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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 SO,
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. techn. 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
Waurster 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 CH,, ammonia NH,, carbon monoxide
CO and dinitric oxide N,O 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 (NO,). 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 (0y) 20.93

Nitrogen (Ny) 78.10

Argon (Ar) 0.9325

Carbon dioxide (CO,) 0.03-0.04
Hydrogen (Hy) 0.01

Neon (Ne) 0.0018

Helium (He) 0.0005
Krypton (Kr) 0.0001

Xenon (Xe) 0.000009




2 1 General Overview
1.2 Historical Overview (F. Droscher)

Anthropogenic air pollution had its beginnings when man started to use fire. Smoke,
CO, CO, 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 of a 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 1850/1871 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 SO, through assimilating leaf organs,

— by indirect chronic poisoning of the soil due to dust containing heavy metals.

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

Strongly increasing SO, 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 HCI yielded through con-
densation during soda production). Most frequently, however, reasons pertaining to
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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 SO, 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 World 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 SO, max.

sickness 24 h-values
mg/m’

1873  12/09-12/11 London

1880 01/26-01/29 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 11/26-12/01 London 700-800

1950 11/24 Poza Rica (Mexico)® 22 320

1952 12/05-12/09 London 4000 3.8

1953  11/15-11/24 New York 250 22

1956 01/03-01/06 London 1000 1.5

1957 12/02-12/05 London 700-800 1.6

1958 New York

1959 01/26-01/31 London 200-250 0.8

1962 12/05-12/10 London 700 33

1962 12/03-12/07 Ruhr Area (FRG) 5.0

1963 01/07-01/22 London 700

1963  01/09-02/12 New York 200-400 1.3

1966 11/23-11/25 New York 168

1979 01/17 Ruhr Area (FRG) - approx. 0.9

1982 01/22 Stuttgart (FRG) - 0.57

1985 01/16-01/20 Ruhr Area (FRG) - 0.85

# 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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gy: [15, 16]; d. world population since 1960, UN estimates [17, 18]
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general administrative regulations as, e.g., a new Technical Directive On Air Pollu-
tion Control (TA 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, SO, 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 1981/82 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 (O,) 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 SO, 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.
1.3a 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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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 ¢ mg/m’ Pollutant mass per cubic meter
(at 0 °C, exhaust gas in normal condition,
1013 mbar) usually dry
Volume concentration ¢, cm®/m’, also Pollutant volume per exhaust gas
ppm v volume, parts per million
1 cm’/m’=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/T] Kilograms per terajoule;

emitted pollutant mass per
thermal power (in furnaces)

Emission factor g/km Emitted pollutant mass per
kilometer driven (in motor
vehicles)

Air quality concentrations

Mass concentration ¢ mg/m’ Pollutant mass per cubic meter of

pg/m’ air
1000 pg=1 mg
Volume concentration ¢, cm’/m’, also Pollutant volume per air volume;
(mixing ratio) ppm v parts per million;
ppb (ul/m*) parts per billion

Pollutant concentration ~ mg/l Pollutant mass per liter of rain water

in rain water pg/l

Pollutant deposition mg/m?%/day Deposited pollutant mass per

(e.g., deposited ug/m?/day surface area and time

particulate matter,
but also wet preci-
pitation and gases)

Pollutant dose mg/m*>h Concentration times time (c-f)

Dose of effect ug/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 of 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:

cm’ pollutant - mg pollutant

1mg/m3=lcm3/m3-p=1° T 3
m” air-cm” pollutant

p = gas density

molar mass 3
p= ———  g/lormg/cm
molar volume

molar mass

3
= ————— mg/cm’ (at 0 °C, 1 013 mbar

P 224 glom’( )

p= Lnll%m_ass_ mg/cm3 (at 20 °C, 1 013 mbar)
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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 C/H 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:

C.H,+ <n+ %) 0,-nCO, + %HZO . 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.
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Type of furnace

— Domestic heating
single stoves
central heating

— Industrial furnace

Fuels

— Light oil

— Heavy fuel oil

— Natural gas

— Hard coal (pit coal)
— Lignite (brown coal)

— Power plant furnace — Wood
Fuel + combustion air
— Combustion process —
/ \
Products of Products of By-product Products
complete incomplete of complete of fuel impurities
combustion combustion combustion S0, S0, HyS
- CO, (PIC) -NO, - NO,
-H,0 -CO - Fly ashes
— Soot (Chlorides, fluorides)
- HC
\\\ /
\ //
//
Control of Fuel selection
Reduction combustion process e
by S ) and
— Constructional flue gas cleaning
— Operational

~
—

Remaining emitted pollutants
< emission standards

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

stoichiometrically required amount of air A

. 2.2)

min

The minimum amount of air A__ can be determined by applying the relevant

combustion calculations. The same is true for the theoretical amount of exhaust gas
v, [11.

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 O, in the exhaust gases or from the carbon dioxide content CO,; complete
combustion is, however, a precondition for this:

Vmin . 02
Lmin 21—02 '

A=1+ 2.3)

If pure carbon is burned completely, only CO, results, whereby one mol CO, is
formed from a mol O, [equation (2.1): n molecules O, = n molecules CO,]. In this
case the exhaust gas volume V__ is equal to the air volume A_ . However, if water
vapor is also formed, then V_ is no longer equal to A . Where fuels with a high
C/H ratio are concerned V_,_ = A_, can be assumed in estimated calculations. In this
case the following applies:

21

'1=21—02'

(2.4)

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

In fuels consisting of hydrocarbons the CO, _, 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 A from the CO,
content of the exhaust gases :

2 max

V_.
=1 min
A +L

COZ max COZ
co, 2.5)

'min

or estimated with the simplified assumption V__ = A

min”®

1= Cg(Z)max . (26)
2
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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 (C H, ),
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 CO,. 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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Concentration of CO,,NO,HC,CO,soot
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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.

CH—~» CHOH—> HCHO- HCOOH—» CO-—» CO,, H,0
methane methanol form formic carbon carbon-
(hydro-  (alcohol) aldehyde acid monoxide  dioxide
carbon) 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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Fig. 2.3. CO emission of an oil stove versus exhaust gas temperature

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
(PAH), some of which are known to be carcinogenic, are formed. Fig. 2.5 shows a
diagram of BTX and PAH 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 PAH [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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Fig.2.4.CO and H emission of a wood-fired central heating boiler during a burn 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,
C.H_ 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 formation of polycyclic aromatic hydrocarbons (PAH)
during combustion processes

NO,
12 1 10
11 2 9 2
10
3 3
9 8
8 ‘ 7 4
7 6 5 6 5
3,4 Benzopyrene Nitrated PAH: 1-Nitro-pyrene

Polycyclic aromatic hydrocarbons (PAH)

Fig. 2.6. Structural formulas of a polycyclic aromatic hydrocarbon (3,4 benzopyrene) and of a
nitrated PAH (1-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.



2.1 Emission of Pollutants Caused by Combustion Processes 23

Ci14
C15
C16
C17

C13

C21
c22
ca3
— C24
— C25

C17
Cc18

b

Fig. 2.7. Hydrocarbon emissions of a central heating boiler with an atomizer oil burner, the C;
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: / 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 C/H 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
mg/mi %° mg/mi %* mg/mi %*
Formaldehyde 38 60.4 4 47.6 18 41
Acetaldehyde 10 15.9 2 23.8 11 25.1
Acrolein 2 32 1 12 3 6.8
Acetone 3 4.8 1 12 5 11.4
Propionaldehyde < 0.5 < 0.8 < 0.1 < 1.2 3 6.8
MEK + 3 4.8 < 0.1 <12 2 4.6
Isobutyric aldehyde
Crotonic aldehyde < 0.2 < 0.3 < 0.1 < 1.2 1 2.3
Benzaldehyde 6 9.6 < 0.1 <12 0.8 1.8
Total aldehydes 63 100 8.4 100 44 100
(DNPH)

