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Abstract: This is the first study to provide a systematic monetary benefit matrix, including
greenhouse gas (GHG) emissions reduction benefits and air pollution reduction health
co-benefits, for a change in on-the-road transport to low-carbon types. The benefit transfer
method is employed to estimate the social cost of carbon and the health co-benefits via impact
pathway analysis in Taiwan. Specifically, the total emissions reduction benefits from changing
all internal combustion vehicles to either hybrid electric vehicles, plug-in hybrid electric vehicles,
or electric vehicles would generate an average of US$760 million from GHG emissions reduction
and US$2,091 million from health co-benefits based on air pollution reduction, for a total benefit
of US$2,851 million annually. For a change from combustion scooters to light- or heavy-duty
electric scooters, the average GHG emissions reduction benefits would be US$96.02 million, and
the health co-benefits from air pollution reduction would be US$1,008.83 million, for total bene-
fits of US$1,104.85 million annually.
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1. Introduction

Different response measures (RMs) have been developed to reduce the impact of
climate change on humans, and different approaches are being adopted in many coun-
tries. Regardless of which approach is employed, resources are required. The social
cost of carbon (SCC) is an indicator used to assess the performance of RMs in relation
to climate change at the global scale. The SCC is a top-down monetary measurement
used to compute the damage caused to a society by one ton of greenhouse gas (GHG)
emissions or the benefit that a society gains from one ton of GHG emission reduction
[1-3]. The SCC comprehensively measures damage to human health, property, agri-
cultural productivity due to floods or drought, the ecological environment, and many
other areas from one ton of GHG emissions as a dollar figure. If GHG emissions are
reduced by one ton, then the benefit will result in the avoidance of damage. To evalu-
ate the scope of impact, a large and complete model is required.

Different mitigation or adaptation mechanisms for controlling GHG emissions
will not only reduce global GHG emissions but also eliminate local air pollution and
positively impact human health [4]. The benefits from the concurrent elimination of
local air pollution and reduction in GHG emissions are termed co-benefits. This term
first appeared on the third assessment report of the Intergovernmental Panel on Cli-
mate Change (IPCC) to indicate the benefits beyond those of GHG emissions reduction
arising from the implementation of any mechanism for such reduction [4]. Co-benefits
are also called ancillary benefits or side benefits, and these three terms include the

© 2021 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202104.0492.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 April 2021 d0i:10.20944/preprints202104.0492.v1

benefits originating from other mechanisms concurrently implemented along with
GHG emissions reduction schemes. The term co-benefit was not unified and univer-
sally used until the IPCC report in 2018. Shukla and Chaturvedi [5] noted that
co-benefits will not occur automatically with any GHG emissions reduction mitigation
policy; they require a comprehensive and detailed plan.

Among all sectors that emit GHGs, the transportation sector emits a higher share
than the agriculture, construction, waste, land use or forest sectors [6]. Different types
of transport emit different types of air pollutants in addition to GHG emissions. Pre-
vious endeavors have explored efficiency improvement when adopting different
plug-in electric vehicles at household levels in the United States, with a better design of
a low voltage grid for electric vehicles in Europe, or in the transition to electric vehicles
under the implementation of tax inducement in Iceland [7-9]. However, these efforts
mainly focus on comparing the level of GHG emissions reduction or cost savings from
the use of different electric vehicles. Peters et al. [10], in a very recent study related to
the study here, explores the climate and health co-benefits trade-off under six different
electric vehicle adoption scenarios, where the total CO2 emissions reduction and prem-
ature deaths represent the outcomes.

To the best of our knowledge, no study has simultaneously evaluated the GHG
emissions reduction benefits and health co-benefits from switching to electric trans-
portation in comparable monetary terms. As different types of transport require dif-
ferent fuels and emit varying amounts of GHGs and other types of air pollutants, the
exploration and measurement of health co-benefits for the transportation sector has
been identified as an important research area [11-13]. It is essential and important to
evaluate the benefits of reducing GHG emissions and the health co-benefits achieved
through the reduction in PM2s and its precursors NOx and SOx under different
transport uses.

Data from the Environmental Protection Administration, Executive Yuan, R.O.C.
(Taiwan) (Taiwan EPA), indicate that GHG emissions from the transportation sector
account for 13% of total emissions [14]. Among these, on-the-road transport vehicles
and scooters account for 51% and 12%, respectively. Other forms of transport represent
the remaining 37%, i.e., different sized trucks represent 30% and public transport rep-
resents 7%. The transportation sector contributes approximately 30% to air pollution
concentration. The data further indicate that vehicle and scooter transport contribute
approximately 27.4% and 21.1% to air pollution concentration, respectively [15].

The main objective of this study is to monetize the benefits of GHG emissions re-
duction and the health co-benefits of air pollution reduction for the private on-the-road
transportation sector in Taiwan. This is the first study to provide a comprehensive
monetary benefit matrix including GHG emissions reduction benefits and health
co-benefits for changes in types of transport in the related literatures. This information
is essential for implementing subsidies to encourage private vehicles or scoot-
ers/motorcycles (scooters, hereafter) to change to low-carbon transport. This study
contributes to the energy policy literatures a complete process for the evaluation of
GHG emissions reduction benefits and health co-benefits for all sectors other than
transportation.

Moreover, the idea of displaying the benefit matrix evaluated in this study makes
clear policy implications about the difference between GHG emissions reduction bene-
fits and health co-benefits when switching to different energy uses of private
on-the-road transports. The benefit transfer method (BTM) is employed to estimate the
SCC and health co-benefits via impact pathway analysis (IPA) to accomplish the above
objective. The BTM aims to bring the capabilities of previous nationwide or interna-
tional data, simulation results, or estimated equations into full play either temporally
and/or spatially. As with IPA, the physical pathways for emissions from air, water, or
soil sources are the core of the analysis.

