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Abstract: South Korea has been suffering from high PM2.5 pollution. Previous studies have
contributed to establishing PM2.5 mitigation policies but have not considered provincial features
and sector-interactions. In that sense, the integrated assessment model (IAM) could complement the
shortcomings of previous studies. IAM, capable of analyzing PM2.5 pollution levels at the provincial
level in Korea, however, has not been developed yet. Hence, this study (i) expands on IAM which
can represent provincial-level spatial resolution in Korea (GCAM-Korea) with air pollutant emissions
modeling which focuses on the road transportation sector and (ii) examines the zero-emission vehicles
(ZEVs) subsidy policy’s effects on PM2.5 mitigation using the expanded GCAM-Korea. Simulation
results show that PM2.5 emissions decrease by 0.6–4.1% compared to the baseline, and the Seoul
metropolitan area contributes 38–44% to the overall PM2.5 emission reductions. As the ZEVs subsidy
is weighted towards the light-duty vehicle 4-wheels (LDV4W) sector, various spillover effects are
found: ZEVs’ share rises intensively in the LDV4W sector leading to an increase in its service costs,
and at the same time, driving bus service costs to become relatively cheaper. This, in turn, drives an
increase in bus service demand and emissions discharge. Furthermore, this type of impact of the
ZEVs subsidy policy does not reduce internal combustion engine vehicles (ICEVs) in freight trucks,
although diesel freight trucks are a major contributor to PM2.5 emissions and also to NOx.

Keywords: integrated assessment model; subsidy policy; air quality improvement; zero-emission
vehicles; fine particulate matter

1. Introduction

1.1. Background

In recent years, South Korea has been suffering from deteriorating air quality because of high
particulate matter (PM) levels. In capital Seoul, PM2.5 (PM of 2.5 µm or less in diameter) concentration
is nearly two times higher than what is prescribed by the World Health Organization (WHO)
guidelines [1]. According to WHO, PM2.5 exposure leads to an increase in mortality because of
respiratory and cardiovascular diseases [2]. In Korea, a total of 11,924 deaths were attributable to PM2.5

in 2015 [3].
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PM2.5 can be directly emitted from human activities such as power plants, business facilities,
and internal combustion engine vehicles (ICEVs). PM2.5 can also be produced secondarily by
photochemical reaction with PM2.5 precursor species of nitrogen oxides (NOx), sulfur oxides (SOx),
ammonia (NH3), and volatile organic carbons (VOC) in the atmosphere [4]. Regarding sources of
domestic PM2.5 emissions, of all PM2.5 in the atmosphere in Korea, half of it comes from secondary
formation. Business facilities are the largest PM2.5 emitters nationwide while diesel vehicles are the
largest emitters in the Seoul metropolitan area (Seoul, Incheon, and Gyeonggi), where almost half the
Korean population resides [5,6].

The Korean government has set up a series of countermeasures to control PM2.5 emissions
including a Comprehensive Plan on Fine Dust Management (CPFDM). CPFDM is a comprehensive
plan for cutting PM2.5 between 2020 and 2024 which aims to decrease the annual average PM2.5

concentration by 35% below the 2016 levels (26 µg/m3) by 2024. Also, domestic emission reduction
target per year with reduction rate for PM2.5 (noted in the parenthesis) was set at 3300 tonnes (8%)
for the industry sector; 2000 tonnes (63%) for the power generation sector; 8600 tonnes (35%) for the
transportation sector; and 5200 tonnes (17%) for everyday surroundings such as road-cleaning, illegal
incineration, and introduction of domestic low-NOx boilers (the term of “everyday surroundgins” is
used in the official document) [7]. That is, the transportation sector, especially the road transportation
sector, has the largest reduction target of PM2.5 emissions, although the power sector is facing a stricter
emission reduction target in terms of the reduction rate. The road transportation sector accounted for
around 70% of the total PM2.5 emissions from both road and non-road transportation sectors including
fugitive road dust (FRD) in 2016. FRD is generated by tire wear, brake wear, and road wear. It is one
of the major emitters accounting for 7% of the overall local emissions of PM2.5 in 2016. At that time,
emissions from the road transportation sector were 11% [8].

Zero-emission vehicles (ZEVs) such as electric battery vehicles (BEVs) and fuel cell electric vehicles
(FCEVs), are globally promoted for improving air quality and reducing oil consumption [9]. In Korea,
ZEVs have been strongly promoted as one of PM2.5 mitigation measures for the transportation sector.
In 2018, the government spent $757 million to carry forward PM2.5 mitigation measures for the
transportation sector, which accounted for 56% of the total budget for domestic PM2.5 mitigation
measures. In particular, budget spending on the subsidizing ZEVs’ purchase accounted for 71% of the
PM2.5 mitigation budget for the transportation sector [10].

In addition to the ZEV purchase subsidy, the government also offers tax incentives (for example,
tax breaks for special consumption tax, educational tax, acquisition tax, and automobile tax) for ZEVs’
buyers [7], and mandates automakers to supply a certain percentage of ZEVs including low-emission
vehicles (hybrid electric vehicles (HEVs) and plug in HEVs) without any incentive. Instead, the amount
of mandatory supply can be deducted if automakers invest in charging station installations as a
contribution to infrastructure construction [11]. Unlike automakers, owners of apartment houses,
business facilities, and large car parks get a subsidy for charging station installations [12].

