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ABSTRACT

Dioxins have caused numerous toxic and pollution incidents in Taiwan, where the management
of dioxins has been focused mainly on the establishment of emission standards and inventory. The
currently applied approach features source reduction and monitoring of annual emission trend of
dioxins, but the comprehensiveness of management still needs to be enhanced, in addition to the
insufficient understanding about the distribution of dioxins in the environment. This study employed
the material flow analysis to simulate overall distribution of dioxins in Taiwan and incorporated the
uncertainty analysis to take the uncertainty of each parameter into account, so as to improve the
precision of estimation on dioxin distribution. In addition, CalTOX multi-media model was utilized
to assess the distribution of dioxins emitted from the economical activities into the environment.

The research findings revealed that in 2003, dioxins emission from the anthroposhpere in
Taiwan was about 2480 g I-TEQ. By average, about 10.3% was released to the atmosphere, 88.6%
to waste, 0.9% to soil, and others to water body. The industrial emission was the most significant,
with municipal waste incinerator taking up the leading position of about 87%, followed by arc
furnace. Moreover, emitted dioxins would undergo transport and distribution in the environment and
mostly reside in the soil media. The management strategies should be expanded to consider the
dioxins from various sources and in various environmental media in a more effective and efficient

way.

INTRODUCTION

Polychlorinated dibenzo-p-dioxins and poly-
chlorinated dibenzofurans or dioxins, was first discov-
ered in flue gas and fly ashes from general waste in-
cinerator in 1977. The severe nature of this issue im-
mediately gained international recognition. Dioxin is
listed as one of Persistent Organic Pollutants under the
Stockholm Convention.

With the rapid growth of industries, Taiwan has
experienced many poisoning and polluting incidents
caused by dioxins. In 1983, dioxin emission was gen-
erated by open burning of waste electrical wires and
cables in Wan-li area of Tainan. The average amount
of 2,3,7,8-TCDD in fly ash reached as high as 0.013
ug m>, causing permanent contamination in nearby
soil and water resources. Moreover, in An-nan area of
Tainan City, Anshun Plant of Taiwan Alkali Industrial
Corp released toxic matters such as pentachlorophenol
and dioxins. Not only fishes and shrimps were pol-
luted but also blood dioxin levels of local residents
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were found four times higher than habitants in adja-
cency to municipal incinerators. A significantly higher
incident of cancer was also observed. At the end of
2004, ducks and eggs in Hsien-shi township of Chang-
hua County were polluted by dioxins, causing severe
damages to duck raisers. Taiwan’s attitude toward di-
oxin management has been passive and incomprehen-
sive with the focus only put on emission sources.
Usually announced in response to the disclosure of di-
oxin-related incidents, control standards are unable to
cope with the eventual distribution of dioxins in the
environment, not to mention proactive prevention and
management. Therefore, it is urgent to systematically
analyze source conditions and dioxin distributions so
as to develop management solutions.

Substance flow analysis (SFA) is used to charac-
terize substance stocks and flows within and between
the economy and the environment for a certain time
period in a certain region [1-2]. SFA is usually used to
evaluate the environmental burdens at different stages
related to life cycle of specific substances. Many SFA
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have been carried out for various metals, including
copper [3-7], cadmium [8-10], zinc [11-14], silver
[15-16], and lead [11].

So far, several studies have been conducted on
the material flow of dioxins. Two surveys on dioxin
emissions from local industries of Denmark have been
conducted in 1997 and later during the period between
2000 and 2002 [17]. The calculation was perfromed
by assessing the emission factor and activity intensity
of each industry. Finally, a comprehensive diagram
was established to illustrate annual production of di-
oxins from individual industries, amount of recycling,
and eventual residual. The amounts of dioxins emitted
to atmosphere, soil, and water body by each industry
were specified as well. The accomplished diagram fa-
cilitates the understanding about major emission
sources and environmental media of dioxins in Den-
mark. Also, in the Tarragona province of Spain, a ma-
terial flow analysis was conducted with risk evalua-
tion [18]. A total of 11 subsystems were defined, in-
cluding: environmental media (air, soil, sediments,
etc.), materials, food chain (animals, fishes, and vege-
tables), and eventually, the human body. Based on 88
dioxins distribution patterns, the amount of dioxins
accumulated in Tarragona province was estimated to
fall between 62.6-159.5 g I-TEQ y'l, mostly kept in
sediments (27.9-74.6 g I'-TEQ y™) and soil (35-80.8 g
I-TEQ y'l). Finally, health risk was estimated by iden-
tifying potential exposure to dioxins of human body.