* proportion of total aldehydes, determined by the DNPH method

C/H ratio. Thus, when burning natural gas which consists largely of methane (CH,),
only a slight soot formation will occur even with a lack of air, whereas with an
acetylene flame (ethine, C,H,) 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:

large industrial furnaces with control and supervising equipment,

small industrial furnaces with control and supervising equipment,

domestic furnaces with oil or gas blowpipe burners,

automobiles (with catalytic converters),

domestic furnaces with non-stationary combustion conditions: single stoves for
oil, coal, wood or solid fuel central boilers,

6. automobiles without catalytic converters.

nEwN e

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,
C,H,, 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 containing 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 |

HN—C—H HZN_(f_H
CH,—CH,—SCH, CH,SH
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 (acc. to [16])

Fuel Carbon Hydro- Oxygen  Sulfur Water  Ash Heating
gen Nitrogen Value
C H O+N S H,O0 hy,
(N=1%
assumed)

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

Westphalian Min. Coal 79 4.5 7 1 2.5 6 31400
Saar Min. Coal 74 4.5 10 1 3.5 7 29 300
Silesian Min. Coal 71 4.5 12.5 0.5 5 6.5 27630
Saxon Min. Coal 70 4 9.5 1 8 75 27215
Bavarian Min. Coal 53 4 12 5 9 17 21770
Coke 84 0.8 34 1 1.8 9 29310
Crude Lignite
Lower Rhine 23 1.9 12.1 1 59.3 2.7 8120
Upper Palatinate 253 2 12 1 52.7 7 8540
Bohemia 52 4.2 13 1 24 6 20 100
Saxony 40 3 11 2 37 7 15070
Rhine Lignite, 54.5 4.2 20.4 0.4 15 5 20 100
Lignite Briquets
Middle German 52 43 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.:

CH—SH C,H,
ethyl mercaptane ethane
boiling point: 35 °C boiling point: -88.6 °C.

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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Origin:  USA Middle and Near and
Russia South America Middie East
Romania (Venezuela, (Aramco,

Mexico, Peru) Kuwait, Persian)

Vanadium concentration in % (as V,0,)

Sulfur content in %

Fig. 2.10. Sulfur and vanadium content of crude oils of different origins [16]

gas, liquid gas— crude gasoline—  intermediate distillate— atmospheric

CH,toCH,, e.g., kerosine, residue

light fuel oil, Diesel heavy fuel oil
up to 0 °C up to 200 °C 175 to 350 °C >350 °C
very little up to 0.05 % 0.2 % t0 0.8 % 1to>3 %
sulfur sulfur sulfur sulfur

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
(H,S).
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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 Sulfur Content,
Mass Ratio in %

Natural gas 0.0005-0.02

Liquefied gas, C3Hg+C4H;, not detectable

Gasoline 0.001-0.06

Light fuel oil, diesel up to 1; in Germany limited to 0.20
Heavy fuel oil 0.7 to>2

Wood, pure not detectable

Wood bark <0.15

. . . .. 05-2
Mineral coal, depending on its origin { 0.8 — 1 mean value

Coke 0.6-1
Rhine lignite 1
Saxon lignite 2

As it is both a health hazard and causes corrosion in gas pipes, H,S 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 H,S is first
oxidized to SO,, which is subsequently used as an oxidizing agent for more H,S [16]:

2H,S +30,-2H,0 + 250, @.7)

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 SO,

If the sulfur contained in fuel is burned completely, sulfur dioxide is formed, e.g.,
according to the following reaction:
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CH,—-SH +30,-S0, + CO, +2H,0 2.9)

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

Hydrogen sulfide H,S

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

CH,—SH+0,50,~H,S+ HCHO (2.10)

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 H,S formation can certainly be of significance. H,S emissions can be recognized
by their characteristic rotten egg smell. The smell detection threshold is very low at
approx. 0.002 mg/m’ [21].

Even if H,S 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
H,S is quite common in cities where brown-coal furnaces are widespread .

In recent times H,S 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 H,S and
thus lead to emissions with a disagreeable smell. The emission of H,S 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 SO, can be
oxidized to SO,. In combination with water vapor sulfuric acid (H,SO,) in the form
of aerosol is formed from SO,. Due to this chemism, SO, is an even stronger irritant
than SO,. The smell threshold value is at approx. 0.6 mg/m’ [22].

According to the law of mass action, quite high SO,-SO, 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 SO, 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 SO, content. If measurable SO,
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 SO,-SO, transformation.
Vanadium pentoxide is known for its effect here, e.g., as particles in the flue gases of
heavy oil furnaces.
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Depending on the formation conditions (with catalytic particles and excess air
being present during combustion), the SO, content, e.g., in the flue gas of heavy oil
flames can range between approx. 5-60 mg/m’ [24]. This corresponds to a SO, per-
centage of less 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 SO, 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 SO, arises. Sulfur not emitted as SO, can either be bound in the ash
(in coal furnaces) or be emitted as SO, or as H,S (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 SO,). For this, the SO, emission rate was determined either by compar-
ing SO, emission measurements and calculations of the SO, 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 nSO, of the fuel sulfur content

Furnace NSO, (mean values) References
Lignite [22]
0.8-09
grate firing and pulverized fuel firing < approx. 0.5 [25]
06-0.8 [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]
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2.1.3 Okxides 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 NO, emissions must be expected. As
all NO is ultimately transformed into NO,, NO, emissions (NO+NO,) are indicated as
NO,, threshold values are also listed as NO,.

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
O concentration increases considerably as a result of the dissociation of O,. Conse-
quently, the NO formation speed also increases. The two following reactions take
place in high oxygen areas (excess of O,!) of the flame or in the post reaction zone:

O+N,2NO+N 2.12)
N+0,2NO+0. (2.13)

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

N+OH=2NO+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 O, 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 C,H,_
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+N,2HCN+N (2.15)
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C+N,2CN+N (2.16)
CN+H,2HCN+H (2.17)
CN+H,02HCN+OH (2.18)
HCN, CN+O-NO+R. (2.19)

R = organic residue

The CN radical arising from fuel-nitrogen compounds is transformed further into
HCN. 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, CN 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.

Conversion rate in %

Nitrogen content in fuel in %

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—NH,, and amides, R—CO—NH,, nitrogenous compounds such as nitrobenzene,
CH,NO,, heterocyclic compounds such as pyridine, C;H,N, 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:

z.B. NH,+1/20,-NO+H,. (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]:

C
NH; -» 2. N, +1%H, (2.20)
C
NO+CO S %N, +CO, 2.21)

NO in ppm v

Temperature in °C

Fig. 2.13. Diagram of NO formation versus combustion temperature (acc. to [31]); parameter
for thermal NO: O, 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 NO, 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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NO, in mg/m?3 as NO, related to 3% O,

Power in MW

Fig. 2.14. NO, 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
in the exhaust per fuel

Emission per
thermal capacity

gas of fuel
mg/m’ g/kg mg/kWh

Power plant furnaces
Mineral coal pulverized fuel firing

melting furnaces 1200...3000 13 ..30 1400...3600  [19,31,34]

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 09... 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 1 .3 80... 260  [2,43,44]

gas fan burner 60..170  02..0.7°  50.. 150 [43]
Gas, atmospheric burner 100....200 0.4... 0.9b 85... 170  [45]
Motor vehicles®

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 04.. 4 35... 350

and A control
Automobiles and trucks

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

idling 20... 50 08.. 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.

® o/m’gas

© 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. NO, emissions usually indicated in ppm v
were converted into mg/m’ with the help of NO, density (NO,=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-

Fig. 2.15. 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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Dust Particle Composition in %

Metal concentration in exhaust (without Additive):
Iron: 0.76 mg/m’ Nickel:  0.68 mg/m’
Calcium: 0.46 mg/m3 Vanadium: 0.38 mg/m3

Fig. 2.16. Example of flue gas particle composition of heavy fuel oil combustion in a power
plant furnace without and with additive [ 50, 51}

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/m’) the emitted parti-

Percentage

Particle Size in pm Particle Size in um

Total Particle Concentration: 0.18 mg/m3

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)
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cles are very fine. The particle content below 0.4 um 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 S 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 um 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 pm 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

Fig. 2.18. Possible ash transformation processes during pulverized coal combustion [52]



42 2 Origin and Sources of Air Pollution

particle typically generates 3-5 larger ash particles with a diameter of 10-20 um and
a larger number of ash particles with a diameter of 1-3 pm (see Fig. 2.18, lower ar-
row).

