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EMISJA POLICHLOROWANYCH DIBENZO-p-DIOKSYN I DIBENZOFURANOW W CHORWACKIM PRZEMYSLE HUTNICZYM

The biggest polluters among metallurgical facilities

The group of pollutants consists of persistent organic pollutions represented by polycyclic aromatic hydrocarbons, poly-
chlorinated biphenyls, polychlorinated dibenzo-p-dioxins, and polychlorinated dibenzofurans. These are the least explored of
all known pollutants generated in metallurgical processes, in terms of the impact of their emissions to the environment.

Based on the experience of industrialized countries which at the same time are the largest iron and steel manufacturers, the
potential emissions of dibenzo- p-dioxins and polychlorinated dibenzofurans from metallurgical processes during the 1990-2005
period in Croatia were estimated.

The estimated total emission of dibenzo-p-dioxins and polychlorinated dibenzofurans from metallurgical processes to the
environment during the 1990-2005 period in Croatia was 4.681g I-TEQ, while annual emission in the same period ranged
from 0.886g I-TEQ a~! in 1990 to 0.159g I-TEQ a™! in 1995. Emissions of these compounds from metallurgical processes that
were active in the less recent past were also calculated and the values recorded for the 1950-2005 period ranged from 5.853¢g
I-TEQ a™! in 1975 to 0.159g I-TEQ a™! in 1995.
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Grupa zanieczyszczen ztozonych z trwatych zwiazkéw organicznych reprezentowanych przez wielopierscieniowe weglo-
wodory aromatyczne, polichlorowane bifenyle, polichlorowane dibenzo-p-dioksyny i dibenzofurany sg najmniej zbadanymi
zanieczyszczeniami wytwarzanymi w procesach metalurgicznych pod wzgledem wplywu ich emisji na srodowisko. W oparciu
o doSwiadczenie uprzemyslowionych krajéw, ktére réwnoczes$nie s3 najwigkszymi producentami zelaza i stali, oszacowano
potencjalng emisj¢ dibenzo-p-dioksyn i polichlorowanych dibenzofuranéw w okresie 1990-2005 w Chorwacji. Szacunkowa
catkowita emisja dibenzo-p-dioksyn i polichlorowanych dibenzofuranéw do Srodowiska z proceséw metalurgicznych w latach
1990-2005 w Chorwacji wyniosta 4.681g I-TEQ, podczas gdy roczna emisja w tym samym okresie wahala si¢ w granicach
od 0.886g I-TEQ a~! w 1990 do 0.159g I-TEQ a~' w 1995. Emisja tych zwiazkéw z proceséw metalurgicznych, ktére byty
czynne w niedalekiej przeszlosci réwniez byla obliczona, a zarejestrowane wartosci z okresu 1950-2005 wahaly si¢ od 5.853¢g
I-TEQ a™! w 1975 do 0.159¢ I-TEQ a~! w 1995.

1. Introduction Cu), benzene, phenol, polycyclic aromatic hydrocarbons
(PAHs), polychlorinated biphenyls (PCBs), polychlori-
nated dibenzo-p-dioxins (PCDDs) and polychlorinated
dibenzofurans (PCDFs), cyanides, oil and grease, sus-

include coking plants, iron ore sintering and agglomer-
ation plants, thermal power plants, blast furnaces, steel
mills, non-ferrous and light metal production and pro-
cessing facilities. Emissions into air and water from these
plants and installations include significant volumes of
gaseous and solid polluting substances. Depending on
the technology used, the most frequent pollutants include
dust, SO,, NO,, NHs;, H,SO,4, HCI, HF, HCN, H,S,
CO, CO,, CHy4, heavy metals (Hg, Pb, Cr, Ni, Zn, Cd,
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pended substances, etc. Metallurgical plants burden the
environment with by-products, i.e. various technological
wastes (both hazardous and non-hazardous), which are
usually disposed on their own untilled and unregulat-
ed landfills. Most frequently, the disposed waste mate-
rial includes unprocessed slag, used refractory material,
metallic scrapings, various sludge materials, dust from
smoke gases, scale, etc.
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In terms of their impact on the environment, PCDDs
and PCDFs, highly toxic chemicals, are the least re-
searched of all pollutants emitted from the metallurgical
processes.