In order to fulfill “integrated pollution preven-
tion and control”, it is necessary to conduct estimation
on Taiwan’s annual emission and distribution patterns
to control the impact of dioxins on the ecosystem and
human health. This requires the establishment of an
overall dioxins material flow database. Besides the in-
tegration of emission sources in the economy via ma-
terial flow analysis, multi-media model was also
adopted to extend the scope to distribution and flow
among environmental media. The purpose was to re-
veal the ultimate possible distribution in the environ-
ment and locate the media that contain high level of
dioxins. Uncertainty analysis was also incorporated to
enhance the credibility of results obtained from mate-
rial flow analysis, so as to provide guidance on diox-
ins management in Taiwan.

DIOXINS IN THE ENVIRONMENT

Dioxins are not deliberately produced but are
byproducts of many industrial activities and manufac-
turing processes aimed to enhance the convenience of
our daily life. Dioxins can be derived from natural
causes (such as volcanic eruption and forest fire),
spin-offs of industrial material processing (such as
chlorinated phenols), and burning as part of operations
in specific industries. US Environmental Protection
Agency [19] divided the already known and potential
sources of dioxins into five categories: emission from

combustion (waste incineration, energy/power genera-
tion, other high-temperature sources, and minimally
controlled or uncontrolled combustion), metals smelt-
ing, refining, and processing (ferrous metal smelt-
ing/refining, nonferrous metal smelting/refining, scrap
electric wire recovery, drum and barrel reclamation),
chemical manufacturing, natural sources and proc-
esses, and reservoirs.

Emitted from industrial processes and high tem-
perature burning, most dioxins would enter the envi-
ronment in the form of particles as pollutant transmit-
ted among multiple media. In particular, gas and par-
ticles can be carried by the atmosphere to long dis-
tances. The distribution in each medium is determined
by parameters of transport and transformation.

When emitted to the atmosphere, dioxins can not
only be transported via air but also directly undergo
deposition processes to reach and contaminate soil.
Via wet deposition, they can also enter water body.
Due to extremely low water-solubility, they can be
easily absorbed by the sediment, rather than causing
pollution to the water sources. After deposition to soil,
dioxins can either be absorbed by plants or consumed
by animals. Since dioxins are lipid soluble, they ac-
cumulate in body fat instead of being expelled. More-
over, dioxins in the water body can also be absorbed
into bio-systems and eventually accumulate in the
body of humans, which are located in the highest hier-
archy of food chain.

In the atmosphere, dioxins can either be trans-
ported in the form of gas or absorbed in particles.
However, due to low vapor pressure, dioxins are less
likely to transform into gases than adhere to particles.
Hence, they can stay longer in the atmosphere, spread
via aerologic movements, and finally undergo dry and
wet depositions to reach the ground and accumulate in
soil, vegetation and water body. Combined with soil,
dioxins can achieve long-term settlement with a half-
life of about 25 to 100 years at a considerably slow
pace of movement. Due to its lipid solubility, dioxins
in soil are unlikely to enter ground water but can be
dissolved in organic solvents (such as benzene and
methylbenzene), or even carried by organic solvents
to long distances. In water body, dioxins are mostly
located in the sediments of lakes and rivers. In addi-
tion to the leakage or direction emission from facto-
ries (such as paper mill), dioxins would mostly enter
water body via atmospheric deposition rather than
evaporate into the atmosphere again.