1.2. Main Objectives of This Study

Studies have widely used an integrated assessment model (IAM) for analyzing environmental
policy within inter-related systems such as the economy, energy, land-use, agriculture, and climate [13].
IAM has also been used for emission projections, mortality costs, and air quality management for
PM2.5 (Table 1).

CPFDM was established based on the following studies but the studies have some shortcomings.
Kim et al. [14] prioritized PM reduction policies using the Analytic Hierarchy Process (AHP) and
suggested ’Mandatory reduction of air pollution in the manufacturing industry and the suspension of
such factories operation’ as the top priority. Since they did not consider provincial emissions patterns,
their suggestion may not be applicable to some provinces. For example, policies associated with diesel
vehicle reduction might have been given a higher priority than the suggested policy in the Seoul
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metropolitan area if Kim et al. [14] had taken into account provincial emission patterns. In this sense,
our study can make up the gap in Kim et al.’s study.

For the computation of PM2.5, NOx, and SOx concentrations at monthly and grid levels,
the Community Multiscale Air Quality (CMAQ) model was used with the national emissions
inventory [15–17]. Anthropogenic emissions control is constrained in socioeconomics assumptions
such as population and economic growth, as well as technology development assumptions [18].
However, since some studies are based on the point of view of atmospheric chemical reactivity, they
do not consider socioeconomics assumptions. Besides, there is also a study which estimates social
costs of PM2.5 [19].

Table 1. Previous studies on anthropogenic PM2.5 emissions using IAM.

Research Topic
Pollutant

Region Spatial
Scope IAM Reference

PM2.5 PM10 NOx SOx BC OC CO2

Emissions projections X X X USA US
States GCAM-USA 1 [18]

Mortality costs X X X X USA US
States GCAM-USA [20]

Emissions projections X X Europe National RAINS 2 [21]

Emissions projections and
policy impact analysis X X X USA

US
Census

Division
EPA-MARKAL 3 [22]

Global emissions aspect X X X X Global 25 Global
Regions GAINS 4 [23]

Energy efficiency measures’
impacts on emissions in the

cement industry
X X X X X China China

Provinces GAINS [24]

1 Global Change Assessment Model-USA developed by PNNL/JGCRI; 2 Regional Air Pollution INformation and
Simulation developed by IIASA; 3 Environmental Protection Agency-MARKet Allocation developed by EPA; 4 and
Greenhouse gas Air pollution Interactions and Synergies developed by IIASA.

An analysis of cross-sectoral dynamics is a pre-requisite for preventing unexpected harm of the
spillover effects in multiple sectors, but there are few studies on how the policy impact of PM2.5

emissions changes in multiple sectors. Hence, using IAM can remedy the shortcomings of previous
studies. However, to the best of our knowledge IAM has not been applied for tackling PM2.5 issues in
Korea. Moreover, IAM is also capable of analyzing PM2.5 at the provincial level and this too has not
been developed yet by researchers.

Hence, the first goal of this study is modeling air pollutant emissions using IAM that represents
Korean province partial resolution (GCAM-Korea). This study focuses on the road transportation
sector in GCAM-Korea as the first step. Pollutant coverage is primary PM2.5 as well as the precursors
NOx, SOx, VOC, and NH3. The second goal is assessing the ZEV subsidy policy’s impact on air
pollutant emissions across the road transportation sector and provinces.

2. Methodology and Data

2.1. Global Change Assessment Model and GCAM-Korea

GCAM is a community model which has been managed by the Joint Global Change Research
Institute (JGCRI) for over 30 years. As a community model, GCAM is a fully open source code and
model data on Github [25]. GCAM can investigate human-earth system dynamics alongside detailed
representation of technology. The system consists of the economy, energy systems, agriculture and
land-use, water, and the physical Earth system. As a partial equilibrium model based on a given
socioeconomic pathway, GCAM finds equilibrium in the supply and demand of goods and services
in each market and then determines market-clearing quantity and price [26,27]. GCAM models
technology competition using the logit type of share equation based on the relative costs developed by
McFadden [28]. The share of technology in each sector and period is changed smoothly by costs or
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policy changes [29]. That is, the logit share equation can prevent the winner-takes-all phenomenon
which can be caused by an abrupt and slight price change in linear programming optimization [30,31].

Population and GDP (Gross Domestic Product) are exogenous inputs and driving forces for
determining final energy service demand in conjunction with the cost of energy services and
sector-specific energy services’ price elasticity. The model is calibrated for energy consumption
and pollutant emissions at the base year. In GCAM, GDP can affect future emissions of air pollutants.
Smith et al. [32] examined the relationship between sulfur dioxide emission reduction and GDP per
capita in Purchasing Power Parity (PPP) in 17 world regions from 1850 to 2000. Their study developed
an income-based parameterization for an IAM to control sulfur dioxide emissions. Based on their
study, GCAM adopted the income-based emission control function for NOx and SOx. As a result,
fast economic growth tends to implement emission reduction rapidly. In GCAM, anthropogenic air
pollutant emissions are driven not only by fuel consumption but also GDP per capita.