2. Sources of PCDDs and PCDFs

PCDDs and PCDFs, or as they are commonly re-
ferred to, PCDDs/Fs, fall into the group of persistent
organic pollutants (POPs) and impose a great risk for
the living environment. These compounds are not pro-
duced as standard chemicals, except for very small quan-
tities for research purposes or as chemically pure sub-
stances, but are generated in various chemical processes
in the manufacture of chlorine compounds, pulp and pa-
per mills, or processes that require high temperatures
(waste incineration, metallurgical processes in iron and
steel and light metal industry, cement manufacture, etc.).
The generation of these compounds requires carbon, oxy-
gen and chlorine, as well as metallic catalysts and ad-
equate temperature. The optimal temperature range for
pyrosynthesis of these compounds is between 400 and
700°C.

PCDDs/Fs as environment pollutants aroused in-
terest of scientists in the mid-60ies of the past centu-
ry when they were identified as the cause of Kanemi
Yusho disease in Japan [1], and in the mid-70ies when
they emerged as undesirable by-products in a misguid-
ed production process for 2,4,5-trichlorinephenols caus-
ing an environmental pollution incident in Seveso, Italy
(Mazalovi€ et al. [2]).

In the late 1970ies, Olie et al. [3] identified for
the first time PCDDs/Fs in the emission from a mu-
nicipal waste incineration plant. Since that time, these
compounds have been ever more frequently the subject
of research in various environmental studies. According
to Potykus and Joas [4]; Mc Kay [5]; and Pereira [6],
the elementary physical and chemical characteristics of
PCDDs/Fs and their extremely adverse impact on hu-
man health stimulated the research of their origin and
distribution in the environment.

At first, due to the fact that there was no unique
technology and no sufficient information needed for tox-
icity assessment of PCDDs/Fs, and according to Potykus
and Joas [4] a number of different methods were devel-
oped at national levels. The purpose of adopting a unique
international factor of equivalent toxicity (TEF) was to
achieve a higher level of uniformity and comparability
of results defining PCDDs/Fs content in samples of dif-
ferent materials of different origin. Today, the analysis
of PCDDs/Fs in various samples commonly includes 17
compounds (7 PCDDs and 10 PCDFs) and their level in

the sample is described as toxic equivalent (TEQ) in cor-
relation to 2,3,7,8-tetrachlorinedibenzodioxin (TCDD).

3. Emission of PCDDS/FS from metallurgical
processes

Due to the great risk of PCDDs/Fs accumulation
in the natural environment and in an attempt to prevent
environmental pollution with these compounds from var-
ious emitters, many countries have made an inventory of
industrial sources and their emission to the environment
in order to achieve better understanding of how individu-
al sources participate in the total emission of PCDDs/Fs
and how to develop a strategy to reduce these emissions.

According Anderson and Fischer [7] in most of in-
dustrialized countries in the world, in Europe and even in
Croatia, an inventory of PCDDs/Fs was conducted in the
mid-1990s, revealing the largest quantities of PCDDs/Fs
to be emitted to the atmosphere from the sources in
Japan (3,981g I-TEQ a~'), China (2,773g I-TEQ a™!)
and the USA (2,744g I-TEQ a~!). This was primarily
caused by emissions from a large number of municipal
waste incineration plants applying obsolete incineration
techniques.

As opposed to these very large volumes of
PCDDs/Fs that were emitted into the environment, oth-
er countries in the world and in Europe, according to
Pulles et al. [8], accounted for lower emissions in 1990,
e.g. Germany 1,196g I-TEQ a~!, Belgium 625g I-TEQ
a”!, Italy 504g I-TEQ a~!, Hungary 157g I-TEQ a’!,
whereas the estimated emissions in Croatia ranged from
179g I-TEQ a~! in 1990 to 109¢ I-TEQ a~! in 2000. In
order to perform a more detailed analysis of PCDDs/Fs
emission values, it is necessary to know the types and
number of sources of these pollutions for each country
individually as well as their shares in total emissions at
the national level.

According to literature data on European countries,
i.e. Quass et al. [9,10]; Mc Kay [5] and Paradiz and Di-
lara [11], it is obvious that in terms of total PCDDs/Fs
emission to the atmosphere, the processes of munic-
ipal and hospital waste incineration, the manufacture
of sintered iron ore, forest fires, the manufacture of
non-ferrous metals from scrap raw material, wood and
coal fire places in households, electric steel making pro-
cesses, etc. account for the largest share (relative signif-
icance).

