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Abstract: The objective of this study is to evaluate the monetary value of health benefits following
reductions in century poison dioxin-like compounds for people aged 0–14 years old, 15–64 years
old, and persons 65 years or over in Taiwan. The benefit per ton (BPT) method is employed to
estimate the monetary value of the benefits of such a reduction from 2021 to 2070 for different age
groups in different regions. The results indicate a BPT of US$837,915 per gram of dioxin each year.
The results further show that for Taiwan as a whole, the net BPT per gram of dioxin reduction
from 2021 to 2025 is US$704 for children, US$42,761 for working-age adults, US$34,817 for older
adults, and US$78,282 overall. Reductions in dioxin-like compounds from 2051–2070 will generate
83.93% of the net BPT for the entire country. This is approximately five times the net BPT of
emissions reduction from 2021 to 2025. The monetary benefits evaluated in this study indicate that
the prevention of health losses caused by the spread and diffusion of dioxin-like compounds have
increased significantly. This implies that action must be taken now, along with continued vigilance,
to address emission reductions.

Keywords: health benefit; impact pathway; lifetime average daily exposure; value transfer method;
multiple media transport; value of a statistical life

1. Introduction

Polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs),
and related dioxin-like polychlorinated biphenyl (PCB) compounds are typical persistent
organic pollutants (POPs). They are mainly generated by industrial processes, the combus-
tion of hydrocarbons, the incineration of solid residues or wastes, combustion in a cement
reactor, etc. [1]. The hazard posed by dioxins has been continually assessed in the past and
continues to be studied by the health or environmental departments of many individual
countries, such as the United States Environmental Protection Agency (US EPA), Health
and Welfare Canada, and the Health Council of the Netherlands, and by international
agencies, such as the World Health Organization (WHO), the European Standard (for the
measurement of PCDD and PCDF), and the European Food Safety Authority [2–4].

Taiwan is no exception. In Taiwan, dioxin-like compounds are known as “century
poisons”, and thus, the Environmental Protection Administration, Executive Yuan, R.O.C.,
Taiwan (Taiwan EPA), legislated the “Waste Incinerator Dioxin Control and Emission
Standards” in 1997 [5]. However, the year after this standard came into effect, the first
serious incident with a solid-waste incinerator occurred in Taipei, the capital of Taiwan.
Since then, poison incidences have been continually observed in ducks, duck eggs, sheep,
and different kinds of food. Food safety has become a source of panic for people in Taiwan
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due to the contamination of products with dioxin-like compounds. The Taiwan EPA,
similar to all other agencies or institutes around the world, has consistently devoted effort
to eliminating dioxin-like compound emissions from all sources, mitigating their negative
effects on the human body and reducing the level of background dioxin contamination in
the environment.

To appropriately implement an effective policy, the assessment of changes in the levels
of dioxin-like POPs under various activities or circumstances and an examination of the
impact of dioxin emissions at the country level must be conducted. New technologies
may emerge from these assessments. Examples of this can be found from the study
Karademir [6] conducted to evaluate a hazardous and medical waste incinerator in Turkey
and from the study by Nguyen et al. [7] which assessed the formation of PCDDs/PCDFs
in open dumping sites in various countries in Asia. As dioxin-like compounds naturally
combine with other POPs during industrial activities, attention has also been given to
industrial activity, a major generator of dioxin-like compounds, to develop an appropriate
indicator for the monitoring and control of dioxin-like POPs [8]. Various technologies
have been proposed to reduce dioxin emissions, and life-cycle assessments have also been
conducted [9].

Furthermore, regarding the physical dimensions of emissions of dioxin-like com-
pounds, past studies have emphasized the measurement of the different ways in which
dioxin-like compounds diffuse and potentially spread: inhalation, dermal absorption of
soil and dust, and ingestion of soil and dust [10]. For instance, some studies have investi-
gated certain areas or regions for potential PCDD/PCDF contamination through specific
pathways. Sediment runoff is one of the channels by which these toxic elements are spread.
Thus, the management of sediment is essential for controlling the spread of dioxins [11].
Sundqvist et al. [12] also explored the variation in PCDD/PCDF levels in Baltic surface sed-
iment, as the Baltic Sea is heavily impacted by the atmospheric deposition and freshwater
inputs of these compounds.

Dioxins or dioxin-like compounds commonly settle in the air, in water, or on land. The
human body is easily affected by each of these pathways. Airborne dioxins can be directly
or indirectly inhaled or consumed by humans. Milk from dioxin-contaminated dairy
farms is a typical source of ingested dioxins; adults or infants could consume affected dairy
products [13–15]. Likewise, fish products contaminated with dioxin inevitably have adverse
effects on human health if the water is polluted. Fish provide good, high-quality protein
for the human body and are a crucial food source for 3 billion people globally. Of those
countries dependent on fish, Taiwan has frequently been on the list of the top 25 global
producers of marine-caught fish [16]. Concern over contaminated fish has induced scholars
to examine the toxicity of fish contaminated by different types of heavy metals and the
global variation in the health risks of consuming different quantities of such fish [17–22].

Dioxins normally enter the human body through a variety of pathways, including
water, soil, and air. Rovira et al. [23] assessed the bodily concentrations of dioxin-related
compounds present in the environment along with those of other heavy metals that are
transmitted either through the air or through soil among people living in Spain. They found
that concentrations were significantly higher for people living within 1 km of a municipal
solid waste (MSW) incinerator than those living more than 1 km away. To determine the
toxicity of dioxin emissions, a proper indicator must first and foremost be identified, though
that is not the only criterion for managing dioxin emissions. Indeed, it is essential to know
the impact of exposure to different levels or quantities of dioxin emissions. The impact of
dioxins on human health is a major concern for everyone.

The carcinogenic health risk is often used as an indicator to reflect the potential impacts
on people who live in areas with different distributions of 95 PCDD/PCDF emissions or
concentrations [1,24–27]. Additionally, a risk assessment has been conducted for dioxin-
like non-genotoxic chemical carcinogens, and that assessment found that exposure to
such carcinogens may result in non-genotoxic activities and oxidative deoxyribonucleic
acid (DNA) damage and may initiate carcinogenesis [28]. Earlier, Melnick et al. [29] and
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Riahi et al. [30] systematically reviewed the potential activities and suggested the critical
factors for the carcinogenic effect of certain non-genotoxic carcinogens.

Later, Domingo et al. [31] specifically evaluated the emission reduction-induced
change in the health risks of exposure to PCDD/PCDF emissions for adults and chil-
dren living within 500 m and 1000 m of a MSW incinerator by comparing the reduction
in air emissions of PCDDs/PCDFs from that MSW incinerator before 1998 and after 2000
in Montcada, Spain. The results showed that the health risk decreased for adults by ap-
proximately 75% due to the air emissions reduction when the city transitioned from the
traditional incinerator used in 1998 to modern incinerator technologies in 2000. A similar
decrease in health risk of approximately 68% was found for children. These results indicate
that improving incinerator technologies alone can reduce the impact of dioxin-like com-
pounds on health risks to a certain extent, even though background contamination was not
taken into account [32]. The results also reveal that environmental chemical contaminants
have different impacts on persons of different ages [33,34].

Most previous studies investigated the effects of the physical dimension of dioxin-like
compounds. Certain studies have explored the changes in health risks arising from changes
in incinerator technology, a major source of dioxin emissions, or structural changes in the
manufacturing industry. These outcomes are normally reported either in terms of a specific
type of PCDD/PCDF or as a measurement of the concentration of dioxin-like compounds.
However, if the physical measurement of dioxin-like compounds is not monetized, no
information allowing comparison with the costs of new technologies or structural changes
will be available. Nadal et al. [10], Fuster et al. [24], and Shih et al. [35] are among the
few who have calculated monetary values in terms of either the value of a statistical life
(VSL) or health costs for health assessments. However, their studies were specific to cement
plants using sewage sludge as a fuel source in Spain and the reduction in waste dumping
at specific sites in Nairobi, Kenya.

The existing literature neither systematically evaluates an entire country nor provides
an estimate of the monetary value of the benefits accrued as a counterpart to the monetary
cost of reducing emissions of dioxin-like compounds. A systematic review of this kind
could be valuable as a reference when such emission reduction campaigns are launched.
The health risk from exposure to dioxin-like compounds differs across areas or regions
within a country, as many varieties of plants are located in various parts of any given
country. Thus, it is essential for decision makers to understand the monetary value of
health benefits to establish specific management targets for the reduction in all kinds of
PCDD/PCDF emissions in the environment. Monetary values can be used as a benchmark
against which costs can be compared when reduction targets for emissions of dioxin-like
compounds are proposed. To use VSL to calculate the monetary value of a reduction in the
emission of dioxin-like compounds, it is necessary to account for the gross domestic product
(GDP) and age composition of the population, as these factors can reflect the population
density and productivity of the regions or counties of interest within a country [36–38].