The remaining sections are arranged as follows. Section 2 reviews the literature.
Section 3 presents the research methods of monetizing GHG emissions reduction and
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health impacts. Section 4 presents the data sources and the computations for all kinds
of monetary benefits. Section 5 presents the results and offers a discussion. Section 6
provides the conclusions and policy implications of this study.

2. Literature Review

The scope of co-benefits includes economic, environmental, and social dimen-
sions. Specific aspects include the health of the human body, food security, ecological
service systems, sustainable development, and technology change [16]. New studies on
co-benefits have consistently been published over the past 10 years [17], but most
studies only identified the aspects of co-benefits and stated their importance, presented
physical type of indicators, assessed the spatial change in mortality, or classified the
estimation methods for all types of physical indicators [9,16,18,19]. Karlsson et al. [20]
is one exception that cited various types of health co-benefits measured in US$ arising
from the reduction in NHz, SOx, NOx, PM, and NMVOC in different countries due to
different GHG emissions reduction mitigation mechanisms.

Because exposure to polluted air increases the risk of heart attack, stroke, lung
cancer, and acute or chronic respiratory disease, health co-benefits are consistently the
focus of attention. In particular, the health co-benefits from PM-related pollution have
become one of the most important items in evaluations of the impact of GHG emis-
sions reduction [11,21]. Furthermore, exposure might increase medical expenditure
and cause mortality [22]. According to research by the World Bank and the Institute for
Health Metrics and Evaluation [23], 5.5 million premature deaths were caused by pol-
luted air, accounting for approximately one-tenth of the total population death world-
wide and made the monetized health loss approximately US$5,100 billion in 2013.

Updated information provided by [24] shows that exposure to PM2s causes a
burden of 977,140 deaths from ischemic heart disease globally and a US$21.93 million
loss in 2017 from monetized disability-adjusted life years. Although human health is
normally the major and direct concern when assessing PM2s pollutants, Schiferl and
Heald [25] evaluated net crop production due to air quality changes and found that
maize increased by 5.6%, wheat decreased by 3.7%, and rice increased by 4.5% global-
ly. Although not all these impacts are negative, there is clearly a direct negative effect
on human health for those whose staple food is wheat and an indirect effect for others
if reallocation of food is necessary. The negative impact is also shown for studies per-
formed for specific countries or regions, such as study done by [26] for various coun-
tries in Asia.

In the above studies, only a few of the co-benefits of GHG emissions reduction
have been measured in monetary terms, particularly in combination with other meas-
ured monetary benefits, to determine through cost-benefit analysis whether a specific
RM should be implemented [27]. The most frequently used monetary benefit, the SCC,
is inadequate and does not fully incorporate health co-benefits. Among the different
criticisms, Scovronick et al. [28] note the deficiency in the SCC and indicate that alt-
hough the integration of the Policy Analysis of the Greenhouse Effect (PAGE) by [29],
Dynamic Integrated Climate-Economy model (DICE) by [30], and Framework for Un-
certainty, Negotiation and Distribution (FUND) by [31] in the computation of the SCC
implicitly or explicitly captures health damage, the diseases or health risks considered
are either incomplete or out of date.

That is, the results from the integration of these three models consider mortality
caused by temperature increases only and do not account for mortality caused by other
factors due to climate change. Moreover, data on mortality computation by tempera-
ture increase have not been updated with the most current models. These drawbacks
suggest that a complete and up-to-date estimation of the health co-benefits of GHG
emissions reduction is required in addition to estimating the SCC following integration
of the PAGE, FUND, and DICE models.
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In addition, in previous studies, the co-benefits are only monetized for a specific
country as a whole, and it is hard to use such outcomes as a guide for policy imple-
mentation because people cannot always perceive when and how the outcomes of
RMs, such as carbon tax payments for GHG emissions reduction, are realized. Thus, it
is necessary to monetize the potential health co-benefits based on specific behaviors to
identify the benefits of GHG emissions reduction. Furthermore, due to the global na-
ture of GHG emissions, it is reasonable to expect that if an RM involves more than one
country, such as a cross-country cap-and-trade mechanism, it will be difficult, if not
impossible, to reach consensus among countries through negotiation or bargaining
[32]. If the health co-benefits from GHG emissions reduction for each country are al-
ready higher than the emissions reduction benefits, international coordination or co-
operation may not be necessary, as the regional benefits of each country will be already
sufficient to achieve ambitious nationally determined contributions [33,34].

3. Research Methods

There are two components of benefits when evaluating GHG emissions reduction:
the monetized measurement of GHG emissions reduction and the health co-benefits of
air pollution reduction. These two types of benefits must be taken into account to cap-
ture the complete benefits of GHG emissions reduction through different RMs. The
conceptual framework is presented in Figure 1. For GHG emissions reduction and the
health co-benefits, the BTM then generates the necessary data, preparing it for the use
of monetary evaluations of environmental costs or benefits. Both BTM and IPA connect
or integrate different disciplines, will allow them to share one another’s achievements.
The following subsections explain the evaluation of each type of benefit.