Quass et al. [9, 10] have also presented an estimate
of total PCDDs/Fs emission in EU15 countries along
with Norway and Switzerland for 2005, compared to
the inventory results from 1995 and 2000, and to the
share of individual sources of these pollutions in their
total emission, indicating the contribution of metallurgi-



cal processes like iron ore sintering, steel making and
non-ferrous and light metal production from scrap raw
material in the total PCDDs/Fs emission to be highly
significant. The relative significance of individual met-
allurgical processes varies from country to country, de-
pending on the installed capacities of individual tech-
nological processes as well as on their annual output
levels.

Pulles er al. [8] have made an estimate of reduced
PCDDs/Fs emissions in 2005 as compared to 1995 in
17 European countries (EU15, Norway and Switzerland),
ranging from 3% to >90%, depending on the source. The
exceptions were the emissions from electric steel making
process that were estimated to have increased by 13%.
According to Quass er al. [9, 10]; Paradiz and Dilara
[11], PCDDs/Fs emissions from metallurgical processes,
including non-ferrous metal production processes from
scrap material, accounted for 25% of total dioxin emis-
sions in EU15 in 1985, to rise to 32% ten years later.

The most significant source of PCDDs/Fs among
metallurgical processes definitely is sintering of iron
ore intended for pig iron production in blast furnaces.
Smoke gases produced in the iron ore sintering con-
tain solid substances, heavy metals, gaseous pollutants
such as HCI, HF, NO,, SO,, CO, CO,, volatile organic
compounds, PAH, PCB and PCDDs/Fs. According to
Tan and Neuschutz [12] the PCDDs/Fs develop in the
sintering process in the temperature range from 250 to
450°C and their concentration in stack gases, according
to Buekenes et al. [13] and Wang et al. [14] is usually
between 0.5 and 5 ng I-TEQ/Nm?>. As the volume of
stack gases produced in the sintering process is ~2100
Nm?/t of sintered material, one can calculate the volume
of PCDDs/Fs produced per tonne of produced sintered
material and it ranges from 1 to 10 pg I-TEQ, but some-
times it can take up a value, (Quass et al. [9]), exceeding
20 ng I'TEQ N~'m™.

If the sintering process is the largest source of
PCDDs/Fs among iron and steel making processes, the
pig iron production process in blast furnaces is then
the smallest source. According to reference data [15]
for 2001 in EU1S5 countries, stack gases from blast fur-
naces, in addition to dust, sulfur, nitrogen and carbon
compounds, were emitted to the environment along with
PCDDs/Fs in a quantity of <0.0011 to 0.0043 ug I-TEQ
t~!of pig iron. Using such pig iron for converter steel
production continues the series of technological pro-
cesses for production of finished steel products that are
increasingly demanded on the world market, burdening
the environment further with toxic dioxins and furans.
Namely, the converter steel production process generat-
ed PCDDs/Fs and their emission, according to the same
reference source [15], range from <0.001 to 0.060 ug
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I-TEQ t™! of steel. Although the emission of PCDDs/Fs
from oxygen converters is much lower than the emission
from an electric arc furnace, one has to bear in mind that
the converter steel making process accounts for ~60%
of output in EU15 countries, i.e. ~95.5 mil tonnes in
2003, since Goji¢ [16]. On this ground, one can calcu-
late, i.e. estimate the quantity of PCDDs/Fs burdening
the environment that year.

As opposed to this steel making process, PCDDs/Fs
emissions are more significantly generated in the EAF
steel making processes using steel scrap as charge (often
as much as 100%), almost always polluted with various
inorganic and organic substances.

Although electric arc furnace is not an incineration
plant for these inorganic and organic substances, they
are burned during steel scrap melting. According Gojié
[16], steel scrap is categorized on the market accord-
ing to the European Scrap Grading System (ESGS) into
quality categories or classes depending on physical and
chemical properties. According to Baillet [17], organic
and inorganic pollution content in steel scrap is low-
er than 1.4% in the E1 steel scrap category (light steel
scrap prepared for charging, without Cu, Sn, Pb and their
alloys, thickness <6 mm) and EHRB steel scrap category
(old or new scrap prepared for charging, without Cu, Sn,
Pb and their alloys, max. dimensions 1.5x0.5x0.5 m)
and 1% in E3 (heavy scrap prepared for charging, in-
cluding pipes, hollow profiles, without Cu, Sn, Pb and
their alloys, thickness >6 mm).