International Agency for Research on Cancer has
confirmed that dioxins may cause cancer; lesions in
the liver, lungs, stomach, and the lymphatic system
are all associated with dioxins. With its chemical
structure similar to human hormones, dioxins may be
mistaken by human body as hormone and thus cause
hormone-like effects, interfering endocrine system
and normal operation of the body, especially the re-
productive function. Kimbrough [20] conducted an
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animal test to verify the reproductive toxicity of diox-
ins, which may cause unwanted abortion, infertility,
mutation, and decreased male hormone.

In addition to the impact on reproductive system,
disturbed balance of hormone would further cause
more toxic responses in cases of damaged physical
function. It has been confirmed in a study by Puga et
al. [21] that dioxins are powerful tumor promoter, es-
pecially for lungs and the skin. In addition to skin
pigmentation and inflammation, chloroacne can also
be incurred with hair follicles stimulated. Liver is the
most sensitive organ of human body; dysfunction and
hepatomegaiy may occur from an exposure to dioxins.
It was also observed in animal tests that, when ex-
posed to dioxins, adult animals would stop gaining
weight; exposure to a lethal or higher dose would
cause drastic decrease in body weight [19]. According
to World Health Organization, recommended daily
uptake of dioxins is 1-4 pg kg™'-body weight.

METHODOLOGY

By characterizing substance flow in the economy
and between human and environmental systems, SFA
can identify important sources of hazardous sub-
stances released to waste streams and eventually, the
environment. SFA frameworks have been defined in
the literature [2,22-23], and IN = OUT is a simple
statement of the central paradigm of SFA [24]. The
fundamental mass balance equation used in a system
defined by temporal and spatial boundaries is as fol-
lows.

Import + Production + Recycling
= Export + Accumulation + Consumption (1)

Dioxins are not natural resources but byproducts
of human’s industrial activities. Hence, life cycle of
dioxins differ from those of other frequently studied
matters, such as cadmium, lead, and cooper. Material
flow analysis can still be employed to examine diox-
ins; only that the source of emissions should be set as
industrial activities. The focus would be put on the
analysis of the major sources of emissions. Also, the
environment can be incorporated into the analysis to
understand the distribution of dioxins among envi-
ronmental media. The research procedure can be
stated as follows:

1. Scope

In this study, the spatial boundary concerning the
emission and storage was set with local industry, trad-
ing activities, local livestock and poultry breeds, and

environmental media. The temporal boundary was set
in the year of 2003.

2. Material Flow Analysis of Dioxins

On the basis of dioxins life cycle, the pathways

linking the economy with the environment would be
sketched, so as to facilitate data collection concerning
industrial emissions. Analysis on the life cycle of di-
oxins would focus on the relation between environ-
mental media and emissions from burning in the
manufacturing (such as sintering and arc furnaces),
operation of products (cigarette smoking and burning
of fuel), and waste treatment (such as incinerator and
burning of waste tires). Also, trading activities should
be examined because distribution of dioxins is associ-
ated with transportation of certain commodities.
Hence, the investigation into dioxins material flow
would clearly connect industrial production, product
utilization, and waste treatment with environmental
media.

3. Database Establishment for Dioxins Material
Flow

Dioxins material flow analysis of the economy
consists of three parts: emissions from Taiwan local
industries, amount of dioxins contained in commodi-
ties involved in trading activities, and dioxins carried
in food locally produced in Taiwan. They are detailed
as follows:

3.1 Dioxins produced in Taiwan’s local industrial
activities

With reference to the classification by US Envi-
ronmental Protection Agency [19], Taiwan’s local in-
dustries that are involved in the production of dioxins,
excluding biological and photochemistry processing,
are listed in Table 1.