% Process of estimating the benefit of GHG emissions reduction (IAM framework)
Implementation of response measures
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Figure 1. Conceptual framework for monetizing GHG reduction benefits and health co-benefits

3.1. Monetizing GHG Emissions Reduction Benefits
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To include the social cost of GHG emissions and the benefits of GHG emissions
reduction in its policy evaluation, the US formed an Interagency Working Group on
the Social Cost of Carbon in 2010 and updated it in 2016 to monetize the social cost for
each ton of GHG emissions, which is defined as the SCC [1,2]. From a methodological
perspective of environmental economics for the SCC, a decline in damage is viewed as
beneficial. As a result, the SCC can be used to measure the social cost of an increase in
GHG emissions as well as to evaluate the benefit of GHG emissions reduction. The in-
tegrated assessment model (IAM) developed by the US is basically an integration of
three major climate models, i.e., PAGE, DICE and FUND.

Thus, to embrace the diversity with the scope of SCC, its outcome is simulated by
the IAM using the PAGE, DICE, and FUND [2]. The fundamental purpose of these
three models is to evaluate the impacts of global warming by connecting climate and
the economy through a comprehensive set of dimensions. Evaluating or simulating the
costs and/or benefits from GHG emissions mitigation policies or strategies adapted for
climate change are crucial and essential mission of these three models.

The global-scale models measure the social cost of one ton of GHG emissions. The
function of the IAM is to evaluate not only the climate but also the environmental im-
pact of GHG emissions, such as sea level increase, rainfall change intensity, and ex-
treme weather frequency. The global-scale SCC unifies the environmental impact of
GHG emissions and is applied universally without differentiation by area. One ton of
GHG emissions, regardless of the emission location, will cause the same damage on a
global scale. These physical impacts can thus be further monetized as damage.

In other words, the rationale for using the global SCC estimated by the US EPA is
that GHG emissions reductions internal to Taiwan will benefit any country, as GHG
emissions are a global external issue. No individual country can resolve this issue in-
dependently, and the actions taken by one country will have connections to all other
countries. Thus, GHG emissions reduction can be achieved by using global SCC [35-
37]. For policy evaluation purposes, the United States Environmental Protection
Agency (US EPA) updates the SCC every year to reflect changes in societal preferences
and conditions, with the most recent version being from 2016 [38]. The SCC results
from this most current version are used to estimate the monetary value of GHG emis-
sions reduction in this study.

3.2. Monetizing Health Impacts

The IPA is the mainstream tool used to evaluate the health impact of air pollution
elimination in monetary terms [39-41]. The IPA evaluation framework combines dif-
ferent stages and disciplines: the first stage simulates the effect of a change in air pollu-
tion emissions on pollution concentration; the second stage computes the change in
medical events from that change in pollution concentration; and the final stage
measures the change in medical events in monetized terms.

The advantage of the IPA is that it allows us to clearly understand the pathway of
each stage from the generation of air pollution emissions to its corresponding impact.
Therefore, use of the IPA requires different types of professional knowledge and mod-
eling skills in the areas of pollution expansion, health impacts, and monetized meas-
urement. The greatest challenge when using the IPA is the acquisition of all related co-
efficients. Thus, for operational purposes, some simpler and reduced forms have been
proposed and applied [42-45]. The environmental benefits mapping and analysis pro-
gram-community edition (BenMAP-CE) developed by the US EPA in 2003 is one of
these reduced forms.

Fann et al. [42] and Fann et al. [46] applied BenMAP-CE to quantify the number of
premature deaths, and chronic and acute illnesses due to PMas and ozone from 23 sec-
tors in the US. A reduced form is used to replicate air quality and health impacts for
emissions assessments to avoid resource-intensive requirements. Reduced-form tools
are often used by the US EPA to approximate complex analyses with a lower computa-
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tional burden [45]. From a technological viewpoint, reduced treatment involves a uni-
form assumption to estimate the impact of air pollution concentration on the reduction
in each unit of emissions in the first stage of the IPA. The health impact function and
monetized transformation are then used to compute the health effect for one ton of
emission reduction. This is called the benefit per ton (BPT) at the country level for air
pollution improvement.

In the context of the BPT, the “average” at the national scale is estimated for hu-
man health impacts and monetized benefits related to air quality based on emissions of
PM25 and its precursors SOx and NOx as annual and 24-hour PM:zs concentrations [43].
Thus, the BPT provides a quick calculation of health benefits per ton of PM2s and its
precursors SOx and NOx at the national or regional scale for a selected year rather than
for a specific location at a specific time. Since the computation of BPT requires a large
amount of data, a BPT result for a typical pollutant is typically used for several years
until the expansion simulation is updated. The US EPA applied regulatory impact
analysis to produce the first national-level BPT report in 2013, which included PMz2s
and its precursors, i.e.,, PM2s, NOx, and SOx. The second BPT report was delivered five
years later in 2018 [44].

3.2.1. Simulation of Emissions and Air Quality Expansion

There are three stages for computing BPT under the IPA framework, as a
three-dimensional model is used to connect the relationship between emissions and
pollution concentration [43,44,47,48]. To provide stable long-term data for the expan-
sion simulation, Taiwan EPA established a support center in 2002 to assemble data and
conducted the “Community Multiscale Air Quality with Decoupled Direct Method”
(CMAQ-DDM) project using a three-dimensional model to provide sensitivity simula-
tion analysis of different areas with point, line, and area PM:2s5emission reductions for
2016 [49]. The results from the CMAQ-DDM method applied by Taiwan EPA [14,49]
provide the BPT used in this study, i.e., a nationwide average benefit from air pollution
reduction.