While GCAM’s energy-economy system presents 32 regions globally including South Korea as a
separate region, the recent GCAM represents various spatial resolutions for capturing the heterogeneity
of certain regions which have not been modeled separately. As an example of a country-specific
GCAM, which was not modeled as a separate region before, GCAM-Ethiopia was developed by
separating Ethiopia from Eastern Africa that is one of the 32 global regions to go over biomass
policy effects on Ethiopian energy consumption [33]. GCAM-Gujarat is a bit more detailed country
GCAM. GCAM-Gujarat is an extended version of GCAM-India and was used for assessing building
energy policies in Gujarat state in India [34]. GCAM-China has a higher resolution, which represents
31 provinces in China with other global regions. GCAM-China was used for examining the role of
technologies such as carbon dioxide capture, utilization, and storage (CCUS) [35] and nuclear power
plants [36] in China at the provincial level. Another example of higher spatial GCAM is GCAM-USA,
which subdivided the USA region into 50 US states and D.C. and was also used as a PM2.5 analysis
tool for US states and D.C. Shi et al. [17] projected NOx, SO2, and PM2.5 emissions, and Ou et al. [20]
estimated PM2.5 mortality costs.

GCAM-Korea is developed based on GCAM-USA ver. 5.1.3 for investigating the South Korean
energy system at the provincial level. GCAM-Korea subdivides South Korea into 16 provinces except
for Sejong (Figure 1). As Sejong is a relatively new city established in 2012 and it has only 0.5% of
South Korea’s residents not enough information is available on the region as yet. In GCAM-Korea,
31 global regions outside South Korea interact with 16 provinces in South Korea. Socioeconomics
and energy systems are represented at the provincial level, while land-use and water systems
adopt the default GCAM system. Although GCAM-Korea operates in 5-year periods from 2010
to 2040, the operation period can be extended through further modeling work. The base year is
2010 for calibration of energy and emissions. Input data for GCAM-Korea is available at GitHub
(https://github.com/rohmin9122/gcam-korea-release) [37].

GCAM-Korea exhibits the provincial features of the energy sector. Electricity from coal power
plants is mostly generated in Chungnam and Gyeongnam. Electricity is mainly consumed by the
building and industrial sectors which are mostly located in the Seoul metropolitan area, Gyeonggi,
Chungnam, and Jeonbuk; 77% of the national industrial energy is consumed in four provinces: Jeonam,
Chungnam, Ulsan, and Gyeongbuk. Energy consumption in the building and transportation sectors
is intensive in the Seoul metropolitan area which accounted for 52% and 44% of the total energy
consumption in the building and transportation sectors, respectively, in 2015.

https://github.com/rohmin9122/gcam-korea-release
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2.2. Modeling Air Pollutant Emissions in GCAM-Korea

As the current GCAM-Korea is modeled only for socioeconomics and energy systems, air pollutant
emissions modeling is a new feature which requires to be augmented. Hence, this study further develops
GCAM-Korea by using air pollutant emissions data from the national air pollutant emissions inventory.

2.2.1. National Air Pollutant Emissions Inventory

The National Institute of Environmental Research (NIER) provides estimated annual emissions
through the Clean Air Policy Support System (CAPSS). The source classification code (SCC) is based
on the classification of CORe INventory AIR (CORINAIR) published by the European Environment
Agency (EEA), and it is adjusted by NIER to fit Korean activity classifications. The sources of fugitive
dust and biomass burning were not included in the annual information till 2015. SCC comprises
of 13 large categories—energy production combustion, non-industrial combustion, manufacturing
industry, industrial processes, energy transport and storage, solvent use, road transportation, non-road
transportation, waste, agriculture, other sources and sinks, fugitive dust, and biomass burning;
56 medium categories; and more than 200 small categories (activity sources) at the district level since
2016. In the national emissions inventory, air pollutants consist of CO, NOx, SOx, TSP, PM10, PM2.5,
VOC, NH3, and BC [38,39].

Road transportation is composed of eight vehicles by fuel type (gasoline, LPG, diesel and
compressed natural gas (CNG)). The vehicle types are: passenger cars, taxis, vans, buses, freight cars,
recreational vehicles, two-wheeled vehicles, and special vehicles. In the emissions inventory, emissions
from road transportation are estimated using total vehicle kilometers traveled (VKT), the statistics of
total registered motor vehicles, and emission factors by each type of vehicle, fuel, and species [38].
The total VKT is a sum of measured VKT and unmeasured VKT. Measured VKT is calculated using
traffic volume and road length by road sections. Unmeasured VKT is estimated using vehicle type,
vehicle age, and average driving speed on a district basis. All provinces are assumed to have the same
emission factors for each vehicle type and species. Emission factors, however, are known to deteriorate
with high driving speed and a vehicle’s age [40].

Fugitive dust in the emissions inventory is composed of eight sub-categories including paved
road dust, unpaved road dust, and construction. However, this study only focuses on paved and
unpaved road fugitive dust (from now on referred to as FRD). FRD’s estimation is based on total
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VKT and emission factor for wear (tire wear, brake wear, and road wear). The emission factor for tire
and brake wear is calculated using data measured by the mandatory vehicle inspection. The road
wear emission factor is calculated using vehicle weight and measured silt loading. Silt loading means
resuspended road dust per road surface [41,42].

