thalium and their compounds 
Mercury and its compounds 

Daily mean 
value 

50 
10 
10 
10 
1 

50 
200 

Antimony, arsenic, lead, chrome, cobalt, copper, 
manganese, nickel, vanadium, tin and their 
compounds 
Polychlorinated dibenzodioxins and -furans 
(PCDDIPCDF) 

Half-hourly mean 
value 

90 % of all 
values 

100 
30 
20 
60 
4 

200 
400 

150 

Mean value over sampling time 

0.05 mg/m3 total 
0.05 mg/m3 

0.5 mg/m3 total 

8.3.2.2 Plants Exempted from Official Permission 

Plants not requiring official permission are mainly small plants which are not cov
ered by the 4th BImSchV. Most of such plants are domestic furnaces. Requirements 
concerning these plants are laid down in the 1 st ordinance for the Federal Air Pollu
tion Control Act [17], with an excerpt given in Table 8.7. This ordinance also sets 
limits on the plants energy losses. These small plants are checked by chimneysweeps 
once a year. 

8.3.2.3 Product-Related Air Pollution Prevention 

The most important ordinance in this field concerns restriction of the sulfur content 
of light fuel oil and diesel fuel to 0.2 % [18]. 

Other products whose use is regulated by a special law, the 10th BImSchG [19], 
are polychlorinated biphenyls (PCB), polychlorinated terphenyls (PCT) and mixtures 
of both and vinyl chloride (l-chloroethene; VC). PCB, PCT and VC as propellants 
for aerosols are practically forbidden, apart from a few exceptions, as for instance in 
transformers, condensors, heat exchangers and certain hydraulic plants. 

The lead content of gasoline is not regulated in the Federal Air Pollution Control 
Act but in the gasoline lead law [20] with its ordinances and administrative regula
tions. According to this law, regular-grade gasoline may no longer contain any lead 
compounds « 0.013 gil) and premium-grade gasoline no more than 0.15 gil. 
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8.3.2.4 Area-Related Air Pollution Prevention 

To be able to recognize level and development of air pollution in the Federal Repub
lic and to acquire the bases for remedial and preventive measures, the agencies 
authorized by state laws have the task of constantly determining, in the areas to be 
examined, type and extent of certain air pollutants in the atmosphere and of examin
ing the conditions leading to their formation and dispersion. 

The authorities given jurisdiction by state law must also set up emission invento
ries for the areas to be examined. These inventories must contain data on the type, 
amount, spatial and temporal distribution and discharge conditions of pollutants from 
certain plants and vehicles. These emission inventories are to be regularly updated. 

Identification of air quality and emission inventories are to be evaluated with re
gard to meteorological conditions. 

If the evaluation suggests that harmful environmental conditions due to air pollu
tion have occurred or are expected to occur in the entire polluted area or in parts of it 
the authorities concerned are to set up a clean air plan for this area. This clean air 
plan contains type and extent of the air pollution measured or expected and the harm
ful environmental effects caused by it, statements on the causes of the air pollution 
and measures for the reduction of air pollution and for their prevention. 

For areas needing special protection it has been determined that 
1. non-stationary plants may not be erected, 
2. stationary plants may not be erected, 
3. non-stationary and stationary plants may only be operated at certain times or 

must comply with more stringent operational requirements or 
4. fuels in plants may not be used or only to a restricted extent. 

In addition, the state governments have been authorized to pass so-called smog ordi
nances for cases of low-exchange weather conditions with high-pollution situations. 
It has been prescribed that in highly polluted areas 
1. non-stationary (e.g. traffic) or stationary plants may only be operated at certain 

times or 
2. fuels causing air pollution to a particularly high degree may not be used in plants 

at all or only to a restricted extent. 

Trigger criteria for the smog pre-warning and for the smog alarm were determined 
uniformly in the federal German states according to a model smog ordinance. These 
smog alarm values are listed in Table 4.6. 

8.4 Vehicle Exhaust Emissions 

Legislation on vehicle exhaust emission control has existed since 1964 in the United 
States, since 1966 in Japan and since the seventies in Europe [21]. Meanwhile ex
haust emission legislation has been passed in many countries. Some of them have 
their own regulations but generally existing test procedures and standards have been 
adopted as a rule. Concerning permits for vehicles with regard to air pollutants such 
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as CO, CO2, hydrocarbons (HC), NO, and particulate matter the regulations for 
countries of the European Community are coupled with European Economic Com
munity (EEC) directives. German requirements concerning vehicle exhaust emis
sions are regulated by Section 47 of the StraBenverkehrs-Zulassungs-Ordnung 
(StVZO = Automobile Safety Act) with all its numerous decrees [22]. 