3.2.2. Health Impact Function

The second stage of the IPA computes the health impact from pollution expan-
sion. A health impact function is thus required at this stage. The most frequently used
health impact function has the following functional form (1):

Ay = (1= exp( = fA0)) x (1)

where 1y, is the incidence rate for a specific disease and Ay is the change in the inci-
dence rate. Axis the change in pollutant concentration, with the amount of E meas-
ured in tons, and S is the coefficient estimated from the concentration-response func-

tion.
The expectation of a specific health incidence occurrence, A/ , can thus be deter-
mined by the rate of occurrence of a specific health incidence change, Ay, due to a

change in pollution concentration multiplied by the number in the impacted popula-
tion, as in (2) below:

Al = Ay x pop, )

where pop is the population affected by the specific health incidence change. Under

the framework of the BPT, the result of (2) is the reduction in the expected health inci-
dence from an average one-ton reduction in air pollution.

3.2.3. Monetizing Health Co-benefits
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When a change in air pollution reduces the impacted population and damage, the
monetized health benefit increases accordingly, while it decreases if the opposite oc-
curs. The monetized health benefits of air pollution include changes in morbidity and
mortality. A study by [50] indicated that a decline in mortality contributes 98% of the
health benefit from the reduction in air pollution, while a decline in morbidity contrib-
utes the remaining 2%, and thus this study takes mortality to represent the health ben-
efits of air pollution improvement. The value of a statistical life (¥SL ) is a typical mon-
etary indicator of health effects based on loss due to mortality [51,52], and so the BPT
can be computed as (3):

BPT = AI xVSL, ©)

4. Data Sources and Computation of Different Monetary Benefits

To estimate the benefit of GHG emissions reduction and the health co-benefits
considering different types of transport, various categories of data are required to
achieve benefit computations for GHG emissions reduction, and four types of data are
required for the computation of health co-benefits based on air pollution. The follow-
ing subsections present each type of data and the corresponding computation and de-
terminations for each monetary benefit, respectively.

4.1. Data for the Computation of GHG Emissions Reduction and Determination of the SCC

There are two procedures used to compute the monetary unit of GHG emissions
reduction. The conceptual framework for the benefits of GHG emissions reduction
presented in Figure 1 is first to obtain the GHG emissions from each type of transport
considered here and then to acquire the information for the determination of the SCC.
As with the GHG and air pollution emissions, data for vehicles and scooters are taken
from the report of the “Taiwan Greenhouse Gases, Regulated Emissions, and Energy
Use in Transportation” model (Taiwan GREET) assessed by a life-cycle approach
(LCA). The LCA provided by Taiwan EPA in that report includes four stages [53]: ex-
traction, acquisition, and transportation of inputs and fuels for each type of transport
and the subsequent manufacturing process; transport operation; and transport scrap
treatment. The LCA in Taiwan GREET presents the full life cycle for a type of transport
from raw materials to end-of-life: it includes inputs, manufacture, operation, and waste
treatment processes.

The emissions of GHG and other types of air pollutants are obtained for each of
these steps as an average. Thus, when the vehicles or scooters are in operation, the
emissions of GHG and other air pollutants will be the product of miles traveled and
the average emissions for that type of transport. Taiwan GREET has data for internal
combustion vehicles with engines of 1,600 to 2,000 C.C. (ICEVs), hybrid electric vehi-
cles (HEVs), plug-in hybrid electric vehicles (PHEVs), and electric vehicles (EVs). It in-
cludes scooters with 50 C.C. and 125 C.C. engines and 19.8 Wh/km and 27.2 Wh/km
electric scooters. The basic GHG emissions data for each type of vehicle are listed in
Table 1 for computing the benefits of GHG emissions reduction.

The US EPA routinely estimates the SCC as one of its missions, and the most re-
cent version of its report provides the SCC for each year from 2010 to 2050 [38]. The
SCCs from this report under different discount rates are listed in Table 2. The selection
of the discount rate for the case at hand, the 20-year real rate of return on government
bonds minus the price inflation rate proposed by [39], is 2%. This rate is close to that in
Table 2 under 2.5% for 2020, the year nearest to 2019. Thus, a price of 62 US$ per ton is
used to transform the amount of GHG emissions to monetary units for each type of
transport.

4.2. Data for the Estimation of Health Co-benefits from Air Pollution Reduction
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The estimation of the health co-benefits from the reduction in air pollution of
PM:2s and its precursors of SOx and NOx prioritized by Taiwan EPA, various types of
data are required to transform the amounts of air pollution to monetary health
co-benefits corresponding to the conceptual framework presented in Figure 1.

Table 1. GHG emissions from LCA for different types of vehicles and scooters.

Pollution Type of vehicle
related item Internal combustion engine Hybrid electric Plug-in hybrid Electric vehicle
vehicle (engine 1,600 ~2,000 vehicle electric vehicle (EV)
C.C) (ICEV) (HEV) (PHEV)
GHG emissions 327 188 197 189
(g/km)
Types of scooter
Scooter Electric scooter Scooter Electric scooter
(engine 50 C.C.) (19.8 Wh/km) (engine 125C.C.)  (27.2 Wh/km)
GHG emissions 53.81 15.68 65.50 21.51

(g/km)

Source: Data from [54].

Table 2. Estimated SCC values under different discount rates for different years by US EPA.

Discount rate!

Year Average at 5% Average at 3% Average at 2.5%
discount rate discount rate discount rate
2010 10 31 50
2015 11 36 56
2020 12 42 62
2025 14 46 68
2030 16 50 73
2035 18 55 78
2040 21 60 84
2045 23 64 89
2050 26 69 95

Source: Data from [38].
Note 1: All magnitudes are with measured in units of US$/tCOze.