Specifically, the purpose of this study is first to evaluate the monetary value of the
health benefits of a reduction in emissions of dioxin-like compounds in different regions
for people of different ages. The benefit per ton (BPT) method is used to simulate this
monetary benefit for people living in the different regions of Taiwan in 2020 who are aged
0–14 (not in the labor force), aged 15–64 years (the majority of the labor force), and aged 65
or above (retired). Second, the BPT method is also used to simulate the monetary value
of the benefits of a reduction in emissions of dioxin-like compounds from 2021 to 2050
for the different age groups of the projected population. 2050 is the target year for the
reduction of greenhouse gases (GHGs) to a certain level. Reductions in GHG emissions are
expected, and dioxin-like compound emissions are expected to be reduced to half of their
current level by 2050. Currently, population projections for Taiwan are available until 2070.
The monetary value of the benefit of a reduction in emissions of dioxin-like compounds is
estimated for 20 years beyond 2050 under the assumption that the dioxin-like compounds
are reduced at an ambitious pace between 2051 and 2070.
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The rest of the paper is arranged as follows. Section 2 presents the methods of the
impact pathway approach for monetizing the benefits of a dioxin emission reduction.
Section 3 presents the computation and simulations for all phenomena in the empirical
analysis. Section 4 presents the results and discussion. Section 5 provides the conclusions
of this study.

2. Materials and Methods
2.1. Monetary BPT According to the Impact Path Approach

Various methods for monetizing the impact of air pollution have been developed.
Among these, one state-of-the-art method is the impact path approach (IPA) [39,40]. From
a technological viewpoint, the IPA is a combination of three different evaluation frame-
works [41]. The IPA framework is illustrated in Figure 1. When monetary outcomes are the
focus of evaluations of the impact of a reduction in dioxin-like compound emissions under
the IPA framework, the current spread, diffusion of emissions, evaluation of exposure to
carcinogenic compounds, and intake, defined as the lifetime average daily dose (LADD),
must be identified first.
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The second step is to manage the marginal change in monetary outcomes due to a
change in air pollution concentration. That is, the emission of dioxin-like compounds
from diffusion and spread of dioxin to LADD for each person is computed. The results
from the simulation of diffusion and spread on the left-hand side of Figure 1 should be
completed before the health impact assessment is conducted. The third step is to learn
about changes in events, e.g., health incidents, that are affected by the concentration of air
pollution. Finally, an appropriate method is employed to monetize the health impact of
changes in health incidents. The Environmental Benefit Mapping and Analysis Program
(BenMAP) developed by the US EPA in 2003 and the Air Benefit and Cost and Attainment
Assessment System (ABaCAS) are used in this study.

BenMAP, developed by the US EPA in 2003, is one of the most popular tools for
evaluating the public health impacts of air quality. It contains a set of data for evaluating
concentration−response relationships and includes demographic characteristics. In 2012,
the US EPA made this PC-based software broadly accessible to the global research com-
munity. It then released BenMAP-CE in 2015 [42]. Similar to BenMAP, BenMAP-CE can
be used to analyze data at different spatial resolutions with varying levels of complexity
on the local, regional, national, and global scales. Both programs have been applied to
data for various countries outside the US. Such studies include Chae and Park [43] and
Heo et al. [44] for South Korea, Nawahda [45] for Japan, Boldo et al. [46] for Spain, and
Manojkumar and Srimuruganandam [47] for India.
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One feature of the IPA is that it can synthesize the various impacts of air pollution
occurring through different paths in monetary terms. Such results can also enable com-
parisons of different impacts through the implementation of different control mechanisms.
This result can further be integrated into a cost benefit analysis (CBA) framework to assist
with rational decision making. However, a disadvantage of employing the IPA is that
simulating each of the three steps described above is time consuming, and thus, IPA im-
plementation is costly. To resolve such technical problems, some simpler reduced-form
tools, as opposed to tools that implement the full IPA program, have been proposed and
applied [40,48–50]. Reduced-form tools operate under the assumption that the influence
of emission diffusion is uniform. That is, emissions are evenly distributed across all the
impacted subjects.

Fann et al. [51] and Fann et al. [52] applied the reduced form of BenMAP developed by
the US EPA to measure the BPT from an improvement in air pollution at the national level
in the US. Similarly, the BPT from a reduction in dioxin-like compound emissions can be
measured with BenMAP. First, the emission concentration of each dioxin in each region is
calculated. Then, the results are used to compute the monetary value of the health benefits
from each ton of emissions reduced through a health impact function and a conversion of
the health impact into monetary terms. Each BPT simulation covers a specific time and area.
Thus, each estimated BPT is normally used as a reference for several years until updated
information is available. Regarding the policy applications of BenMAP evaluations, the US
EPA announced in 2013 that it had produced a national-level technical BPT report for all
kinds of air pollutant emissions and used that report in a regulatory impact analysis (RIA).
The updated open-source version of the BPTs was made available in 2018 [50].

2.2. The Steps of the Simulations Used to Compute the Monetary BPT from Dioxin
Emission Reductions

This study adopts the BPT method to simulate the unit benefit from a reduction in
emissions of dioxin-like compounds. First, the current spread and diffusion of emissions
and the LADD need to be identified. The corresponding expected population risk of
death from cancer is then inferred from the health risk coefficients, including those for
carcinogenic risk and cancer mortality. VSL calculations are employed to estimate the
monetary value of the expected mortality risk. The final result is the health cost per unit of
dioxin-like compound emissions or the benefit per unit of dioxin-like compound emissions
reduced under an assumption of uniformity.

Under the framework stated above, the simulation of the BPT for dioxin-like com-
pounds is first performed by multiplying the LADD and the cancer slope factor (CSF). The
CSF is defined to be the carcinogenic risk per unit of dose (a carcinogenic or potentially
carcinogenic substance). That is, the multiplication of the LADDijt and CSFt

dioxin results in
the risk of cancer rijt, listed in Equation (1) below:

rijt = LADDijt × CSFt
dioxin (1)

where i indicates different age groups, j indicates the region, and t can be a specific point in
time (year) or a time period (range of years). Equation (1) shows that the CSF is the same
for people of different ages. The purpose of categorizing different age groups in the health
risk assessment is to reflect the dissimilar LADDs through discriminated dietary patterns
for each age group, which in turn will have a differentiated impact on health risk.

The expected number of people at risk for cancer erijt at time t is then the product of
the risk of cancer rijt for different age groups living within different regions of the country
and the exposed population popijt, as in Equation (2):

erijt = rijt × popijt (2)
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Therefore, the expected deaths from cancer at a specific time, dijt, is the product of
the expected number of people at risk for cancer erijt and the risk of mortality from cancer
mt

risk, as in Equation (3):
dijt = erijt × mt

risk (3)

2.3. Data for Dioxin Settling Flux and Dioxin Emissions for Simulation in Each Region

To obtain the dioxin settling flux in this study, the diffusion and spread of dioxins
estimated by the Taiwan EPA via the Weather Research and Forecasting (WRF)/Chem
model were used. WRF/Chem was used to simulate the settling of dioxin in each county
or city in 1999, 2007, and 2010 [53]. Daily emissions larger than 0.1 g-TEQ (toxic equivalent
quangtity, hereafter TEQ) were selected as the input items in that simulation. According
to the report, 79 counties and cities had emissions greater than 0.1 g-TEQ in 1999, but the
number decreased to 27 counties and cities in 2010. Of the regions of Taiwan, the eastern
region had only a few counties and cities with emissions greater than 0.1 g-TEQ; thus,
annual dioxin settling was simulated for only those counties and cities. On the other hand,
most counties and cities located in the central and southern regions had emissions higher
than the above mentioned level. However, counties and cities in all four regions except for
three islands outside the main island of Taiwan were included in the simulation.

The outcomes of that simulation essentially provide the results for the “Computation of
total dioxin exposure in a country/region” from the left-hand side of Figure 1. The estimates
of the annual settling of dioxin in that report are shown in Table 1, and these results will be
used for additional purposes. Another report from the Taiwan EPA [54] further indicates
that the most complete record of the total annual emissions of dioxins shows 57.8 g I-TEQ
was emitted across the whole country in 2010. However, the exact amount of dioxin
emissions in each region was not recorded by the Taiwan EPA. If governmental efforts are
made to decrease the annual dioxin settling amount in each region, then the proportion
of regional dioxin emissions relative to national emissions would reasonably be the same
as the proportion of regional annual settling relative to national annual settling. The
corresponding total amount of annual dioxin emissions that could be eliminated in each
region are listed in Table 1.

Table 1. Annual dioxin settling simulated by the Taiwan EPA for each region and the corresponding
distribution of dioxin emissions across regions. Source: [53].

