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Abstract: A comparative analysis was conducted between the costs and health benefits of the Air
Pollution Control Action Plan (APCAP), which can be implemented in any country to improve
air quality and human health. In this study, air quality modeling was used to simulate several
scenarios and implement the Kriging method to describe the PM2.5 reduction concentration instantly.
Then, health benefits were estimated using the environmental benefit mapping and analysis program
(BenMAP) with results from the air quality modeling and Kriging method. To estimate the priority of
APCAP, 14 pollution control measures that cover point, mobile, and area sources of air pollution in
Taiwan were analyzed. The results indicate that the health benefits of the Taiwan APCAP (TAPCAP)
are generally greater than the technical costs. Thus, the implementation of this strategy may result
in net benefits. In addition, the benefit-to-control cost ratio for health for the 14 pollution control
measures was calculated. The results provide evidence to prioritize the implementation of air quality
policies with a higher benefit-cost ratio.
Keywords: air pollution control; pollution control costs; health benefits; air quality assessment; PM2.5

1. Introduction
Air pollution is internationally recognized as a major threat to human health, as continued
human exposure to air pollution exacerbates mortality risks and increases medical costs for treating
air pollution-related illnesses [1–7]. According to a 2015 study conducted by the World Health
Organization (WHO), early deaths owing to air pollution cost the European Union 1.43 trillion USD in
2010. Moreover, if associated medical costs are considered, this value increases to 1.58 trillion USD.
The Organization for Economic Co-operation and Development (OECD) conducted an empirical study
on 41 countries in 2017, which demonstrated that 3.2 million people died in 2015 due to air pollution [8].
The corresponding economic losses were estimated at 5.1 trillion USD. Due to the health and economic
impacts of air pollution, the control and prevention of air pollution are now among the most important
environmental management issues for many countries.
Appl. Sci. 2020, 10, 5970; doi:10.3390/app10175970
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In the context of air pollution control, it is often instructive to evaluate the benefits of pollution
control measures from a monetary perspective in addition to their technical feasibility, as this aids
policymakers in understanding the monetary benefits that could be realized by a given pollution control
measure. Furthermore, this facilitates the use of cost-benefit analyses, which allow policymakers to
determine whether a measure is worth the cost of implementation. When funding is limited, monetized
assessments may also improve cost efficiency by determining the priority order of pollution control
measures [9–11].
This is particularly relevant for countries where the PM2.5 concentration almost meets the national
target (15 µg/m3 )—such as the Philippines, Singapore, and Taiwan [12]—or for enabling countries
to move to the next stage of air quality standard (e.g., the USA). The U.S. Environmental Protection
Agency (EPA) revised the National Ambient Air Quality Standards for the annual PM2.5 standard from
15 µg/m3 to 12 µg/m3 in 2012 [13]. They require a decision support system to assist governments in
developing control strategies [14], such as the air benefit and cost and attainment assessment system
(ABaCAS) [4,15,16]. The system should integrate several cost-benefit assessment models, including
emission data, and the cost of control strategies, scenario simulations, and environmental benefits
mapping and analysis. ABaCAS has been used in other countries, for example, by Xing et al. [7] in
the Yangtze River Delta. Their study assessed six future scenarios designed for two future energy
situations. The ABaCAS was applied to the 2010 regulatory Base Case developed by U.S. EPA as part
of their analysis for the Clean Air Interstate Rule [17].
Taiwan Environmental Protection Administration (Taiwan EPA) developed ABaCAS-Taiwan
which was based on the 2013 ABaCAS framework of the U.S. EPA. The database incorporates local
data, including air quality monitoring data, Taiwan emission data, population, inflation data, incidence
rates, prevalence rates, and mortality rates.
Air pollution control has always been an important facet of environmental policies, especially in
Taiwan. This is evident from Taiwan’s National Ambient Air Quality Standards (NAAQS). For example,
the PM2.5 annual standard was set to 15 µg/m3 in 2012 by the Taiwan EPA, after referring to WHO
and other international standards. A plan was also formulated to reduce the annual mean PM2.5
concentration for Taiwan to this standard level by the end of 2020. However, according to data
published in the Green National Income report from the Directorate-General of Budget, Accounting,
and Statistics (DGBAS) for 2013, the annual mean PM2.5 concentration of Taiwan was still 23.6 µg/m3 .
Although this PM2.5 concentration has decreased annually, it was 18.3 µg/m3 in 2017, which is higher
than the Taiwan EPA target. To accelerate the reduction in air pollution levels, the Taiwan EPA officially
announced the Air Pollution Control Plan of Action (TAPCAP) in 2017, with a budget exceeding 200
billion new Taiwan dollars (NTD). Under the TAPCAP, a combination of restrictions and incentives
will be used to implement 14 major pollution control measures [18].
The primary goal of this study is to use the ABaCAS-Taiwan system to conduct a monetized
analysis on the TAPCAP as a whole, as well as for each of the constituent pollution control measures.
This study is an ex post facto study and the results reveal whether the implementation of the TAPCAP
has been cost-effective. It also serves as a reference for the formulation of future pollution control
strategies. The subsequent sections of this study are organized as follows: the second section describes
the methodology, and the third section describes the empirical data and technical parameters that were
used. The results of the simulations are then presented in the fourth section. Finally, the fifth section
presents our conclusions and a discussion on the applications of our findings to policies.