4.2.1. Data for Emissions of PM2s Its Precursors SOx and NOx

The air pollution data for PMzs and its precursors SOx and NOxare similar to the
GHG emissions given in Table 1 and taken from [54] by the Taiwan GREET assess-
ment of the LCA. Their estimated results are presented in Table 3 for three types of air
pollution and different types of vehicles and scooters. All else being equal, each mag-
nitude is the amount of emissions for a specific type of air pollution generated by
driving or riding a typical vehicle or scooter of the specified type. The emissions dif-
ference would be the increase or decrease due to a switch between vehicles or scooters.
PM2s, for instance, driving an ICEV one kilometer will produce 0.026 gram of PM2s
emissions; if an electric-type HEV is driven instead, it will produce 0.018 gram PMo:s
emissions. Therefore, a switch from an ICEV to an HEV driving one kilometer will
produce 0.008 gram less of PM:s emissions.

4.2.2. The Effect on PM25Concentration from a One-ton Emissions Reduction in PMz2s,
SOx, and NOx

The relationship between air pollution and its concentration is taken from [14,49].
The relevant reports use the CMAQ-DDM model version 10 and the “Taiwan Emission
Data System” (TEDS), with 2016 as the base year. The methodology and simulation
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process adopted by Taiwan EPA are consistent with the report issued by the US EPA in
2011 and meet the requirements for BPT estimation. The model considers PM:2s and its
precursor emissions and the concentration relationship for point, line, and area simula-
tions.

Table 3. PM25, SOx, and NOx emissions via LCA for different types of vehicles and scooters.

Pollutant Type of vehicle
Item Internal combustion Hybrid electric Plug-in hybrid Electric vehicle
engine vehicle (engine vehicle electric vehicle (EV)
1,600 ~2,000 C.C.) (HEV) (PHEV)
(ICEV)
PMzsemissions 0.026 0.018 0.022 0.022
(g/km)
SOx emissions
0.152 0.161 0.241 0.274
(g/km)
NOx emissions 0.217 0.129 0.195 0.198
(g/km)
Types of scooter
Scooter Electric scooter Scooter Electric scooter
(engine 50 C.C.) (19.8 Wh/km) (engine 125 C.C.) (27.2 Wh/km)
PMzsemissions 0.0067 0.0007 0.0068 0.0009
(g/km)
SO« emissions 0.0126 0.0079 0.0153 0.0109
(g/km)
NOx emissions 0.0790 0.0150 0.0950 0.0210
(g/km)

Source: Data from [54].

Specifically, Taiwan EPA provides a daily simulation of the impact of the emis-
sions of PM2s and its precursors SOx and NOx on PM2s concentrations for January,
April, July, and November using CMAQ-DDM. The average effect of these four months,
which account for emissions quantity and quality, represents the performance for the
whole year. Existing data has been applied extensively in policy analyses. Levy et al.
[55] also used the average simulation results for CO: emissions reduction from
CMAQ-DDM under the Clean Power Plan to evaluate the health benefits for all resi-
dential homes in the continental US in 2013. The results of the point, line, and area
simulations from the EPA report [14,49] listed in Table 4 are used for further analyses.

4.2.3. Data and Computation of Health Impact Analysis

For the health impact, the change in mortality risk is used as an indicator. Equa-
tion (1) is used to compute the health impact of the change in pollution concentration.
Because there is no epidemiology research outcome for the risk mortality due to PMas
in Taiwan, the two most used g coefficients for the health impact function are adopt-

ed; these are from [56,57] and listed in Table 5. The change in the incidence rate, Ay in
(1), can be computed from the results for the line concentration of PM2s in Table 4 and
the incidence rate y data from [58], listed in Table 5.

Table 4. The effect of a one-ton reduction in PM25, SOx and NOx on the concentration of PMas
from different sources.

T f pollutant!
Source ypes of pollutan

PMzs SO« NO«x
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Point -0.00009866 -0.00001413 -0.00000500
Line -0.00013522 +0.00141693 -0.00000629
Area -0.00007858 -0.00002752 -0.00004108

Source: [14,49].
Note 1: All pollutants are measured in units of ug/m?/ton.

Table 5. Data used to compute the expectation of mortality in the health impact analysis.

Source of B coefficient!  Age coverage Coverage of the Incidence
study population pop 2 ratey,
K ki et al.
rew[sé 61]e  0.005827 30-99 16,215,070 0.00568
Lepeule et al.
(57] 0.013103 25-99 17,824,524 0.01015

Note 1: f s are the two most commonly used in the related studies.
Note 2: Taiwan'’s total population in 2019 is 23,316,818.

Since each coefficient has different age coverage, the incidence occurrence, A/ in
(2), can thus be computed from the corresponding incidence rate and the population
data in 2019 for each selected g coefficient. The population data are taken from [59].
Accordingly, two computed health incidence occurrences are obtained: one represents
the upper bound of incidence occurrence, and the other represents the lower bound.
There are thus two BPTs corresponding to each incidence occurrence, and the final BPT
is the average of these.