Table 8.8. Three-Stage-Plan for European Exhaust Emission Standards (Conformity of 
Production) for Passenger Cars I [23,24] 

911441lEEC 93/116IEC German Proposal 
I sl Stage 2nd Stage 3rd Stage 

from 1992 2 from 1996 3 from 1999 

Gasoline CO 3.16 g/km 2.2 g/km I.5g1km 

HC+NOx 1.13 g/km 0.5 g/km 0.2 g/km 

Diesel CO 3.16g/km 1.0 g/km 0.5 g/km 

HC+NOx 1.13 g/km 0.7 g/km 0.5 glkm 

PM 0.18 g/km 0.08 g/km 0.04 g/km 

Direct-Injecting CO 3.16 glkm 1.0 g/km 
Diesel 

HC+NOx 1.58 g/km 0.9 g/km 

PM 0.25 g/km 0.10 g/km 

Evaporation 4 2.0 glTest 2.0 glTest 

Fuel Economy (C02) manufacturer's 
standard 5 

Remarks: 

4 

Exhaust emission limitations are applicable to passenger cars::;; 6 persons (inc!. driver) and 
::;; 2500 kg max. The Fuel Economy limit is applicable to passenger cars::;; 9 persons (inc!. 
driver) and ::;; 3500 kg max. 
New type approval standard with effect from July 1, 1992; 
New vehicle registration with effect from Dec. 31,1992. 
For direct-injecting diesel engines: 
New type approval standard with effect from July 1, 1994; 
New vehicle registration with effect from Dec. 31, 1994. 
The exhaust emission standards correspond to ECE R 83/0 I regulation from Dec. 30, 1992 
for Stage B (unleaded gasoline) and Stage C (diesel fuel) respectively. 
New type approval standard with effect from Jan. 1, 1996; 
New vehicle registration with effect from Jan. 1,1997. 
Voluntary application for CO2 from Apr. I, 1994. 
According to the SHED (Sealed Housing for Evaporative Determinations) procedure. 
For passenger cars up to 3500 kg including light-duty vehicles and off-road vehicles. 
Manufacturer's standard (= proposal of manufacturer for a certain vehicle series) may be 
exceeded at the type approval test for max. 4%; in series control however, the statistical 
average must be below the manufacturer's standard. Declaration of fuel economy in 1/100 
km for City-Cycle (part 1), Extra-Urban Driving Cycle, EUDC (part 2), MVEG 
(part 1 +part2). 
No regulations fixed so far. 
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Table 8.8 gives an overview of the so-called Three-Stage-Plan which is to reduce 
emission standards in three stages 1992, 1996 and 1999 and which lays down the 
emission standards to be observed for newly registered cars with Otto and Diesel 
engines, starting from different dates [23]. The internationally scheduled reductions 
of emission standards until the year 2005 are shown in Fig. 8.5. Unlike earlier EEe 
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Note: the US, Europe and Japan use different test procedures which can influence the actual 
stringency of the requirements 
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directives where emission standards were initially classified in vehicle weight classes 
and later in displacement classes, there have been uniform standards since 1992 
which have made European exhaust legislation much clearer. As a new aspect with 
effect from 1996, CO2-emission standards will be considered. For the time being the 
manufacturer's proposal value will be considered valid as CO2 emission standard; in 
series control, however, the statistical average value must lie below this standard 
value [24]. 

Compliance with emission standards is established by emission measurements 
according to defined test procedures which are based on the driving cycles men
tioned in Chap. 5.4.2. Since July 1992 a new combined driving cycle consisting of 
city-cycle and extra-urban driving cycle - called MVEG-Cycle (Motor Emission 
Vehicle Group) - has been used in Europe. 

Apart from European and Japanese exhaust emission regulations international 
legislation is mostly based on the American FrP-75 driving cycle. The exhaust 
emission standards of the USA (California) and Japan are listed in Table 8.9 and 8.1 0 
respectively. In California vehicles are classified according to their exhaust emission 
levels. A continuous lowering of vehicle exhaust emissions is to be achieved by the 
mandatory NMOG fleet average (Non-Methane Organic Gases) from the model year 
1994 onwards. The progressively decreasing NMOG limit is forcing manufacturers 
to sell more and more clean categories. In the other US-states emission standards 
from 1996 on basically correspond to the Californian Tier 1 level. But the Clean Air 
Act on which US exhaust emission legislation is based provides for the adoption of 
Californian standards by any other US state if air quality standards are not met. Be
sides, there are fuel economy regulations in the USA based on the FrP-75 cycle and 
the highway-test which have remained unchanged since 1991 at 27.5 miles per gal
lon or 8.55 liters per 100 km. In case of non-compliance a fine has to be paid. Many 
countries, even in Europe, have followed American exhaust emissions legislation 
because for years American standards were more stringent than European ones and 
the driving cycle used was more appropriate to determine vehicle exhaust emissions 
than the European city-cycle which was used until 1992. Table 8.11 gives an over
view of internationally applied test procedures to which emission limits are referred. 
While emission limits vary from country to country, there is a general need for all the 
countries mentioned to use 3-way catalytic converters to meet emission limits. 