Due to properties of dioxins, predominant indus-
trial discharges are air emissions, and only a little
amount would be attached to waste (e.g. bottom ash
and fly ash) or be infused into water body. However,
whether in cases of atmosphere, waste, or water body,
the estimation on dioxins emission in this study was
based on emission factor analysis, which can be stated
as follows:

Dioxins emission = emission factor x
activity intensity 2)

The emission factor refers to the amount of diox-
ins related to per-unit production (or energy consump-
tion and waste disposal). The data concerning emis-
sion factors were based on Taiwan’s local records be-
tween 2000 and 2006; the missing figures were re-
placed with emission factors of similar industries in
foreign countries. Further, the activity intensity refers
to the production (or energy consumption and waste
disposal) of each industry in 2003 by the unit of ton.
(1) Air emissions

In general, complete test reports associated with
dioxin emissions to the atmosphere were available.
The only exception was the open burning of agricul-
tural waste. To amend the lack of data related to the
amount of agricultural waste burned in 2003, reason-
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Table 1. Data collected to evaluate the substance flow analysis of dioxins

Emission Source Category

Air Water Waste

Emission Source Category Air Water Waste

COMBUSTION SOURCES

1. Waste Incineration
1. Municipal waste incineration
2. Small-scale municipal waste incineration
3. Hazardous waste incineration
4. Medical waste/pathological incineration
5.Industrial waste incineration
6. Crematoria

< <K<K KKK
~

7. Tire combustion
2. Power/Energy Generation
1. Coal combustion —residential/industrial/utility

< <

2. Oil combustion — residential/industrial/utility
3. Vehicle fuel combustion

1. leaded/unleaded

2. diesel
4. Other High Temperature Sources

1. Cement kilns

< <

2. Asphalt mixing plants
3. Petro. refining catalyst regeneration

< < <K<

4. Kraft recovery boilers

5. Minimally Controlled or Uncontrolled Combustion
1. Landfill fires \Y \
2. Accidental fires (structural, vehicles))
3. Forest, brush, and straw fires
4. Backyard barrel burning
5.open burning of agriculture waste
METAL SMELTING/REFINING
1. Ferrous metal smelting/refining
1. Sintering plants
2. Coke production
3. Electric arc furnaces

\%
\%
A\
\%

< < < KL<

4. Ferrous foundries
2. Nonferrous metal smelting/refining
1. Secondary copper
2. Secondary aluminum
3. Secondary lead

< < <K<

4. Secondary Zinc
3.Metal recycling
1.Fly ash recycling plants
CHEMICAL MANUFACTURING
1. Ethylene dichloride/vinyl chloride \

<

Vv displays the data is quantifiable
? displays the data is not complete and not be calculated

able assumptions would be required. The estimation
on the open burning of agricultural waste was deter-
mined as follows:

Amount of open burning = farming area (ha) x
fuel loading factor (t ha’l) X
ratio of agricultural waste to fuel  (3)

(2) Waste

Emitted in the form of waste are residuals from
industrial operations. Examples include bottom ash
and fly ash left after incineration and remaining bot-
tom ash after steel smelting. Such wastes may contain
dioxins and eventually arrive in landfills to contact
soil media.

As for the collection of data involved with waste
treatment, the following were amenable to calculation:
large waste incinerator, middle-to-small scaled waste
incinerator, medical and infectious waste incinerator,
industrial waste incinerator, bottom ash and fly ash,
and ash generated from arc furnace. Among them, the
amounts of bottom ash and fly ash from middle-to-
small scaled waste incinerators, medical and infec-
tious waste incinerators, and industrial waste incinera-
tors were estimated because of the shortage in official
registers. Since the proportion between waste treated
and bottom ash produced in large waste incinerators
of 2003 was known, the amounts of waste treated in
the same year by middle-to-small scaled waste incin-
erators, medical and infectious waste incinerators, and
industrial waste incinerators can be used to estimate
the amount of bottom ash with the same proportion.

