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SUMMARY

Emission factors of Cd, Pb and Zn for various source categories
have been reviewed with major aim to assess their changes
during the period from the 1950’s up to 1985. A progress made
in developing industrial technologies and emission control
techniques has been considered when calculating emission
factors applicable for the 1950’s, 1960’s, 1970’s and 1989 and
1985. It was concluded that the atmospheric emissions of Cd, Pb
and Zn in Europe peaked in the mid 1970’s. Emission factors of
Cd, Pb and Zn before the mid 1970’s were ca. three times higher
than the factors estimated for the 1980’s for major source
categories such as non-ferrous metal production and combustion
of fuels.



EMISSION FACTORS OF ATMOSPHERIC
Co, P AND Zn FOR MAJOR SOURCE CATEGORIES IN EUROPE
IN 1950 THROUGH 1985

1 INTRODUCTION

Studies on source-receptor relationships for pollutants provide
information which is needed for politicians to formulate
environmental strategies, often related to reduction of
emissions. The International Institute for Applied Systems
Analysis (IIASA) has been contracted to study input of toxic
pollutants to the Rhine river waters. A part of the pollutants

enter the Rhine river waters via atmospheric deposition.

Major goals of this work 1is to assess emission factors of
atmospheric Cd, Pb and Zn for major source categories in order
to evaluate atmospheric emissions of the metals and their con-
tribution to the contamination of the Rhine river waters. Both,
current and historical emission factors are presented in a view
to trace changes of atmospheric emissions of Cd, Pb, and Zn in

Europe, beginning from the 1950’s.

The following tasks have been performed to achieve the above

goal:

= review of progress made in developing industrial techno-
logies between 1950 and 1985,

e review of advancement in emission control techniques, and

particularly dust control techniques, and

= review of current emission factors of Cd, Pb and Zn with a
view of their changes from the 1950’s through 1985 due to
the development of industrial technologies and control

devices.



Major emphasis was placed on countries in the Rhine river
region, such as Switzerland, Germany, France, the Netherlands

and Belgium.

2 EMISSION FACTORS FOR ELECTRIC POWER PLANTS

2.1 COAIL. COMBUSTION

Emission factors of Cd, Pb and Zn emitted from coal-fired power

plants can be estimated using the following equation:

E = Pxe; X(1-C,xC,) x S (1)
where:
E = the trace metal emissions, mg of metal/day
e = the emission factors (uncontrolled), kg of dust/1l tonne
of coal
P = daily coal requirements, tonnes of coal/day
C, = the average operating efficiency of control equipment

for each metal

C, = the fraction of the production capacity on which

control equipment has been installed, and

S = concentrations of trace metals in stack dust

emitted during coal combustion, mg og metal/kg of dust.

2.1.1 Daily coal regquirements

The daily coal requirement (P) of a coal-fired electric power

plant is given by:



DCR(tonnes/day) = (N ) xXC(MWe) x 103 kKW x 24 h X 3412 Btu x

(
100 MW day kWh

100 x 1 1b coal x 1 ton x 1 tonne (2)
E B, (Btu) 2000 1b 1.1 sh tn

o}

where:

C = the noted capacity of the plant, in megawatts (MWe)

N = the capacity or plant factor, i.e., the percentage of
capacity at which the plant operates, averaged over one
year. A typical value of N is 70 per cent.

E = the efficiency of the plant, in per cent.

E_= XkWh of electrical energy output from the plant per kWh of

100 coal energy input into the plant. Typically E ranges from
36-40 per cent.

B. = the heat content, in Btu per pound of coal.

The daily coal requirements of the four model plants considered

in this work are given in Table 1 for the three standard coal

types.

Table 1: Daily coal requirements of the four model power plants
burning three standard coal types.

Daily coal requirement, tonnes/day

Plant size (MWe) Bituminous Subbituminous Lignite

100 495 600 834
350 1730 2100 2920
700 3460 4200 5830
2100 10400 12600 17500




It was assumed in Table 1 that the plants use pulverized coal
furnaces, have a thermal efficiency of 38 per cent and operate
at 70 per cent capacity. It was also assumed, that the heat
values are the following: for bituminous coal 13 850 Btu/1lb,
subbituminous 11 430 Btu/lb and lignite 8220 Btu/lb. Daily coal
requirements of power plants using cyclone firing are similar
to daily coal requirements of plants using pulverized coal

furnaces.

For the purpose of this work, it was assumed that the three
parameters: thermal efficiency of power plants, capacity factor
and heat content of coals have been changed between the 1950
and 1985 only to the extent which can be covered by the overall
inaccuracy of the emission estimates for the studied elements.

2.1.2 Uncontrolled emission factors and efficiency

coefficients C. and C,.

Table 2 1lists data on e, C, and C, for different boilers,
assuming ESP installations with control efficiency of 99 per

cent.

Table 2: Values of e, C, and C, for different boilers ESP
equipped (for the reference years 1980 and 1985).

Ef*l
kg of dust/ Ce Cy Co x Ct
1 tonne of coal

Cyclone 13.64 0.99 0.71 0F . 710
Stoker 59.09 0.99 0.87 586
Pulverized Tz 1 B 0.99 0.97 0.96

(=]

*1 Assuming 10% of ash in coal. For another ash contents factor
ef can be calculated using equations:

1.364 x A for cyclone
5.909 x A for stoker
7.%278 % A feor pwl wverszed

€ ifi
€.
€
where:
A i

[ |

content of ash, %.

v



The above data reflect the technological advancement in the
beginning of the 1980’s. They can be representative for both
reference years 1980 and 1985. On the basis of literature
review, and particularly on extended work at the Midwest
Research Institute in USA (MRI, 1971) the factors for the re-
ference years 1960 and 1970 can be assumed as in Table 3.

Table 3: Values of e;, C, and C, for different utility boilers
(in the reference years 1960 and 1970).