Settling or Emissions
Region

Northern Central Southern Eastern

Annual dioxin settling
(pg I-TEQ/m2/year) 12.40 41.70 68.80 1.47

Annual dioxin emissions
(g I-TEQ/year) 5.7628 19.3798 31.9743 0.6832

Note: The Taiwan EPA did not simulate dioxin settling for three small islands (counties)—Kinmen county, Lianjing
county, and Penghu county—that are located outside the main island of Taiwan since the formation and sources
of dioxin settling for these islands differ from those on the main island. Thus, these three islands are excluded
from all subsequent analyses.

2.4. Data for the LADD and CSF and the Simulated Risk of Cancer in Each Region

The above data on the settling of dioxin were further used by the Taiwan EPA to
simulate the concentration of dioxin in all kinds of environmental media, such as food,
water, and soil, through a multiple media transport model developed by the US EPA [53].
The total exposure effect from dioxin calculated by the Taiwan EPA is mainly based on
exposure via ingestion and inhalation but does not account for the exposure effect from
dermal absorption due to a lack of data.

The report also uses data from the Council of Agriculture on the average quantity
of various kinds of food consumed by the Taiwanese population [55] and the inhalation
data are from the Ministry of Health and Welfare, Taiwan [56]. The summation of the
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exposure effects from each of these pathways is the average LADD of dioxin-like com-
pounds for each person in each different age category and each city and county listed,
as shown in Table 2. In addition to the LADD associated with absorption, the CSF of
1.0 × 10−4 (pg-TEQ/kg/day)−1, suggested by the US EPA in 1994 [57] and used in the
study of the Taiwan EPA, is used here in Equation (1) to compute the risk of cancer arising
from the diffusion and spread of dioxins for the northern, central, southern, and eastern
regions of Taiwan, as listed in Table 3.

Table 2. LADD data for different age groups in different regions. Source: [53].

Age Group (Age)
Region

Taiwan
Northern Central Southern Eastern

Children (0–14) 7.26 × 10−4 2.24 × 10−3 9.21 × 10−3 8.37 × 10−5 3.19 × 10−5

Working-age adults (15–64) 1.52 × 10−3 4.44 × 10−3 1.56 × 10−2 1.82 × 10−4 6.00 × 10−3

Older adults (65 or above) 7.68 × 10−4 2.27 × 10−3 2.79 × 10−2 7.79 × 10−5 8.84 × 10−3

Table 3. The simulated risk of cancer for each age group in each region. Source: [53].

Age Group (Age)
Region

Taiwan
Northern Central Southern Eastern

Children (0–14) 7.26 × 10−8 2.24 × 10−7 9.21 × 10−7 8.37 × 10−9 3.19 × 10−7

Working-age adults (15–64) 1.52 × 10−7 4.44 × 10−7 1.56 × 10−6 1.82 × 10−8 6.00 × 10−7

Older adults (65 or above) 7.68 × 10−8 2.27 × 10−7 2.79 × 10−6 7.79 × 10−9 8.84 × 10−7

The CSF as estimated by the US EPA is based on 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin
(TCDD), the most toxic dioxin-like substance in most experiments and/or assessments for
the detection of the toxicity of dioxins. The TCDD is employed in the report accomplished
by the Taiwan EPA. Since this study uses results from the report of the Taiwan EPA, TCDD
is also the dioxin-like compound used in this study for further simulation.

2.5. Data on the Projected Total Population for 2021–2070 in Each Region

According to the newest available dioxin reduction effort accomplished by the Taiwan
EPA for 10 years from 2011 to 2020, it is known that the average annual reduction rate
of dioxin-like compounds was 1.603% [58]. If the reduction path follows past experience
for 2021–2050, it will decrease by 48.09%. That is, the Taiwanese government has set a
goal to reduce dioxin emissions by approximately 50% of their current level in each region
by 2050. A much more ambitious emissions reduction goal is set to reduce them by 40% for
the remaining 50% beyond 2050, i.e., for 2051–2070.

Simulating the expected number of people at risk for cancer due to dioxin emis-
sions requires knowing the total population in each region. Total population projections
for 2021–2070 were obtained from the National Development Council [59]. The size of the
population is projected for the whole country by age but not by region. It is reasonable to
assume that in the next 50 years, the share of the population in each region will remain the
same as it has been over the past 20 years, 2001–2020. The reason for using the population
proportion for each region is that the total projected population for Taiwan by the end of
2021 is less than that in 2020. This phenomenon is predicted to continue until 2070. That is,
the total size of the population is projected to decrease by approximately 25% by the end
of 2070. Thus, it is inappropriate to use the population growth rates that held in the past
for the population projections for the years 2021–2070. The population proportion for each
region is therefore used for this purpose.

Administrative divisions were restructured multiple times between 2001 and 2020.
Period 1 covers 2001–2009, when some counties and cities were combined. Period 2 covers
2010–2013, when a county was merged with a municipality. In the most recent period,
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2014–2020, four cities and counties were promoted to municipalities. The population
proportions for the northern, central, southern, and eastern regions in period 2 and period
3 were almost the same. However, to account for the long-time trend of regional population
proportions, 20-year averages of these proportions are used. The northern region accounts
for 44.48% of the population, the central region accounts for 24.88%, the southern region
accounts for 27.70%, and the eastern region has an average of 2.46% of the population [60].
With these population shares, the population of each region is projected for the three
age-group classifications for 2021–2070 in 5-year intervals. These projections are listed in
Table 4.

2.6. Simulation of the Expected Number of People at Risk for Cancer and Expected
Cancer Mortality

Once the population projections presented in Table 4 and the simulated cancer risk for
each age group in each region in 2020 and each 5-year interval from 2021 to 2070, presented
in Table 3, are calculated, the expected number of people at risk for cancer in each age
group, region, and 5-year interval is determined.

On the basis of the simulated expected number of people at risk for cancer, a high risk
of death from cancer is expected. The coefficient for the risk of cancer mortality is required
to simulate the expected cancer mortality. The coefficient for the risk of cancer mortality is
collected from the Taiwan Cancer Registry [61] which reports the 5-year cancer survival
rates for Taiwan. As dioxin-like compounds remain in the environment for decades or
even centuries, their impacts on food chains and hazards to human and animal health are
cumulative. It is normally hard to differentiate one type of cancer from the other unless
a specific case causal relationship is examined. The average cancer survival rate across
all types of cancer can properly reflect the benefits of emission reductions in dioxin-like
compounds in a broad scope such as this study intends to achieve. From these data, the
one-year cancer survival rate for all types of cancer from 2013 to 2017 was 77.22%. The
corresponding cancer mortality risk was 22.78%. By using Equation (3), the expected cancer
mortality rate is then estimated.

2.7. Monetization of the Cancer Mortality Risk by Conversion to Current Values

The use of the value transfer method (VTM) is necessary to adopt the VSL calculations
from Liou’s study [62]. The study done by Liou [62] was based on the hedonic wage
method (HWM), a revealed preference method. The HWM, using readily available wage
data from the labor market and resulting in a low operating cost, is the most dominant
approach in the estimation of VSL. The result from Liou [62] is the newest VSL estimation
in Taiwan. We then employed Equation (5) in this study to transfer the VSL value from
2014 to 2020 and for further time periods henceforth. Value conversions are essential in
order to standardize monthly earnings and price levels across different years. The earnings
used to calculate the 2014 VSL adopted from Liou’s study [62] are adjusted as shown in
Equation (4):

VSL2020 = VSL2014 × dijt

1 +

[
εW × (W2020−W2014

W2014
)
]

100

 (4)

where VSL2020 is the adjusted nominal VSL for 2020, εW is the earnings elasticity estimated
by Liou [62], and W2020 and W2014 are the average monthly earnings for 2020 and 2014. All
the variables are defined in Table 5.
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Table 4. Actual total population in 2020 and projected total population in each region over 5-year intervals from 2021 to 2070. Source: [59].