The amount of fly ash was assessed by the same
method.
(3) Water body

Sampling reports related to dioxin emissions to
water body are given less attention in Taiwan. The In-
dustrial Waste Control Center is the only organization
to report on bottom ash and acid leakage from sludge
involved with the secondary refining of lead. However,
the corresponding emission factor is unavailable.
Therefore, this study only took dioxins contained in
landfill leachate into account. Calculation on the
amount of leachate was based on the study by Camo-
breco et al. [25]:
_rainxUF x(20%x1.5+6.6% x4+ 6.5% x 4.5+ 0.04% x 90)
- (DepxUF x BD)x 100

CFlea

4

where CF: potential amount of leachate produced by
waste per unit (L t'); Rain: annual rainfall; Dep: depth
of tl}le landfill; and BD: density of the landfill
(tm™)

3.2 Potential amount of dioxins contained in
commodities in trading activities

Dioxins may derive from burning of many com-
modities, such as leathers and textiles, but such case is
very rare during the normal life cycle of these prod-
ucts. In most cases, dioxin emissions from burning
only occur when a commodity is used and sent into
waste incinerator. Repeated calculation, therefore,
should be avoided when the amount of dioxins gener-



Ma et al.: Tracing the Hazards — Dioxins in Taiwan 79

ated from incinerator operation is concerned. In terms
of trading activities, the consideration should be given
only to dioxins contained in foods, including meat
(port, beef, mutton, chicken, duck, goose), seafood
(freshwater fish, marine fish, shrimp, and shellfish),
dairy (fresh milk, mild power, and other diary prod-
ucts), oils (animal fats and vegetable fats), and eggs
(chicken egg, duck egg, goose egg , preserved egg ,
and quail egg). Imported food, whether consumed (ab-
sorbed into human fat) or not (kept in diet fat), would
increase the amount of dioxin compounds in the econ-
omy.

The dioxins level of traded food products can be
calculated by the follows:

Dioxins level of traded food products =
amount of lipid of imported and exported food x
concentration of dioxins in foods (&)

The amount of imported and exported food was
based on records by the Directorate General of Cus-
toms, Ministry of Finance. Despite the sophisticated
classification of food products related to amount of
traded goods, further calculations were conducted to
assess the weight of fat contained in food. The amount
of dioxins carried by traded food products was based
on testing reports by The Department of Health.

3.3 Dioxin level of locally produced food in Taiwan

Exposed to dioxins distributed in the living envi-
ronment, stocks may contain toxic matters. Therefore,
local food supply by stock raising and fishing in Tai-
wan should also be taken into account. The calculation
is the same as that of trading activities.

3.4 Distribution of dioxins in the environment

At the completion of dioxin material flow data-
base, emissions from anthroposphere to environmental
media (air and soil) can be outlined. Also, the Cal-
TOX multi-media model [26] was adopted to investi-
gate dioxin transfer from air and soil media to other
environmental media, depicting dioxin distribution
characteristics in the environment. CalTOX model
combines multimedia transport and transformation
modeling of pollutants in the environment and multi-
ple pathway exposure modeling. This model is chosen
because it is suitable for modeling regional environ-
mental transfer between environmental media. The
environment is separated into several compartments,
including air, plants, surface water, ground water,
sediment, ground-surface soil, root-zone soil, and va-
dose-zone soil.

CalTOX multi-media model incorporated three
types of parameters into consideration, including
chemical properties, landscape properties, and human
exposure factors. In this study, local data related to
landscape properties and human exposures in Taiwan
were used.

3.5 Uncertainty analysis

Due to the uncertain nature of dioxins emission
factors collected, uncertainty is an important parame-
ter to be included in the results of material flow analy-
sis. In light of this, statistical analysis of local data-
base was conducted to derive probability distributions
quantitatively, while uncertainty of foreign or missing
data was assessed by Data Quality Indicators qualita-
tively as proposed by Frischknecht et al. [27]. With
data assumed to feature lognormal distribution, six in-
dicators to data quality can be applied: reliability,
completeness, temporal correlation, geographic corre-
lation, further technological correlation, and sample
size. Finally, uncertainty factors obtained from the in-
dicator system can be applied into the equation, so as
to figure out the standard deviation in each group of
data.