2. Research Methodology: ABaCAS-Taiwan
To conduct the analysis and planning of air pollution control strategies from a monetary perspective,
the U.S. EPA began to develop the environmental benefit mapping and analysis program (BenMAP)
in 2003. The ABaCAS was subsequently created by improving and integrating several cost-benefit
assessment models. This system is based on the “Impact Path Approach” (IPA) [19,20] which is a
multidisciplinary assessment framework that links the outcomes of three stage-wise simulations and
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assessments. The three stages conducted when using the IPA framework to perform a monetized
assessment of the effects of air pollutant emissions on human health are: (1) simulating the effects of air
pollutant emissions on air pollution concentrations, (2) estimating the health impacts caused by changes
in pollution concentration, and (3) monetizing these health impacts. One of the strengths of the IPA
framework is its ability to clearly describe impact pathways through which air pollutants are emitted
and eventually transferred to affected subjects. In addition, it enables quantitative modeling of the
effects of pollutants at each key stage of an impact pathway. The IPA framework is, at present, the most
commonly used assessment framework for the analysis of air quality policies. The ABaCAS-Taiwan
was jointly developed by the Taiwan EPA, U.S. EPA, and the University of Tennessee. In addition
to the intrinsic strengths of the ABaCAS system, the ABaCAS-Taiwan system also includes several
technical parameters that have been adapted for local application in Taiwan. Therefore, this system
is well-suited for air quality analyses in the Taiwanese context, but can also be adapted for use in
other countries.
For example, Wang et al. [3] used Software for Model Attainment Test–Community Edition
(SMAT-CE) to identify the pollutant concentrations that must be reduced to achieve the 2020 O3 and
PM2.5 targets (75 ppb and 12 µg/m3 , respectively) of the U.S. They revealed that anthropogenic NOx ,
anthropogenic SOx emissions, residential wood combustion PM2.5 , and direct PM2.5 emissions from
non-electric generating units must be reduced by 25%, 25%, 100%, and 50% over their corresponding
2007 levels, respectively, to meet the 2020 PM2.5 target. Zhu et al. [4] combined the response surface
model (RSM)–linear coupled fitting with SMAT-CE to reduce the dimensions required to establish
air quality modeling, and used this approach to investigate the contributions of primary emissions to
ambient PM2.5 levels in the Yangtze River Delta in January and August 2010. In a study on power
plants in the Yangtze River Delta, Sun et al. [5] used a multi-pollutant control cost model to identify
viable pollution control measures to achieve China’s air quality targets, as well as their corresponding
emission control costs.
The ABaCAS-Taiwan assessment system is based on the standard ABaCAS framework, and it
was created by incorporating Taiwanese data to localize the system. The database includes air quality
monitoring data, Taiwan emission data, population, inflation data, incidence rates, prevalence rates, and
mortality rates. ABaCAS-Taiwan consists of four modules: Taiwan emission control analysis system
(TECAS), advance response surface model (RSM), software for model attainment test (SMAT), and
environmental benefits mapping and analysis program–community edition (BenMAP-CE). The TECAS
module can be used to estimate the technical cost of a pollution control strategy, while RSM can be
used to quickly estimate both O3 and PM2.5 levels. Furthermore, RSM can be employed for the rapid
calculation of precursor emissions with a minimum number of simulations [6,7,21]. SMAT is used to
correct for errors between observed and simulated values, to ensure that the simulated values can
be a better fit for the observed values. BenMAP-CE is applied to estimate the health benefits that
result from reductions in air pollution, based on the results of the aforementioned simulations [22–26].
As this study required the use of the RSM, SMAT, and BenMAP-CE modules, we have provided a brief
description of their technical details in the following subsections.
2.1. RSM
The main purpose of the RSM module is to obtain the maximum number of control scenario
assessments from the minimum number of scenario simulations [27], thus allowing policymakers
to rapidly obtain accurate simulations. To construct an RSM, the first step is to perform weather
simulations using the weather research and forecasting model (WRF) and to validate the simulations
using meteorological observatory data. We used the same meteorological conditions for the multiple
scenarios and only the emissions were altered in different scenarios. The control variables and control
matrix needed for the second step were obtained from the Taiwan Emission Data System, with 2013
as the baseline year. There are many factors in the control matrix, including point, line, and area
sources in counties in Taiwan. Community Multi-scale Air Quality model (CMAQ) is a model which
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could simulate by integrating various pollution issues, including ozone, particulate matter (PM), acid
deposition and toxic substances, to create the effect of interaction of simulation among different subjects
and allow model stimulation to be in line with atmospheric chemistry phenomena [26]. If there are
many scenarios, additional time will be needed when using CMAQ. To calculate the results of reduction
scenarios within a reasonable time, an analysis formula was used to build an RSM system based on the
results of CMAQ. The RSM experimental design covers a change in the baseline emissions of zero to
400 percent, utilizing a staged Latin Hypercube statistical method [17]. The detail of choosing the RSM
control variable and building control matrix have been described in a previous study [26]. A control
matrix defines the multi-dimensional experiments consisting of a set of emission control scenarios
parameterized by control variables [28].
Many emission reduction scenarios were simulated, but only after the baseline scenario conformed
to the requirements of Taiwan’s air quality simulation standards. In the third step, high-dimensional
Kriging [28] was used with Equation (1) to construct the air quality modeling database:
→