Due to the presence of organic pollution, EAF and
its stack gas drainage system, under specific thermody-
namic conditions, become a very complex reactor where
pyrolysis and pyrosynthesis occur, generating dioxins,
furans, and other organic compounds. Inside this “re-
actor”’, various organic molecules occur and/or decom-
pose during melting and refining processes but many
molecules also leave the reactor and pollute the environ-
ment.

Birat et al. [18] have presented that 1g of organic
pollution contained in steel scrap can produce around
10~'g of volatile organic compounds, around 1072g
of specific compounds designated as BTEX (benzene,
toluene, ethyl benzene, and xylene isomers), around
10~3g PAH, around 10~°g chlorinated benzenes and
chlorinated phenols, and perhaps around 107'°g of
PCDDs/Fs. The actual composition of the generated or-
ganic compounds depends on the nature of organic ma-
terial charged with steel scrap into electric arc furnace
and on thermodynamic conditions inside the EAF and
the stack gas drainage system.

Emission factor is the number that designates the
mass of emitted PCDDs/Fs per operation unit — in this
case product mass unit. Kakareka and Kukharchyk [19]
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offer different data on emission factors for PCDDs/Fs
from EAF process, depending on the steel scrap purity,
i.e. organic pollution contained in it, as well as on the
additional equipment installed in some EAF systems.

The literature also offers variable data on the emis-
sion factor values for PCDDs/Fs from the electric arc
furnace process. There are a number of PCDDs/Fs inven-
tories conducted at the national levels, containing data
on their measured or calculated emission factors from
EAF steel making processes, varying from country to
country, resulting from the production output and EAF
process applied. Differences were also recorded in the
emission factor values between inventories within the
same country, that were conducted at time intervals of
one to several years, also being a result of the mentioned
factors.

According to Kakareka and Kukharchyk [19], the
value of the emission factor for PCDDs/Fs in 1996 was
1.15 pg I-TEQ t~! steel scrap in Germany, whereas in
Great Britain it varied from 0.7 to 10 pg I-TEQ t™! steel
scrap. In Japan, the emission factor value from EAFs
in 1997 was 5.46 pug I-TEQ t! steel [20], to decrease
to 3.83 ug I-TEQ t! steel in the very next year. Ac-
cording to Lemmon [21], the PCDDs/Fs emission factor
in Canada in 1998 was 2.14 ug I-TEQ t~'of EAF steel.
In China it ranged from 0.2 to 20 ug I-TEQ t~! of EAF
steel since Jin et al. [22]. The PCDDs/Fs emission factor
in some EU countries [23]was between 0.07 and 9 ug
I-TEQ t~!of steel, in New Zeland (Buckland et al. [24])
from 0.98 to 0.37 ug I-TEQ t™! steel, and in Portugal
from 0.23 to 1.43ug I-TEQ t! steel [25].

The production of metallurgical coke is also consid-
ered a metallurgical process that is a common compo-
nent of integrated iron works, taking a very important
place in the process chain from iron ore to finished steel
products. The coke produced is used in iron and steel
metallurgy, i.e. in sintering processes, in blast-furnace
pig iron production, and in steel making processes, steel
foundries, other casting processes, etc.

Environmental pollution caused by the coking pro-
cess consists of ammonia, coke gas, tar, phenols, ben-
zene, toluene, xylene, pyridine, sulphur (IV) oxide, and
nitrogen oxides. Apart from the mentioned polluting
substances, the coking process includes pollution with
PCDDs/Fs. The impact of the coking process on the total
emission of PCDDs/Fs has not yet been systematically
examined.

As opposed to the sintering process, and even steel
making process, literature data on measuring emissions
of PCDDs/Fs from the coking process are rather scarce.
According to Anderson and Fisher [7], the emission fac-
tor for PCDDs/Fs from coke making in Great Britain
between 1995 and 1998 ranged from <0.001 to 0.12 ng

I-TEQ N~'m™ of waste gases. According to Kakare-
ka and Kukharchyk [19], the PCDDs/Fs emission factor
value in the Netherlands in 1994 was 0.23 ug I-TEQ t™!
coke, whereas the calculation of the emission factor in
other European countries was based on the value of 0.25
ug I-TEQ t™! coke. Jin et al. [22] report on the emission
factor for PCDDs/Fs of 0.3 ug I-TEQ t~!coke in Chi-
na in 2002, and Bawden et al. [26] on the PCDDs/Fs
emission factor of 0.3 ug I-TEQ t™' coke in Australia
in 2003, whereas the report on PCDDs/Fs emission in
Hong Kong in 2000 states an emission factor of as much
as 0.3g I-TEQ t~!coke [27].