4.2.4. Data and Calculation of Monetary Health Co-benefits

With the above data, the health co-benefits related to air pollution from PM2sand
its precursors SOx and NOx can be monetized. The benefit transfer method employed
from a study by [60] in the estimation of VSL for Taiwan in 2014 accounts for wage dif-
ferentiation for different groups of people. Two other dimensions are considered to
adjust for temporal differences between the years given the transfer of this value: the
income difference and the price difference. According to [60], the income difference for
the VSL can be adjusted as in (4):

[ew X(VVzow — VVzom/VVzom)]
100 '

VSL, ,=VSL, 6 x{1+

2019 2014

4)

In (4), wsL,, is the nominal VSL with adjustment, and €, is the income elasticity com-

puted by [60]. W, , and W, are the monthly average income in Taiwan in 2019 and

2019 2014
2014, respectively.
The other adjustment is accomplished by (5):

real _VSL, , =VSL,,, x(CPL, /CPL, ), (5)

2019 2019

where real VSL
consumer price index for 2019 and 2014, respectively, listed in Table 6. Accordingly,
real _VSL, , in (5) is then calculated as US$11.787 million in 2019. This result, along

with the variables and coefficients stated above, is applied to calculate the BPT for line
PM2s5 pollution reduction for different forms of transport. The results show that the
highest, lowest, and average BPTs are US$5.24 million, US$1.31 million, and US$3.28

is the price-adjusted real VSL, and CPI,, and CPI, , are the

2019 2019 2014

2019
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million per ton of PMas, respectively. The average BPT is used for the subsequent
analyses.

Table 6. All related coefficients and data used in the estimation of VSL.

Variable or coefficient Magnitude used Source of data
Income elasticity for VSL (€, 0.2476 [60]
)
Average income and salary W, .:1,323.4 US$/month [61]
W W, 1,385.6 US$/month
Consumer price index CPIL,,:98.93 [62]
(CPD) CPI,,, :102.55
2019 ° N
VSL 11.785 million US$ [60]

2014

5. Results and Discussion
5.1. GHG Emissions Reduction and Its Benefits for Different Forms of Transport

Before proceeding with the analyses, some background information about the av-
erage driving or riding mileage per vehicle or scooter, the number of vehicles,
light-duty and heavy-duty types of scooters are required. The Directorate General of
Highways states that the average annual driving mileage per vehicle is approximately
13,890 kilometers and the average annual riding mileage per scooter is approximately
4,964 kilometers [63]. The numbers for the different types of vehicles and different
types of scooters are obtained from the same source of data. These data are required to
compute total annual GHG emissions per vehicle and scooter, as shown in Table 7 and
Table 8. The GHG emissions reduction from changing from a traditional type of vehi-
cle or scooter to a low-carbon vehicle or scooter can then be computed accordingly.

Table 7. Annual GHG emissions for each type of vehicle.

. Type of vehicle!
It lated t H
em related to GHG emissions ICEV HEV PHEV i
GHG emissions (g/km) (A) 327 188 197 189
Average annual driving mileage 13,896 13,896 13,896 13,896
(km) (B)
Total annual GHG emissions per
vehicle (ton/vehicle/year) 4.54 2.61 2.74 2.63
(©)=(A)*(B)
Number of vehicles in 2019 (D) 6,501,905 6,501,905 6,501,905 6,501,905
Total annual emissions per vehicle 29,544,604 16,985,889 17,799,043 17,076,239

(ton/year) (E)=(C)*(D)
Note 1: For comparison, it is assumed that the average annual driving mileage and the number of vehicles is the same for the dif-
ferent types of vehicles.

Since HEVs, PHEVs, and EVs are all electric, they have lower GHG emissions than
an ICEV vehicle. Thus, the change in total annual GHG emissions per vehicle when
changing from a traditional ICEV vehicle to an HEV type is the difference between the
ICEV and HEV columns in Table 7, i.e., 29,544,604 - 16,985,889 = a 12,558,715 kiloton
(kt) GHG emissions reduction for such vehicle change. The vehicle change from an
ICEV is not limited to any one electric-type HEV, PHEV, or EV; a change from a PHEV
to an EV is also possible.

Table 8. Annual GHG emission for each type of scooter.
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Type of scooter!

Item related to

GHG emissions Scooter Electric scooter Scooter Electric scooter
(engine 50 C.C.) (19.8 Wh/km) (engine 125 C.C.) (27.2 Wh/km)

GHG emissions (g/km) (A) 53.81 15.68 65.5 21.51

Average annual riding mileage 4,964 4,964 4,964 4,964
(km) (B)

Total annual GHG emission per

scooter (ton/scooter/year) 0.27 0.08 0.33 0.11

(O)=(A)*(B)

Number of scooters in 2019 (D) 785,567 785,567 12,689,574 12,689,574

Total annual emissions per

scooter (ton/year) 209,835 61,145 4,125,913 1,354,937

(B)=(©)*(D)
Note 1: For comparison, it is assumed that the average annual riding mileage is the same for all types of scooters, that there is the
same number of 50 C.C. engine scooters and 19.8 Wh/km electric scooters, and that there is the same number of 125 C.C. scooters
and 27.2 Wh/km electric scooters.

The same procedure is applied to compute GHG emissions reduction from a
change in scooter type. It is reasonable to assume that a change in scooter is most likely
to be between equivalent sized engines, e.g., for light-duty scooters, a change between
a 50 C.C. engine and a 19.8 Wh/km electric engine, and for heavy-duty types, a change
between a 125 C.C. engine and a 27.2 Wh/km electric engine. However, it is also possi-
ble that a 50 C.C. combustion scooter owner would both change to an electric type and
upgrade to a heavy-duty scooter and rare but not impossible that a 125 C.C. combus-
tion scooter owner would change to a light-duty electric type. The GHG emissions re-
duction for the former scooter change would be the difference between 209,835 tons
and 61,145 tons, i.e., 148.69 kt, as shown in Table 8.