y (x0 ) =

d
X

→

→

→T →−1

f j (x) β j + z(x) ≡ f0T β + γ 0 R

→

( Yn − F β )

(1)

j=1
→

In this equation, y (x0 ) is the predicted RSM result; f is a d × 1 vector of the regression functions
→

for Y; β is a d × 1 vector for the unknown regression coefficients; F is an n × d matrix of regression
functions for the training data; z(x) is the covariance of a Gaussian stochastic process. In the derivation
→

→T

of z(x), R is the n × 1 correlation vector of γn0 , and the various functions γ 0 and Yn are the process
simulations of Yx0 and yn , respectively.
2.2. SMAT
The function of the SMAT module is to calibrate the simulation results. SMAT estimates a future
design value (DVF) at a monitoring site using the air quality model data and observation data from the
base year to construct the relative response factors (RRFs) [15,28,29]. DVB is the base design value
monitored at the monitoring site. The aforementioned algorithm may be summarized as Equation (2):

(DVF)i = (DVB)i × (RRF)i ; RRFi =

Modeli, f uture
Modeli,base

(2)

2.3. BenMAP
Once the pollutant reductions that result from the implementation of some pollution control
measures have been modeled using the aforementioned modules, the BenMAP module of the
ABaCAS-Taiwan framework can be used to estimate the consequent health benefits of these
improvements in air quality. BenMAP is a mature tool for assessing the health benefits of improvements
in air quality, and has been employed in many countries [9,22,23,30–34].
BenMAP is an assessment tool based on the IPA framework [19,20,33]. Three types of technical
parameters are required for BenMAP analysis: (1) The results of pollutant dispersal simulations,
(2) health impact functions, and (3) monetization functions. In this study, the results of pollutant
dispersal simulations were mainly derived from the simulation results of the RSM and SMAT modules.
The change in health impact was evaluated using Equation (3), which is based on the BenMAP
methodology:


∆Y = Y0 1 − e−β∆PM ∗ Pop
(3)
In this equation, ∆Y is the expectation value of the change in health events, with Y0 being the
probability of health events in the baseline scenario; β is the literature-derived coefficient of estimation
of the health impact function, and it is used to gauge the dependence of health events on pollutant
concentrations; Pop is the size of the affected population. Equation (3) can be used to convert changes
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in pollutant concentration into an expected value of health impact, in units of occurrences. Numerous
studies have been conducted to estimate the β value of each health event. In BenMAP, the β values
obtained in each study can be unified into a representative β value through a meta-analysis of the pooled
data. The unified β may then be used to assess health impacts [20]. In this study, a random-effects
meta-analysis was performed to unify the β value.
Finally, the economic cost of pollution can be estimated in BenMAP by monetizing the health
impacts using Equation (4). Decreases in pollutant concentration will reduce the expected health
impact, which then increases health benefits in the monetized assessment. Conversely, a rise in
pollutant concentration will increase health costs:
Economic Value = Health Impact ∗ Value o f Health Impact