In addition to exhaust emission standards for new vehicles there are In-Use Sur
veillance Tests to check the emission behaviour of in-use vehicles, as they are finally 
decisive for the actual emission. Generally in-use testing regulations for Otto vehi
cles provide, among other things, the measurement of CO while idling and at about 
3000 rpm. However, by means of such short tests only outsider vehicles can be re
liably identified. Much more far-reaching are the Californian regulations that pre
scribe OBD II (On-Board-Diagnosis, Stage 2) from 1996 on. This emission control 
monitoring system which is a part of the motor management of the vehicle performs 
a continuous functioning control of all exhaust components. This requirement has 
represented a big challenge for the manufacturers. But the advant~ges are obvious. 
Unlike the German short test (AU) which since end of 1992 provides that all vehicles 
with catalytic converters be checked every two years, OBD II performs a continuous 
control. If any fault occurs, the driver is advised. At the same time it is stored and 
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Table 8.9. Passenger Car Exhaust Emission Regulations - USA (California) [24] 

Vehicle Pollutant Standard Year NMOG- ZEY-
Category Fleet percentage 

Average [%] 9 

[gIkm] 3 

Tier I NMHC 1 0.155 gIkm 

CO 2.11 gIkm 1994 0.155 

NOx 0.25 gIkm 1995 0.144 

PM 0.05 gIkm 1996 0.140 

TLEy4 NMOG 2 0.D78g1km 1997 0.126 

CO 2.11 gIkm 1998 0.098 2 

NOx 0.25 gIkm 1999 0.070 2 

PM 0.05 gIkm 2000 0.045 2 

HCHO 10 0.009 gIkm 2001 0.043 5 

LEY 5 NMOG 2 0.047 gIkm 2002 0.041 5 

CO 2.11 gIkm 2003 0.039 10 

NOx 0.12 gIkm 

PM 0.05 gIkm 

HCHO 10 0.009 gIkm 

ULEy 6 NMOG 2 0.D25g1km 

CO 1.06 gIkm 

NOx 0.12 gIkm 

PM 0.025 gIkm 

HCHO 10 0.005 gIkm 

ZEY 7 all pollutants 0 

Evaporation 8 2 glTest 

Remarks: 
NMHC (Non-Methane-Hydrocarbon) = standard for hydrocarbon emissions without meth
ane. 

2 NMOG (Non-Methane Organic Gases) = total mass of oxygenated and non-oxygenated 
hydrocarbon emissions, i.e. it also includes all ketones, aldehydes, alcohols and esters with 5 
or fewer carbon atoms as well as all known alkanes, alkenes, alkines and aromatics contain
ing up to 12 carbon atoms. NMOG measurement is adjusted by a reactivity correction factor, 
to take into account the emission's potential towards ozone formation. The reactivity de
pends on the fuel type as well as on the emission control system. 

3 With effect from model year 1994 the required NMOG-fleet average becomes mandatory. 
There are no limitations about how many cars of the different vehicle categories - except the 
production of ZEY vehicles, which is mandated from 1998 on - may be sold. However, the 
NMOG-average must be met. 
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4 TLEV (Transitional Low Emission Vehicle) = vehicle planned as transition towards lower 
emissions. 

, LEV (Low Emission Vehicle) = vehicle with very low emissions. 
6 ULEV (Ultra Low Emission Vehicle) = vehicle with extremely low emissions. 
7 ZEV (Zero Emission Vehicle) = vehicle causing practically no emissions (e.g. battery vehi

cle without a vehicle heating or cooling system using fossil fuels). 
• Beginning with model year 1995 a new Evaporative Emission Test procedure will gradually 

be introduced. 
• Production of ZEV s related to annual sales in California is mandated according to prede

termined percentages. 
10 HCHO (formaldehyde) standards are applicable for methanol vehicles as well as for vehicles 

of the categories TLEV. LEV and ULEV. 

Table 8.10. Passenger Car Exhaust Emission Regulations - Japan [24,27] 

1978 Standard 1994 Standard 2000 Standard 

Gasoline I HC 0.25 gIkm 
Hot Start Test 
(l O·IS-mode) 

CO 2.1 gIkm 

NOx 0.25 gIkm 

Gasoline I HC 1.7 gIkm 
Cold Start Test 
(II-mode) 

CO 14.7 gIkm 

NOx 1.1 gIkm 

Diesel 2 HC 0.4 gIkm 0.4 gIkm 
Hot Start Test 
(10· IS-mode) 

CO 2.1 gIkm 2.1 gIkm 

NOx 0.5 gIkm 0.4 gIkm 

PM 0.2 gIkm 0.08 gIkm 

Evaporation 2.0 glTest 

Remarks: 
Covers vehicles (no mass limitation) which serve exclusively for transportation of passen-
gers up to a max. transportation capacity of 10 persons. 