2.2.2. Applying Air Pollutant Emissions Data in GCAM-Korea

Air pollutant emissions data obtained from the National Air Pollutant Emissions Service [43]
was reclassified to match NIER’s activity sources to road transportation modes in GCAM-Korea (see
Appendix A), fuels, and provinces in GCAM-Korea; 276 districts excluding Sejong are merged into
16 provinces. Gasoline, LPG, and diesel are aggregated into refined liquids, and CNG is mapped
to gas in GCAM-Korea. FRD sources are sub-divided based on their share of energy use that is
calculated using the energy consumption survey [44], VKT [45], and fuel efficiency [46] because the
sub-classification of FRD sources is aggregated across vehicle type, vehicle size, and fuel type in the
emissions inventory. As FRD emissions data for BEVs and FCEVs is currently not available in the
emissions inventory, these emissions models are ignored in this study.

The calibration year for GCAM-Korea is 2010. However, emissions data for various years is used
for the model’s calibration (see Table 2) on account of missing data or data which contradicts energy
use as illustrated in Figure 2.

Table 2. Year of air pollutant emissions data used for the calibration.

Year NH3 NOx
PM2.5

SOx VOC
Primary Emissions FRD

2010 X X
2013 X X
2016 X X
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For example, SOx emissions from light-duty 4-wheel vehicles (LDV4W) were notably high only
in 2010, while its energy use increased steadily during the study period. As VKT is closely related
to energy use, comparing emissions to energy use instead of VKT is suitable under the assumption
that there is no big change of technology development or regulations on SOx emissions. In actual fact,
there is no big change. The main reason that the calibration year’s data is not used is for avoiding
overestimation or underestimation of future emissions. If SOx emissions in 2010 are used for calibration,
future emissions will be overestimated. Another reason for using different years’ emissions data is the
absence of data in the calibration year. FRD and PM2.5 emissions from light-duty vehicle 2-wheels
(LDV2W) were newly released in 2015 and 2016, respectively.

3. Scenario Design

The ZEVs purchase subsidy is provided for cars (LDV4W) and buses for both BEVs and FCEVs.
Subsidy for motorcycles (LDV2W) and freight trucks (less than 1 tonne) is available only for BEVs.
Subsidy is provided not only by the national government but also by the local government. Subsidy
from the national government is the same everywhere, but subsidy from the local government is
different. For example, local government subsidy for LDV4W’s BEVs range from $4100 in Seoul
to $10,000 in Ulleung-gun, Gyeongbuk. The national government subsidy for LDV4W is between
$5600 and $7500, depending on the vehicle model. On the other hand, local government subsidies
for LDV4W’s FCEVs are available only in eight provinces, ranging from $9100 in Incheon to $18,000
in Goseong-gun, Gangwon. The government subsidy for one of the FCEVs, NEXO, manufactured
by Hyundai, is $20,500. Note that subsidy for LDV2W, buses, and trucks is equally supported by all
local governments. Although the national government offers tax incentives for ZEV buyers, this study
considers only the ZEV purchase subsidy.

To apply subsidy to GCAM-Korea, vehicle models are first classified into vehicle types. Then,
the average subsidy of each vehicle type is calculated for each province. The calculated subsidy for
BEVs and FCEVs is given in Appendices B and C respectively.

Second, future subsidy scenarios are developed (Table 3). According to CPFDM, subsidy for
passenger cars will gradually be phased out, although the exact information on expiration has not
been announced. A ‘Sunset’ scenario, therefore, is assumed in which subsidy for only LDV4W’s BEVs
will be phased out by 2040. In this scenario, the subsidy declines linearly to zero by 2040. A ‘NoSunset’
scenario is assumed for comparison. In both the scenarios, ZEVs subsidy is available from 2020. For the
baseline analysis without any subsidy, a ‘REF’ or a reference case for the projected emissions of the
baseline is prepared.

Table 3. Description of scenarios.

Scenario Assumption

REF Baseline without any subsidies
Sunset Phaseout on subsidy for electric passenger cars only by 2040

NoSunset Maintaining current subsidies till 2040

In GCAM-Korea, new technologies such as hydrogen buses, electric buses, and electric freight
trucks (less than 1 tonne), have not been modeled yet. Hence, these new technologies are added to the
nesting structure of the transportation sector in GCAM-Korea for an analysis (Figure 3). As future
technology cost estimations largely depend on the scope of research, a relative cost approach is
adopted. Purchase costs are obtained from various sources, and maintenance costs are calculated by
applying the ratio of maintenance costs to the present value of purchase costs from previous studies
(see Appendix D). Infrastructure costs such as charging stations and hydrogen production facilities are
not considered. Future cost trends of electric buses and trucks are assumed based on the decreasing
rate of cost of electric passenger cars in GCAM version 5.1.3. Likewise, the trend of hydrogen buses is
assumed based on the trend of hydrogen passenger cars in GCAM.
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Finally, the subsidy is subtracted from the total cost of each vehicle technology. According to our
calculations, the total cost of an electric bus and a hydrogen bus is about 2.1 times and 4.0 times that of
a diesel bus respectively. The total cost of an electric freight truck is about 1.8 times that of a one-tonne
diesel truck.

4. Results

4.1. Projected Emissions at the Baseline

Table 4 summarizes projected emissions at the baseline (REF). It compares emissions from
GCAM-Korea and those from the national emissions inventory. The projected emissions are captured
fairly well in terms of sectors and provinces. The NH3, NOx, PM2.5, SOx, and VOC emissions in 2015
are projected as 80%, 94%, 97%, 81%, and 129% respectively, compared to emissions in the emissions
inventory. In REF, the LDV4W and truck sectors are the main contributors to PM2.5 emissions. The truck
sector in particular accounted for 71% of NOx emissions while the LDV4W sector accounted for 98% of
the total NH3 emissions.