Region/
Age Group

Year

2020 2021
–2025

2026
–2030

2031
–2035

2036
–2040

2041
–2045

2046
–2050

2051
–2055

2056
–2060

2061
–2065

2066
–2070

Northern
Children 1,318,119 1,264,892 1,192,701 1,124,171 1,132,252 1,113,024 1,064,712 1,001,184 943,498 899,735 871,704
Working-age
adults 7,477,322 7,267,601 6,877,924 6,504,056 6,081,763 5,624,320 5,156,703 4,821,029 4,488,235 4,156,714 3,911,141

Older adults 1,684,598 1,922,894 2,326,148 2,665,299 2,908,197 3,120,420 3,290,247 3,287,280 3,246,798 3,183,865 3,021,274
Total 10,480,038 10,455,388 10,396,773 10,293,526 10,122,212 9,857,764 9,511,662 9,109,492 8,678,531 8,240,315 7,804,120

Central
Children 737,293 707,520 667,140 628,808 633,328 622,573 595,549 560,015 527,748 503,269 487,590
Working-age
adults 4,182,459 4,065,151 3,847,184 3,638,060 3,401,850 3,145,977 2,884,415 2,696,655 2,510,505 2,325,069 2,187,707

Older adults 942,284 1,075,576 1,301,137 1,490,842 1,626,707 1,745,415 1,840,408 1,838,748 1,816,105 1,780,903 1,689,957
Total 5,862,036 5,848,247 5,815,461 5,757,710 5,661,885 5,513,965 5,320,372 5,095,417 4,854,358 4,609,241 4,365,254

Southern
Children 820,861 787,714 742,757 700,080 705,112 693,138 663,051 623,489 587,565 560,312 542,855
Working-age
adults 4,656,515 4,525,912 4,283,239 4,050,412 3,787,429 3,502,555 3,211,346 3,002,304 2,795,056 2,588,601 2,435,670

Older adults 1,049,086 1,197,486 1,448,613 1,659,820 1,811,085 1,943,247 2,049,007 2,047,159 2,021,949 1,982,758 1,881,504
Total 6,526,462 6,511,111 6,474,609 6,410,312 6,303,626 6,138,940 5,923,405 5,672,953 5,404,571 5,131,671 4,860,030

Eastern
Children 72,900 69,956 65,963 62,173 62,620 61,557 58,885 55,371 52,181 49,761 48,210
Working-age
adults 413,539 401,940 380,389 359,712 336,357 311,057 285,195 266,631 248,225 229,890 216,309

Older adults 93,168 106,347 128,649 147,406 160,840 172,577 181,970 181,805 179,567 176,086 167,094
Total 579,606 578,243 575,001 569,291 559,817 545,191 526,050 503,807 479,973 455,737 431,613

Taiwan
Children 2,963,396 2,843,731 2,681,433 2,527,363 2,545,531 2,502,302 2,393,687 2,250,863 2,121,174 2,022,787 1,959,767
Working-age
adults 16,810,525 16,339,032 15,462,958 14,622,428 13,673,029 12,644,604 11,593,307 10,838,644 10,090,456 9,345,131 8,793,034

Older adults 3,787,315 4,323,054 5,229,648 5,992,129 6,538,212 7,015,332 7,397,137 7,390,467 7,299,455 7,157,971 6,792,433
Total 23,561,236 23,505,817 23,374,039 23,141,920 22,756,772 22,162,238 21,384,132 20,479,973 19,511,085 18,525,889 17,545,234

Note: Neither the total population in 2020 nor the projected populations for 2021–2070 include those counties off the main island of Taiwan, i.e., Kinmen, Lianjing, and Penghu counties.
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Table 5. Relevant parameters for the VSL conversion.

Parameter Value Definition

VSL2014
a 11.79 The VSL computed in Liou’s study in 2019 [62];

unit: millions of US$

εW
b 0.2476 The earnings elasticity estimated for monthly earnings

between US$1317.18 and US$1580.61
W2014

c 1317.18 Average monthly earnings in US$ in 2014
W2020

c 1385.64 Average monthly earnings in US$ in 2020
CPI2014 98.93 The consumer price indices d for 2014 and 2020,

with the base year of 2015; i.e., CPI2015 = 100CPI2020 102.55
Note a: This study uses the study by Liou [62] as a reference. The US$–TWD exchange rate was 1:30.368 in 2014.
b: The VSLs from Liou’s study [62] are used to compute the elasticity results used in this study. c: Data on Wt
are from the Directorate-General of Budget, Accounting, and Statistics, Executive Yuan, R.O.C., Taiwan [63].
d: CPIt values are from the Directorate-General of Budget, Accounting, and Statistics, Executive Yuan, R.O.C.,
Taiwan [64].

The next step is to monetize the cancer mortality risk by using the data collected above.
The BPT for dioxin is computed under the assumption of a uniform distribution of dioxin
emissions across regions. It is essential to use Equation (4) to monetize expected cancer
mortality. In Equation (4), the most important variable is VSL. Liou [62] is referenced for
the computation of the VSL in this study. Only a few studies have estimated the VSL for
Taiwan. As the VSL changes significantly over time and as Liou’s study [62] is the most
recent study available, it best reflects current conditions.

The price level adjustment is shown in Equation (5):

RVSL2020 = VSL2014 × (CPI2014/CPI2020) (5)

where RVSL2020 is the real VSL, which uses the consumer price index (CPI) to account
for inflation. CPI2020 and CPI2014 are the consumer price indices for 2020 and 2014. The
estimated real VSL that accounts for changes in wages is US$2,194,866 for children under
14 years old, US$12,326,614 for adults 15–64 years old (the majority of the labor force), and
US$25,745,461 for people of retirement age, 65 years old or above. We use the average
exchange rate over the past 20 years, i.e., 2001–2020, to convert the New Taiwan dollar
to the US dollar at the average US$ to TWD exchange rate from over the past 20 years,
2001–2020, of 1:31.807.

With the above information, the BPTs for the different regions, different age groups,
and Taiwan as a whole are ready to be estimated for the 2021–2070 projected populations.
In this estimation, the use of the 20-year average exchange rate, i.e., from 2001 to 2020,
is much more appropriate than the use of a single-year average. The VSL for each age
group from 2021 to 2070 is then estimated. The VSLs for each of the projected years are
discounted by 2%, the 20-year real rate of return on government bonds minus the inflation
rate proposed by the Taiwan EPA [39]. The results are listed in the top portion of Table 6.
The VSL for 2020 and all the discounted VSLs listed in Table 6 for each age group over every
5-year interval is the average VSL over each age included in the group and each year during
the 5-year interval. For example, the VSL for children in 2021–2025, i.e., US$2,167,689 per
person, is the summation of the VSL for newborns to those aged 14 in 2021–2025 divided
by 75. A similar procedure was followed for all other age groups and 5-year intervals.
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Table 6. Estimated VSLs for the different population age groups in 2020 and the projected population age groups every 5 years from 2021 to 2070.

Age Group/
Region

Year

2020 2021
–2025

2026
–2030

2031
–2035

2036
–2040

2041
–2045

2046
–2050

2051
–2055

2056
–2060

2061
–2065

2066
–2070

VSL (US$/person)

Children 2,194,866 2,167,689 2,151,162 2,134,532 2,117,808 2,100,999 2,084,114 2,067,906 2,050,987 2,034,013 2,016,989
Working-age

adults 12,326,614 12,173,987 12,081,168 11,987,772 11,893,849 11,799,449 11,704,618 11,613,595 11,518,578 11,423,246 11,327,640

Older adults 25,745,461 25,426,682 25,232,819 25,037,751 24,841,583 24,644,418 24,446,355 24,256,242 24,057,790 23,858,678 23,658,995

Estimated total monetary value of death from cancer due to dioxin emissions for each age group for 2020 and each 5-year interval from 2021 to 2070 (US$)

Northern
Children 47,848 45,305 ,378 39,702 39,603 38,658 36,680 34,327 31,995 30,307 29,045

Working-age
adults 3,191,360 3,062,975 2,877,734 2,699,646 2,504,845 2,297,353 2,090,445 1,938,309 1,789,987 1,643,805 1,533,762

Older adults 759,491 854,337 1,026,976 1,166,759 1,264,437 1,345,585 1,408,110 1,394,734 1,366,482 1,328,928 1,251,561

Central
Children 82,527 78,254 73,139 68,518 68,405 66,812 63,357 59,142 55,172 52,274 50,223

Working-age
adults 5,214,158 5,005,944 4,700,782 4,411,500 4,092,673 3,754,585 3,414,237 3,167,027 2,924,567 2,686,747 2,506,807

Older adults 1,253,804 1,413,724 1,698,169 1,930,411 2,089,177 2,225,391 2,327,293 2,306,769 2,259,026 2,197,384 2,067,796

Southern
Children 377,956 358,319 335,151 313,563 313,224 305,485 289,900 270,482 252,887 239,200 229,735

Working-age
adults 20,398,082 19,580,641 18,388,746 17,255,199 16,007,931 14,686,774 13,357,311 12,390,544 11,441,404 10,508,244 9,805,205

Older adults 17,167,073 19,352,248 23,231,857 26,412,324 28,595,147 30,438,321 31,836,488 31,559,797 30,916,666 30,066,706 28,291,426

Eastern
Children 219 217 215 213 212 210 208 207 205 203 202

Working-age
adults 20,955 20,696 19,330 17,982 16,651 15,339 14,046 12,775 11,519 11,423 10,195

Older adults 5149 5085 5047 7511 7452 7393 7334 7277 7217 7158 7098

Taiwan
Children 472,555 447,845 419,261 392,113 391,794 381,962 362,427 338,309 316,057 299,000 287,219

Working-age
adults 28,322,862 27,186,948 25,533,549 23,958,761 22,227,225 20,392,987 18,547,138 17,204,379 15,886,423 14,590,912 13,613,558

Older adults 19,636,063 22,136,469 26,572,682 30,213,054 32,706,429 34,815,170 36,415,290 36,100,566 35,362,545 34,389,899 32,360,774
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3. Results
3.1. Monetization of Expected Cancer Mortality

Once all variables and parameters are prepared and VSLs have been calculated, the
results of the monetary value of expected cancer mortality mdcijt, shown in the bottom
portion of Table 6, can be calculated by multiplying the VSLs from the top portion of Table 6
and the corresponding expected cancer mortality for 2020 and the 5-year intervals from
2021 to 2070 with a mortality risk of 22.78%. The potential loss of life is calculated with
Equation (6), and the results are listed in the bottom portion of Table 6.

mdcijt = dijt × VSLijt (6)

The magnitude of mdcijt indicates the potential monetary value of the loss of life for
persons in each different age group living in each different region for every 5-year interval
from 2021 to 2070.