The highest potential GHG emissions reduction for vehicles and light-and
heavy-duty scooters is shown in the bottom parts of Figure 2, Figure 3, and Figure 4,
respectively. The highest emissions level is 29,545 kt COze if all 6,501,905 vehicles re-
main the traditional internal combustion type. Similarly, the highest emissions are
209.84 kt COze and 4,126 kt COze for light-duty and heavy-duty scooters, respectively,
with no change to low-carbon scooters. The greatest GHG emissions reduction for ve-
hicles, light-duty scooters, and heavy-duty scooters are the bars marked by the red
dotted.

5.2. Use of the Benefit Matrix

In addition to computing the amount of GHG emissions reduction for the change
from internal combustion to electric transport discussed above, we can further deter-
mine the monetary value of each emissions reduction to reflect the emissions reduction
benefit and the associated health co-benefits. This calculation creates a benefit matrix
capturing all combinations of vehicle changes, as shown in Table 9, and for 50 C.C. and
125 C.C. scooter changes, as shown in Table 10. The magnitudes in Table 9 and Table
10 are in monetary terms of US$ per 1,000 kilometers (km), thus indicating a monetary
benefit for every 1,000 km of driving.

If the change is extreme and replaces all ICEVs with an electric type, it will gener-
ate the highest benefits in terms of both emissions’ reduction and health co-benefits.
However, although these circumstances could be met, they cannot be sought; it is dif-
ficult to expect people to stop driving cars to reduce GHG emissions and increase oth-
ers” health benefits unless this behavior and attitude are enforced. However, it is possi-
ble to offer incentives to encourage those people currently driving ICEV-type vehicles
to change to electric vehicles.
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Figure 2. GHG reduction benefits and the health co-benefits from changing internal combustion vehicles to electric vehicles

It is clear from Table 9 that positive emissions reduction benefits and health
co-benefits come from the change in ICEVs to any type of electric vehicle (i.e., PHEVS,
HEVs, or EVs) and from changes between specific types of electric vehicles. These
magnitudes are shown in bold black or bold green in Table 9. Among these, the results
systematically show that the change from an ICEV vehicle to any electric vehicle
(PHEV, HEV, or EV) produces the greatest emissions reduction benefits and health
co-benefits. However, some cases of a switch from one electric type to another, such as
from HEVs to PHEVs or from HEVs to EVs, do not produce both positive emissions
reduction benefits and health co-benefits. This is because PHEV and EV electric vehi-
cles are all imported in Taiwan, and so the amount of GHG emissions produced by
transportation and shipping must be included, causing the emissions per kilometer for
these two types of vehicles to be higher than those for the HEV type.
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Figure 3. GHG emissions reduction benefits and health co-benefits from changing 50 C.C. scoot-
ers to low-carbon electric scooters

The emissions reduction benefits and health co-benefits for all possible changes
from 50 C.C. or 125 C.C. to any electric type are computed in a similar manner. The
results, shown in Table 10, indicate that a change from 50 C.C. or 125 C.C. scooters to
the equivalent type, respectively 19.8 Wh/km or 27.2 Wh/km, creates reasonable emis-
sions reduction benefits and health co-benefits. If, however, a 125 C.C. scooter is
changed to a light-duty electric scooter, it will result in higher emissions reduction
benefits and health co-benefits than those that change type but not engine size. Similar
to the benefit matrix for vehicles, if the 50 C.C. and 125 C.C. scooters are all eliminated,
this would produce the greatest benefits for emissions reduction and health.
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Figure 4. GHG emissions reduction benefits and health co-benefits from changing 125 C.C.
scooters to low-carbon electric scooters

Taking the benefit matrix values in green bold type in Table 9 and Table 10, given
the GHG emissions reduction for each type of transport shown in the bottom part of
Figure 2, Figure 3, and Figure 4, the corresponding GHG emission reduction benefits
and health co-benefits can be computed by the information from the unit monetary
benefit per 1,000 km, the number of vehicles, 50 C.C. scooters and 125 C.C. scooters,
and the average mileage travelled each year. The GHG emissions reduction benefits
and health co-benefits are shown in the upper part of Figure 2, Figure 3, and Figure 4.
It is clear that the health co-benefits are much higher than the GHG emissions reduc-
tion benefits for all types of transport. If all 6,501,905 ICEV change to an HEV, PHEV,
or EV, the health co-benefits will be 4.44, 1.96, or 1.80 times the GHG emissions reduc-
tion benefits, for an average of 2.75 times the GHG emissions reduction benefits. Simi-
larly, if all 785,567 50 C.C. scooters and all 12,689,574 125 C.C. scooters change to either
type of electric scooter, the health co-benefits generate health co-benefits that average
12.61 times and 10.41 times the emissions reduction benefits.
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Table 9. Benefit matrix for GHG emission reduction and the corresponding health co-benefits from changing vehicle types!

Replacement vehi- Original type of vehicle?
cle type or elimina- ICEV? HEV PHEV EV
tion of the original GHG Health GHG Health GHG Health GHG Health
vehicle reduction co-benefits reduction co-benefits reduction co-benefits reduction co-benefits
benefits benefits benefits benefits
ICVE 0 0 -8.62 -38.24 -8.06 -15.82 -8.56 -15.37
0) (-46.86) (-23.88) (-23.93)
Eliminating driving 20.27 113.93 - -— -— -— - -
ICEV (134.20) (--) (--) (--)
HEV 8.62 38.24 0 0 0.56 22.42 0.06 22.87
(46.86) 0) (22.98) (22.93)
Eliminating driving - -—- 11.66 75.69 - - - -
HEV () (87.35) () ()
PHEV 8.06 15.82 -0.56 -22.42 0 0 -0.50 0.45
(23.88) (-22.98) ) (-0.05)
Eliminating driving - -—- - -— 12.21 98.11 -—- -
PHEV (---) (---) (110.32) (--)
EV 8.56 15.37 -0.06 -22.87 0.50 -0.45 0 0
(23.93) (-22.93) (0.05) 0)
Eliminating driving - - -— - - - 11.72 98.56
EV (---) () () (110.28)

Note 1: “---" in table indicates that a vehicle cannot be eliminated because it is not currently driven.