SDyos =072 =expy[InU ] >+ [InU)] + [InU)|> +

JlinU ]+ InU )] %+ InU )] + [InW,)]> - 6)

where U represents uncertainty factor and subscript 1
to 6 represent reliability, completeness, temporal cor-
relation, geographic correlation, further technological
correlation and sample size, respectively. Ub repre-
sents the basic uncertainty factor.

Here, the Ub was specified by primary condi-
tions of input or output for each environmental me-
dium [27]. For example, dioxin emission into atmos-
phere caused by burning can be set as 3.0. Data qual-
ity indicators were employed to develop the standard
deviation, so that the uncertainty associated with miss-
ing data, such as the emission factor of medical waste
incinerators, can be integrated with the uncertainty
that can be computed statistically, which included all
other emission factors, dioxins content in traded food
commodities, and the exposure and landscape parame-
ters used in CalTOX. In the study, the Monte Carlo
method along with the SFA described above was used
to combine individual probability distributions of
model parameters to produce a probability distribution
of dioxin generation estimation. 1000 sets of simula-
tions were conducted. Along with the Monte Carlo
simulation, sensitivity analysis method is used to iden-
tify important information, whose uncertainty is a
driving factor in the overall uncertainty of the out-
comes of SFA.

RESULTS AND DISCUSSION
1. Estimated Dioxins Flows in Taiwan
Taiwan’s dioxins material flow of 2003 can be
constructed with emissions from industries in the

economy to air and soil media, the amount transferred
from air and soil media to other media, and the
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Fig. 1. Substance flow analysis of dioxins in Taiwan in 2003 (g I-TEQ yh).

amount contained in traded food products, local live-
stock, and poultry breeds. The average emissions of
individual sources can be illustrated in Fig. 1.

It can be observed from Fig. 1 that, Taiwan’s av-
erage dioxins emission from the economy in 2003 was
2480.2 g I-TEQ, in which 256.3 g I-TEQ was released
to the atmosphere, 22.0 g I-TEQ to soil, 2197.5 g I-
TEQ to waste, and the rest small amount to water
body. In terms of category, the industrial emission
was the most significant, with municipal waste incin-
erator taking up the leading position of 86.5%, fol-
lowed by arc furnace (10.9%). Hence, it can be in-
ferred that the major source of dioxins emission in
Taiwan was municipal waste incinerator and arc fur-
nace.

As for food, the average dioxin level of imported

food was 0.57 g I-TEQ, that of exported food was
0.74 g I-TEQ, and that of local livestock and poultry
breeds was 1.78 g I-TEQ.

2. Dioxins Transfer in the Environment

When emitted to the environment, dioxins un-
dergo multimedia transfer, in which each environ-
mental medium exchange gains and losses till dy-
namic equilibrium is achieved.

Given the dioxin emission from the economy of
2003, the average amount transferred between envi-
ronmental media can be as illustrated in Fig. 2. Hence,
it can be inferred that, when steady state is achieved
among environmental media, partial amount of diox-
ins would leave the system boundary Taiwan via at
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Fig. 2. Distribution of dioxins in environmental media (g I-TEQ d'l).
Table 2. Contribution (in %) of dioxins emission into air from various pollution sources
Emission distribution pollution source 2.5% 5.0% 50.0% 95.0% 97.5% Mean
Waste Incineration 3.1 33 5.0 17.1 233 13.7
Power/Energy Generation 1.6 1.8 3.0 2.6 2.3 2.7
Vehicle fuel combustion 0.7 0.9 2.0 2.9 2.9 2.3
Other High Temperature Sources 0.4 0.4 0.5 0.6 0.6 0.5
Uncontrolled Combustion 2.8 2.8 2.9 1.9 1.6 24
Ferrous metal smelting/refining 49.7 52.8 64.9 63.5 59.3 61.3
Nonferrous metal smelting/refining 2.2 2.6 3.7 2.7 2.6 3.1
Metal recycling 393 35.1 16.4 6.6 5.4 124
Chemical manufacturing 0.2 0.3 1.7 2.1 1.9 1.7

mosphere (0.44 g I-TEQ d'l), water body (1.4><10'3 g
I-TEQ dV), sediment (1.8x10° g I-TEQ dV), or
groundwater (2.4x107 g I-TEQ d™"). In addition, diox-
ins can also decompose via transformation.