C.f
kg of dust/ G
1 tonne of coal

Cyclone 13.64 0.91 0. 71 0.64
Stoker 59.09 0.80 0l 5 87 0l 570
Pulverized 72 . TS 0.92 0.97 0.89

The above literature source suggests that the efficiency of
dust collection at the beginning of the 1950’s was ca. 15 per
cent lower that at the beginning of the 1960’s. Thus, for the
reference year 1950 the following factors (C, x C,) can be
suggested: 0.54 for cyclone, 0.60 for stokers and 0.76 for

pulversized furnaces.

2.1.3 Concentrations of ¢4, Pb and Zn in stack dust.

Concentrations of <¢€d, Pb and Zn in the stack dust depend on
their concentrations in coal and technological parameters of
combustion. The concentrations of <Cd, Pb and Zn that can be
suggested for most of the European coals are presented in
Table 4.



Table 4: The Cd, Pb and 2Zn concentrations in the European
coals.
Trace Bituminous coal Subbituminous coal Lignite
element Hg/g Ha/g ba/g
Range Average Range Average Range Average

Cd 0k, 3128 0.47 0.4-0.6 0.46 0.5-2.1 0.61

Pb 3l 7=6):1 4.9 2.1-10.1 4.8 1.5-9.6 4.7

Zn 30.5-317..6 35.0 1451.+5/=1312}..5! 27.0 19.0-33.5 | 28.0

During combustion the volatile species in the coal evaporate in
the firebox and recondense as submicron aerosol particles, or
the

convective sections. The concentrations of Pb, Cd

of ash particles as the flue gas cools in the
Zn

on surface

and in-

crease markedly with decreasing particle size.

The knowledge of the enrichment mechanism of elements analysed

during coal combustion permits establishing the concentrations
of these constituents in the fine dust particles. Table 5 shows
metals under study in different size

concentrations of trace

particles.

Table 5: Mean concentrations of Cd, Pb and Zn in different size

particles emitted during coal combustion.

Concentration in of dust fraction

Mg /g

Element

>10 Mm 3-10 Um 1-3 Um 0.5-1.0 Ym <0.5 ym

cd
Pb
Zn

L)
160.0
240.0

DI I
320.0
500.0

206 0
500.0
630.0

100.0
580.0
8801, 10

178
650.
9LIKOF 5

The

theoretical

Table 6.

(calculated)

particles in different size of

percentage
stack dust

is

presented

distribution of

in



Table 6: Assumed percentage distribution of different size
particles in stack dust.

Assumed percentage distribution of particles

Boilers <1 Um 1-3 UYm 3-10 Ym >10 Hm
Cyclone 9 317 21 313
Stoker 4 10 36 50

Pulverized 10 2 2 28 40

The data from Tables 5 and 6 can be used to calculate concen-
trations of Cd, Pb and Zn in stack dust. The results are shown
in Table 7.

Table 7: Concentrations of Cd, Pb and Zn in stack dust, emitted
during coal combustion in different boilers.

Element Concentration in Hg/g

Cyclone Stoker Pulverized
cd 31.0 18 .4 30 o3
Pb 363 271 329
Zn 506 403 474

2.1.4 Emissjon factors for Cd, Pb and Zn emitted from coal-

fired power plants

Information in Tables 1, 2, 3 and 7 can be used to estimate
emission factors for Cd, Pb and Zn emitted from coal-fired
power plants in the years 1950, 1960, 1970, 1980 and 1985. The

results are shown in Table 8.
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Table 8: Emission factors of trace metals*! (pg/MJ).

Element Bi tuminous Subbtuminous Lignite

Cyclone | Stoker j{ Pulverized | Cyclone | Stoker | Pulverized | Cyclone | Stoker | Pulverized

1950
Cd 11.0 25.0 3140 13.2 30.0 36.6 18.5 42.0 51.0
Pb 128 366 329 155 446 338 216 620 554
In 178 570 474 216 660 576 300 918 798

1960 and 1970

Cd 8.0 18.6 14.0 8.7 22.5 16.8 13.5 31.5 23.4

Pb 93.7 274 151 113 334 183 158 464 254

In 131 409 217 158 4384 264 220 687 366
1980 and 1985

Cd %3 8.7 5.1 8.8 10.5 6.1 1123 14.7 8.5

Pb 85,2 128 54.8 103 156 66.4 144 217 923

In 119 191 79 144 231 96 200 321 133

*1 10% of ash in coal was assumed.

2.2 OIL COMBUSTION

The emission factors for Cd, Pb and Zn from combustion of oil

in electric power plants can be calculated using the following

equation:
E =Ep . C (3)
E = the trace element emission factor, mg metal/103 liters
Ep = the particulate emission factor, kg dust/103 liters

the trace element content in the emitted dust, mg
metal/kg dust

(@]
I

The Ep factor was calculated from:

Ep = 1.25 x S + 0.38 (4)

where:

S = the percentage by weight of sulfur in the crude oil.
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The trace metal content in dust emitted from oil-fired power
plants varies from one plant to another. Table 9 presents mean
concentrations of trace metals in dust emitted from European

oil-fired power plants in 1982 ("C" in equation 3).

Table 9: Trace elements in dust from European oil-fired power
plants.

Element Concentration range, Hg/g Average concentration, Hg/g

Cd 75=:118 0 158
Pb 700-1800 1700
IZn 350-2000 1200

The average concentrations of trace metals in dust 1listed in
Table 9 were calculated on the basis of measurements of trace
elements in dust emitted from oil power plants in some European
countries and figures of crude oil import from different areas
to Europe together with distillate yields and trace element

concentrations in crude oils.

The Ep factor was calculated assuming S = 1%. The daily oil re-
quirements are shown in Table 10.

Table 10: Daily o0il requirements in electric power plants.

Plant size (MWe) Fuel 0il consumption
103 liters/day

100 319r2
350 m, 32
700 2 744
Z 100 8r @AS812

Using the information from Table 9 in Equations 3 and 4 and the
information from Table 10, the following emission factors were
obtained (Table 11).
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Table 11: Emission factors of trace metals*! (ug/MJ).