(4)

In Equation (4), Health Impact is the expectation value of changes in the occurrence of a certain
health event and is given by Equation (3); Value of Health Impact refers to the monetized metric of
this health event. The health impacts of air pollution generally include changes in morbidity and
mortality risk. However, Liou [35] noted that reductions in mortality risk accounted for over 98% of
the health benefits that resulted from reductions in air pollution, whereas the reduction in medical
costs owing to improvements in morbidity only accounted for approximately 2% of these health
benefits. Therefore, this study will only focus on mortality risk when considering the health impact of
air pollution. Changes in mortality risk were monetized using the value of statistic life (VSL) metric.
3. Empirical Data and Technical Parameters
3.1. Cost of Pollution Control and Effectiveness of Pollution Reduction
The TAPCAP being implemented by the Taiwan EPA incorporates 14 pollution control
measures; these include power sector regulations, installation of pollution control devices in factories,
and replacement of heavy-oil boilers with gas boilers. Old diesel vehicles will also be retired, while
newer vehicles will be equipped with smoke filters. As the implementation of the TAPCAP began
only in 2017, its pollution control measures were only expected to be fully implemented in 2019.
Therefore, it was expected that the pollution-reducing effects of the TAPCAP would start being realized
in 2019. The technical costs and expected pollution reductions of each of the pollution control measures
of the TAPCAP are listed in Table 1.
The 14 measures included in the TAPCAP can be categorized as administrative or technical
measures. Administrative measures pertain to the use of legal measures or administrative methods to
reduce pollution. In this case, pollution reductions are derived from increments in technical efficiency,
rather than the incorporation of pollution control technologies. For this reason, administrative
measures do not require expenditure on pollution control devices. The measures that fall under this
category include (1) regulation of fugitive dust from construction sites and stockpiles of dust-generating
materials, (2) control of fugitive dust from riverbeds, (3) elimination of 1 million two-stroke motorcycles,
and (4) introduction of new vehicle regulations. Technical measures require the use of various pollution
control techniques, which need additional investments on equipment. These investment costs are
defined as the technology cost of pollution control measures.
3.2. Dispersion Simulations: Emissions Data
The emission data in this study were obtained from the 9th edition of the Taiwan Emission Data
Systems (TEDS), which was published by the Taiwan EPA and uses 2013 as the baseline year. The PM2.5 ,
SOx , and NOx contributions of each source of pollution are presented in Figure 1. It is demonstrated
that PM2.5 pollution in Taiwan is primarily caused by construction sites and road dust, which account
for 41% of all PM2.5 emissions. SOx pollution is mainly caused by industrial emissions, which account
for 80% of all SOx emissions. The largest contributor to NOx pollution is traffic emissions (49%),
followed by factory emissions (41%).
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Table 1. Expected pollution reduction of each pollution control measure with the 14 air pollution
control strategies (TAPCAP).
Pollution Control Measures

Expected Pollution Reduction (Metric Tons/Year) 1,2

Technology Cost (in
100 Million NTD)

PM2.5

SOx

NOx

VOC

20.8

143

12,092

17,163

-

268.0

174

1948

1343

49

540.0

175

4962

2936

7

4.1

788

-

-

-

10.0

95

-

30

-

-

672

-

-

-

Regulate power facilities (implement stricter power sector
regulations and standards)
Regulate state-owned businesses (Taiwan Steel Group: install
pollution control devices on emission sources and utilize
optimal feasible technologies; CPC Corporation: implement
tail gas recovery and replace heavy-oil fuels)
Accelerate the decommissioning of 5000 industrial and 1000
commercial boilers)
Improve control of smoke from 7000 restaurants
Change fuel-burning customs and traditions (increase
centralized burning to 22,000 metric tons)
Regulate fugitive dust from construction sites and stockpiles
of dust-generating materials
Control smoke from the burning of agricultural waste (reduce
the area of open-air burning by 90%)
Control fugitive dust from riverbeds
Strengthen air pollution controls in port areas (implement
reductions in ship speeds, regulate ship fuel usage, promote
the use of shore power)
Retire 80,000 Stage 1 and Stage 2 diesel trucks
Install exhaust filters in 38,000 Stage 3 diesel trucks
Eliminate 1 million 2-stroke motorcycles
Promote electric vehicles (up to 2100 vehicles) for the
transportation of fresh produce
Strengthen emission standards for automobiles that are 10
years or older, and set up air quality maintenance zones,
where the entry of highly polluting vehicles is restricted or
forbidden