Smaller particles in the range below 0.1 um 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 um. 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 pm, most particles being smaller than 20 pm.
Different authors have observed a bimodal distribution of the pure gas dust with
peaks between 0.1 and 0.5 um and between 1 and 5 um. 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 SiO, (quartz), ALO, (pure
clay), Fe,0O, (hematite) and K,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 °C. 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, Al, 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/m’ [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: Giinter Baumbach)

Incomplete combustion frequently occurs in domestic wood fires. Causes are un-
even, instationary 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 pm
in size, the biggest part of the particles and thus the great mass (roughly up to 40 %)
even clearly below 1 um. The majority of the results available suggest that the size
range is located from between <0.1 up to approx. 0.2-0.3 pm [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])

Fuel/Process Organic Carbon  Elementary Carbon
in mg/kg in mg/kg
Natural gas heating 0.4 0.2
Motor vehicles with
Otto engine
without catalytic converter 40 14
with catalytic converter 14 11
Diesel engine 710 2100
Wood combustion 4000 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
Cl 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 222 1.90
Zn 0.15 0.05
&

g

©

3

Particle Diameter D, in um

Fig. 2.20. Example of particle-size distribution of exhaust-gas particles from a wood furnace
(acc.to [58])
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particles <1 pm 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
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Fig. 2.21. Chemical structure and numeration of the polychlorinated dibenzodioxins, -furans
and biphenyls [60]

Table 2.8. Nomenclature of polychlorinated dibenzodioxins and -furans

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

1 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-(TeCDF) 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) 1 octachloro-(OCDF) 1

PCDF homologs increases. PCDD and PCDF 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. Fig. 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 HCI. The so-called Deacon process
[62]:

300 °C
CuCly + 14 0, > CuO +Cl,
CuO + 2HCI — CuCl, + H,0
2 HCI + %40, - H,0 +C],

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 of 2,3,7,8-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 LD, values yet.

In the Seveso 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 (<Dso-dose) of some selected
toxic substances (2,3,7,8-tcdd=1) [62]

Substance Relative Toxicity
Botulinum Toxin A 0.00003
Tetanus Toxin 0.0001
Diphtheria Toxin 0.3
2,3,7,8-TCDD 1

Saxitoxin 9
Tetrodotoxin 8-20
Curare 500
Strychnine 500
Muscarine 1100

Sodium Cyanide 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 PCDF 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 1, the other isomers accordingly factors
<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 NATO/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]:

<ng/TE/kg for unrestricted agricultural use

5-40ng TE/kg use restricted by cultivation recommendations
> 40ng TE/kg no agricultural use

2100 ng TE/kg soil exchange in playgrounds

21000 ng TE/kg soil exchange in housing areas

> 10.000 ng TE/kg need for regeneration outside of housing areas.

In North Rhine-Westphalia the standard value for outdoor air is listed as 3 pg/m’ for
2,3,7,8-TCDD (standard immission value).

In the 1990 Regulation for Refuse Incineration Plants [2] a PCDD/PCDF maximum
emission value of 0.1 ng TE/m’ 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 1" of December 1993.

2.1.5.3 Dioxin Sources

Table 2.11 shows the estimated contributions of individual PCDD/PCDF 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/m® exhaust gas 0.4 kg 8 kg

13 ng TE/g flue dust 3.1kg 62 kg
Hospital garbage incinerators 15 ng TE/m’ exhaust gas 0.0015 kg 0.03 kg
Hazardous waste incinerators 0.5 ng TE/m’ 0.001 kg 0.02kg
Automobile exhaust 0.002 ng TE/g gasoline 0.05 kg 1 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 air/fuel
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 A 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 A < 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 performance 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 performance 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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[83]

Ic

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 A=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! nitrogen oxide
emissions can, e.g., be drastically increased when the lambda probe is faulty and

atalytic 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-

Emission in g/Mile

Fig. 2.28. Overview of emission values (log. scale) of 4 spark-ignition automobiles without
catalytic converter, determined by 3 different US tests [87].

Bb/kF = sum of benzo(b)- and benzo(k)fluoranthene; BeP = benzo(e)pyrene;

BaP = benzo(a)pyrene; IND = indeno(1,2,3-cd)pyrene; B(ghi)P = benzo(ghi)perylene;
Cp(cd)P = cyclopenta-(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 CO, and H,0).

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 high temperatures and via cracking processes — to
the formation of soot [84, 86].

In diesel engines performance 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 km/h [92].
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Fig. 2.31. Nitrogen oxide emission versus driving speed on a plane roadway — emissions of an
automobile collective of the reference year 1985 (acc.to [90])
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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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Fig. 2.32. Real urban driving example: a driving speed profile; b air ratio; ¢ CO and d HC
concentrations. Automobile cquipped with three-way catalytic converter and A control



60 2 Origin and Sources of Air Pollution

developed by the company VW [93] and by the working group Luftreinhaltung
(Clean Air) of the University of Stuttgart [94]. These so-called on-board meas-
urements have the advantage that emissions can be determined directly during
genuine dynamic operation of the automobile, €.g., during acceleration and de-
celeration, during uphill and downbhill 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 1978/79, 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 1978/79. 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).

CO in g/lkm
HC, NO, in g/lkm

Fig. 2.33. Reduction of exhaust gas emissions in the ECE test based on engine development
and catalytic converter technology in different automobiles (acc. to data taken from [95] and
[961)
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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 CO, 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, NH;, H,S, C,H,,
Cement Production  Quarries, grinding mills, Particulate of varying compositions
loading facilities
Rotary kiln Particulate, NO,, generally little SO,,
CO, H,S
Glass production Glass melting furnaces Particulate (saline and other), NO,,
or tanks SO, (oil furnaces)
Pig iron mining Calcining and sintering plants Particulate containing heavy metals,
SO,, NO,, CO, HCI, HF
Blast furnace Particulate (Pb, Zn, Cd, As)
H,S, 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 S0O,, NO,, Particulates
production Separator and transformer Various C,H,,, possibly H,S
(refineries) plants, storage, conveyance,
loading
Pulp production Furnaces for the incineration SO, particulate
of the sulfite pulping agents
digester, SO,, odors
pulp washing
Sulfuric acid Residual gases of SO,, SO;
production SO, catalysis
Nitric acid Adsorption plants NO, NO,
production
Fertilizer production Mixing vessel Raw material particulate,

Fluorine and chlorine compounds,
NH;, ammonium salts
Sugar industry Furnaces SO,, 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
for the reference year 1982 (acc. to [100] — empty fields: other sources)
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sources of the main individual air pollution compounds (except CO,) 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, €.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 CO,, SO, and NO_ are much lower in the developing countries than in
the industrial ones. This becomes particularly obvious when using the example of
CO, emissions which will be dealt with in the next section.
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Fig. 2.35. Per-capita emissions in the African country of Nigeria as compared to Germany for
the reference year 1990 [101]
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2.2.2 Carbon Dioxide (CO,)

As a result of the constantly increasing consumption of energy emissions of CO,, the
main product of combustion, rise exponentially. Fig. 2.36 shows the estimated rise of
global CO, 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 CO, emitting countries in
1991 compared with their emissions in 1950. The data are presented in descending
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Fig. 2.36. Global CO, emissions from fossil fuel burning, cement production and gas flaring,
1860-1991 [102]



2.2 Sources of Air Pollutants 65

1991 1950
Rank Rank

) USA 1) —___1

H
(2) USSR (former) (2)
(3) China (10)
(4) Japan 9
(5) Germany (4)
(6) India (13)
@) UK (©)]
(8) Canada (7)
9) Italy (17)
(10) France (5)
. 1991
(11) Mexico (20) 11950
(12) Poland (8)
(13) South Africa (14)
(14) South Korea (58)
(15) Australia (15)
(16) North Korea (73)
(17) Iran (164)
(18) Spain (19)
(19) Brazil (25)
(20) Saudi Arabia (47) . .
‘ ' 0 1 2 3 4 5

0 10 20 30 40 50 6
Percentage of Per-capita
world emissions tons of carbon

Fig. 2.37. Ranking of the 20 highest CO,-emitting countries in 1991 and their rank in 1950,
contributions to global emissions and per-capita CO, emission rates [102]

order with the highest emitting country, the United States, presented first. These 20
countries contributed just over 81 % of all the 1991 world CO, emissions from fossil
fuel consumption. In the right part of Fig. 2.37 the CO, emissions per capita and year
are shown. It can be seen that the North American countries USA and Canada have
the highest specific CO, 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 CO, per capita.