Element Emission factor

cd 1T . 6
Pb 1) 2.5 -
Zn 818 . 7

*1 Assuming 1% of sulphur

Taking into account the assumption that emissions of Cd, Pb and
Zn from oil-fired power plants are not dependent on the
efficiency of control abatement (the whole amount is emitted),
their emission factors will not change within the years. Of
course, the sulphur content of o0il may change in the countries
as this depends on export-import relationships for crude oil,
so the emission factors for individual countries can vary from

year to year.

3 EMISSION FACTORS FOR TRACE ELEMENTS FROM INDUSTRIAL,
COMMERCIAL AND RESIDENTIAL COMBUSTION OF COAL AND OIL

3.1 COMBUSTION OF COAL

Pacyna (1986) has elaborated a set of emission factors for
several trace elements during combustion of coal and o0il in in-
dustrial, commercial and residential boilers. These factors
have been estimated for boilers with dust removal installations
of 82 to 85 per cent efficiency and application of control
equipment covering from 91 to 95 per cent of sources within the
combustion process. Such conditions can be described for the
reference years 1980 and 1985. Average collection efficiency in
the 1950s was <ca. 16 per cent lower than in the 1980s. The
corresponding values for the 1960s were 11 per cent, and the
1970s 4 per cent. Therefore the values of C, and C, from
equation (1) are for the industrial, commercial and residential

boilers as in Table 12.
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Table 12: Values of C. and C; for different boilers applied for
industrial, commercial and residential purposes.

Boiler CC l ct Cc X Ct I 1-(Cc X Ct)
1950

Cyclone 0.69 0 91 0.63 0l ;37

Stoker 0.71 0.91 0.65 05 3.5

Pulverized 0l 7] 0 » 955 0, 56.7 0l 533
1960

Cyclone 0is 73 0 5 91l 0z 66 034

Stoker 0l 716 0.91 0.69 0’31

Pulverized 0.76 0-+19/5 0} 5= 712 0.28
1970

Cyclone 0.5 7119 0.91 0 37 2 0.28

Stoker 0w 8 2 0591 Q) w75 0] 5 25

Pulverized 0.82 0 .98 0) 1 78 0.22

1980 and 1985

Cyclone 0.82 0) = 9Nl O 745 0.25

Stoker 0.85 0.91 0.77 0.23

Pulverized 0.85 0.95 0.81 0.19

Most of the boilers employed in industry are of stoker type.
Therefore, it was assumed that the emission factors Cd, Pb, 2Zn
for stokers are relevant for all industrial, commercial and
residential boilers. These factors are given in Table 13 after
using data from Table 12 and a set of factors elaborated by
Pacyna (1986).

Table 12: Emission factors of trace elements from coal-fired
industrial, commercial and residential wunits (g of
trace element/tonne of coal burned).

Reference Cd Pb Zn
year
1950 0.80 s A0 1574 30
1960 0.70 10.40 L5740
1970 0; 557 8.40 12.40
1380 0.52 7.70 11.40
1985 0.52 7.70 11.40
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3.2 COMBUSTION OF OIL

The following emission factors are suggested after Pacyna
(1986) :

Cd - 0.65 g/103 liters of oil
Pb = 6 " 4 1] " ” "
Zn — 4 a 5 n ” [1] "
Again, these factors are not dependent on the efficiency of

control equipment, thus, are equal for the whole study period.

3.3 COMBUSTION OF GASOLINE

Information on the use of lead additives in gasoline in various
European countries is available for the period from the late
1970’s until today. Important regulations concerning the re-
duction of lead additives have been introduced in many
countries at the end of the 1970’s. Lead content of gasoline
was limited to 0.4 g Pb/1l in the Federal Republic of Germany
(FRG) from 1 January 1972. Low-leaded gasoline with 0.15 g Pb/1
has been introduced in FRG already in 1976 (the Federal
Republic of Germany). In the Scandinavian countries, low-leaded
gasoline was introduced in Norway and Denmark in 1982 and in
Sweden in 1983. Other countries, such as Beligum, Finland,
Luxembourg, The Netherlands and the United Kingdom followed the
suit in 1986.

Unleaded gasoline (no lead additives but some lead content due
to the contamination of crude o0il) was introduced in Europe in
the mid 1980’s. However, amounts of unleaded gasoline were very
low a that time compared with leaded and low-leaded gasoline.
For example, the contribution of unleaded gasoline to the total
consumption of gasoline in the Federal Republic of Germany was
1 per cent in 1985, 11 per cent in 1986 and 25 per cent in
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1987. In Scandinavia, unleaded gasoline was introduced in 1986,
but in 1987 its contribution to the total consumption of gaso-

line was at a level of 10 per cent.

The most recent data from the European Fuel Oxygenates
Association shows that the market share of unleaded gasoline in

Europe in the spring of 1989 was as in Table 13.

Table 13: Market share of unleaded gasoline (in per cent) in
the Spring of 1989.

Country Market share

Fed. Rep. of Germany

Switzerland

Austria

Sweden

The Netherlands

Norway

e United Kingdom
ium

NN WWWw oo
[3,]

PR HENOON= 0o ®
w

T o+ 3 = (D T
<
A AA

While the above countries introduced low-leaded and unleaded
gasoline in the mid 1980’s, other countries, particularly in
Eastern and Southern Europe were passing regulation on required
content of 0.4 g Pb/1l. A 1list of these countries includes
Czechoslovakia, Poland, Hungary, Portugal, Spain, Greece and

partly the Soviet Union.

Much less information is available on the use of lead additives
in gasoline in Europe in the 1950’s, 1960’s and 1970’s. On the
basis of information available from the UK Petroleum Industry
Association and the UK Department of Energy the amount of lead
in gasoline between the 1950’s and 1970’s was varying from 0.5
to 0.65 g/liter. Various data from the German Umweltbundesamt
seem to suggest similar values for the content of lead in gaso-

line in the Federal Republic of Germany.
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Information collected by the author on the use of lead in gaso-
line additives in other countries in Europe 1in the period
between the 1950’s and 1970’s seems to suggest that lead

content of gasoline was ca. 1.0 g Pb/l.