3.2. Computation of the BPT from the Elimination of Dioxin Emissions by Age Group, Region, and
Time Period

The BPT from a reduction in dioxin emissions for each age group in a given region
and time period, BPTijt, is calculated by dividing mdcijt by the amount of dioxin emissions
in the region and time period Ejt, as in Equation (7):

BPTijt = mdcijt/Ejt (7)

where BPTijt indicates the benefit for a specific age group in a given region and time period
when there are Ejt dioxin emissions in time period t. However, it is normally meaningless
to compute the BPT for only one particular age group, as dioxin emissions do not target
only those of a specific age. Thus, the BPT for each different region in each specific time
period BPTijt is reasonably computed as shown in Equation (8):

BPTjt =
n

∑
i=1

mdcijt/Ejt (8)

where ∑n
i=1 mdcijt is the monetary value of expected cancer mortality for a specific age

group. This is calculated by summing the values of mdcijt for each particular age group in
each region in a specific time period for the case when dioxin emissions in that particular
region and time period have been eliminated.

Depending upon the complexity of the analytical or policy requirements, BPT can also
be computed without differentiating across ages and regions. That is, BPTt is a weighted
average calculated by summing over n age groups and k regions for a given time period
for the case when the corresponding dioxin emissions have been reduced, as shown in
Equation (9):

BPTt =
n

∑
i=1

k

∑
j=1

mdcijt/
k

∑
j=1

Ejt (9)

3.3. Net BPT When Dioxin Emissions Have Been Reduced

As total dioxin emissions in Taiwan are currently measured in grams, the BPT calcu-
lated in Equation (8), BPTjt, is the monetary value of the BPT for the case when dioxin
emissions in a particular region and specific time period are reduced. The monetary value
in Equation (9), BPTt, indicates that a specific amount of dioxin emissions has been elimi-
nated from a particular region. All these results are computed by taking the values from
the bottom portion of Table 6 and dividing them by the values in the top portion of Table 7.
If actions to reduce emissions are not taken, then future dioxin emissions in each region
will remain at their 2020 level, as shown in the bottom portion of Table 7. The BPT for the
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case when emissions are not reduced is calculated by dividing the values in the bottom
portion of Table 6 by the values in the bottom portion of Table 7.

Table 7. The reduction in dioxin emissions for each 5-year interval from 2021 to 2070.

Region
Year

2020 2021
–2025

2026
–2030

2031
–2035

2036
–2040

2041
–2045

2046
–2050

2051
–2055

2056
–2060

2061
–2065

2066
–2070

The amount of dioxin emissions with a reduction plan for each region (g)

Northern 5.7628 5.2826 4.8023 4.3221 3.8419 3.3616 2.8814 2.3051 1.7288 1.1526 0.5763
Central 19.3798 17.7648 16.1498 14.5348 12.9198 11.3049 9.6899 7.7519 5.8139 3.8760 1.9380
Southern 31.9743 29.3097 26.6452 23.9807 21.3162 18.6517 15.9871 12.7897 9.5923 6.3949 3.1974
Eastern 0.6832 0.6262 0.5693 0.5124 0.4554 0.3985 0.3416 0.2733 0.2050 0.1366 0.0683
Taiwan 57.8000 52.9833 48.1667 43.3500 38.5333 33.7167 28.9000 23.1200 17.3400 11.5600 5.7800

The amount of dioxin emissions without a reduction plan for each region (g)

Northern 5.7628 5.7628 5.7628 5.7628 5.7628 5.7628 5.7628 5.7628 5.7628 5.7628 5.7628
Central 19.3798 19.3798 19.3798 19.3798 19.3798 19.3798 19.3798 19.3798 19.3798 19.3798 19.3798
Southern 31.9743 31.9743 31.9743 31.9743 31.9743 31.9743 31.9743 31.9743 31.9743 31.9743 31.9743
Eastern 0.6832 0.6832 0.6832 0.6832 0.6832 0.6832 0.6832 0.6832 0.6832 0.6832 0.6832
Taiwan 57.8000 57.8000 57.8000 57.8000 57.8000 57.8000 57.8000 57.8000 57.8000 57.8000 57.8000

4. Discussions
4.1. Policy Implications from the Results

The total net BPTs in each region and Taiwan as a whole for every 5-year interval
from 2021 to 2070 are presented in Table 8 and Figure 2. The results clearly show that the
total net BPT for the southern region of Taiwan is higher than that for Taiwan as a whole.
In each 5-year period, the total net BPT for the northern region is the second highest, the
central region is third, and the eastern region is the lowest. Providing decision makers with
information on these BPTs is essential for them to set appropriate standards for reducing
dioxin emissions in each region of Taiwan. These results clearly indicate that the net BPTs
from a reduction in dioxin-like emissions in Taiwan as a whole for every 5-year period
beyond 2050, i.e., 2051–2070, are 5.34 times those for each 5-year period in 2021–2050.
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Figure 2. Net BPT for each region and the whole county under the implementation of dioxin-emission
reduction action.
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Table 8. Net BPT values of dioxin emissions reduction for different age groups in each region for 2020 and projected values for every 5-year period in 2021–2070 *.

Age Group/Region
Year

2020 2021
–2025

2026
–2030

2031
–2035

2036
–2040

2041
–2045

2046
–2050

2051
–2055

2056
–2060

2061
–2065

2066
–2070

Northern
Children 0 715 1471 2296 3436 4792 6365 8935 12,955 21,035 45,358

Working-age adults 0 48,315 99,877 156,154 217,323 284,758 362,748 504,530 724,782 1,140,927 2,395,247
Older adults 0 13,476 35,643 67,488 109,704 166,786 244,345 363,041 553,301 922,379 1,954,538

Northern Total 0 62,506 136,991 225,938 330,463 456,336 613,458 876,506 1,291,039 2,084,341 4,395,144

Central
Children 0 367 755 1179 1765 2462 3269 4578 6643 10,789 23,323

Working-age adults 0 23,483 48,513 75,879 105,593 138,383 176,175 245,130 352,122 554,539 1,164,150
Older adults 0 6632 17,525 33,204 53,902 82,021 120,089 178,545 271,990 453,535 960,276
Central Total 0 30,482 66,793 110,261 161,259 222,867 299,533 428,252 630,755 1,018,863 2,147,750

Southern
Children 0 1019 2096 3269 4898 6824 9067 12,689 18,454 29,924 64,666

Working-age adults 0 55,673 115,023 179,887 250,325 328,092 417,754 581,275 834,938 1,314,576 2,759,959
Older adults 0 55,024 145,317 275,351 447,158 679,971 995,696 1,480,558 2,256,149 3,761,330 7,963,442

Southern Total 0 111,716 262,437 458,506 702,381 1,014,887 1,422,517 2,074,523 3,109,542 5,105,829 10,788,067

Eastern
Children 0 29 63 104 155 220 305 454 700 1191 2658

Working-age adults 0 2757 5661 8773 12,192 16,040 20,558 28,045 39,328 66,905 134,344
Older adults 0 678 1,478 3,665 5,456 7,731 10,735 15,975 24,643 41,922 93,531
Eastern Total 0 3464 7201 12,542 17,803 23,991 31,598 44,473 64,671 110,018 230,532

Taiwan
Children 0 704 1451 2261 3389 4720 6270 8780 12,759 20,692 44,723

Working-age adults 0 42,761 88,351 138,170 192,278 252,014 320,885 446,480 641,320 1,009,752 2,119,758
Older adults 0 34,817 91,947 174,239 282,928 430,241 630,022 936,866 1,427,554 2,379,924 5,038,875
Taiwan Total 0 78,282 181,748 314,671 478,595 686,975 957,177 1,392,126 2,081,633 3,410,368 7,203,356

Note *: The unit for all the magnitudes in this table is US$ per gram of dioxin emissions reduced.
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The current policies implemented by the Taiwan EPA for managing dioxin-like com-
pounds are basically command-and-control for setting the same standard for the entire
country. That is, one standard fits all. As the monetary benefits evaluated by this study
show, for every 5-year specific time period, the total net BPT for the southern region is the
highest, the northern region is the second highest, the central region is the third highest,
and the eastern region is the lowest. The results indicate that, without reducing dioxin-like
compounds, the damage will be highest for the southern region and lowest for the eastern
region. The efficient command-and-control policy implies that it is appropriate to set
different standards for different regions, assuming that the cost of reduction is the same
for all regions. Thus, the results from this study imply that the standard should be most
stringent for the southern region and more relaxed for the eastern region.