Projected emissions by year and province are given in Figure 4. Sectoral emissions are projected
between 72% and 119% compared to emissions in the emissions inventory except for VOC for LDV2W
(456%) and NOx for LDV4W (53%). VOC emissions for LDV2W are overestimated because of the
abrupt decrease in emissions reported in the national emissions inventory. Its emissions in 2015
(2.96 Gg) fell by 80% as compared to emissions in 2013 (15.25 Gg), whereas energy use for LDV2W
increased slightly from 484 KTOE in 2013 to 514 KTOE in 2015. For a similar reason, NOx emissions for
LDV4W cannot be captured well. Its emissions in the emissions inventory have dramatically increased
since 2014, when it was more than two times the emissions in 2010.
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Table 4. Comparison of emissions from the national inventory and those from GCAM-Korea (2015).

(Unit: Gg) LDV2W LDV4W Bus Truck Total

NH3

REF 0.04 7.84 0.02 0.09 7.99
Inventory 0.05 9.88 0.02 0.09 10.04

REF/Inventory 0.84 0.79 0.80 1.00 0.80

NOx

REF 2.82 58.01 38.45 247.91 347.19
Inventory 2.9 109.6 47.06 208.36 367.92

REF/Inventory 0.97 0.53 0.82 1.19 0.94

PM2.5

REF 0.06 6.89 1.11 7.78 15.84
Inventory 0.07 1 7.46 0.99 7.87 16.39

REF/Inventory 0.89 0.92 1.12 0.99 0.97

SOx

REF 0.01 0.07 0.01 0.08 0.17
Inventory 0.01 0.1 0.02 0.08 0.21

REF/Inventory 0.82 0.72 0.85 0.92 0.81

VOC
REF 13.49 17.9 14.04 13.75 59.18

Inventory 2.96 18.45 12.89 11.69 45.99
REF/Inventory 4.56 0.97 1.09 1.18 1.29

1 Note: PM2.5 of LDV2W is indicated in 2016 because of no data for 2015.
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The REF scenario shows that projected emissions in the future are on a downward trajectory because
of fuel switching from refined liquids to natural gas (NG), electricity, and hydrogen (see Figure 5b,c).
The trends in NOx and PM2.5 emissions for the truck sector show a steeper decline than that for other
sectors. The difference in emissions between 2020 and 2040 is 1446 tonnes of PM2.5 and 47,050 tonnes
of NOx. The LDV4W sector, a major contributor to NH3 emissions, is expected to reduce 860 tonnes of
NH3 emissions from 2020 till 2040.

As mentioned earlier, Seoul and Gyeonggi, a populous urban area with the highest number of
vehicles [50], are expected to have most of the air pollutant emissions from all road transportation
sectors. The truck sector in particular produces large emissions in Gyeonggi. In this province, annual
VKT of trucks is the highest among all provinces because of the massive road freight volume due to
the manufacture of plastics and synthetic rubber [51].

The second most polluted area is Gyeongsang province (Gyeongbuk and Gyeongnam), since this
province is the second most populous province next to the Seoul metropolitan area which accounted
for 12% of the whole population of South Korea in 2015. In this province, energy consumption by
trucks accounted for 16% of the total truck energy consumption, serving a huge industrial complex in
this region.
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4.2. ZEVs Promotion Using the Subsidy Policy

The ZEV subsidy increases ZEVs’ service demand in all the sectors (Figure 5b) while total
transportation service demand is kept almost the same (Figure 5a), showing only around 0.1%
difference depending on the scenarios. BEVs’ service demand noticeably increases in the LDV4W
sector, since LDV4W is the main target of subsidy support. In the Sunset scenario, the share of service
demand for BEVs and FCEVs is expected to be 2.6% and 0.2% respectively in 2025. In 2040, the share of
BEVs and FCEVs increases to 5.3% and 1.2% respectively. REF’s share is 0.8% for BEVs and 0.03% for
FCEVs in 2040. The share for BEVs rises further to 14.4% in 2040 if the current subsidy is maintained
till 2040 (the NoSunset case), while the share of FCEVs starts decreasing to around 1% despite the same
amount of subsidy. Even if FCEVs receive the same subsidy, their market entry is disturbed by the
introduction of BEVs considering the total service demand, which does not change significantly.

On the other hand, other vehicles excluding LDV4W, show minor effects on service demand
change. As NG vehicles dominate service demand in the truck and bus sectors, ZEVs’ share is less than
1% even in 2040. Besides, ICEVs’ service demand increases in the bus sector with the ZEV subsidy,
that is, there are intensive share increases in ZEVs’ share in the LDV4W sector leading to an increase
in its service demand and average service costs at the same time, while bus service costs become
relatively cheaper. The reason for the increase in LDV4W sector’s service costs is high-cost technologies
(BEVs and FCEVs) being introduced in this sector. In 2040, the relative service cost of the bus sector is
0.80 in the Sunset case and 0.81 in the NoSunset case based on the LDV service cost of 1. By the price
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response, bus service demand increases by 0.3–0.7% compared to REF and increases further in the
Sunset case (Figure 5c).