2.5

466

-

-

-

-

720

-

-

-

1863.0

801

16,385

2123

-

40.9
193.0
-

5395
243
457

1

71,149
260

7584
7743

10.9

7

-

34

9

-

410

-

2587

5315

Open data from Taiwan Government [36]. 1 The emission totals were obtained from the Taiwan Emission Data
Systems (TEDS 9.0) report, which covers Keelung City, Taipei City, New Taipei City, Taoyuan City, Hsinchu County
City, Miaoli County, Taichung City, Nantou County, Changhua County, Yunlin County, Chiayi County City, Tainan
City, Kaohsiung City, and Pingtung County 2 These emissions do not include those of the eastern region (Yilan
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County, Hualien County, and Taitung County).

(a) PM2.5

(b) SO2

(c) NOx
1. Contribution
of pollution
sourcestoto(a)
(a) PM
PM2.5, (c)
NOx, and (b) SO2 pollution in the baseline
Figure Figure
1. Contribution
of pollution
sources
2.5 , (c) NOx , and (b) SO2 pollution in the baseline
year (2013). Open data from Taiwan Government [37].
year (2013). Open data from Taiwan Government [37].

3.3. Health Benefits: BenMAP Parameter Data
To estimate the health benefits of each air pollution control measure, the following data were
included in the BenMAP database: population data, geographic layers, pollution monitoring data,
and mortality rate from the National Health Insurance Research Database [38–44]. A meta-analysis
was then performed to calculate the coefficient of estimation of the health impact function.
The VSL is a fatal risk monetization metric that has been used extensively in health benefit
assessment studies [45,46]. The basic concept of VSL suggests that people have a willingness to pay
(WTP) for the reduction of a certain percentage of fatal risk; VSL represents the summation of the
WTPs in the unit of risk [35].
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3.3. Health Benefits: BenMAP Parameter Data
To estimate the health benefits of each air pollution control measure, the following data were
included in the BenMAP database: population data, geographic layers, pollution monitoring data, and
mortality rate from the National Health Insurance Research Database [38–44]. A meta-analysis was
then performed to calculate the coefficient of estimation of the health impact function.
The VSL is a fatal risk monetization metric that has been used extensively in health benefit
assessment studies [45,46]. The basic concept of VSL suggests that people have a willingness to pay
(WTP) for the reduction of a certain percentage of fatal risk; VSL represents the summation of the
WTPs in the unit of risk [47].
The estimation of health benefits owing to improvements in air pollution was performed using
the value transfer method (VTM) on the VSL derived by Liou [47] for Taiwan in 2014. In the VTM, the
value transfers were based on two aspects, the differences in income and consumer prices between
the two years. The adjustments for differences in income were performed by substituting the salary
income elasticity of the VSL estimated by Liou [47] into Equation (5):

VSL2019


h
 W −W i 


2019
2014


∈
×


w
W2014


= VSL2014 × 
1
+





100



(5)

In Equation (5), VSL2019 is the nominal VSL value for 2019, ∈w is the salary income elasticity of the
VSL estimated by Liou [47], and W 2019 and W 2014 are the average monthly salary incomes of Taiwanese
workers in 2014 and 2019.
The differences in consumer prices were adjusted using Equation (6):
RVSL2019 = VSL2014 × (CPI2014 /CPI2019 )

(6)

In this equation, RSVL2019 is the VSL value after consumer price adjustments, while CPI2019 and
CPI2014 are the 2019 and 2014 consumer price indices (CPIs), respectively.
The empirical data used in this study and their descriptions are shown in Table 2.
Table 2. Environmental benefit mapping and analysis program (BenMAP) database.
Type of Database
(Base Year = 2013, Target Year = 2019)
Pollutant Monitoring Data
Death Rate
Population Data
Health Impact Function (Cr-Function)

VSL (Benefit Function)