The author was reviewing various national documents as well as
information from the lead additive producers, mainly the
Associated Octel Company Limited. The Octel company provided
the author with statistics on gasoline lead compound usage in
Western Europe in 1950-1990. This data are presented in Table
14.

Table 14: Gasoline lead compound usage in Western Europe in
1950-1990 (in 103 t).

Year Usage Year Usage

1850 e/ 1870 KzS
1956 )| 1975 144
1.9'610 44 1980 L3
18968 85 1985 101
1.81910 9117

The following shall be noted:

= for Western Europe Octel means the 12 Member States of the

European Economic Communities and the EFTA countries;

= one tonne of lead compound contains 39.39% lead; and

- vehicle lead emissions are generally 75-80% of lead

consumed in the gasoline.

The above information on the usage of lead compounds in Western
Europe was then considered together with the information from
some 1individual European countries to calculate the amount of

lead in one liter of gasoline during the period from 1950
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through 1985. The calculations were based on the usage of lead
compounds and statistics on the gasoline consumption. The

results of calculations are shown in Table 15.

Table 15: Lead content of gasoline in Europe between the 1950’s
and 1985 (per cent).

Country 1950-

Albania

Austria

Belgium

Bulgaria
Czechoslovakia
Denmark

Finland

France

Fed. ReB. of Germany
German Democratic Re
Greece

Hungary

Ice?and

Ireland

Italy

Luxembourg

The Netherlands
Norway

Poland

Portugal

9 1960-69 1

~

COLUINIOOOCOUNINOOOOOOOROOUNIOOOUNIO | O
OO OOOOOOOOOOOOOOOOOOOOOOO

1
~
w
[fe]

ShEPORAALWALOALELAOA—OIIALRLAARN | O
[{e]

bbb~ W—baALE | O

p.

Switzerland
the United Kingdom
USSR-Europe
Yugoslavia

— = OO O = = = (OO 2 = = et bt et = (O b et O e el et et
COUINUIOOOONUIOOOOOOONOONOOOOO
COUTUNUIQCOOOUNIUNIOOOOOOONOONOOOOO [,
SR OOO I OO = = S O = O s s
SOOI NOOOOUIUNOOOOCOOOCUIOOUNOOOOO
COUINOOOCOUNUNOOOOOOOUIOOUINOOOOO [e2]
= 1= L= e e N Y e e e Y e T Y e T Y = T Y]
COO0OOCOO0OO0OO0OOOOCOOOCOOOOOOOOOOOO |
OO UNNOOOCOLOOPLOOORLOUIOOOOOOOO [=]
OO0 O0OO0OOCODOOOOOOOOOOOOOOOO0O —
OOOUMUNNOOOOUNMIOOOCOOOOOUNOOOIDOOOO (4,

It is very difficult to obtain any means of verification of the
data in Table 15. However, it was concluded that the Pb
emissions in Rhine Area South (Cologne) due to traffic have de-
creased from 186.3 t/y in the period 1964-1974 to 63.4 t in
1980, thus almost 3 times (OECD, 1987). A decrease of total Pb
emissions in the Federal Republic of Germany during this period
was also 3-fold as seen from Table 2. Taking into account that
gasoline combustion is the major source of 1lead emissions in
the Federal Republic of Germany, the above described agreement

between the data is quite interesting.
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4 NON-FERROUS METAL PRODUCTION

Mining of ores and further roasting, smelting and refining
processes in the non-ferrous metal production are the major
sources of Cd and Zn production in Europe. A type of production
process, efficiency of pollution control installations and con-
tamination of ores by these elements are the most important

parameters affecting the emission process.

There are two major types of technological processes employed
in the non-ferreous metal production: pyrometallurgical
(thermal) processes with high temperature during roasting and
smelting and electrolytic extraction. Major source of atmo-
spheric Cd, Zn and Pb (after gasoline combustion) is pyrometal-
lurgical production of zinc and lead. Roasting of ore concen-
trates and low-grade ore enrichment are initial steps in the
zinc and lead production. The =zinc ore concentrates from
roasters are then sintered and smelted to reduce =zinc and

cadmium oxides. The last step is purification.

The lead ore concentrate from roasting is extracted in a
sintering plant. Sometime the sintering machine or electric
furnace receives the lead sulfide ore directly. Lead sulfide is
then oxidized in a blast furnace to lead oxide and reduced to
produce lead metal. In the 1last step, the 1lead is refined

either by electrolysis or by chemical precipitation.

The copper smelters can be significant sources of atmospheric

emissions of Pb and Zn, and to less extend of Cd.

High efficiency control devices are presently employed in
smelters. Roaster facilities, as well as sintering processes
are controlled mainly with fabric filters and electrostatic
precipitators. The control efficiencies of these installations
in the non-ferrous metal production vary from 80 per cent up to
99.9 per cent with the values closer to 99.9 per cent nowadays.
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Assuming that the same type of production process has been
employed in a given smelter for several years in the past and
that the ores have been delivered to a given smelter from the
same mine (rather stabile export-import market), the historical
Cd, Pb and Zn emissions from smelters in Europe are mainly de-
pendent on the progress of developing more efficient emission
control installations and on the degree of control coverage of
emission-generating processes within smelters. Therefore, the
historical emissions of C€d, Pb and 2Zn need to be regarded
separately for individual smelters in Europe, as far as infor-

mation from these smelters exists.