Dioxins emitted from the economy would even-
tually be allocated to the environmental media by the
following approx proportions: 0.1% in the air, 1.0% in
the leaf of vegetation, 1.0% in plant cuticle, 1.8% in
surface soil, 52.7% in root-soil, 24.7% in deep soil,
0.01% in surface water, 5.5% in ground water, and
13.2% in the sediments. Hence it can be understood
that dioxins would eventually locate in soil media, es-
pecially the root-soil.

3. Uncertainty Analysis

3.1 The economy

Emission sources in the economy include waste
incineration, generation of electricity and energy, mo-
bile sources, industries utilizing high temperature,

open burning, steel and metal smelting, smelting re-
duction of non-iron metal, precipitator ash recycling
facilities, and manufacturing of vinyl chloride and
other chemicals. It can be found from uncertainty
analysis that, in 2003, the total amount of dioxins
emitted from Taiwan’s local industries to the atmos-
phere was about 98.5-628.9 g I-TEQ y'l. The emission
to soil was about 6.1-70.9 g I-TEQ y'l, that of water
body was 1.1x107-6.3x10° g I-TEQ y™', that con-
tained in imported products was 0.29-0.88 g I-TEQ y'l,
that involved with exported products was 0.09-1.76 g
I-TEQ y™', and that of local livestock and poultry
breeds was 0.44-3.86 g I-TEQ y'l.

Table 2 shows the ranking of dioxins emission
into air by each emission source at various cumulative
probability percentiles. The contribution patterns are
generally quite similar for different percentiles. The
contribution of steel and metal smelting surpassed the
others by contributing over 50%, mainly because arc
furnace, foundry plants, and sintering plants were
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Table 3. Mass distribution (in %) of dioxins in environmental media under consideration of uncertainty analysis

Mass distribution (%)

Environmental media

Mean 2.5% 5.0% 50.0% 95.0% 97.5%
air 0.13 <0.1 0.2 <0.1 <0.1 <0.1
leaf 1.0 <0.1 0.8 <0.1 0.2 <0.1
cuticle 1.0 0.2 0.2 0.2 0.9 <0.1
ground-soil 1.8 0.3 0.8 0.8 0.8 0.6
root-soil 52.7 10.9 15.4 53.8 88.8 91.8
vadose-zone 24.7 36.3 35.6 7.5 7.1 5.2
surface water <0.1 <0.1 <0.1 <0.1 0.00 0.00
sediment 13.2 36.7 30.3 374 2.0 0.3
aquifer 5.5 15.5 16.7 0.3 0.3 2.1

Table 4. Comparisons of people loading and land loading of different countries

Total .am.ount of Population Area Population loading Land loading

Country  Year dioxins ) (ng I-TEQ . Data source
(ug I-TEQ yr') (person) (km”) population™) (ug I-TEQ km™)

Taiwan 2003 min. 5.89E+08 22,689,100 35,570 26.0 16564 .

this study

max. 8.06E+09 378.8 241594

Denmark 2000-  min. 7.20E+07 5,430,000 43,094 133 1671 [17]

2002 ave. 6.89E+08 126.9 15988

China 2004 ave. 2.77E+09  1,299,880,000 9,600,000 2.1 289 [28]

U.S. 2000 ave. 1.35E+09 281,421,910 9,826,630 4.8 138 [19]

Japan 2000 min. 2.20E+09 126,974,630 377,835 17.3 5817 [29]
max. 2.22E+09 17.5 5870

taken into consideration. In particular, ferrous metal
smelting/refining was the most contributive (61.3%),
followed by waste incineration (13.7%) and metal re-
cycling (12.4%). It can be observed that, at higher
percentiles, contribution from waste incinerators be-
comes more significant, due to the influence of log-
normal distribution of emission factors for large mu-
nicipal waste and industrial waste incinerators.