2.2.3 Sulfur Oxides (SO,)

Sulfur oxides, mainly in the form of sulfur dioxide (SO,), 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 SO,.
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 SO, development for the old
states of Germany is shown in Fig. 2.39. SO, 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 SO, 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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Fig. 2.39. Trend of SO, emissions in the old states of the FRG from different sources (acc. to
[103])

Fig. 2.40. SO, emissions trend in the USA, 1984-1993 [104]
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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

Emissions 108 t/a

Fig. 2.41. Trend for nitrogen oxide emissions (NO,, calculated as NO,) in the old states of the
FRG (from different sources) (acc. to [103])



2.2 Sources of Air Pollutants 69

Year

Fig. 2.42. NO, emissions trend in the USA, 1984-1993 [104]

NO,-Emissions in kg h™
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Fig. 2.43. Course of total NO, 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 11 % during this 10-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

Fig. 2.44. Trend of CO emissions in the old states of the FRG from different sources (acc. to
[103])
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furnaces, particularly by special processes with substoichiometric operation, €.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.

Fig. 2.45. CO emissions trend in the USA, 1984-1993 [104]



72 2 Origin and Sources of Air Pollution
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 processsing 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 (CS,)
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 VOC emissions
kt/a %
Furnaces 15 3
Automotive traffic
exhaust gases 153 32
vaporized gasoline 38 8

Refineries 5 1
Gasoline storage and loading 13 3
Use of solvents 114 24
Gas distribution network 26 5
Dumps 10 2
Livestock breeding 70 15
Forests _48 _10
Total 474 100
S
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Fig. 2.46. VOC emissions trend in the USA, 1984-1993 [104]
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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]

ture o. 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/(cm’ 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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a) Looping due to gusty wind b) Influence of terrain
¢) Plume in leeward eddies behind d) Avoidance of smoke wash down
a barrier (high building) in leeward eddy

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 ¢ 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-
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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 A \ Altitude A \

B

Inversion layer

f \
Inversion layer \
| \
- AN —
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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Fig. 3.7. Diagram of inversion layers, using one January as an example [11]

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 22" 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 of the flow and temperature conditions during the formation of a subsidence
inversion [6]. a initial stage, temperature drop with increasing height; b flow conditions;
¢ warming of sinking air, cooling of the 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; Roberg, Swabian Jura, Oct. 27,
1985 (Photo: Giinter 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. 3.11. Diurnal profile of barrier and mixing layer levels during summer high-pressure
weather conditions over open terrain

Altitude in m

Temperature in °C

Fig. 3.12. Inversion levels and vertical temperature courses during winter and summer high-
pressure weather conditions [13]. 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: SO, Long-Range Transport

In large areas of the Federal Republic of Germany high SO, 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 transboundary SO, 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 SO, 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 SO, 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 Schénbuch
(between Stuttgart and Tiibingen) [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 SO,. Thus, all the preconditions for
long-range transport of air pollutants particularly for SO, 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 SO, 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 SO, could be observed particularly well by the increase of SO, on
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February 23/24. As an example, Fig. 3.15 shows that these increases of SO, 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
m/s [26].

From the SO, increases measured in numerous measuring stations in Northeast
Bavaria and Baden-Wuerttemberg, the path of the "SO, clouds" during the conditions
on February 23 and 24, 1986, (shown in Fig. 3.16) could be reconstructed [26]. Be-
sides the western "SO, 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 additionally fed from the CSSR and which made its way via Ar-
zberg, Weiden to the area of Neu-Ulm. The SO, 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 SO, concentrations increased
from 80 to approx. 320 um/m’ in the Schonbuch (Waldenbuch), Germany, and from
50 to 220 pm/m’ at the Schollkopf (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 SO, pollution in the Schénbuch and Black For-
est could be estimated for this situation. Approx. 22-25 % of the SO, 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 pollutants 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
SO, during the gaseous phase. In the long-term mean, however, particle-bound sulfur
pollution (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 SO, pollution [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 pollution in a Black Forest valley caused by a factory was investi-
gated intensively by measurements [27, 34]. Fig. 3.17 shows a sectional view of the
valley 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 firing (28 MW thermal output). The oil used had sulfur content of
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Fig. 3.17. Dispersion of a smoke plume in the Black Forest during inversion conditions, dia-
grammatic; M1-M4: continuously working SO, and temperature measuring stations; altitudes
indicated in m above mean sea level (m.s.l.). a during the night until 8 am.; b 8-10 am.; ¢
photographic record of the clearly visible dispersion of a smoke plume in a (different) Black
Forest valley during an inversion situation (Photo: Guinter Baumbach)
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between 1 and 2 %. The plant was operated day and night at almost constant load, so
that SO, emissions were nearly constant, i.e., approx. 50 kg SO,/h. In this case, there-
fore, SO, 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 SO, 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 SO, con-
centrations were to be observed at the measuring stations. However, during stable
high-pressure situations with inversion layers in the valley, SO, 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 SO, 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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period, no SO, at all could be measured in the forest air, the SO, 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-Schéollkopf).

The results of the measurements carried out are presented in greater detail in [35].
Here the situational variations of the SO, concentrations are shown with the example
of a day with an inversion (Fig. 3.19). Practically no SO, 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 SO, 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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Fig. 3.19. Diurnal profiles of temperatures (a) and SO, concentrations (b) on October 26,
1985, in the Black Forest valley
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on — the upper measuring station M1 was in the range of the high SO, 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 SO, could be traced. In the evening hours when cold air again filled
the valley the SO, 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 SO, concentrations varied on the
slope [34].

To further ensure that the SO, 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 SO, concentrations were meas-
ured (near M2).

The smoke plume so distinctly visible on the photograph in Fig. 3.17¢ 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 SO, emissions exclu-
sively by the SO, concentrations measured, as SO, 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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[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 HO, radicals
whose life span is less than an hour is mainly determined by local composition and
decomposition mechanisms. SO,, 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., CH,, NO, CO). In contrast to this, the substances returning to the earth via
rainfall are completely oxidized (e.g., HNO,, CO,, H,SO,).

An overview of the atmospheric chemistry of the man-made (anthropogenic)
gases SO,, 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., SO,. Hydrocarbons have both active and inactive components.

N,O - L
H,|~ 4 Atmospheric mixing time °
CH4CCly - ® Atmospheric life °
CH [~ °
OSC — °
CO °
O3 °
CS,— .
SO, [~ ]
HNO; — °
NO, [~ (]
H,0, °
H,CO |~ °
HO, I~ °
OH[—e
Interhemispheric —
mixing time |
Hemispheric
mixing time || | l I H L]
© [0 = > = (2] 12
c -~ =] © © e “
@ - - e 8

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—cC+dD 3.1
_ 1de(A) _ 1de(B) 1de(C) 1de(D) 52
a d& b dt ¢ dt d dt '

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=kc(A)™c(B)", (3.3)

whereby v stands for reaction velocity; A-D for reactants; ¢ (A)- ¢ (D) 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=1,
c(B)=const), the concentration of the co-reactant A with the initial concentration ¢
(A), (at the time #=0) after time ¢ is required, then — e.g., also [44] — applies :

c(A)
lnc(A)0 = —kac(B)t (3.4)

or formulated differently:
— —kac(B)t
c(A)=c(Ay)e . 35)
¢(B) =const.

Therefore, the concentration decreases exponentially with time.