Several studies have been carried out to assess emissions of
heavy metals from smelters in FRG. In major smelters such as
Stolberg and Duisburg emissions of Cd and other heavy metals
peaked in the mid 1970’s. They were 2 to 4 times higher than in
the 1980’s as concluded on the basis of various German and OECD
documents (e.g. reports from Minister flir Arbeit, Gesundheit
und Soziales (MAGS) des Landes Nordrhein-Westfalen or from the
OECD Chemicals Group and Management Committee). For example,
industrial 1lead emissions in Duisburg have decreased from over
800 t/y in the mid 1970’s to ca. 220 t/y in 1981. Cadmium
emissions from the Stolberg smelter have been reduced from
900 kg in 1974 to a. 400 kg in the 1980’s. It should be
observed, however, that not only more efficient control techno-
logies have been employed in smelters, but also less polluting

production techniques in some smelters.

Concerning other countries in the studied region, reports from
the Netherlands indicate that in the 1970’s it must have been
considerable Cd and other heavy metal emissions from the
thermal =zinc production processes operated in the Budel,
Overpelt and Lommel areas of North Brabant and Limburg. Budelco
BV is now the sole producer and since 1973 all production has
been by the electrolytic process, in which process emissions of

heavy metals to the atmosphere are insignificant.
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Measurements carried out in the area of the copper smelter
complex in Glogow in Poland and the Legnica lead smelter showed
2-fold decrease of heavy metal emissions into the atmosphere
between the mid 1970’s and the beginning of the 1980’s (e.g.
Pacyna et al., 1981).

It is very difficult to obtain detailed information on
emissions of heavy metals from non-ferrous metal smelters
during the period from the 1950’s up to the 1970’s. Therefore,
it is suggested to use only two groups of emission factors for
heavy metals. First group includes emission factors expected to
be valid before the mid 1970’s and the second group consists of
factors for the situation in the 1980’s. Thus, the first group
of emission factors will be valid for the 1950’s, 1960’s, and
1970’s, while the second group will be valid for 1980 and 1985.
It was also assumed on the basis of the 1literature (e.qg.
various MAGS and OECD reports and the author own data) that the
emission factors in the first group are three times (on
average) higher than the emission factors in the second group.

The emission factors are given in Table 16.

Table 16: Heavy metal emission factors for non-ferrous metal
production before the mid 1970’s and in the 1980’s
(in g metal emitted/t metal produced unless as indi-

cated) .

Operation Before the mid 1970’s In the 1980°s

Cd Pb Zn Cd Pb In
Mining 2700*3 240*1 900*3 80*1
Primary copper
production, 600 6000 2550 200 2000 850
Secondary copper
production 15 390 1500 5 130 500
Primary zinc production 1500*2 | 5700 48000 5002 | 1900 16000
Secondary zinc procuction 27000 9000
Primary lead production 30 9000 3310 10 3000 110
Secondary lead production iS5 600 900 255 200 300

*1 in g metal/t (Zn+Cu+Pb) mined
This factor applies for pyrometallurgical processes other than:
- Vertical Report (VR) process - 200 g Cd/t Zn produced, and
- Imperial Smelting Furnace (ISF) process - 50 g Cd/t Zn produced.

*3 n g metal/t Pb processed.
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5 IRON AND STEEL MANUFACTURING AND CEMENT PRODUCTION

Non-ferrous metal production is the major industry emitting
heavy metals to the atmosphere, although not the only one.
Other industries include iron and steel manufacturing and

cement production.

5.1 IRON AND STEEL MANUFACTURING

The manufacture of iron and steel from iron ore or recycled
scrap involves many processes with the potential of generating
atmospheric pollution, including heavy metals. Concerning iron
works, the major source of zinc and lead is blast furnace gas.
The emission rates of Zn and Pb from blast furnace vary due to
the type of ore operated and the type and efficiency of control
devices. The 1lower values of emission factors are calculated
for processes using haematite and ironstone and the higher ones

are for siderite or magnetite.

The cupola furnace is the most important source of air
pollutants in the production of iron castings, but emissions of

Zn and Pb are insignificant.

Steel can be produced in open-hearth, electric-arc, and basic
oxygen furnaces. A comparison of atmospheric emissions from
electric-arc steelmaking (EAS) with those from basic oxygen
(BOS) or open-hearth (OH) clearly indicates higher emission
factors for the former technology due to high scrap charge
loadings in the BOS process. The emission factors of <d, Pb,
and Zn for EAS are ca. one order of magnitude higher than those
for BOS. These factors depend strongly on the efficiency of
control devices, particularly when comparing the 1950’s,
1960’s, 1970’s and 1980’s emission factors.

On the basis of literature review, and particularly on research
at the Midwest Research Institute (MRI, 1971) it <can be
suggested that the efficiency of control equipment to collect
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metals emitted from iron and steel manufacturing was ca. 80% in
the reference years 1960 and 1970. The technological advance-
ment of control devices in the beginning of the 1980’s resulted
in obtaining 95% efficiency in 1980 and 97% in 1985. Taking
into account this information, as well as the 1985 emission
factors by Pacyna (1986), the historical evolution of emission

factors is as presented in Table 17.

Table 17: Emission factors of Cd, Pb and Zn for iron and steel
production (in g of metal/t of product).

Process cd Pb Zn

1960

D 74.7 180
; T4 57 180
o 1) 10.7 26

Iron
Steel: EAS
BOS

O N O

Iron 0l 55 J 45 7 180
Steel: EAS : 74.7 180
BOS 0.13 1501, /7 26

~n

1980

Iron 051 3 18l 7 45.0
Steel: EAS 0.70 1857 45,
BOS 0.03 %o T 61 .5

[=]

19185

Iron 0.08
Steel: EAS ;
BOS 0 ;10,2

o & 2 ., 0
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o
>
—
—_
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Very little is available on the efficiencly of control equip-
ment installed in the 1950’s. Therefore, it 1is assumed here,
that the <€d, Pb, and Zn emission factors calculated for the
1960’s and 1970’s can also be used for the 1950’s.