4.2. BPT Comparison among Regions and across Age Groups

The total net BPT for the three age groups from a reduction in emissions of dioxin-like
compounds increases progressively over each 5-year period from 2051 to 2070 for both
Taiwan as a whole and each region. This finding is evident from the net BPT curves shown
in Figure 2, with those for 2051–2070 being much steeper than those for 2021–2050 in all
regions. These results imply that a lack of action now and continuing into the future will
be regretted. If all reduction efforts are postponed until close to a half-century from now,
more expenditures to prevent the large loss of health from cancer due to the spread and
diffusion of dioxins and dioxin-like compounds will be inevitable.

The details of the BPTs per gram from a reduction in emissions of dioxin-like com-
pounds in each region for each age group and 5-year period from 2021 to 2070 are shown in
Figure 3. Comparison of net BPT for a given age group among different regions in a 5-year
period in either 2021–2050 or 2051–2070 is thus possible. Specifically, the total net BPTs
for the first 50% reduction in emissions of dioxin-like compounds in 2021–2050 generate
gains of US$2,697,448 per gram for the country as a whole. The total net BPT of a 40%
reduction in the remaining emissions creates gains of US$14,087,483. These results show
that additional reductions in emissions of dioxin-like compounds can create more than five
times the benefit of the initial reductions.

This outcome demonstrates that without further efforts to reduce emissions of dioxin-
like compounds, there will be a very large loss of health due to cancer mortality. Similarly,
the total net BPTs from a reduction in emissions of dioxin-like compounds for the northern,
central, southern, and eastern regions of Taiwan for each 5-year period from 2021 to 2050
are 6.31, 4.74, 5.31, and 4.66 times those for each 5-year period in 2021–2050, respectively.
The total net BPTs for the first 50% reduction in emissions of dioxin-like compounds in
2021–2050 generate gains of US$1,369,356 per gram, US$891,195 per gram, US$3,972,444
per gram, and US$96,599 per gram for the northern, central, southern, and eastern regions
of Taiwan, respectively. The total net BPT of a 40% reduction in the remaining emissions
creates gains of US$8,647,030 per gram, US$4,225,620 per gram, US$21,077,961 per gram,
and US$449,694 per gram for the northern, central, southern, and eastern regions, of
Taiwan, respectively.

4.3. Uncertainty Analyses of Key Parameters

The framework was constructed in this study to demonstrate how the benefits from
reductions in dioxin-like compounds are evaluated. The novelty of this framework is the
combining various steps of data (parameters) of physical processes from previous studies
with socio-demographic data, such as VSL and population. It is a complicated process to
evaluate the impact of dioxin-like compound emissions. As ambitions further evaluate the
benefits of dioxin-like compounds emission reduction, the change of essential parameters in
the entire process could result in different benefit per ton outcomes. The results presented in
Table 6 are evaluations of all related parameters from determined and designated outcomes
of the existing studies. However, once the essential parameter is different from that used
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in Table 6 for BPT, the result for every unit of dioxin-like compounds emission reduction
might be different.
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The percentage change in the impact of BPT by way of this uncertainty is conducted
below for each key parameter. These results of BPT compared with BPT of US$ 837,915
per gram, measured by a percentage higher or lower than those in Table 6, are presented
in Table 9. Once the BPT of dioxin-like compound reductions is evaluated for each key
parameter under different magnitudes, all the corresponding net benefits in each region
for each age group for each 5-year period will be changed accordingly. Different results
deemed as the measurement of uncertainty or different results from the selection of different
parameters is debatable. However, the provision of all possible BPTs influenced by all
the key parameters is able to break the image that BPT is fixed in a stationary status. The
information below is for the possible BPT values compared to that shown in Table 6 for a
change in each key parameter. Such outcomes are broadly viewed as uncertain results if it
is too bold to treat them as uncertainty.

First of all, the LADD is simulated by the Taiwan EPA [5]. A Monte Carlo type of
analysis is included in that study to account for uncertainty. The final estimated result pre-
sented is for the 95th percentile of the LADD distribution. However, no other factor of the
transfer function was found in that report. Thus, it was unable to carry out further Monte
Carlo analysis without detailed input parameters for further simulation. That report stated
that the reason for taking the 95th percentile is to account for uncertainty in a relatively
conservative way. That is, it would rather treat the impact of a LADD seriously than belittle
its influence. Secondly, the magnitude of CSF from the US EPA [57] is from integrating
various studies of cohorts and obtaining a consensus from experts’ judgments. The final
magnitude is suggested in a conservative manner. No other information is available that is
similar to the problem for further simulation than that provided by the LADD.
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Table 9. The impact on BPT from each key parameter.

Key Parameter Impact on BPT Estimation a Source of Uncertainty and/or Different Selections of Key Parameter

LADD b —- —–

CSF c —- —–

VSL ±11.5% to ± 13.5%
The uncertainty is from the selection of VSL by selecting a 90%
confidence interval and 95% confidence interval instead of the mean
value used in Table 6.

Population

Children 2021–2025: −0.065% to 0.042%
2066–2070: −2.847% to 3.193%

The uncertainty for the group of children is from the use of a
low-variant projected population and high-variant projected
population of the 5-year period in 2021–2025 and in 2066–2070 instead
of the medium-variant projected population used in Table 6.

Working-age adults 2021–2025: 0%
2066–2070: −7.576% to 6.404%

The uncertainty for the group of working-age adults is from the use of
low-variant projected population and high-variant projected
population of the 5-year period for 2021–2025 and 2066–2070 instead of
the medium-variant projected population used in Table 6.

Older adults
2021–2025: 0%
2066–2070: −0.0004% to
0.0005%

The uncertainty for the group of older adults is from the use of a
low-variant projected population and a high-variant projected
population of the 5-year period for 2021–2025 and 2066–2070 instead of
the medium-variant projected population used in Table 6.

Note a: The impact is shown in percentage change of BPT higher or lower than US$837,915 per gram of dioxin
emission reductions each year obtained in the main text with deterministic magnitudes. b: Further Monte Carlo
simulation cannot be carried out due to a lack of input parameters in the original transfer function. The detailed
reason is stated in the main text. c: The magnitude of CSF from the US EPA [57] is from integrating various
studies of cohorts, and obtaining a consensus from experts’ judgments. The final magnitude is suggested in a
conservative manner. No other information is available for further simulation.

As for the other two key parameters related to sociodemographic attributes, one is VSL
and the other is population. If VSL uses the estimation value of a 90% or 95% confidence
interval, other than the mean value of Liou’s study [62], the BPT will then have a ±11.5%
and ±13.5% difference from the use of the VSL mean. The final key parameter is the
population of different age groups. There are high, low, and medium-variant projected
populations for the next 50 years since the estimation of BPT in 2021. These projected
results are generated by [59]. The projected population in Table 6 is the medium-variant
projection. Assuming that the low-variant or the high-variant projected population is
adopted, respectively, for the first and the last 5-year period, i.e., 2021–2025 and 2066–2070,
the BPT evaluation for the children group in 2021–2025 is different from the medium-variant
projection by −0.065% to 0.042%. When the BPT estimation is conducted for a distant time
period, 2066–2070, the result for this group with a low-variant or high-variant projected
population is different from the medium-variant population projection by −2.847% to
3.193%. When a similar low-variant and high-variant projected population are used, the
BPT results for the working-age adults group is not different from the medium-variant
projected population adopted in 2021–2025 but has a −0.0004% to 0.0005% difference in
the distant future, 2066–2070. As with the older adults, the estimated BPT will not have
a difference when the low or high-variant projected population is adopted; although the
estimated BPT is different with the low or high-variant projected population, it can almost
be disregarded or neglected.