3.2.2 Oxidation of SO,

Before SO, 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 SO,. For SO, a medium residence time of one day
is listed, for sulfate 3-5 days [46].
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3.2.2.1 SO, Oxidation in the Gas Phase

The homogenous gas phase oxidation of SO, 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 SO, in the at-
mosphere [42, 46].

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

SO,+OH+M — HOSO +M (3.6)
SO,+HO, - OH+SO0, (3.7
SO,+RO, > RO+S0,. (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., N,. 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 SO, is the one with OH radicals, reaction (3.6). In literature the conver-
sion velocity of SO, according to this reaction is given as 0.4 up to a maximum of
4.0 %/h [42]. Accordingly, the life span of SO, 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 SO, [46]
during this period. The HOSO, 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 SO, 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
SO,. 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 SO, in water droplets,
2. the chemical conversion in the water droplets.
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SO, solution in water droplets

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

(Soz)gas+ (HZO)ﬁquid ‘——)(802 ' Hzo) (39)

How much SO, is dissolved in water depends on the partial pressure or the concen-
tration of the SO, in the air on one hand and on the solubility of the SO, 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 SO, hydrate dissociates to hydrogen
sulfite (HSO 3 ) 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 (H,0"):

SO, - H,0 + H,0 ¢> H,0* + HSOj
in a slightly acidic range (3.10)

SO, - H,0 + 2H,0 ¢> 2H,0+6 + SO~
in an alkaline range 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 SO, 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 SO, oxidation in cloud, fog and dew water are the oxidation
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Fig. 3.22. Amount of dissolved SO, species relative to the pH value at 25 °C (acc. to Barrie in
[46])
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Sulfate particles (Partly ammonium sulfate)

Supermicron particles

Fig. 3.23. Diagrammatic illustration of SO, absorption and sulfate formation in water droplets
(acc. to Beilke in [46])

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

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

SO, oxidation in water droplets

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

The oxidation of SO, by O, 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 SO, oxida-
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tion is accelerated by oxidizing agents such as O, and H,0, dissolved in water drop-
lets.

In clouds with a liquid water content of 0.1 g/m’, pH values of between 4 and 5
and ozone concentrations between 20 and 100 pg/m’ SO, oxidation, e.g., takes place
between 0.02 and 2.8 %/h; with easily water-soluble H,0,, SO, 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 O, 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, SO, transport over longer distances is rather more
likely in winter in combination with certain meteorological situations than in sum-
mer.

§0, 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 NH, or lime particles, then the rain water
acidifies due to the strong dissociation of the sulfuric acid:

H,SO, +2H,0-2H,0* +S02~ . (3.12)

Rain water contains sulfuric acid in an extremely dilute form and is therefore

100% dissociated, i.e., the dissociation constant K504 takes on very high values:

_c(H30%)?-¢(80%")

Kypco.= (3.13)
s ¢(H;80,)
c¢(H,S0,) approaches 0,
c¢(H;0%), c(SO37), ¢(H,S0,) concentrations in water.

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

SO, oxidation on solid particles
The reaction of SO, with O, on aerosol particles depends on the following factors:

— SO, concentration in the gas phase,
— catalytic properties of the particles,
- specific surface,

— acidity,

— relative humudity.

SO, oxidation on solid particles in smoke plumes is of great significance. SO, 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 SO, concentration, i.e., high conversion rates during the
initial phase rapidly decline. The capacity of aerosol for heterogenous SO, 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 SO, 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 (V,0,) 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
SO, can be converted to sulfate.

3.2.3 Reactions of Nitrogen Oxides in the Atmosphere

The oxides of nitrogen (NO, NO,, NO,) can become active in atmospheric chemistry
in a variety of ways, e.g., as a reaction promoter or reaction inhibitor, as they have an
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Fig. 3.24. Diagram of nitrogen oxide reactions in the atmosphere (acc. to Schurath 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 NO,, 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 NO, in the atmosphere according to, among others,
the following two reactions, s. Schurath in [42] and [51]:

ki
2NO+0, - 2NO, (3.14)
k
NO+0, 5 NO,+0,, (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, NO, and O, 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 NO, is split up by photolyses during which process
NO, O and finally O, are again formed [42, 51]:

NO, +hv (290—430nm) > NO+O | (3.16)

where k, is dependent on intensity of solar radiation h-v, e.g., k,=0.5 min” (summer,
midday sun),

0+0,#M — O,+M! (fast secondary reaction, not speed limiting) (3.17)

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

1 M = third (body) molecule, e.g., N, which absorbs the excess energy
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Fig. 3.25. Comparison of measured mean diurnal courses of NO, NO, and O;. 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 O, and NO compete with the speed constants k,
and k, with k, depending on light intensity. Between O,, NO, and NO the so-called
photostationary equilibrium which is described by means of the following equations
results:

NO,+0, =2

ki(hv

)
NO+0,

k2

(3.18)
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_C(Noz) _ka(h")
~ ¢(NO) k,

c(03) (3.19)
Hence, the ozone concentration depends on the NO,/NO ratio and on the effective
light intensity (via k,). With a steady supply of NO, e.g., near high traffic roads or in
cities in general, the NO,/NO 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)

_ldc(NO) =_dc(02) =1dc(N02)

= , (3.20)
2 dt dt 2 dt
(Third order reaction; concerning NO secondary order: m=2, n=1),
y
dc(NO
L(at—).=zk1c(N0)2-c(oz), (321)
Assumptions:
— NO concentration: ¢(NO)=100 ppb=0.1 ppm,
— O, concentration in the air: ¢(0,)=0.21-10°ppm,
- velocity constant: k,=7.5-10"ppm*min™ [51].
d
% =-2-7,5-10"1° ppm~2-0,12 ppm?-0,21 - 10° ppm
dc(NO
—cidt—l =—315-10"°ppmmin~'.

With an NO concentration in the air of 100 ppb, 3.15-10° ppm per minute are oxi-
dized to NO, 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(NO)
dt
(bimolecular reaction of secondary order),

=—k,-¢(NO) -¢(0;), (3.22)

Assumptions:
— NO concentration: ¢(NO)=100 ppb=0.1 ppm,
— O, concentration: ¢(0,)=30ppb=0.03ppm,
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- velocity constant: k,=25ppm™ min"[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 O, 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
NO,. 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 O, is therefore approx. 2.4-10* 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 O, 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(A)=-k-c(B) -t

1=55s,

where c(A) is the final NO concentration = 50 ppb, 6¢(A,) the initial NO concentra-
tion = 100 ppb, ¢(B) the O, concentration = 30 ppb and k = k=25 ppm’

1
min .

Example 3: photolytic NO, degradation and O, formation, reaction (3.16)

dc(NO,) dc(NO) _de(O)
o dae At dt (3:23)

As the consequent reaction (3.17) proceeds so fast that it does not limit speed,
dc(O) dc(0,)
dt —  dt

can be set/replaced

_ de(NO,) _ de(0,)

=k; c(NO,),
dt dt 3'¢(NO,)
assumptions:
— NO, concentration:  ¢(NO,) =20 ppb=0.02 ppm,
— velocity constant: k, =0.5 min" for summer and midday sun,
dc(NO,)

i =—0,5min"'-20 ppb,



3.2 Chemical Transformations of Pollutants in the Atmosphere 115

dc(NO,)
d

1

=—10ppbmin~"'.

Hence, 10 ppb min" NO, are degraded photolytically, with 10 ppb min" O, 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)

—dC(d?a) =k ¢(NO,) —k; ¢(NO) -¢(03), (324)

Assumptions:

¢(NO,) and k, as in example 3,
c¢(NO) =5 ppb = 0.005 ppm,
¢(0,) and k, as in example 2,

dec(O

% =0’5 min~!- 0,02 ppm -25 ppm— Lmin~!- 0,005 ppm - 0,03 pPpm
d
% =0,00625 ppm min~! =6 ppbmin~*.

In relation to the initial O, concentration 20 % min" of ozone is formed.

With the given ratios (NO,/NO ratio=4) and in the summer midday sun, ozone
formation would exceed ozone degradation. With the above values (NO,/NO ra-
tio=4) in photostationary equilibrium and at constant conditions (which can be the
case for a short period of time) the following O, concentration would ensue, (3.19):

_ 0,02 ppm 0,5min"!
" 0,005 ppm 25 ppm ™~ min"

¢(0;3) =0,08 ppm =80 ppb .