Covers vehicles up to a reference mass of ~126S kg. For heavier vehicles NO. limits are 
about 20% higher. 



478 8 Air Pollution Control Conventions, Laws and Regulations 

Table 8.11. International Exhaust Emission Regulations for Passenger Cars with Otto Engines 
[24] 

Country 

Australia (Commonwealth) 
Australia (New South Wales und 
Victoria) 
Brazil 
Chile 
Canada 
Norway I 

Switzerland 2 

South Korea 
Taiwan 
USA 

Costa Rica 
Hong Kong 
Iran 
Mexico 

European Community 

Guatemala 

India 

Israel 

Japan 

Saudi Arabia 

Singapore 

Remarks: 

1 

Test Procedure 

FTP-75 
SHED 

(Sealed Housing for Evaporative Determinations) 

FTP-75 

MVEG (Motor Vehicle Emission Group) 

India-Cycle 

1O·15-mode, II-mode, 
Evap. 

With effect from 1995 adoption of EC regulations scheduled. 
With effect from 10/95 adoption of EC regulations scheduled. 
There are no stipulated exhaust emission limits. Vehicle registration is possible with US, 
Canadian, Mexican or EU certificate. 
Prescribes fulfilment of exhaust emission standards according to US-regulation (CFR 
40.86) or 9 1144 1 IEEC. 
From 1996 on catalytic converters are mandatory. 
With effect from 1.7.1994 9114411EEC (SHED-Certification voluntary), alternatively 
Japan 78 Standards. Self-Certification by the manufacturer: "First-of-its-kind" Exhaust 
Emission Test. 



8.4 Vehicle Exhaust Emissions 479 

can be retrieved later in the garage. Thus, by controlling the emission system an 
identification of the faulty part is achieved as well. 

For heavy trucks there have been in the European Community since the mid
eighties exhaust emission limits for the components CO, hydrocarbons and NO. and 
since 1992 for particulate matter (PM) as well. Table 8.12 shows that by means of 
the decrease of exhaust emission limits decided on in 1992 a considerable reduction 
of emissions will be achieved by 1999. As trucks are used for purposes of work, their 
emission standards are, for practical reasons, assigned to the work done, and indi
cated in gramslkWh. Unlike the certification procedure for passenger cars and light
duty vehicles where the whole vehicle is tested on a chassis dynamometer, the certi
fication of trucks is based on a motor dynamometer test. In Europe the test procedure 
is based on regulation ECE-R 49 which provides for a 13-point-test. Exhaust emis
sions are measured at 13 stationary test points and the average emission is calculated 
applying weighting factors to these test points. This 13-point-test is to be modified 
for the third stage of exhaust emission reduction from 1999 on, yet the industry pro
posed that the test will remain a stationary one. In the USA, however, since model 
year 1985 there has been instead of the former 13-point-test a new test procedure 
called the Transient Test, which simulates dynamic inner- and extra-urban driving 
behavior. Compared with the stationary European 13-point-test the Transient Test 
produces on an average slightly higher hydrocarbon and particulate emissions while 
the NO. emissions are slightly lower [25]. As in Europe there are also in the USA 
further reductions of exhaust emission standards for heavy trucks and busses sched
uled for the following years (Figure 8.6). 

Also for motorcycles, largely ignored so far, there will be in the European Com
munity from 1995196 on much more stringent emission standards which are to be 
even further reduced from 1999 on. This means that motorcycles will have to be 
equipped with catalytic converters too. 

Table 8.12. Three-Stage-Plan for European Exhaust Emission Standards for Commercial 
Vehicles [23] 

881771EEC 911542IEEC 911542IEC German Proposal 
1st Stage (EURO I) 2nd Stage (EURO II) 3rd Stage (EURO III) 

from 1988/90 from 1992/93 from 1995/96 from 1999 

CO 12.3 glkWb 4.9 glkWb 4.0glkWb 2.0glkWb 

HC 2.6g1kWb 1.23 glkWb l.lglkWb 0.6g1kWb 

NOx 15.8 glkWb 9.0 glkWb 7.0 glkWb below 5.0 glkWb 

PM 0.4 glkWb 1 0.15 glkWb below 0.1 glkWb 

Remarks: 
I For engines with a maximum power of less than 85 kW a limit of 0.68 glkWb has to be 

applied. 
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