1

Data Description
PM2.5 monitoring data across Taiwan in 2013: 24.1 µg/m3
(seasonal average) 1
All causes (2013): 0.0165% 2,3
Cardiovascular diseases (2013): 0.0532% 2,4
Respiratory diseases (2013): 0.0026% 2,5
Import of actual population in the all-age minimum statistical
area in 2013: 22,306,759 6
Meta-analysis was applied to health impact function using a
random effect approach. 7
Salary income—VSL elasticity (∈w ) 8 : 0.2476
Consumer Price Index 9 : CPI2014 : 98.93; CPI2019: 102.55
Recurring income 10 : W2014 : 40,189 NTD/month; W2019:
42,851 NTD/month
VSL2014 . 8 : 357.9 million NTD
RVSL2019 11 : 364.5 million NTD

Taiwan EPA monitoring Data 2 National Health Insurance Research Database in Taiwan, the grid size is 3 km ×
3 km. 3 Death rates of all cause = number of deaths in 2013/total population. 4 Death rate of cardiovascular disease
= Number of death due to cardiovascular disease in 2013/total population. 5 Deaths rate of Respiratory diseases
= Number of death due to Respiratory diseases in 2013/total population. 6 SEGIS (Socio-Economic Geographic
Information System), Department of Statistics, Ministry of the Interior 7 The papers that were included in this
meta-analysis are [39–45] 8 Obtained from [47] 9 Data obtained from the Directorate-General of Budget, Accounting
and Statistics (DGBAS), Executive Yuan, R.O.C. [48]. 10 Data obtained from the DGBAS, Executive Yuan, R.O.C. [49].
11 Data obtained from [31]. This value was calculated using Equations (5) and (6).
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4. Analysis of Simulation Results
4.1. Simulations on the Effectiveness of the Pollution Control Measures
The emissions recorded in January, April, July, and October 2013 were simulated to analyze the
seasonal characteristics of air pollution in Taiwan. Based on these results, we then estimated the annual
mean of air pollutant concentrations in Taiwan. The simulation included all of Taiwan and East Asia,
and the performance of the simulation conformed to the air quality simulation standards established
by the Taiwan EPA [50].
By varying the control matrix, the RSM system can be used to adjust various pollutant
concentrations simultaneously to provide insight into the effects of pollution control measures
on air quality. The performance of the RSM model was validated using the method developed by
Ashok et al. [27], i.e., by computing the coefficient of determination (R2 ) between the RSM and CMAQ
models. We applied RSM to the training samples and used four additional CMAQ cases to fit and
validate the RSM [14,51]. In this study, the R2 always ranged between 0.998 and 0.99, while mean bias
and mean normal bias ranged between 0.03–0.02 and 0.01–0.04, respectively. Therefore, the results of
Appl. Sci. 2020, 10, x FOR PEER REVIEW
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the RSM simulation are exceptionally reliable (Figure 2).
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diesel
trucks
resulted
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largest difference
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3).
The
next
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significant
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quality
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and
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concentration (2 μg/m3 or 6.5%) (Table 3). The next most significant measures are the port area air
3 and 0.4 µg/m3 ,
regulations,
which reduced
thesector
average
PM2.5 concentration
of Taiwan
by 0.5PM
µg/m
quality
regulations
and power
regulations,
which reduced
the average
2.5 concentration of
Taiwan by 0.5 μg/m3 and 0.4 μg/m3, respectively. This result is consistent with the findings of Lai et
al. [51], which indicated that the control of road traffic emissions is highly effective in reducing PM2.5
concentration and that it is necessary to simultaneously control multiple sources of PM2.5 to maximize
reductions in PM2.5 pollution.
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4.2. Reduction in Health Risk
In this study, long-term health effects (i.e., changes in mortality risk) were used as the metric
for quantifying improvements in health risk. According to the simulation, the population density
of Taiwan is 644 people/km2 , and the implementation of the 14 air pollution control measures in the
TAPCAP will reduce the average PM2.5 concentration of Taiwan by 3.7 µg/m3 , thus preventing 26
deaths every 100,000 people. The most beneficial measure is the “retirement of Stage 1 and Stage
2 diesel trucks,” as it is expected to prevent the deaths of 3846 (994–9415) people. The next most
beneficial control measures are “the strengthening of port area air pollution regulations” and “power