¢(03)

10

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 NO,.

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

OH+CO-CO,+H (3.25)
OH +CH,—~H,0+CH, . (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 HO, or RO, (R=alkyl groups),

e€.g.:
H+0,-HO, (3.27)
CH3+O2-’CH302 . (3'28)

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

NO +HO,-NO, + OH (3.29)

NO +CH,;0,-NO, + CH,0 (3.30)
or generally

NO +RO,—NO, +RO. (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 NO,/NO 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 NO/NO ratio is sufficiently large, the probability of RO, radicals adding on
to NO, increases, leading to the formation of peroxide compounds (Fig. 3.24, upper
right). Of these compounds the irritant peroxyacetyl nitrate (PAN, CH,CO,NO,) 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
(C,H,), nitrogen oxides (NO, NO,) and ozone (O,) in Los Angeles. Due to rush hour
traffic from 6 to 8 a.m. the pollutants CH, and NO from automobiles increase
sharply. The formation of the consequent products NO, and O, increases with sun-
light. An increase in NO, and O, is characteristic of photochemical smog. Even in
European cities this type of photosmog with high O, and NO, 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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partners: 0.45 ppm NO, 0.05 ppm NO,, 0.5 ppm C;Hg, (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,
C,H,(propene) were used as initial substances. The formation of strong irritants,
which are typical of photochemical smog, could be clearly proven: NO, (nitrogen
oxide), O, (ozone), HCHO {formaldehyde), CH,CHO (acetaldehyde) and PAN (per-
oxyacetyl nitrate).

3.2.3.3 NO, Oxidation

Due to the reaction of NO, with O,, measurable concentrations of NO, and also N,0;
can occur [55] at night; these concentrations, however, are several magnitudes below
those of NO, NO, and O;:

N02+O3—>NO3+02. (3.32)

During the day NO, formation is reversed by the photolysis of the NO, and by a
very quick reaction with NO.



3.2 Chemical Transformations of Pollutants in the Atmosphere 119

The most important consequent reaction of the NO, takes place with OH radicals:

NO,+OH+M — HNO,+M? (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 NO, reaction (3.33) is approximately 11 times faster than the
corresponding SO, reaction (3.6). Accordingly, the rate of reaction of the NO, is also
11 times faster than that of SO, and its life-span accordingly shorter, a mean value
being one day, sometimes a mere few hours, s. Schurath in [42]. For this reason, NO,
cannot be transported over the same long distances as SO,. 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 NO, in liquid droplets is hardly possible
because of the poor solubility of NO. Even NO, 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 NO, to HNO, in the gaseous phase (3.33). Provided that the
nitric acid is not directly absorbed on surfaces or forms particle-shaped ammonium
nitrate (NH,NO,) with ammonia (NH,), nitric acid is absorbed in the form of drops
and contributes to the acidification of rain water due to its strong dissociation:

HNO;+H,0-H;0" +NO; . (3.34)

Measurements of the sulfate (SO,™)-nitrate (NO;") 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,:NO,” of 1.1:1 (1 mol H,SO,
provides 2 protons, 1 mol HNO, only 1 proton). As the molar emission ratio of
SO,:NO, is at least 2:1 in Germany, a larger share of the SO, 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 O, molecules to short-wave UV light:
O,+hv(<2420m)->0+0 (3.35)

whereby M is a third (body) molecule that absorbs the excess energy.
0+0,+M-0,+M, (3.36)

2 M = third (body) molecule, €.g., N,, which absorbs the excess energy
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Fig. 3.29. Vertical profiles of the annual mean (1967-1982) ozone values above the weather
station HohenpeiBenberg/Bavaria [56]. The volume concentration of ozone can be calculated
from the O; 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 km 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, €.g., above Central Europe at an
altitude of 12 km, has almost constant concentrations of 50-70 ppb (100-140 pg/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 km. Due to sinking processes from higher altitudes, increased O,
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 O,
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 O, 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 O, 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]. O, 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 O, 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 O, 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 O; 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.l.), the mountain station Wank (1 600 m above m.s.l.) and the
mountain station Zugspitze (2964 m above m.s.1.) (from [57])

cipitation and on very windy days O, 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 O, 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 O, and NO, 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 NO,
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 NO,. 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 NO,
profiles (on a lower level) and O, profiles (on a higher level), s. Fig. 3.31b.

In the busy streets of the city the primary components NO and HC, as also NO,,
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. NO, and O; vertical profiles during the day (b) and at night (¢) 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 Tiibingen 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 NO, concentrations at
the same time, s. [61]).

The fact that the influence of atmospheric chemistry on O, 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 O, 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 O, in the morn-
ing hours. During the afternoon hours the O, 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 O, 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 lifespans 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 10%cm™, O, concentration of
60 ppb

Trace Component Mean Life-span

Methane 8 years

n-butane 4.5 days

Ethene 1.13 days

Propene 6.4 hours

Ethine 45.4 days

Benzene 9.7 days

Toluene 1.8 days

Acetaldehyde 17.4 hours

Ethyl alcohol 39 days} water —soluble
Formic acid 33 days thus wet deposition
Carbon monoxide 2 months

3.2.5.2 Inorganic Carbon Compounds

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, €.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 CO, and H radicals which in turn 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 CO, 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 SO, 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 Components/ng/m*/concentr.range
Rural Area Urban Area

Arsenic As 1 .. 5 3 .. 30
Beryllium Be 001... 2
Lead Pb 20 ... 60 200 ... 1000
Cadmium Cd 02 .. 2 2 .. 20
Chrome Cr 1 .. 5 5 .. 30
Cobalt Co 0.1 ... 1 05 .. 5
Copper Cu 1 .. 10 20 ... 150
Manganese Mn 10 .. 50 20 .. 100
Nickel Ni 1 .. 10 S .. 20
Mercury Hg (part.) 005.. 3 02 .. 2
Antimony Sb 05 .. 2 2 .. 30
Selenium Se 05 .. 3 1 .. 10
Vanadium \% 1 ... 10 10 .. 50
Zinc Zn 50 ..100 100 ... 1000
Benzo[a]pyrene BaP 05 .. 3 2 .20
Dibenzanthracene Db (ah) A 1 15
Benzopaphtothiopene BNT 05 .. 3 1 15
Benzo[a]anthradene BaA 05 .. 3 2 40
Chrysene CHR 1 ... 10 5 50
Indenopyrene IND 1 .. 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 (H),
methane and other reactive hydrocarbons, nitrogen oxides, especially N,O and NO,
(depending on the nitrogen content of the burned biomass), cabonyl sulfide (COS)
and methyl chloride (CH,CI). 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
~~d industrial proceses and intensive animal breeding reach the atmosphere and

3

Concentration in ug/m

Sample number

Fig. 3.34. Suspended particulate matter (SPM) with and without Harmattan (Sahara wind) in
Lagos/Nigeria [71], 24 h mean values
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3.3 Distribution and Temporal Development of Air Pollutants
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Fig. 3.35. Photograph of a bush burning (Photo: Giinter 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 pg m”

Rural Urban
Methane CH,4 1200 1200...3000
Ethane C,Hg 1.5 3...15
n-pentane n-CsHj, 1 .3 5..50
n-octane n-CgH g 0.2..1 2...10
Cyclohexane cyclo-C¢H,, 0.1...1 1...10
Ethene C,H, 05..5 5..30
Butene C4Hg 1 .2 1...10
Ethine C,H, 0.2..3 5..30
Isoprene 1 ..10
Benzene CeHg 1 .5 5 .30
Toluene Ce¢HsCH; 0.5...2 5 .50
Xylenes Ce¢H4(CH;) , 0.1...1 5 .50
Methyl alcohol CH;0H 10 ...20
Ethyl alcohol C,H;OH 10 ...50
Formaldehyde HCHO 0.5..2 10 ...20
Acetaldehyde CH;CHO 1 .2 0.5...15
Acetone CH;CO CH;, 0,1...1 10 ...50
Methyl chloride CH;CI 1.2 1 .2
Dichloromethane CH,Cl, 0.2...0.5 1 .5
Chloroform CHCl, 0.2....0.5 05..3
Tetrachloromethane CCl4 0.5...1 1 .3
1,1,1-trichloroethane CH;CCl; 1 .3 5 .10
Chloroethene CH,CH ClI 0.1 0.1...1
Trichloroethylene C,HCl3 0.2...1 2 .15
Perchloroethylene C,Cl, 0.5..2 2 .15
Dichlorobenzene C;H,Cl, 1 ..10
Dichlorodifluoromethane CF,Cl, 1 .2 1.5
(F12)
Trichlorofluoromethane CF Cl3 1 .2 1.4
(F11)