The uncertainty test of the population parameter indicates that the late marriage and
low fertility rate in Taiwan have an immediate impact on the children group population.
Thus, the low, medium, or high-variant population projection is mainly reflected in the
children group, as Taiwan has been an aging society for years. Different variants of the
projected population will not make any difference for the group of old adults. This, in turn,
will have an influence on the benefit estimation of the BPT of dioxin-like compound reduc-
tions. The impact of utilizing different variants of the projected population on working-age
adults on the estimation of BPT will be deferred and not be observed in immediate years,
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such as 2021–2025. Moreover, it can be concluded that different magnitudes of VSL have the
most impact on BPT estimation among four key parameters. The number of working-age
adults and children in the immediate or in the distant future are the other two parameters
that generate notable uncertainty.

5. Conclusions

This study follows the framework established by the US EPA for calculating the BPT
from a reduction in dioxin emissions in Taiwan. The results indicate a BPT of US$837,915
per gram of dioxin each year. This result can be explained in two ways: It can be interpreted
as the cost to society of every unit (gram) of dioxin emitted, i.e., the cost imposed on society,
or it can be interpreted as the benefit to society for each one-gram reduction in dioxin
emissions, i.e., a benefit to society.

The BPT is calculated as the monetary value of the benefit from a reduction in emissions
of dioxin-like compounds from 2021 to 2050 for children aged 0–14, working-age adults
aged 15–64, and older adults aged 65 or above living in the northern, central, southern, and
eastern regions of Taiwan on the basis of population projections for 2021–2070. The goal for
the first 30 years, i.e., by 2050, is for dioxin-like compound emissions to be reduced 50% of
their current level. Currently, population projections for Taiwan are available until 2070.
The BPT between 2051 and 2070 is calculated for the case in which the remaining 50% of
the emissions are reduced by 40% by 2070. If actions to reduce emissions of dioxin-like
compounds to these target levels are undertaken, then the total net BPT for the whole
country is projected to be US$78,282 per gram for the 2021–2025 period. The total net BPT
for the southern, northern, central, and eastern regions is projected to be US$111,716 per
gram, US$62,506 per gram, US$62,506 per gram, and US$3,464 per gram, respectively, for
the 2021–2025 period. Assuming that reductions in the emission of dioxin-like compounds
are implemented in the current period, the projected total net BPT per gram is clearly the
highest for the southern region and higher for this region than for Taiwan as a whole. This
result is consistent for each 5-year period from 2026 to 2070.

Determining the benefits from reductions in emissions of dioxin-like compounds, as
computed and simulated in this study, i.e., the BPTs per gram, for different age groups
of residents in each region and in different time periods is essential to identify emission-
reduction priorities. The budget for implementing any public program is always limited.
If optimization of the net benefit is a major concern, the rational approach to selecting a
project is to choose the one that can potentially generate the highest possible benefit. This
is a criterion for efficiently allocating all kinds of limited resources by the government. This
study advances the measurement of the reduction in emissions of dioxin-like compounds
from a physical assessment to a monetary benefit when a cost–benefit analysis is enforced.
Furthermore, conducting a benefit-cost analysis for a command-and-control type policy in
managing dioxin-like compounds constitutes yet another potential area of study. Such a
critical topic deserves further research efforts. The evaluation framework for dioxin-like
compounds and the results proposed and provided in this study are useful, containing
essential information regarding monetary benefits which is rarely accomplished in the
literature but is accounted for in the benefit-cost analysis of a command-and-control policy
for dioxin-like compounds.

Certain limitations exist regarding the methodologic calculation of BPT for dioxin. The
calculation of BPTs for emission reductions in dioxin-like compounds is generated under
an assumption of uniformity, i.e., there is no regional differentiation in the reduction in
emissions of dioxin-like compounds; the results cannot reflect any regional discrepancies.
This means that whenever one unit of dioxin is emitted in Taiwan, the BPT per gram is the
same regardless of where it is reduced. The other limitation is related to some coefficients
and parameters used in this study. The coefficients of the diffusion and spread of dioxin-like
compounds are from 2010. Moreover, the CSF derived from human cohort data with a
magnitude 1.0 × 10−4 was the most current accessible data obtained from the US EPA
in 1994; however, the assessment was conducted by the Taiwan EPA in 2013. This study
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uses simulation outcomes from the Taiwan EPA for further evaluation which is an inevitable
limitation of using the method of international parameter transfer. Notwithstanding the
existence of these limitations, BPT calculations based on updated coefficients and/or
parameters are recommended in order to clarify existing conditions. Moreover, the test of
the uncertainty of four key parameters finds that the determination of the magnitude of
a statistical life, the number of children in the immediate time period and the foreseeable
future, and the number of working-age adults in a distant time period will have an attentive
impact on the estimation of BPT. This indicates that understanding the potential key factors
with a noticeable impact on the estimated outcome is essential, especially in the case
of a complicated process. Additionally, the delicate treatment of uncertainty is another
dimension worthy of further exploration.

Author Contributions: Conceptualization, J.-L.L. and P.-I.W.; methodology, J.-L.L., P.-I.W. and
H.-H.C.; software, J.-L.L. and H.-H.C.; formal analysis, J.-L.L., P.-I.W. and H.-H.C.; investigation,
J.-L.L., P.-I.W. and H.-H.C.; data curation, J.-L.L. and H.-H.C.; writing—original draft preparation,
P.-I.W.; writing—review and editing, J.-L.L., P.-I.W. and H.-H.C.; resources, J.-L.L. and P.-I.W.; super-
vision, P.-I.W.; project administration, P.-I.W.; funding acquisition, J.-L.L. and P.-I.W. All authors have
read and agreed to the published version of the manuscript.

Funding: This study is supported by the projects funded by the Environmental Protection Adminis-
tration, Taiwan, through project EPA054108017, and the Ministry of Science and Technology, Taiwan,
through project MOST 108-2410-H-002-191-MY2.

Data Availability Statement: Data is not publicly available. The data can be obtained on the request
of the authors.

Acknowledgments: The authors sincerely appreciate the financial support provided by the above
projects stated in the funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fuster, G.; Schuhmacher, M.; Domingo, J.L. Cost-benefit analysis as a tool for decision making in environmental projects:

Application to a reduction of dioxin emissions in Tarragona Province, Spain. Environ. Sci. Pollut. Res. 2004, 11, 307–312. [CrossRef]
[PubMed]

2. Bröker, G.; Oehme, M.; Bollmacher, H.; Coleman, P.; Fraisse, D.; de Jong, A.; Knoche, M.; Lüitzke, K.; Marklund, S. Standardisation
of dioxin measurement procedures for incinerator waste gases according to the European Standard EN 1948. Gefahrst. Reinhalt. L.
1998, 4, 141–147.

3. Bernard, A.; Broeckaert, F.; De Poorter, G.; De Cock, A.; Hermans, C.; Saegerman, C.; Houins, G. The Belgian PCB/dioxin incident:
Analysis of the food chain contamination and health risk evaluation. Environ. Res. 2002, 88, 1–18. [CrossRef] [PubMed]

4. Hays, S.M.; Aylward, L.L. Dioxin risks in perspective: Past, present, and future. Regul. Toxicol. Pharm. 2003, 37, 202–217.
[CrossRef]

5. Environmental Protection Administration, Executive Yuan, R.O.C. (Taiwan). Waste Incinerator Dioxin Control and Emission
Standards. 2020. Available online: https://law.moj.gov.tw/ENG/LawClass/LawAll.aspx?pcode=O0020031 (accessed on
10 October 2021).

6. Karademir, A. Health risk assessment of PCDD/F emissions from a hazardous and medical waste incinerator in Turkey. Environ.
Int. 2004, 30, 1027–1038. [CrossRef]

7. Nguyen, H.M.; Tu, B.M.; Watanabe, M.; Kunisue, T.; Monirith, I.; Tanabe, S.; Sakai, S.; Subramanian, A.; Sasikumar, K.;
Pham, H.V.; et al. Open dumping site in Asian developing countries: A potential source of polychlorinated dibenzo-p-dioxins
and polychlorinated dibenzofurans. Environ. Sci. Technol. 2003, 37, 1493–1502.