Demand for electricity and hydrogen increases with the growth of BEVs and FCEVs’ service
demands. In the Sunset case, electricity demand increases from 9.7PJ (REF case) to 12.2PJ in 2025,
and from 16.1PJ (REF case) to 18.8PJ in 2040. In the NoSunset case, it further increases to 13.2PJ in 2025
and 31.3PJ in 2040. In the case of hydrogen demand, while the REF case shows the demand at 0.05PJ
even in 2040, demands increases to 0.4PJ in 2025 and 2.3PJ in 2040 in the Sunset case. The NoSunset
case shows the demand decreasing rather than increasing as compared to the Sunset case, which is
0.4PJ in 2025 and 1.9PJ in 2040, because of a decrease in FCEVs’ service demand. Changes in the prices
of electricity and hydrogen are negligible ranging between 0.0% and 0.3% during the period.

Figure 6 shows the estimates of a cumulative number of ZEVs and a comparison with the
government’s target for ZEV promotion. According to CPFDM, the goal is to have 850,000 BEVs and
150,000 FCEVs by 2024. In the Sunset case, the total number of vehicles is estimated to be approximately
313,000 BEVs and 22,000 FCEVs in 2025. BEVs and FCEVs are expected to be 3 times and 44 times
more than the REF case respectively. In the NoSunset case, it is estimated at 399,000 BEVs and 21,000
FCEVs, which is a 22% increase and 3% decrease respectively compared to the Sunset case. But both
scenarios fail to achieve the government’s target of ZEV promotion.
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In the Seoul metropolitan area, the cumulative number of BEVs is estimated at 128,000 in 2025,
which accounts for 41% of the total BEVs. In 2040, BEVs in this area are estimated at 307,000 in the
Sunset case and 738,000 in the NoSunset case. FCEVs are mostly promoted in provinces where local
subsidies are provided and not in the Seoul metropolitan area. Accordingly, Gangwon, where the
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largest subsidy for FCEVs is provided, is the second most diffused province. In Gangwon, the estimated
number of FCEVs is 2900 in 2025 in the Sunset scenario. Chungnam and Gyeongnam follow with
1900 FCEVs each.

Table 5 summarizes the required subsidy for meeting the ZEVs scenarios from 2020 to 2040. It is
estimated that total subsidy required during the period will be approximately $9.6 billion in the Sunset
case and $24.7 billion in the NoSunset case. Above all, around 90% of the total subsidy spending is
concentrated in the LDV4W sector.

Table 5. Required subsidy by scenarios (unit: Million $).

Year
Sunset NoSunset

LDV2W LDV4W Bus Truck Total LDV2W LDV4W Bus Truck Total
2020 10 1604 21 46 1682 10 1604 21 46 1682
2025 6 1991 27 59 2083 6 3484 27 59 3576
2030 6 1678 33 177 1894 6 4854 33 177 5071
2035 7 1662 39 309 2016 7 6894 39 309 7248
2040 7 1472 45 387 1911 7 6715 44 387 7153
Total 37 8406 165 978 9586 37 23,551 164 978 24,730

Note: Required subsidy is calculated as the average purchase subsidy multiplied by the increase in the number of
vehicles during the 5-year period.

4.3. Effects of ZEV Promotion on Air Pollution

As shown in Figure 7, most emission reductions are expected from the LDV4W sector because
ZEVs’ dissemination is mostly expected in this sector. In general, emissions slightly reduce for all
pollutants. In the Sunset case, emission reduction rates of NH3, NOx, PM2.5, SOx, and VOC are
expected to be 3.7% (254 tonnes), 0.5% (1488 tonnes), 1.2% (155 tonnes), 1.5% (2 tonnes), and 0.9%
(462 tonnes) respectively in 2040. In the NoSunset case, the NH3 emission reduction rate is expected to
be relatively higher due to the increase in ZEVs’ share in the LDV4W sector—the LDV4W sector has
high NH3 emissions. On the other hand, emissions from the bus sector rise for all pollutants compared
to REF with an increase in its service demand (Figure 5c). Estimates of PM2.5 emission reduction are
smaller than autonomously reduced emissions over time without any policy (the REF case).

According to CPFDM, the government has set a target of reducing NOx, PM2.5, SOx, and VOC
emissions in the transportation sector by 65%, 36%, 71%, and 44% of the emissions in 2024 respectively
below those in 2016. In case of NH3, there is no reduction target for the transportation sector.
To compare the simulation results, the emission reduction target in the transportation sector is divided
into emissions targets for the road transportation sector and the non-road transportation sector
according to their proportion in base year 2016. As the simulation results are represented in a 5-year
step, projected emissions are linearly interpolated.

Table 6 gives a comparison of the simulation results for emission reduction targets for the
road transportation sector. The SOx emission reduction target can be seen to be intended for the
non-road transportation sectors considering the SOx emissions portion in road transportation (0.6%).
The simulation results show that NOx, PM2.5, and VOC emission reduction targets can be achieved as
much as 4.0%, 11.5%, and 4.8% respectively in the Sunset case. According to a report released by the
National Assembly Budget Office [10], the ZEV subsidy policy does not have a significant impact on
reducing PM2.5. PM2.5 emission reductions by the ZEV subsidy policy accounted for only 3% of the
overall emission reductions by PM2.5 mitigation measures for the road transportation sector, whereas
76% of the overall budget for them was spent on the ZEVs subsidy in 2018 according to the report.
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Table 6. Expected emission reductions in 2024 compared to 2016.