Metallurgical processes relevant for the PCDDs/Fs
emission to the environment, in addition to the already
mentioned metallurgical coke production, iron ore sin-
tering, and iron/steel production and their castings, also
include production of both heavy and light non-ferrous
metals and their alloys from scrap material such as metal
scrap, dust, slag, sludge, etc.

On metallurgical waste processing for the purpose
of secondary recovery of Zn, Al, Pb, Cu, Cd, Ni, and
their alloys, there is a wide application field for pyromet-
allurgical processes, e.g., high-temperature processing of
EAF dust with Waelz’s method according Cruells et al.
[28]; Dutrizac and Chen [29]; Ferenzi et al. [30]; Cz-
ernecki et al. [31]. This process is most widely repre-
sented of all pyrometallurgical processes and accounts
for the most frequently used zinc recycling technology
from EAF dust and other zinc-bearing waste material
(for example, sludge from zinc electrolysis).

Besides Waelz furnace, there are a number of other
furnace types that are used in various secondary recov-
ering of Al, Pb, Cu, Cd, Ni, etc. from so-called scrap
materials that are rich with in metals (metal scrap, slag,
dust, sludge). These processes of secondary recovery of
light and non-ferrous metals have been included in the
previously conducted inventories of PCDDs/Fs emission
into the environment in many countries, whereby the cal-
culation of emissions used different values of emission
factors expressed in different measuring units (ug I-TEQ
t™!, ug I-TEQ N~'m~3, ng I-TEQ m™3).

Due to the presence of various organic admixtures
in these processes like plastic, dye, dissolving agents,
and the application of technological additives like salt
(NaCl, KCl,...) PCDDs/Fs often occur in waste gases.
The generated volumes of PCDDs/Fs depend on the type
of the scrap material used in the process, thermodynamic
process conditions, and the waste gas treatment systems
installed. Therefore, the calculation of PCDDs/Fs emis-
sion from various industrial secondary recovery process-
es for Al, Cu, Cd, Pb, etc. uses various emission factors.
Thus, emission factors for, e.g. PCDDs/Fs emission into
the atmosphere from copper production can range from



0.01 pug I-TEQ t~! (all primary copper production pro-
cesses) through 50 pg I-TEQ t™! (secondary copper re-
covery with controlled waste gas discharge) all the way
to 800 pug I-TEQ t™! (secondary copper recovery without
emission control).

In their calculations of PCDDs/Fs emission
from secondary production in Europe, Kakareka and
Kukharchyk[19]applied the values of 200 pg I-TEQ t™!
(Cu); 50 ug I-TEQ t! (Al) and 20 pg I-TEQ t~!' (Pb).
In the same paper they quote the previously used val-
ues of PCDDs/Fs emission factors from secondary alu-
minum recovery processes, where, depending on the pro-
cedure applied, the values in 1998 ranged from 0.1 to
14 ng I'TEQ m~>waste gas. According to the measure-
ments conducted in Germany in 1996, the emission of
PCDDs/Fs from secondary aluminum recovery processes
varied from 0.01 pg I-TEQ t™! to 167 ug-TEQ t™!, and
42 ug I-TEQ t~!were accepted as the mean value. At the
same time, the USA applied the emission factor 13.1
ug I-TEQ t~!waste used as scrap material for aluminum,
whereas the calculation of PCDDs/Fs emission into the
atmosphere in Croatia according Jerman [32] in 2001
used the values of 50 ug I'TEQ t™! for Cu, 35 ug I-TEQ
t~! for Al and 8 pg I-TEQ t™! for Pb.

4. Emission of PCDDs/Fs from Croatian
metallurgical processes

The production of metals and metallic castings rank
very high on the list of industrial processes that are con-
sidered stationary emitters of PCDDs/Fs.

According to the literature data available, i.e. na-
tional inventory of PCDDs/Fs in Croatia [33, 34], the
estimated total emission of these compounds into the
environment between 1990 and 2000 ranged from 95 to
179g I-TEQ a~!, of which some 80% are the result of
wood burning and combustion of wooden waste deriva-
tives in households and industry, 11% results from in-
dustrial combustion, and 5% from industrial processes.
The question is what was the share of emissions from
metallurgical processes of coke processing, pig iron pro-
duction, ferrous and non-ferrous castings, and steel pro-
duction in this period?