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
1-hour maximum (acc. 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 O; peak concentration
in ppb

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 255"
Mannheim Germany 190?
Schauinsland Germany 179

(mountain station)

Martiques France >200
Nice France 170
Paris France 164
[Imitz Austria >200
Tokyo Japan >00
Oslo Norway 200
Sydney Australia > 160
Payerne Switzerland 165
Rome Italy 140
Zagreb Yugoslavia/Croatia 140
Y'1/2 h value, 2 3 h average

the world. Pollution was classified by the different pollutants SO,, suspended particu-
late matter (SPM), lead (Pb), CO, NO, and O,. This type of classification is repre-
sented in Fig. 3.38 [84]. While industrial sources are chiefly to be blamed in cities
with SO, 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, NO, 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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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 km grid. In Germany 26
measurements are executed on every corner point over the period of one year for this
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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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Fig. 3.40. Local NO, distribution in a German town (Heilbronn) — averages from 1985 to 1989
[90]
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purpose. The 1 km’ 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 km’ 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,/NO,
ratio decreases or the NO,/NO, ratio increases, s. Fig. 3.41b. Apart from the concen-
trations near the side of streets in cities it is not NO but NO, which is the main pol-
lutant characterizing air pollution by nitrogen oxides.

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

Place Year NO ug/m3 NO,
pg/m’
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
Tibingen, 1987/1988 750 — 1250 150-200
MiihlstraBe highest values
Stuttgart-Wangen, 1989 - 180 -200
Highway B 10 highest values
Stuttgart-Vaihingen, 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 NO, concentration with increasing distance to a street, b Increase of
NO,/NO, ratio with decreasing NOy 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
CO, 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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Alaska, USA

Artic Coastal Seashore,
11 m MSL,

71°19'N, 156°36' W

Colorado, USA
Alpine Mountain,
3749 m MSL,
40°03'N, 105°38' W

Germany
Mountain Station,
1205 m MSL,
47°55'N, 7°55'E

Italy

Mountain Top,
2165 m MSL,
44°11'N, 10°42'E

Florida, USA

Coastal Island Seashore
3 mMSL,

24°40'N, 80°12' W

Pacific Ocean, US Terr.
Island Rocky Promontor
42 m MSL,

14°15' S, 170°34' W

New Zealand
Seashore Coastal CIiff,
85 m MSL,

41°24' S, 174°54' E

Indian Ocean
Island Seashore,
150 m MSL,
37°52'S, 77°32'E

Antarctica
Snow-covered Plateau,
2810 m MSL,

89°59' S, 24°48' W

Fig. 3.42. Monthly atmospheric CO, concentrations at several measuring sites of the world
(acc. to [96, 97, 98, 99])
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At all stations an increasing CO, 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 CO, 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 CO, 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 CO, concentra-
tion differences between the hemispheres are low because the atmosphere is gener-
ally well mixed. But the CO, 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 (CH,)

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 NOAA/CMDL air sampling network
since 1983 [102] (NOAA/CMDL = 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 CH, annual means derived from this NOAA/CMDL 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 CH, 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-11 (CCLF) and CFC-12 (CCLF,)
[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 NOAA/CMDL 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 CH, 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 CO,
and CH, these halocarbons have a great importance because of their high global
warming potential [100].

3.3.2.2. Sulfur Dioxide (SO,)

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 SO,
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-11 (CCI;F) and CFC-12
(CCL,F;), monthly averages from seven measuring sites of the NOAA/CMDL sampling pro-
gram [104]

hundreds of kilometers brought SO, 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), SO, concentrations have slackened off in most
industrial nations in the past few years. This development becomes obvious when
looking at the profiles of the SO, 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 SO, 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 SO, downward trends cannot be observed
globally, however. In many of the world's cities the population continues to be ex-
posed to high SO, 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 SO,, 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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Fig. 3.45. Trends of SO, concentrations (annual averages). a West Germany: in the industrial
area Rhine-Ruhr, in the cities Berlin, Nuremberg and at the background station Schauinsland
(Black Forest) [105, 106, 107, 108], b East Germany: In the cities of Halle and Radebeul-

Wahnsdorf and at background sites [105, 106, 109], ¢ in different areas of western Europe [77,
83, 86, 110]

and Canadian cities and in Fig. 3.48d for selected cities of the world. Just as is the
case with the component SO, 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. 3.46. Trend in second highest 24-hour SO, concentrations in selected U.S. and Canadian
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300 Seoul
eou Ankara 302
250
mE Mexico City
S
= 200
s Beijing
8 150 |
€
[}
g
g 100  aeeeed
o Tokyo Hong Kong
%]
0}
Aukland —T
0 ﬁ_\—.— .
1980 1982 1984 1986 1988 1990 1992
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Fig. 3.49. Acrosol 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 Chichén
(Mexico, 1982) and the Pinatubo (Philippines, 1991). At the South Pole, the effects
of the El Chichén 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 NO, 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 NO, concentrations in West Germany, s. Fig. 3.50a. In
European cities, too, slightly lower NO, concentrations are to be seen only in the past
few years, s. Fig. 3.50b. In the USA a slight drop in the NO, concentrations since
1990 in a mean of 201 measuring sites can be recognized, s. Fig. 3.50c.

3.3.2.5 Tropospheric Ozone (O3)
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 Riigen, 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. 3.51. Annual average volume fractions of surface ozone (with annual amplitude inside
bars), Zagreb 1889-1900 [117]; the curve of Montsouris (near Paris) is drawn according to
Bojkov’s data [116]
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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, O = optical, C = chemiluminescent

the early seventies. The wet-chemical KI measuring method used then shows an
interference with SO,, leading to an underestimation of the ozone values. As a result,
the O, values recorded in Dresden-Radebeul from 1952 to 1972 were too low. From
1972 onwards SO, filters were installed for measurement [119]. The leap in the
measured values is undeniable. Due to very low SO, concentrations the O, values
measured in Arkona were never influenced. Hohenpeissenberg's measuring values of
the years 1971 to 1975 were submitted to an SO, corrrection, so that the originally
low values were raised. In this way drastically increasing trends could no longer be



154 3 Air Pollutants in the Atmosphere

100
_ 0,
Hohenpeissenberg R

80 A
"’g A
(=2
=
£ 60
c
o
8
S 40
2
8 Py e ® e - x
o™ - x
S Dresderj Radebeul C

Jox X x (@]
X x
— te
oLl L ! ! ! !