5.2 CEMENT PRODUCTTION

During cement production Cd, Pb and Zn can be emitted from the

feed system, the fuel-firing kiln system, and the clinker-
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cooling and handling system. The type of the production process
(wet or dry), the type of fuel used in the grinding mill, the
type of fuel-firing system employed, and the type of control
equipment, all affect the emission rates of Cd, Pb and Zn. The
most efficient control devices are baghouses controlling
emission effluents from wet-type cement production process. 1In
contrary, nmulticyclones and ESP’s allow for more emissions to

the atmosphere.

Emission factors for <¢€d, Pb and Zn have been published by
Pacyna and Munch (1988) and Pacyna (1988) for cement plants in
Europe equipped with 97% efficiency ESP’s. Assuming, that the
degree of dust removal from exhaust gases in cement plants
during the last three decades followed the trend as for iron
and steel production, the Cd, Pb and Zn emission factors for
the reference years 1960, 1970, 1980 and 1985 developed as

shown in Table 18.

Table 18: Emission factors of Cd, Pb and 2Zn for cement
production (in g of metal/t of cement).

Element 1960 1970 1980 1885

cd
Pb
Zn

~ ~ O
w w
~N N o
w w

Again, no information was available for the author regarding
the control technology in the 1950’s. Therefore, the 1950
emission factors can be assumed as those for 1960 and 1970 in
Table 18.

6 WASTE-RELATED SOURCES

Two major types of waste-related sources include municipal
waste incineration and sewage sludge incineration. In a view of

the large amounts of wastes to be incinerated and their



24

chemical composition including heavy metals, incineration of
wastes 1is now becoming one of the major sources of Cd and
important source of Pb and 2Zn emissions to the atmosphere,
particularly in Western Europe. Thus, incineration of wastes
receives our attention, as a source of atmospheric

contamination.

The emission rates for various pollutants depend on the type
and amount of refuse to be incinerated and its chemical
composition, as well as the type of burner and the type and

efficiency of control equipment.

Recent OECD studies (OECD, 1988) on Control of Organic and
Metal Emission from Municipal Solid Waste Incineration can be

used to conclude as follows:

= Amounts of municipal wastes in countries of particular
interest for this study, e.g. Belgium, France, FRG, the
Netherlands ans Switzerland differ insignificantly between
1975, 1980 and 1985 (a few per cent difference) except for
ca. 34% increase from 1975 to 1980 for Switzerland;

= amounts of municipal wastes per capita vary from ca.
260 kg/person in France to 350 kg/person in FRG considering
the above mentioned group of countries, with exption of ca.

530 kg/person in the Netherlands; and

- composition of municipal wastes has not changed signifi-
cantly between 1975 and 1985 for the above countries except
for decrease of paper and glass in FRG.

Therefore, it can be assumed that the chemical composition of
exhaust gases from incinerators will be similar for the
countries of interest and should not change substantially

between the reference years 1975, 1980, and 1985.



25

Less information is available on emissions of Cd, Pb, Zn from
sewage sludge incineration. Even if the information is
available, very often it comes from the United States, where
the chemical composition of sewage sludge to be incinerated can

be different than that in Europe.

In order to calculate emission factors for Cd, Pb, and Zn, from
municipal waste incineration, the amounts of emissions of Cd,
Pb and Zn from this source (reported by the countries mentioned
above - (see Pacyna, 1988) were divided by the amounts of
municipal wastes incinerated in these countries (as reported by
OECD, 1988). The emission factors are presented in Table 19.

Table 19: Emission factors of C€d, Pb and Zn for municipal waste
incineration (in g metal/t waste incinerated).

Country Cd Pb Zn

113)
2 .
27
2407

Belgium

France

FRG

the Netherlands

5/6) . 0]
e
45.0

(=T

00 O - =

O NN
o

Average 12 18.4 59 53

Earlier estimates of the above emission factors by the author
(Pacyna, 1986) were 2.2 g Cd/t refuse and 18.4 g Pb/t refuse.

It 1is suggested here to use the emission factors in Table 19
for all three reference years 1975, 1980 and 1985.

No information, however, was available to the author in order
to assess the emission factors in years earlier than 1975.
Concerning sewage sludge incineration, it is suggested to use
emission factors calculated earlier by the author (Pacyna,

1986). The emission factors are as follows:
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- for Cd: 12 g /t sludge incinerated,
- for Pb: 140 g /t sludge incinerated,
- for Zn: 104 g /t sludge incinerated, and

It is difficult to assess to what extent these factors have
changed over the years, thus there is no better choice as to
accept them as valid for 1975, 1980 and 1985.

7 INDUSTRIAL APPLICATION OF METALS

7.1 INDUSTRIAL APPLICATION OF CADMIUM

Three major application processes of cadmium include:

- production of stabilizers,
- production of Cd pigments, and
- production of Ni-Cd batteries.

Cadmium stabilizers are compounds of cadmium with organic
acids, usually in combination with barium or zinc compounds and
they are exclusively used in polyvinyl chloride (PVC) plastics

to suppress decomposition under the action of heat and light.

Cadmium sulphide and selenide pigments are used as colorants in
plastics, paints, glass, textiles, rubber, inks, and glazes for

ceramics.

Nickel-cadmium rechargeable batteries are the major growth area
of cadmium. There are two types of Ni-Cd batteries: pocket-
plate cells, which account for 50% of the cadmium consumed, and

sintered-plate or sealed cells, which account for the other

It 1is suggested to use the following emission factors for the

above sources, for all the reference years:
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- for Cd stabilizers: =~ 120 g Cd/t Cd charged,
- for Cd pigments: ~ 210 g ¢cd/t Cd charged, and
- for Ni-Cd batteries: ~ 860 g Cd/t Cd charged.

7.2 END USES OF ZINC PRODUCTS

Zinc metal has been applied in galvanizing, brass and bronze
products, castings and production of rolled zinc. In addition
to nmetallic applications, significant quantities of zinc are

consumed as pigments, zinc dust or other chemicals.

Galvanizing accounts for over 90% of the total zinc, used for
protective coatings for structural steel, roofing, siding,

guttering, and reinforcing bars.