Emission
Projection

in 2016
(Tonne)

Emission
Reduction
Target (%)

Proportion of
Road

Transportation’s
Emissions 1 (%)

Road
Transportation’s

Emission
Reduction

Target (Tonne)

2024 Expected
Emission Reduction

(Tonne)(Achievement Rate, %)

(A) (B) (C) (A × B × C) Sunset NoSunset

NH3
2 7910 - 99.5 - 236 (-) 288 (-)

NOx 341,056 65 71.9 159,437 6380 (4.0) 6652 (4.2)
PM2.5 15,459 36 70.9 3949 456 (11.5) 488 (12.4)
SOx 164 71 0.6 1 6 (862) 6 (925)
VOC 58,489 44 66.5 17,126 818 (4.8) 916 (5.3)

1 The base year is 2016.; 2 In CPFDM, the NH3 emission reduction target was not set for the transportation sector.

Figure 8 illustrates expected emission reductions by province. The pattern of emission reductions
is similar to expected ZEVs’ dissemination (Figure 6b). For example, the Seoul metropolitan area
has the highest transportation activities, showing the biggest emission reductions in all the scenarios.
In the Sunset scenario, the emission reductions expected in 2040 are 130 tonnes of NH3 (51% of national
emission reductions); 711 tonnes of NOx (48%); 68 tonnes of PM2.5 (44%); 1 tonne of SOx (50% );
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and 244 tonnes of VOC (53%). Chungnam and Chungbuk, which provide the highest subsidy for BEVs
in LDV4W, show the second and third-largest emission reductions, following the Seoul metropolitan
area. The expected emission reductions in these two provinces are 40 tonnes of NH3 (16%), 238 tonnes
of NOx (16%), 32 tonnes of PM2.5 (21%), 0.3 tonnes of SOx (15%), and 57 tonnes of VOC (12%) in the
Sunset case.
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5. Conclusions and Policy Implications

This study modeled air pollutant emissions using GCAM-Korea focusing on the road transportation
sector. The projected emissions compared to the national emissions inventory using GCAM-Korea
works fairly well with empirical data across sectors and provinces except for VOC from LDV2W in
which the reported emissions in the emissions inventory contradict energy use.

The study applied the extended GCAM-Korea with air pollutant emissions modeling for examining
the ZEV subsidy’s effects on emission reductions for PM2.5 as well as its precursors. Subsidy scenarios
based on the current policy are found to have a major impact on the LDV4W sector in terms of change
in service demand and emission reduction, whereas it is expected to have a minor impact on the other
sectors. In all the scenarios, the government’s target of ZEVs’ dissemination is expected to be not
attainable. The resulting expected emission reductions of PM2.5 are 0.6–1.2% in the Sunset case and
0.6–4.1% in the NoSunset case compared to the baseline. The Seoul metropolitan area contributes
38–44% of the total emission reductions. Chungcheong province is the second most mitigated province
next to the Seoul metropolitan area because of the second and third largest subsidy for BEVs in the
LDV4W sector, even though this province has relatively low traffic and a small population compared
to metropolitan areas. Its emission reduction accounts for 17–21% and 17–20% of the overall emission
reductions in the Sunset and the NoSunset cases respectively. NH3 is the most mitigated pollutant,
for which the emission reduction rate is 1.7–3.7% in the Sunset case and 1.7–12% in the NoSunset case.
On the other hand, NOx emissions are expected to reduce very slightly with an emission reduction rate
of 0.2–0.5% and 0.2–1.7% in the Sunset and NoSunset cases respectively.

As the ZEVs subsidy is weighted towards the LDV4W sector, as is shown in Table 5, various
spillover effects are found: ZEVs’ share rises intensively in the LDV4W sector, which leads to an
increase in its service costs, while this drives the bus service costs to become relatively cheaper.
This whole process, in turn, drives an increase in bus service demand and emissions. In other
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words, an imbalanced ZEVs subsidy distribution may dampen the subsidy’s effect on air pollution
improvements. Furthermore, the ZEVs subsidy is not expected to reduce ICEVs in the truck sector,
although diesel freight trucks are a major contributor to PM2.5 emissions as also NOx. This means
targeting emission reduction by promoting ZEVs might be misleading without explicit consideration
of ICEVs in the truck sector. Another finding is that the decline in emissions over time without any
policy is more than the ZEV subsidy’s effects.

As this analysis does not cover uncertainty in the total costs of ZEVs, this should be considered in
a future study. While infrastructure costs increase ZEVs’ total costs, incentives for charging station
installations and tax incentives for buyers decrease costs. Moreover, total costs can vary under future
trends of efficiency and costs. The amount of ZEV purchase subsidy for the future is also uncertain
because the government has not decided on this as yet. The uncertainty around cost eventually
influences ZEVs’ service demand, which changes the effects of the ZEV subsidy policy on air quality
mitigation. In addition, emissions caused by increasing electricity and hydrogen consumption for
ZEVs should also be considered from the perspective of the entire energy system. Emissions modeling
for other sectors such as power generation and industry sectors will be conducted which is expected to
provide more meaningful implications for cross-sector and cross-province aspects in the future.
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Appendix A

Table A1. The Mapping of Vehicle Type in the National Inventory to Vehicle Mode in GCAM-Korea.