1952 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88
C.R. = Continuous Registration

F. =80, Filter

Fig. 3.53. Annual mean values of surface ozone at the German stations Arkona (Riigen Island
in the Baltic Sea), Dresden-Radebeul (town in Saxony) and Hohenpeissenberg (Bavarian
mountain, 17 km north of the European Alps, 975 m above m.s.L.), [119, 120]

observed [120]. Arkona, however, shows an increase in O, from 30 pg/m’ in 1950 to
over 50 pug/m’ 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, €.g., the
monthly mean values of Freudenstadt-Schéllkopf 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 O, trends for meteorological influences [122]. Their report
features a statistical model in which the frequency distribution of O, 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-Schollkopf) [33]

indicator shown in Fig. 3.55 is the composite mean of the meteorologically adjusted
99" 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 O, year 1988 which was followed by years less con-
ducive to O, formation. A steady downward trend is clear. The composite average of
the 99" percentile daily maximum one-hour concentrations in 1993 is 12 % lower
than the 1984 level. Coincidentally, the 10-year percent change in both the adjusted
and unadjusted composite average of the 99" 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 O, 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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Fig. 3.55. Comparison of meteorologically adjusted, and unadjusted, trends in the composite
average of the second highest maximum one-hour ozone concentration of 43 metropolitan
statistical areas (MSAs), 1984-1993 [77]

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 and 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

(acc. 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

(mesoscale)

Urban to regional

Point source (power plant)

Line sources (motor vehicle
expressway without
buildings nearby)

Street canyon (motor vehicle
traffic — in cities)

50 km to 2 000 km

1 km to 100 km
500 m to several km
100 m to several km

several meters
(1 mto 100 m)

1/2 day to 1 week
1 hr. to 1 day

1/2 hr. to several hrs
1/2 hr. to several hrs

several min. to 1 hr.
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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
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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).

yin km

b X In Km c X in km

Fig. 3.58. Trajectories (a) and concentration fields at 5 a.m. (b) and 9 a.m. (c) calculated with
FITNAH [133]



162 3 Air Pollutants in the Atmosphere

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]:

dc(x,t)

o =—u(Xt) - Ve(X, t) +V(K(X, 1) - Ve(X 1))

3.37)
+Q(X, 1) +S(X, 1),

location vector,
time,
X, 0 pollutant concentration at location x at time t,
(X, time and location dependent (medium altitude) wind field,

O TR
~~~
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\% Nabla operator,

K (X, ¢ diffusion tensor containing as diagonal elements diffusion
coefficients in all three coordinate directions,

0(X,1 mass flow of time and location dependent pollutant sources,

S(X,1 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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Fig. 3.59. Diagram of a box model investigation arca

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 inhomogenous 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 acc 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) = Lexp[—lz—:l

216,0,u, 202
(3.38)
ex (z—H)* +ex (z+H)”
8 202 B 267
X, Y,z cartesian coordinates of the point in the distribution direction (x),

vertical to the distribution direction horizontal (y) and vertical (z),
c(x,Y,z) mass concentration of air pollution at the point of impact
with the coordinates (x, y, z) for every single distribution

situation,
z altitude of the point of impact above ground,
Q emission mass flow of the emitted air polluting substance

from the emission source.
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H effective source altitude,
o, O, horizontal and vertical dispersion parameters,
u, 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.

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
SO,, NO,, 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 CO,, CH,,
N,O 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 [1])

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

Trace components without significant trend

0O, 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 CFCl; and
CF,Cl,
—40% (Antarctica, Degradation products
Sept. + Oct.) of CFCl; and CF,Cl,
H,O vapor  Troposphere Variable Increase
(tropical Pacific
region)
Aerosol Troposphere  Variable Increase Air pollution
particles (limited areas)
Greenhouse gases with rising trend
CO, Troposphere 345 ppm +0.5%=1.6 ppm/a Fossil fuels, destruc-
tion of parts of the
biosphere
CH, Troposphere  1.65 ppm +1.2%=27 ppb/a Cultivation of rice,

cattle, dumps, fossil
fuels, destruction of
biosphere by
burning
N,O Troposphere 0.32 ppm  + 0.2%=0.9 ppb/a Nitrogen fertilization,
fossil fuels, destruc-
tion of parts of the

biosphere
CF,CL, Troposphere 400 ppt +4.5%=18 ppt/a Refrigerants,

spray cans
CFCL; troposphere 270 ppt +5.2%=13 ppt/a 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 (ClO) 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 ClO 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 N,O (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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Fig. 4.2. Increase of the CO, content in the atmosphere since the beginning of industrialization
(acc. to [11]). a The increase of the atmospheric CO, concentration is reconstructed from ice
drillings in Antarctica acc. to Neftel, 1985; dots on upper right represent annual values; in
reconstructions the crosses indicate the corresponding uncertainty range. b Monthly values of
direct measurements on the Mauna-Loa, Hawaii, acc. to Keeling 1982, 1987
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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 CH, and CO, 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 CO, 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 CO, 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 CO, 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
CO,[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 CO, 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/100 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.

Tglobal in “C

Milleniums

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 [1]

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 CaSO, - 2H,0
[15]:

CaCO, +H,S0, +2H,0 — CaSO, - 2H,0 + H,CO;.. @.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
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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:

CaCO, +H,CO,—»Ca(HCO,),. “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 SO, 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, SO, 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 SO, 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 SO, 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 SO, deposition, measured with an IRMA
SO, passive samplers, FRG and UK [23]
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established by the loss of mass in test plates on the SO, 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 SO, pollution [24].

For one thing, the effect of SO, 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 SO, 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 SO,. 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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Fig. 4.7. Tensile strength of exposed NBR samples positioned in the shade with mean ozone
concentration and their deviation at measuring sites in Southwest Germany [25]
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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 SO,, Cl,, HCI, HF, NH, and C,H, 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 Waldschéden").

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 O, 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 - O;  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 (—leaching),
silvestris) and margins of destruction of products

Peroxyacetyl- Tobacco, bean,
nitrate — PAN  leafy lettuce,
species of pine,

Sulfur dioxide- Wheat, rye,

SO, barley, cotton,
species of
fruit trees,
species of
pine and
birch

needles,
premature
leaf shedding

Bronze-colored
stains on underside
of leaves, discolora-
poplar, oak

Necroses between
leaf nerves and
on rims (deci-
duous trees),
reddish-brown
striped discolora-
tion of needle tips

of metabolism such

as unsaturated fatty

acids and sulfunyl groups,
disruption of photo-
synthesis

Similar to O;, in particular 10 ppb/8 h
inhibition of fat synthesis,
inhibition of enzymes
tion of needles, pre-
mature aging

absorption via stomata, 180 ppb/ 8 h
formation of H,SO4 8...17 ppb/
or H,SO, in the inter- vegeta-

cellular space, dis- tion period
ruption of assimilation

functions, changes of

enzymes and proteins,

rigid stomata
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Damaging Most sensitive Visible damage Damage Damage
pollutants plants to foliage mechanisms threshold
Hydrogen Fruit trees, Necroses on tips Aerosol and caustic 1.2 ppb/14 h
fluoride - HF  pine, species and margins damage on epidermis; 0.18 ppb/
of spruce, gas: absorption via vegetation
vine, tulip stomata, transport period
to margins and tips;
storage, damage to
cell structures, dis-
ruption of assimilation
functions
Chlorine, hydro- Similar to SO, 500...1500 ppb/
gen chloride — 0.5..3h
Cl,, HCI1
Nitrogen pine, Grayish, brownish Absorption through 20000 ppb/1 h
oxides species of discolorations stomata, pH decrea- 1000 ppb/
NO, NO, spruce starting on the leaf sing at the point of longterm
margins going inward, entry, disruption of
reddish-brown to red- longterm assimilation
violet discoloration functions, possibly
starting on the tips formation of
of the needles nitrosamine
Ammonia Similar to SO, Collapsed tissue 55000 ppb/1 h
NH;, without loss of

Hydrogen sulfide
H,S

Acid precipitation

Metals Various

Necroses between
leaf veins

Small, stain-like
necroses on
vascular bundles
and stomata

Different

chlorophyll

External attack on
leaf areas without
hydrophobic wax
layer (reinforced by
Oj; exposition),
necroses, leaching,

absorption via stomata,

buffering by plants,
jon exchange (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--10ppm®
Hg, Ni:
25.--40ppm®
Cu, Pb:
125---140 ppm*
Zn: 740 ppm®

® mass concentration in the ashes of leaves or needles
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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 O, 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 O, 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
SO, coniferous trees are more at risk than plants shedding their leaves. The sulfuric
and sulfurous acid forming from SO, 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 SO, 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 wetting 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 H,SO,, HNO,). 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 O, 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 SO, 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 km’ of the total forest
area of 3500 km’ on the territory of the former CSSR alone. The leaf-shedding tree
species beech, larch and rowan, however, which are less sensitive to SO, 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, 2" 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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Fig. 4.10. Estimated effect relations due to ozone and acidic precipitation (acc. 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 