Brass and zinc-bearing bronze find widespread use in archi-
tectural construction for various kinds of applications. Other
sectors using brass and bronze include automotive industry,

military-oriented industries and variety of home applications.

Rolled =zinc 1is produced from pure zinc or zinc containing
alloying metals and has specific applications, such as for dry
cell battery cases, weather stripping and lithographic plates.

It is very difficult to assess emission factors for end uses of
zinc products. Nriagu and Davidson (1980) reported that on
global scale this category contributes ca. 8% of atmospheric
zinc to the total emission of the metal. Of course this number
may vary from one country to another. However, there is no in-
formation on what is the contribution of Zn emissions from end
uses of zinc products to the total zinc emissions in the
countries of interest for this study. Therefore, it is
suggested to mulitply the Zn emission from other sources by a
factor of 0.09 in order to obtain the Zn emission from the end

uses of the metal.
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7.3 END USES OF LEAD PRODUCTS

There are several applications of lead products that generate
emissions of the element to the atmosphere. However, these lead
emissions have always been neglegible compared to emissions
from other sources (below 1% of total emissions globally, 1in
Europe and North America, and in the countries of interest for

this study). Anyway, these sources are shortly described here.

Lead 1is wused as an alloying component to produce brass and
bronze. The lead emissions from brass and bronze foundries vary
with the type of furnace, the composition of lead in the alloy
(ranging from 0.02% to 25%), pouring temperature and the
foundry maintenance. Reliable data to estimate the lead
emissions from brass and bronze foundries are difficult to
obtain. Some literature data, mostly from North America seem to
indicate an average emission factor of ca. 200 g Pb/1 t of

brass and bronze ingots produced.

Lead has also been used in the production of lead alloys, manu-
facture of collapsible tubes, ammunition, pipes and sheets and
coating of electrical cables. An amount of 2 kg of Pb was
emitted to produce 1 tonne of the above mentioned goods.
Soldering of metal products accounts for an emission of ca.

100 g of lead released per 1 tonne of the product.

Two major uses of lead have been storage battery production and
lead alkyl manufacture. Emission sources of lead from storage
battery production are grid casting furnaces and machines,
paste mixers, plate dryers, and grinding and handling of dry
metal and oxide powders prior to their formation into a paste.
An emission factor of ca. 10 kg Pb/1000 batteries produced can
be suggested on the basis of the statistical data for this

source category.

Atmospheric 1lead emissions from lead alkyl manufacture consist
of lead-bearing particles from melting and recovering the lead,

and organic lead vapours from the manufacture, recovery, and
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storage of alkyl lead compounds. An emission factor of ca.
2.5 kg Pb/1 t of 1lead used can be suggested for this source
category.

Lead oxide has been used as a pigment in paints and ceramic
glazes. Pigment dust lost during handling of the dry powder is
minimal (ca. 4 kg/1l t of leaded paint produced).

Finally, lead oxide has been added to the major ingredients for
the production of lead glass. Again, atmospheric emissions of

lead from this source can be regarded as negligible.

8 CONCLUDING REMARKS

The following concluding remarks can be drawn:

1. It 1is very difficult to assess emission factors of Cd, Pb
and Zn for various source categories with a view to esti-
mate the historical trends in emissions of these metals.
Even present emission factors are to be used with caution.
Emission factors for the reference years 1950, 1960, and
1970 are often based on our current knowledge of industrial
technologies and of advancement of control techniques.
Generally, there is a lack of measured data on emissions in
the 1950’s, 1960’s or even in the 1970’s. Beside, some
measured data cannot be trusted due to the low accuracy of
analytical methods some 20 or 30 years ago, as well as a
possibility of sample contamination, particularly when

using zinc-containing samplers.

2. This study seems to be the first approach to the historical
assessment of emission factors of Cd, Pb and Zn in Europe.
The available data indicate that the emission factors for
major source categories have gradually decreased from the
1950’s up to the 1990’s, mostly due to the improvement of
collection efficiency of control devices. This, however,

may not mean that emissions have decreased accordingly,
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because the production and consumption statistics often
peaked in the mid 1970’s.

3. Non-ferrous metal industry and gasoline combustion are
still the major emission source categories for ¢cd and Zn,
and Pb, respectively. However, their contribution lowers
while the contribution of emissions from waste incineration
is increasing. This is particularly true for the countries
of special interest for this study where, 1lead is being
phased out from gasoline, and major part of non-ferrous
metal production does not wuse the pyrometallurgical
processes. At the same time the amount of wastes to be in-

cinerated increases in these countries.

4. Emission factors presented 1in this work can be used
together with the statistical data to estimate historical
and current emission of Cd, Pb and Zn in Europe, and parti-

cularly in the studied region.

9 ACKNOWLEDGEMENTS

This study has been granted by the International Institute for
Applied Systems Analysis (IIASA) in Laxenburg, Austria.

I would 1like to thank Prof. William Stigliani and Dr. Stefan
Anderberg of IIASA for very valuable discussions during this

study.

It would not be possible to carry out this study without
scientific support and exchange of information with many
experts. I particularly thank Mr. R.J. Larbey, an External
Affairs Manager of the Associated Octel Company Limited, and
Mr. Bent Jensen, a General Secretary of the European Fuel

Oxygenates Association (EFOA), for their support of this work.

Some information used in this work has been collected during my

extensive co-operation with Mr. J8rg Miinch of Dornier GmbH.



31

10 REFERENCES

MRI (1971) Particulate pollutant system study. MRI Project
3326-C. Durham, N.C., Midwest Research Institute, (Handbook
of Emission Property. Vol. III).

Nriagu, J.0. and C.I. Davidson (1980) Zinc in the atmosphere.
In: Zinc in the Environment, Part I: Ecological Cycling. J.O.
Nriagu (ed.) New York, Wiley.

OECD (1987) Cross-Media Approach to Pollution Control and Its
Incorporation into the Project on Coherent Approaches for
Controlling Hazardous Substances. Paris, Organization for
Economic Co-operation and Development, Environment
Directorate (Annex 1 to ENV/CHEM/CM/87.8).