Although Croatia never counted as a big metal and
metallic product manufacturer, it is by all means neces-
sary, for the purpose of better understanding of the situ-
ation with environmental pollution in Croatia, as well as
for the understanding of the PCDDs/Fs behavior in the
interaction with the environment, to determine the poten-
tial burden to the environment by these compounds from
metallurgical processes the activity of which stopped in
the previous time period, as well as from the process-
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es that burden the environment with their activities and
emissions today.

The development of iron and steel making processes
in Croatia started in the 1930ies. The pig iron output in
1939 was 3,736 t [35] and only one year later it was
19,561 t. After the World War II, the output increased
to around 100,000 t (1951) and reached 200,000 t in the
early 1970ies. The pig iron production was shut down
in 1991.

For the purpose of pig iron production, the iron
works built their own iron ore agglomeration and sinter-
ing plant, that was being developed and improved along
with the blast furnace operation and was working con-
tinuously with an annual output of as much as 500,000
until it was shut down in 1990.

According to Cepo [36] the production of steel
in Sisak started in 1954, when some 7,000 tonnes of
open-hearth (OH) steel were produced. Ten years later,
the output was 164,000 t, and in the mid-1970ies it was
285,000 t. The electric arc furnace was introduced in
Sisak in 1966 and in Split in 1971, with the annual out-
put of EAF steel in Croatia between 189,457 t in 1989
and 43,380 t in 2002.

Croatia started its own production of metallurgi-
cal coke in 1978 with an average annual production of
680,000 t until the plant was shut down in 1993.

Although the foundries in Croatia have a very long
tradition. According Budi¢ et al. [37] many Croatian
foundries had a small production capacity and their to-
tal annual output was between ~8,000 t (1939) and
~125,000 t (1986), whereas the total output in 2005
was ~62,000 t of all kinds of castings. The iron-based
castings accounted for the majority of the castings pro-
duced (~90%) up to 1990, when this proportion started
to change in favor of non-ferrous castings that reached
~30% in 2005.

Literature data on the measurements of PCDDs/Fs
emission into the atmosphere from individual metallur-
gical processes imply that different results were caused
by the charge material properties and the process itself
(properties of raw material used in the process, ther-
modynamic conditions of the process, installed waste
gas treatment systems, etc.). For these reasons, the sys-
tematization and classification of emission factors for
PCDDs/Fs emission from different industrial processes,
including metallurgical processes, have been initiated.
Thus, for example, in order to calculate PCDDs/Fs emis-
sion from the coking process one can apply values of
emission factors from 3 pug I-TEQ t™! and 0.3 pg I-TEQ
t~!; iron ore sintering process 20 pug I-TEQ t™!, 4 ng
I-TEQ t! and 0.3 pg I-TEQ t™'; iron and steel produc-
tion 10 ug I'TEQ t™!, 4.3 ng I'TEQ t™!, 3 ng I'TEQ t ™,
1 ug I-TEQ ¢!, 0.1 ug I-TEQ t7!, 0.03 ug I-TEQ t!
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and 0.01 pg I-TEQ t™!; production of Cu and Cu-alloys
800 ug I-TEQ t™!, 50 ug I-TEQ t°!, 5 ug I-TEQ t!,
0.03 ug I-TEQ t™!, and 0.01 pg I-TEQ t~!; production
of Al and Al-alloys 150 pg I-TEQ t™!, 35 ug I-TEQ t™!,
10 ug I-TEQ t™!, and 1 pg I-TEQ t™!; production of Zn
and Zn-alloys 1000 ug I-TEQ t~!,100 ug I-TEQ t™!, 5 ug
ITEQ t!, 1 ug I-TEQ t™!, 0.3 ug I-TEQ t™!, and 0.1 g
I-TEQ t~!; production of Pb and Pb-alloys 80 ug I-TEQ
t!, 8 ug I'TEQ t™!, and 0.5 ug I-TEQ t™!, production of
Mg 250 ug I-TEQ t™! and 50 pg I-TEQ t™!; production
of Ni 100 ug I-TEQ t™! and 2 pug I-TEQ t~!.