facility regulations,” which are expected to prevent the deaths of 994 (255–2430) and 827 (213–2022)
people, respectively. The values presented in the parentheses represent the 90% confidence interval of
the expected reduction in deaths.
In the PM2.5 concentration difference map (Figure 3a) and the avoided deaths map (Figure 3b), the
largest changes in PM2.5 concentrations are observed in central and southern Taiwan, whereas the most
significant improvements in health risks are observed in the northern and southern cities of Taiwan.
This implies that the effectiveness of air pollution control strategies also depends on population density,
in addition to the magnitude of the changes in pollutant concentration.
4.3. Health Benefits
The health improvements resulting from each measure were monetized based on VSL, and the
monetized results are shown in Table 4. The results demonstrate that the 14 measures of the TAPCAP
require an investment of 295.4 billion NTD. The implementation of these measures is expected to
provide an average of 2570.5 billion NTD/year in health benefits, as compared with the scenario where
these measures are not implemented. After the costs of these measures have been deducted, the net
benefit is 2275.1 billion NTD. The benefit-cost (B-C) ratio of the TAPCAP is then 8.7, which indicates
that each NTD of investment in pollution control creates a benefit of 8.7 NTD. Based on the 2019
Gross Domestic Product (GDP) of Taiwan, the net benefits of the TAPCAP are worth 12% of Taiwan’s
GDP. These results show that overall, the advantages of implementing the TAPCAP far outweigh its
disadvantages for Taiwan. Therefore, this strategy should be implemented.
In the next step, we will inspect the benefits of each type of measure. The 14 control measures
can be classified into two categories based on their attributes; administrative measures and technical
measures. There are four administrative measures, denoted as M1–M4 in Table 4, and the health
benefits of each of these measures are illustrated in Figure 4. The implementation of these four measures
will yield a total benefit of 210.3 billion NTD/year. The tightening of vehicle standards is the most
beneficial measure (benefit: 75.8 billion NTD), followed by the control of fugitive dust from riverbeds
(benefit: 68.5 billion NTD), control of fugitive dust from construction sites and dust-generating material
stockpiles (benefit: 64.2 billion NTD), and promotion of electric vehicles (up to 2100 vehicles) for the
transportation of fresh produce (benefit: 1.8 billion NTD).
In the TAPCAP, there are 10 technical measures, denoted as T1–T10 in Table 4, and the benefits
of each of these measures are illustrated in Figure 5. The total health benefits of implementing the
measures are 2360.1 billion NTD and their net benefit is 2064.8 billion NTD after accounting for
costs. The three most beneficial measures are: (1) The retirement of 80,000 Stage 1 and Stage 2 diesel
vehicles (benefit: 1401.9 billion NTD), (2) ship speed reductions, ship fuel usage regulations and the
promotion of shore power (benefit: 362.3 billion NTD), and (3) power facility regulations (benefit:
301.4 billion NTD). These three measures account for 87.5% of the total health benefit from technical
measures. The B-C ratio of the technical measures is almost 87 on average, which indicates that each
unit of investment in technical pollution control measures yields 87 units of benefits. In addition, four
pollution control measures with B-C ratios greater than 100 exist: (1) Ship speed reductions, ship fuel
usage regulations, and promotion of shore power (B-C ratio: 332.4), (2) power facility regulations (B-C
ratio: 144.9), (3) control of smoke from restaurants (B-C ratio: 188.1), and reduction of open-air burning
by controlling the smoke from agricultural waste burning (B-C ratio: 437.4). As these four measures
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are remarkably cost-effective, they should be prioritized for future implementation. However, there is
one technical measure that has a net benefit lower than 0 (B-C ratio lower than 1). This is the regulation
of boiler facilities, where the government seeks to reduce air pollution by providing subsidies to retire
5000 industrial boilers and 1000 commercial boilers. The government has invested 54 billion NTD on
this measure, but the expected health benefit is only 41.6 billion NTD. Therefore, this measure could be
improved in terms of cost-effectiveness.
Table 4. Health benefit of each pollution control measure under the 14 air pollution control strategies
(TAPCAP).
Air Pollution Control Measure

Health Benefit 1
(100 Million
NTD)

Percentage of
Total Benefit
(%)

Technical Cost
(100 Million
NTD)