OECD (1988) Control of Organic and Metal Emissions from
Municipal Solid Waste Incineration. Paris, Organization for
Economic Co-operation and Development, Environment
Directorate (Annex to letter ENV/PCA/PL/88.52).

Pacyna, J.M., Zwozdziak, A., Zwozdziak, J., Matyniak, 2.,
Kuklinski, A., and G. Kmiec (1981) Air pollution problems
caused by the LGOM copper smelter complex - present situation
and perspectives. Technical University of Wroclaw, Poland
(Rept. SPR 14-81). (in Polish).

Pacyna, J.M. (1986) Emission factors of atmospheric elements.
In: Toxic Metals in the Atmosphere. J.0. Nriagu and C.I.
Davidson (eds.) New York, Wiley. pp. 1-32.

Pacyna, J.M. (1988) Atmospheric lead emissions in Europe in
1982. Lillestrom, Norwegian Institute for Air Research (NILU
OR 19/88).

Pacyna, J.M. and J. Minch (1988) Atmospheric emissions of
arsenic, cadmium, mercury and zinc in Europe in 1982.
Lillestrem, Norwegian Institute for Air Research (NILU OR
17/88).



32

11 OTHER WORKS USED TO PREPARE THIS REPORT

Cramer, H. (1986) Grundlegende Untersuchungen #iber die Emission
von Spurenstoffen bei der Verbrennung von Kohle. VGB Kraft-
werkstechnik, 66, 8, 750-753.

EFOA (1990) EFOA Newsletter: Unleaded gasoline market share.
Brussels. (European Fuel Oxygenates Association, Issue
No. 5).

Ewers, U., Brockhaus, A., Dolgner, R., Freier, I., Jermann, E.,
Hahn, R., Schlipk8ter, H.-W. and Bernard, A. (1985) Cadmium
belastung und Nierenfunktionsst8rungen. Staub Reinhaltung der
Luft, 12, 560-566.

GUithner, G. (1989) Remarks on control of heavy metal emission
in the Ferderal Republic of Germany. ECE Task Force on Heavy
Metal Emission, 24-26 October, 1989, Prague, Czechoslovakia.

Jones, K.C., Symon, C., Taylor, P.J.L., Walsh, J. and Johnston,
A.E. (1991) Evidence for a decline in rural herbage lead
levels in the U.K.. Atmos. Environ., 25A, 361-369.

Kendall, P.M.H., Bevington, C.F.P. and Pearse, D.J. (1985)
Atmospheric Cadmium Emission and Deposition in the
Netherlands. Kockengen, Metra Consulting BV Rept.

MAGS (1985) Luft-Reinhalteplan Ruhrgebiet West. Disseldorf,
Ministerium flir Arbeit, Gesundheit und Soziales des Landes
NW.

MAGS (1986) Luft-Reinhalteplan Ruhrgebiet Ost. Dlisseldorf,
Ministerium flir Arbeit, Gesundheit und Soziales des Landes
NW.

OECD (1984) Control of specific toxic substances in the
atmosphere. Cadmium. Paris, Organization for Economic Co-
operation and Development, Air Management Policy Group.

OECD (1990) Hazardous Air Pollutant Project. Paris,
Organization for Economic Co-operation and Development,
Environment Directorate (Doc. ENV/AIR/90.1).



33

Pacyna, J.M. (1981) Emission factors of trace metals from coal-
fired power plants. Lillestrem, Norwegian Institute for Air
Research (NILU TR 14/81).

Pacyna, J.M. (1982a) Estimation of emission factors of trace
metals form oil-fired power plants. Lillestren,
Norwegian Institute for Air Research (NILU TR 2/82).

Pacyna, J.M. (1982b) Trace element emissions from coal-, and
oil-power plants in Europe. Methodology of calculations.
Lillestrem, Norwegian Institute for Air Research
(NILU TR 5/82).

Pacyna, J.M. (1982c) Trace element emission from anthropogenic
sources in Europe. Lillestrem, Norwegian Institute for Air
Research (NILU TR 10/82).

Rauhut, A. (1983) Cadmium-Bilanz 1978-1980. Metall, Heft 3,
271-276.



% | NORSK INSTITUTT FOR LUFTFORSKNING (NILU)
' —asha | NORWEGIAN INSTITUTE FOR AIR RESEARCH
NILU| rostBoKS 64, N-2001 LILLESTREM

RAPPORTTYPE RAPPORTNR. OR 30/91 ISBN-82-425-0252-8
OPPDRAGSRAPPORT

DATO ANSV. SIGN. ANT. SIDER PRIS
MAI 1991 . 33 NOK 60, -
TITTEL J/ PROSJEKTLEDER
Emission factors of atmospheric C€d, Pb and Zn for Jozef M. Pacyna

major source categories in Europe during 1950-1985.
NILU PROSJEKT NR.

0-1512
FORFATTER (E) TILGJENGELIGHET *
Jozef M. Pacyna A

OPPDRAGSGIVERS REF.

OPPDRAGSGIVER (NAVN OG ADRESSE)

International Institute for Applied Systems Analysis (IIASA)
A-2361 Laxenburg

Austria

STIKKORD
Emission factor Heavy metals Historical trend

REFERAT

TITLE Emission factors of atmospheric Cd, Pb and Zn for
major source categories in Europe during 1950-1985.

ABSTRACT

Emission factors of Cd, Pb and Zn for various source categories have been
reviewed with major aim to assess their changes during the period from the
1950’s up to 1985. A progress made in developing industrial technologies and
emission control techniques has been considered when calculating emission
factors applicable for the 1950’s, 1960‘s, 1970‘'s and 1989 and 1985. It was
concluded that the atmospheric emissions of Cd, Pb and Zn in Europe peaked
in the mid 1970’s.

* Kategorier: Apen - kan bestilles fra NILU A
MA bestilles gjennom oppdragsgiver B
Kan ikke utleveres c