For the purpose of estimating PCDDs/Fs emission
from metallurgical processes, in this study we consulted
the experience from industrialized countries.

For the emission factor in individual processes, we
used reference values suggested by group of experts on
emission estimate for this kind of pollution in European
countries according Kakareka and Kukharchyk [19]. The
calculation of PCDDs/Fs emission estimate from met-
allurgical processes (iron and steel making) took into
consideration the output of OH steel and EAF steel pro-
duced at Sisak Steelworks and EAF steel produced at
Split Steelworks, whereas the foundries were represented
by the available data on the production in all foundries
making grey, nodular, tempered, and steel castings as
well as non-ferrous and light metal castings.

As Croatian steelworks use pure steel scrap, the cal-
culations in this study were based on the emission fac-
tor values lower than those used for calculation in the
Dioxins and Furans Inventory in the Republic of Croatia
according Jerman [32].

Since the available literature does not provide infor-
mation on PCDDs/Fs emission factor from open-hearth
steel production, the calculation of PCDDs/Fs emission
from this metallurgical process in this study was based
on the information on the share of steel scrap from 30%
to 45% in the open-hearth furnace charge. Based on this,
the activity of open-hearth process was corrected and
the emission factor of 2 ug I-TEQ t~! was applied in the
calculation.

For the calculation of PCDDs/Fs emission from
non-ferrous casting processes (Al, Zn, Cu and their al-
loys) we used the reference emission factor value of 1
ug-TEQ t~! [38], considering the fact that the Croatian
non-ferrous foundries use highly pure metal scrap.

In the time period covered by the 1*'national inven-
tory (1990-2000), Croatia produced a total of approxi-
mately 1.83 mil t of metallurgical coke, ~236,000 t of
pig iron, ~432,000 t of iron cast (grey cast, nodular cast,
tempered cast, and steel cast), ~99,000 t of non-ferrous
cast, ~347,000 t of open-hearth steel, and ~942,000 t
of EAF steel (Table 1). Should reference values accord-
ing Kakareka and Kukharchyk [19] for PCDDs/Fs emis-

sion factors be applied to these operations, we come to
amounts of 0.159g I-TEQ a~! in 1995 to 0.943g I-TEQ
a~! in 1990. The calculated values of PCDDs/Fs emis-
sions from metallurgical processes in Croatia between
1990 and 2000 corresponded to the shares of 0.14% to
0.52% in their total emission to the environment.

Between 1990 and 2000, the calculated emission
values from EAF steel production only, within the to-
tal PCDDs/Fs emission in Croatia, ranged from 0.091g
I-TEQ a~! in 1995 to up to 0.342g I-TEQ a~! in 1990,
when 171,138 t of EAF steel were produced. These val-
ues accounted for 0.10% to 0.20 % of total PCDDs/Fs
emission to the environment.

If the calculated value of PCDDs/Fs emission from
EAF steel production, amounting to 0.143g I-TEQ in
2000, is compared to the total emission of 4.97g I-TEQ
from the manufacture processes in Croatia that year, the
share of the emission from the EAF procedure in the
total emission from the manufacture processes is about
3%, which is consistent with the respective figures re-
ported for some other countries (Quass et al. [9]).

PCDDs/PCDFs Emission
I-TEQ g a-1

| ..

1950. 1955. 1960. 1965. 1970. 1975. 1980. 1985. 1990. 1995. 2000. 2005

Year

Fig. 1. Emission of PCDDs/Fs from Croatian metallurgical processes
between 1950 and 2005

Between 1990 and 2000, i.e. time period covered
by the 1% national inventory, the emissions from iron
cast manufacturing, which included grey cast, nodular
cast, tempered cast and steel cast in the present study,
ranged from 62 mg I-TEQ a~' in 1995 to up to 157 mg
I-TEQ a~! in 1990, (Table 2). The calculated PCDDs/Fs
emission values from non-ferrous cast manufacture in
the same time period ranged from 5mg I-TEQ a~! in
1993 to up to 14mg I-TEQ a~! in 1990. Between 2001
and 2005, the annual output of non-ferrous castings in-
creased from ~10,600 t in 2001 to ~18,000 t in 2005.
Therefore, the calculated values of PCDDs/Fs emission
grew in the same time interval from 11 mg I-TEQ a~!
to 18 mg I-TEQ a™'.
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Between 1990 and 2000, the calculated emission
values from non-ferrous casting ranged from 0.624 mg
I-TEQ a™!' in 2000 to up to 1.338 mg I-TEQ a~! in
1990 from Cu and Cu-alloy castings manufacture; from
0.361 mg I-TEQ a~! in 1995 to 1.266 mg I-TEQ a~! in
1990 from Zn and Zn-alloy castings manufacture; and
from 4.014 mg I-TEQ a~! in 1993 to 11.232 mg I-TEQ
a~! in 1990 from Al and Al-alloy castings manufacture,
(Table 3).