Classification of National Emissions Inventory GCAM-Korea

Medium Category Small Category Mode

Passenger car Compact Subcompact Car
Passenger car Small Subcompact Car
Passenger car Medium Compact Car
Passenger car Large Large Car

Taxi Medium Compact Car
Taxi Large Large Car
Van Compact Bus
Van Small Bus
Van Medium Bus
Van Large Bus
Van Special purpose Bus
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Table A1. Cont.

Classification of National Emissions Inventory GCAM-Korea

Medium Category Small Category Mode

Bus Chartered bus Bus
Bus City bus Bus
Bus Intercity bus Bus
Bus Express bus Bus

Freight car Compact Truck
Freight car Small Truck
Freight car Medium Truck
Freight car Large Truck
Freight car Special purpose Truck
Freight car Dump truck Truck

Special vehicle (SV) Recovery vehicle Truck
Special vehicle (SV) Wrecker car Truck
Special vehicle (SV) Others Truck

Recreational vehicle (RV) Small Light Truck and SUV
Recreational vehicle (RV) Medium Light Truck and SUV

Two-wheeled vehicle Less than 50 cc Motorcycle
Two-wheeled vehicle 50 cc~99 cc Motorcycle
Two-wheeled vehicle 100 cc~259 cc Motorcycle
Two-wheeled vehicle More than 260 cc Motorcycle

Appendix B

Table A2. Average Subsidy for Battery Electric Vehicles by Province in 2020 (Unit: Thous.$).

Province
LDV2W LDV4W

Bus Truck
Motor-Cycle Subcompact Compact Large SUV

SU 2.1 6.2 10.8 10.7 11.5 74.9 15.5
IC 2.1 6.1 11.9 11.8 12.7 74.9 14.6
DJ 2.1 6.4 13.0 12.8 13.8 74.9 15.2
DG 2.1 5.5 11.3 11.1 12.0 74.9 13.9
GJ 2.1 5.9 11.9 11.8 12.7 74.9 13.7
BS 2.1 6.4 11.3 11.1 12.0 74.9 14.1
US 2.1 6.4 12.1 12.0 12.9 74.9 21.8
GG 2.1 5.9 11.3 11.2 12.0 74.9 15.3
GW 2.1 6.4 12.8 12.7 13.6 74.9 18.7
CB 2.1 8.1 13.8 13.7 14.7 74.9 23.2
CN 2.1 7.0 13.7 13.5 14.6 74.9 20.0
JB 2.1 5.9 14.7 14.5 15.6 74.9 18.4
JN 2.1 6.0 13.6 13.4 14.5 74.9 23.4
GB 2.1 6.4 12.3 12.1 13.1 74.9 19.2
GN 2.1 5.6 12.5 12.3 13.3 74.9 18.7
JJ 2.1 7.3 11.3 11.1 12.0 74.9 15.2

Note: The subsidy is calculated based on information obtained from [52].
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Appendix C

Table A3. Average Subsidy for Fuel Cell Electric Vehicles by Province in 2020 (Unit: Thous.$).

Province
LDV2W LDV4W

Bus Truck
Motor-Cycle Subcompact Compact Large SUV

SU - 20.5 20.5 20.5 - 136.4 -
IC - 15.8 29.5 29.5 - 136.4 -
DJ - 20.5 20.5 20.5 - 136.4 -
DG - 20.5 20.5 20.5 - 136.4 -
GJ - 20.5 20.5 20.5 - 136.4 -
BS - 16.8 31.4 31.4 - 136.4 -
US - 20.5 20.5 20.5 - 136.4 -
GG - 15.8 29.5 29.5 - 136.4 -
GW - 20.6 38.6 38.6 - 136.4 -
CB - 15.8 29.5 29.5 - 136.4 -
CN - 16.6 31.1 31.1 - 136.4 -
JB - 20.5 20.5 20.5 - 136.4 -
JN - 17.0 31.8 31.8 - 136.4 -
GB - 20.5 20.5 20.5 - 136.4 -
GN - 16.1 30.1 30.1 - 136.4 -
JJ - 20.5 20.5 20.5 - 136.4 -

Note: The subsidy is calculated based on information obtained from [52].

Appendix D

Table A4. Assumptions for an Electric Truck, Electric Bus, and Hydrogen Bus.

Sector Bus Truck

Fuel Type Electricity Hydrogen CNG Electricity Diesel

Fuel intensity
(MJ/VKT) 5.3 1 12.9 1 5.8 1 1.2 2 1.5 2

Purchase cost
($/vehicle) 408,500 3 83,000 4 168,290 5 50,000 2 20,000 6

VKT 2

(miles/vehicle-year)
34,053 34,053 34,053 13,116 13,116

Lifetime 2

(year)
8 8 8 8 8

Non-energy
cost

($/VKT)
0.23 1 0.22 1 0.26 1 0.1 2 0.17 2

Total cost
($/VKT-year) 2.48 4.78 1.18 0.815 0.456

Relative price 2.1 4.0 1 1.8 1

Note: A 10% the discount rate is applied for calculating the present value of future vehicle purchase costs.
1 Eudy et al. [53]; 2 Dana incorporated [54]; 3 Edison motors [55]; 4 Ministry of Environment [56]; 5 Daewoo bus [57];
and 6 Kia motors [58].
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