14,019

54.5

1863

7.5

3623

14.1

11

332.4

3014

11.7

21

144.9

751
616

2.9
2.4

4
193

183.1
3.2

448

1.7

3

179.3

416

1.6

540

0.8

317

1.2

41

7.8

299

1.2

268

1.1

Benefit/Cost
Ratio

1. Technical Measures
T1

Retire 80,000 Stage 1 and Stage 2 diesel trucks
Strengthen air pollution controls in port areas (ship speed reductions,
regulations on ship fuel usage, promoting the use of shore power)
Power facility regulations (stricter power sector regulations
and standards)
Improve control of smoke from 7000 restaurants
Eliminate 1 million 2-stroke motorcycles
Improve control of smoke from agricultural waste-burning (reduce the
area of open-air burning by 90%)
Regulate boilers (accelerate the retirement of 5000 industrial boilers and
1000 commercial boilers)
Install exhaust filters in 38,000 Stage 3 diesel trucks
Install pollution control devices in state-owned businesses (e.g., Dragon
Steel, China Steel Corporation, CPC Corporation)
Change fuel-burning customs and traditions (increase centralized
burning to 22,000 metric tons)
Subtotal

T2
T3
T4
T5
T6
T7
T8
T9
T10

98

0.4

10

9.8

23,601

91.7

2954

86.9

2. Administrative Measures 1
Tighten emission standards for automobiles that are 10 years or older,
and set up air quality maintenance zones, where the entry of highly
polluting vehicles is restricted or forbidden
Control fugitive dust from riverbeds
Regulations for fugitive dust from construction sites and stockpiles of
dust-generating materials, increase conformance to 90%
Promotion of electric vehicles (up to 2100 vehicles) for the
transportation of fresh produce
Subtotal

M1
M2
M3
M4

758

2.9

-

-

685

2.7

-

-

642

2.5

-

-

18

0.1

-

-

2103

8.2

-

-

1

As the administrative measure does not involve the purchase and use of pollution control devices, they do not
have an easily identifiable cost, which makes it impossible to calculate their B/C ratio.
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In the TAPCAP, there are 10 technical measures, denoted as T1–T10 in Table 4, and the benefits
of each of these measures are illustrated in Figure 5. The total health benefits of implementing the
measures are 2360.1 billion NTD and their net benefit is 2064.8 billion NTD after accounting for costs.
The three most beneficial measures are: (1) The retirement of 80,000 Stage 1 and Stage 2 diesel vehicles
(benefit: 1401.9 billion NTD), (2) ship speed reductions, ship fuel usage regulations and the promotion
of shore power (benefit: 362.3 billion NTD), and (3) power facility regulations (benefit: 301.4 billion
NTD). These three measures account for 87.5% of the total health benefit from technical measures.
The B-C ratio of the technical measures is almost 87 on average, which indicates that each unit of
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The technical measures with higher B-C ratios should generally be prioritized for implementation, as
long as there exists an opportunity for the resulting actions to reduce pollution. In the future,
policymakers should utilize existing B-C ratio datasets to create budgets and decide on the
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combination of measures to maximize the cost-effective of the pollution control strategy. In addition,
our findings demonstrate that government-subsidized decommissioning of boilers incurs higher costs
than health benefits; this demonstrates that the cost-effectiveness of this measure needs to be improved.
We suggest that the subsidies for this measure be adjusted to enable cost-effective pollution reduction
to be realized.
Further research should be performed in two directions. First, several international technical
parameters that exist in the ABaCAS-Taiwan framework have yet to be localized for Taiwan. Thus, a
future study could involve updating the framework with locally appropriate technical parameters to
improve the accuracy and rationality of the framework’s estimations. According to previous studies,
the reduction of expected deaths caused by air pollution improvement can cause a positive effect on
macroeconomics through increased labor force. These positive economic effects can be simulated using
macroeconomic models, such as the computable general equilibrium model. Therefore, we propose
further study to incorporate the economic models to investigate how air pollution levels could affect
the economy as a whole through the labor market.
As the framework includes the ability of reduction benefit estimation, any new control measure
could be examined and then implemented or declined. The findings of this study suggest that ex post
facto analysis as well as the future APCAP could use ABaCAS as a regular estimation tool. According
to air pollution policymaking processes in many countries, the ABaCAS system can be adopted as
a powerful tool. The case study of the ABaCAS-Taiwan demonstrates that it can already estimate
the impact of air pollution on populations, however, future studies could use economic models to
analyze how changes in air pollution affect the overall economy. The methodology used in this study
can be extended to countries other than Taiwan, especially for countries that the air quality is closing
to the target, they can build up the local datasets including emission inventory, control technology
with its cost, and human health benefit at first, then using ABaCAS to evaluate the performance of air
quality policy.
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