The same methodology used to calculate the emis-
sion of PCDDs/Fs from the metallurgical processes
that were active in the past yields the values for the
1960-2005 period from 5.853g I-TEQ in 1975 to 0.159g
I-TEQ in 1995, figure 1. The variation in the calculat-
ed values of total emissions of PCDDs/Fs from metal-
lurgical processes between 1990 and today has a neg-
ative tendency and it is a result of economic changes
and restructuring in the Croatian metallurgical industry
that started in the late 1980s and continued with war
operations in the 1990s, when some metallurgical pro-
cesses and facilities like sintering plant, blast furnaces,
open-hearth furnaces, and coking plant were abandoned.

As the Croatian economic policy is oriented towards
restructuring of the metallurgical industry, in particular
steel and steel product manufacturing, it is necessary, re-
garding all future activities of reconstruction of these and
other facilities or construction of new ones, to respect
the principles of cleaner production and environmental
requirements that are imposed to us as a future member
of the European Union (e.g., IPPC Directive).

The Directive 96/61 EC on Integrated Pollution Pre-
vention Control (IPPC) integrates the emission control
with the overall impact that the industry has on the envi-
ronment, and it is a very important document of EU leg-
islation relevant for environmental protection that among
other issues includes the control over PCDDs/Fs emis-
sion.

The Regulation on polluting emission limits to the
atmosphere from stationary sources (Croatian Official
Gazette No. 21/2007) prescribes the emission limit value
for PCDDs/Fs in waste gas from waste incineration and
cement production, i.e. co-incineration of waste, of 0.1ng
I-TEQ m™>. Since there are no separately prescribed limit
values for PCDDs/Fs emission from metallurgical pro-
cesses in Croatia, this value can be considered as the
limit for emissions of these compounds and for metal-
lurgical processes.

5. Conclusion
Emissions of dibenzo-p-dioxins and polychlorinat-

ed dibenzofurans from metallurgical processes that were
active in the less recent past in Croatia were calculated

and the values recorded for the 1950-2005 period ranged
from 5.853g I-TEQ a~! in 1975 to 0.159g I-TEQ a~!
1995.

The assessed total emission of polychlorinated
dibenzo-p-dioxins and polychlorinated dibenzofurans
from metallurgical processes to the environment between
1990 and 2000 in Croatia (1% inventory period) was
3.622¢g I-TEQ, and the annual emission in the same pe-
riod varied from 0.159g I-TEQ a~! in 1995 to 0.886g
I-TEQ a™! in 1990.

Between 1990 and 2000, the calculated values of
PCDDs/Fs emission from metal casting processes in
Croatia varied from 68 mg I-TEQ a~! in 1995 to 171
mg I-TEQ a~! in 1990. The calculated total burden with
these pollutants to the environment in the same period
was 960 mg I-TEQ.

The non-ferrous casting processes emitted a total of
97 mg I-TEQ in the same period. Although this value
represents a relatively low burden with dioxins and fu-
rans to the environment, it is certainly enough to imply
the need to control the emissions of PCDDs/Fs from
non-ferrous casting processes.

Although these calculated values of PCDDs/Fs
emission do not represent significant shares in total emis-
sions from metallurgical processes, i.e. in total emissions
from the Croatian production processes, it is important to
know the levels of these emissions and to try to maintain
or even reduce them, in order to decrease the total emis-
sion of these hazardous substances into the environment.

The follow-up research of the impact of all existing
active metallurgical processes on the total emission of
PCDDs/Fs should include measurements of their emis-
sions. For better understanding of the emission flows
of polychlorinated dibenzo-p-dioxins and polychlorinat-
ed dibenzofurans from metallurgical processes it is nec-
essary to determine the content of these compounds in
all types of waste generated in the observed metallurgi-
cal processes and to select technical solutions to improve
every single process and to reduce their emission to the
environment.
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