Note 2: All magnitudes are measured in units of US$/1,000 km. The numbers in parentheses are the sum of GHG reduction benefits and health co-benefits.

The magnitudes in bold black indicate that either one of the GHG emission reduction benefits or health co-benefits is positive or that their sum is positive.

The magnitudes in bold red are the GHG reduction benefits and health co-benefits from completely eliminating the vehicles that are currently driven.

Note 3: The magnitudes in bold green are the GHG reduction benefits and health co-benefits from the more likely change in vehicles from traditional to electric types.
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Table 10. Benefit matrix of GHG emission reduction and corresponding health co-benefits from changing scooter types!

Replacement scooter type or

Original type of scooter?

elimination of original scooter ~ Scooter (engine 125 C.C.)3 Scooter (engine 50 C.C.)? Electric scooter Electric scooter
(27.2 Wh/km) (19.8 Wh/km)
GHG Health GHG Health GHG Health GHG Health
reduction co-benefits reduction co-benefits reduction co-benefits reduction  co-benefits
benefits benefits benefits benefits
Scooter (engine 125 C.C.) 0 0 -0.72 -2.71 -2.73 -29.56 -3.09 -31.09
(0) (-3.43) (-32.29) (-34.18)
Eliminating the original 4.06 35.53 - -— - - -— -
125C.C. scooter (39.39) (--) (--) (--)
Scooter (engine 50 C.C.) 0.72 2.71 0 0 -2.01 -26.85 -2.37 -28.38
(3.43) (0) (-28.86) (-30.75)
Eliminating the original 50C.C. --- --- 3.34 32.82 --- - - ---
scooter (---) (36.16) (---) (---)
Electric scooter (27.2 Wh/km) 2.73 29.56 2.01 26.85 0 0 -0.36 -1.53
(32.29) (28.86) (0) (-1.89)
Eliminating the original elec- --- --- - - 1.33 5.97 - -
tric scooter (27.2 Wh/km) (---) (--) (7.30) (---)
Electric scooter (19.8 Wh/km) 3.09 31.09 2.37 28.38 0.36 1.53 0 0
(34.18) (30.75) (1.89) (0)
Eliminating the original elec- - -— - - - - 0.97 4.44
tric scooter (19.8 Wh/km) (---) (--) (---) (5.41)

Note 1: “---" in the table indicates that a scooter cannot be eliminated because it is not currently driven.

Note 2: All magnitudes are measured in units of US$/1,000 km. The numbers in parentheses are the sum of GHG reduction benefits and health co-benefits.

The magnitudes in bold black indicate that one of the GHG emission reduction benefits or health co-benefits is positive or that their sum is positive.

The magnitudes in bold red are the GHG reduction benefits and health co-benefits from completely eliminating the scooters that are currently driven.

Note 3: The magnitudes in green bold are the GHG reduction benefits and health co-benefits from the more likely change in scooters from traditional to the electric type.
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6. Conclusions and Policy Implications

The conventional view regarding changes in GHG emissions in the transportation
sector is to pursue high emissions reduction goals. For this objective, changing all cur-
rent ICEV to HEV, PHEV, and EV will reduce emissions by 42.51%, 39.76%, or 42.20%,
respectively, in the case at hand. Without further information on the exact number of
vehicles changing from internal combustion to an electric type, it is reasonable to take
the emissions reduction of 41.49% achieved by averaging the change to each of the three
electric vehicle types. Similarly, for the most commonly used form of daily transport in
Taiwan, scooters, the GHG emissions decrease by 60.03% to 76.05% depending upon the
original scooter type and the selected electric scooter. Without evaluating the benefit
achieved for every example of reduced emissions, it is impossible to exactly capture the
achieved emissions reduction level.

Emissions reduction is not cost-free, and information about the benefits from
switching to low-carbon private on-the-road transport is essential to encourage people
to make the change. Government subsidies are always a good initiative to create a
change in the desired direction. The results from this study provide information that can
be used to determine an appropriate incentive for different types of private transport,
the number of each type of private transport, and the amount for each subsidy. Cur-
rently, there are more than 13 million scooters in Taiwan with either 50 C.C. or 125 C.C.
combustions, which is approximately double the number of vehicles. It is much easier to
subsidize a change in scooters to an electric type. If all 125 C.C. and 50 C.C. scooters are
subsidized to encourage a change to the equivalent electric type, it would generate
US$2,153 million in total benefits annually from emissions reduction and health
co-benefits. Similarly, the level of benefits obtained from a change in vehicles is ap-
proximately the same as providing US$2,157 million in incentives for all 6,501,905 vehi-
cles to change to the PHEV type or US$2,162 million per year for vehicles to change the
EV type. This information can help related agencies to determine the targeted transport
types and the number to subsidize.

This study accounts for health co-benefits only, as this is the most important aspect.
Other co-benefits can be included if the data needed to evaluate these benefits are avail-
able and complete and methods can be determined to estimate the practicable benefits of
GHG emissions reduction. Further studies can utilize the matrix constructed in this
study to compute emissions reduction benefits and/or health co-benefits for any change
in private on-the-road transport. The full framework of this study may also be applicable
to other sectors if the corresponding data are available.
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