8. Liu, G.; Zheng, M.; Jiang, X.; Jin, R.; Zhao, Y.; Zhan, J. Insights into the emission reductions of multiple unintentional persistent
organic pollutants from industrial activities. Chemosphere 2016, 144, 420–424. [CrossRef]

9. Ayodele, T.R.; Ogunjuyigbe, A.S.O.; Alao, M.A. Life cycle assessment of waste-to-energy (WtE) technologies for electricity
generation using municipal solid waste in Nigeria. Appl. Energy 2017, 201, 200–218. [CrossRef]

10. Nadal, M.; Schuhmacher, M.; Domingo, J.L. Cost–benefit analysis of using sewage sludge as alternative fuel in a cement plant: A
case study. Environ. Sci. Pollut. Res. Int. 2009, 16, 322–328. [CrossRef]

11. Bates, M.E.; Sparrevik, M.; de Lichy, N.; Linkov, I. The value of information for managing contaminated sediments. Environ. Sci.
Technol. 2014, 48, 9478–9485. [CrossRef]

12. Sundqvist, K.L.; Tysklind, M.; Cato, I.; Bignert, A.; Wiberg, K. Levels and homologue profiles of PCDD/Fs in sediments along the
Swedish coast of the Baltic Sea. Environ. Sci. Pollut. Res. 2009, 16, 396–409. [CrossRef] [PubMed]

http://doi.org/10.1007/BF02979644
http://www.ncbi.nlm.nih.gov/pubmed/15506633
http://doi.org/10.1006/enrs.2001.4274
http://www.ncbi.nlm.nih.gov/pubmed/11896663
http://doi.org/10.1016/S0273-2300(02)00044-2
https://law.moj.gov.tw/ENG/LawClass/LawAll.aspx?pcode=O0020031
http://doi.org/10.1016/j.envint.2004.05.008
http://doi.org/10.1016/j.chemosphere.2015.08.021
http://doi.org/10.1016/j.apenergy.2017.05.097
http://doi.org/10.1007/s11356-008-0063-7
http://doi.org/10.1021/es500717t
http://doi.org/10.1007/s11356-009-0110-z
http://www.ncbi.nlm.nih.gov/pubmed/19296141


Int. J. Environ. Res. Public Health 2022, 19, 6701 20 of 21

13. Lascano-Alcoser, V.H.; Velthuis, A.G.J.; van der Fels-Klerx, H.J.; Hoogenboom, L.A.P.; Oude Lansink, A.G.J.M. Optimizing bulk
milk dioxin monitoring based on costs and effectiveness. J. Dairy Sci. 2013, 96, 4125–4141. [CrossRef] [PubMed]

14. Nakao, T.; Aozasa, O.; Ohta, S.; Miyata, H. Assessment of human exposure to PCDDs, PCDFs and Co-PCBs using hair as a human
pollution indicator sample I: Development of analytical method for human hair and evaluation for exposure. Chemosphere 2002,
48, 885–896. [CrossRef]

15. Schuhmacher, M.; Maria, M.; Nadal, M.; Domingo, J.L. Concentrations of Dioxins and furans in breast milk of women living near
a hazardous waste incinerator in Catalonia, Spain. Environ. Int. 2019, 125, 334–345. [CrossRef]

16. Food and Agriculture Organization of the United Nations (FAO). The State of World Fisheries and Aquaculture 2018: Meeting the
Sustainable Development Goals; FAO: Rome, Italy, 2018.

17. Bell, J.G.; Waagbø, R. Safe and nutritious aquaculture produce: Benefits and risks of alternative sustainable aquafeeds. In
Aquaculture in the Ecosystem; Holmer, M., Black, K., Duarke, C.M., Marbà, N., Karakassis, I., Eds.; Springer: Dordrecht, The
Netherlands, 2008; pp. 185–226.

18. Leino, O.; Tainio, M.; Tuomisto, J.T. Comparative risk analysis of dioxins in fish and fine particles from heavy-duty vehicles. Risk
Anal. 2008, 28, 127–140. [CrossRef]

19. Rheinberger, C.M.; Hammitt, J.K. Risk trade-offs in fish consumption: A public health perspective. Environ. Sci. Technol. 2012, 46,
12337–12346. [CrossRef]

20. Thomsen, S.T.; Pires, S.M.; Devleesschauwer, B.; Poulsen, M.; Fagt, S.; Ygil, K.H.; Andersen, R. Investigating the risk-benefit
balance of substituting red and processed meat with fish in a Danish diet. Food Chem. Toxicol. 2018, 120, 50–63. [CrossRef]

21. Turyk, M.E.; Bhavsar, S.P.; Bowerman, W.; Boysen, E.; Clark, M.; Diamond, M.; Mergler, D.; Pantazopoulos, P.; Schantz, S.;
Carpenter, D.O. Risks and benefits of consumption of great lakes fish. Environ. Health Perspect. 2012, 120, 11–18. [CrossRef]

22. Scito, S.; Prearo, M.; Desiato, R.; Bulfon, C.; Burioli, E.A.V.; Esposito, G.; Guglielmetti, C.; Dell’atti, L.; Ru, G.; Volpatti, D.; et al.
Dioxin-like compounds in lake fish species: Evaluation by DR-CALUX bioassay. J. Food Prot. 2018, 81, 842–847. [CrossRef]

23. Rovira, J.; Mari, M.; Nadal, M.; Schuhmacher, M.; Domingo, J.L. Environmental monitoring of metals, PCDD/Fs and PCBs as a
complementary tool of biological surveillance to assess human health risks. Chemosphere 2010, 80, 1183–1189. [CrossRef]

24. Fuster, G.; Schuhmacher, M.; Domingo, J.L. Human exposure to dioxins and furans: Application of the substance flow analysis to
health risk assessment. Environ. Sci. Pollut. Res. 2002, 9, 241–249. [CrossRef] [PubMed]

25. Nadal, M.; Schuhmacher, M.; Domingo, J.L. Probabilistic human health risk of PCDD/F exposure: A socioeconomic assessment.
J. Environ. Monit. 2004, 6, 926–931. [CrossRef] [PubMed]

26. Abreu, G.C.; de Carvalho, J.A., Jr.; da Silva, B.E.C.; Pedrini, R.H. Operational and environmental assessment on the use of charcoal
in iron ore sinter production. J. Clean. Prod. 2015, 101, 387–394. [CrossRef]

27. Zhang, G.; Huang, X.; Liao, W.; Kang, S.; Ren, M.; Hai, J. Measurement of dioxin emissions from a small-scale waste incinerator in
the absence of air pollution controls. Int. J. Environ. Res. Public Health 2019, 16, 1267. [CrossRef]

28. Melnick, R.L.; Kohn, M.C.; Portier, C.J. Implications for risk assessment of suggested nongenotoxic mechanisms of chemical
carcinogenesis. Environ. Health Perspect. 1996, 104, 123–134.

29. Clewell, R.A.; Thompson, C.M.; Clewell, H.J., III. Dose-dependence of chemical carcinogenicity: Biological mechanisms for
thresholds and implications for risk assessment. Chem.-Biol. Interact. 2019, 301, 112–127. [CrossRef]

30. Riahi, K.; van Vuuren, D.P.; Kriegler, E.; Edmonds, J.; O’Neill, B.C.; Fujimori, S.; Bauer, N.; Calvin, K.; Dellink, R.; Fricko, O.; et al.
The shared socioeconomic pathways and their energy, land use, and greenhouse gas emissions implications: An overview. Global
Environ. Chang. 2017, 42, 153–168. [CrossRef]

31. Domingo, J.L.; Agramunt, M.C.; Nadal, M.; Schuhmacher, M.; Corbella, J. Health risk assessment of PCDD/PCDF exposure for
the population living in the vicinity of a municipal waste incinerator. Arch. Environ. Contam. Toxicol. 2002, 43, 461–465. [CrossRef]

32. Schuhmacher, M.; Rodriguez-Larena, M.C.; Agramunt, M.C.; Diaz-Ferrero, J.; Domingo, J.L. Environmental impact of a new
hazardous waste incinerator in Catalonia, Spain: PCDD/PCDF levels in herbage samples. Chemosphere 2002, 48, 187–193.
[CrossRef]

33. Wigle, D.T.; Arbuckle, T.E.; Turner, M.C.; Bérubé, A.; Yang, Q.; Liu, S.; Krewski, D. Epidemiologic evidence of relationships
between reproductive and child health outcomes and environmental chemical contaminants. J. Toxicol. Environ. Health B Crit. Rev.
2008, 11, 373–517. [CrossRef]

34. Burns, C.J.; Collins, J.J.; Humphry, N.; Bodner, K.M.; Aylward, L.L.; McBride, D. Correlates of serum dioxin to self-reported
exposure factors. Environ. Res. 2010, 110, 131–136. [PubMed]

35. Shih, Y.-H.; Kasaon, S.-J.; Tseng, C.-H.; Wang, H.-C.; Chen, L.-L.; Chang, Y.-M. Health risks and economic costs of exposure to
PCDD/Fs from open burning: A case study in Nairobi, Kenya. Air Qual. Atmos. Health 2016, 9, 201–211. [CrossRef]

36. Cao, Z.; Fiedler, H.; Wang, B.; Zhang, T.; Yu, G.; Huang, J.; Deng, S. Economic status as a determinant of national PCDD/PCDF
releases and implications for PCDD/PCDF reduction. Chemosphere 2013, 91, 328–335. [CrossRef] [PubMed]

37. Woods, B.; Revill, P.; Sculpher, M.; Claxton, K. Country-level cost-effectiveness thresholds: Initial estimates and the need for
further research. Value in Health 2016, 16, 929–935. [CrossRef] [PubMed]
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