3.2 The environment

Distribution of dioxins among environmental
media is shown in Table 3. The average amount of di-
oxins in soil media was 77.4%, of which up to 52.7%
was kept in the root-soil (10.9-91.8%), followed by
vadose-zone of 24.7% (5.2-36.3%) and sediments of
13.2% (0.27-37.4%).

Major parameters related to the accumulation of
dioxins in the environment can be assessed via sensi-
tivity analysis. Such parameters can be categorized
into three types: dioxin’s physical and chemical char-
acteristics, Taiwan's landscape parameter, and emis-
sion factors of local industries. Based on the sensitiv-
ity analysis on the accumulation of dioxins in each
environmental medium, it was discovered that Tai-
wan’s landscape parameter (such as depth of surface
soil and soil disturbance rate) and dioxin’s physical
and chemical characteristics (such as dioxin’s half-life
dissipation in surface water), and emission factors of
arc furnace have considerable influence on the estima-

tion of dioxins amount in the environment.
SUMMARY AND CONCLUSIONS

Since Taiwan’s monitoring on dioxins focuses
more on gas emission, data related to dioxins in soil
and water body are insufficient. To assess soil pollu-
tion caused by dioxins, an examination was conducted
on bottom ash and fly ash produced by large munici-
pal waste incinerators, middle-to-small waste incin-
erators, medical and infectious waste incinerators, and
industrial waste incinerators, as well as ash from arc
furnaces. As for dioxin-polluted water body, landfill
leachate was investigated. The other unavailable data
were excluded from the calculation. Further informa-
tion gathered in the future would enhance the credibil-
ity of evaluation results.

Because of variability of emissions, uncertainty
of estimation parameters, and different degrees of data
quality, uncertainty analysis was used to provide more
completed information of dioxins flow. It was ob-
served that in 2003 the leading contributor of dioxins
emission was arc furnace, followed by industrial
waste incinerator. Given strict monitoring and control
over major emission sources such as arc furnace and
sintering plants, the contribution of industrial waste
incinerator and foundry plants would be highlighted.
Hence, it is suggested that an adequate emission stan-
dard should be imposed on such sources, so as to fa-
cilitate the reduction and management of dioxins
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emissions in Taiwan. The reduction of dioxin emis-
sions should be achieved without causing transferring
the problems between various environmental media.

A comparison was made with dioxins evaluation
reports on other countries; the focus was placed on
load per capita and soil load, as shown in Table 4. The
obtained dioxin distribution was transformed into load
per capita. Dioxin load per capita in Taiwan was about
26.0-378.8 pg I-TEQ; while that of Denmark was
13.3-126.9 pg I-TEQ, that of China was about 2.1 ug
I-TEQ, that of the USA was about 5.1 pg I-TEQ, and
that of Japan about 17.3 pg I-TEQ [29]. Dioxins dis-
tribution can also be transformed into soil load. Tai-
wan’s soil load was about 16,560-241,590 nug I-TEQ
km‘z; that of Denmark ranged between 1,670 and
15,988 ug I-TEQ km™, that of the USA reached about
145 pg I-TEQ km?, that of the China reached about
289 pg I-TEQ km?, and that of Japan fell between
5,820-5,870 pg I-TEQ km™. The value of Taiwan’s
population and soil load is higher than that of China,
the USA and Japan since the bottom ash and fly ash
released to land was not considered in these countries.
Whether released into the air or soil, almost 80% of
total amounts of dioxins would eventually accumulate
in soil. Due to the difficulty in soil pollution remedia-
tion, strategies should be made to facilitate monitoring
and management of dioxins in soil, as well as regula-
tion on and reduction from the sources.
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