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Abstract: Air pollutants and greenhouse gases (GHGs) represent major challenges in our era, con-
tributing to climate change and global health issues. These problems arise from a variety of well-
known sources, including motor vehicles. Almost all nations, Thailand included, have formulated
and implemented policies to curb greenhouse gas (GHG) emissions in line with the requirements
and commitments of the Paris Agreement. The evaluation of specific air pollutants and GHG emis-
sions originating from road vehicles utilises the Thailand database, referencing the year 2019. Data
intersections from 2019 to 2022 are grounded in actual data collected from relevant departments in
Thailand, while projections for 2023–2030 are forecasted based on the baseline year. The secondary
database used in the International Vehicle Emission model is adjusted according to real-world driving
data to accurately reflect country-specific emission factors. Dynamic emission factors for specific air
pollutants and GHGs are evaluated and integrated with the average Vehicle Kilometres Travelled
(VKT) for each vehicle category. The Business-As-Usual (BAU) scenario is then examined, based on
existing policies aimed at reducing air pollutants and GHG emissions in Thailand’s transport sector.
These policies include strategies for the adoption of electric vehicles and the promotion of public
transport to reduce VKT. Under the BAU scenario, the overall number of road vehicles in Thailand,
including passenger cars, motorcycles, pickups, vans, trucks, and buses, is expected to increase
by approximately 6.58% by 2030, leading to a rise in specific air pollutants and GHG emissions
compared to the 2019 baseline. However, by adhering to Thailand’s strategies and transitioning to
new electric passenger cars and buses, greenhouse gas emissions and specific air pollutants from the
road transport sector will be significantly reduced.

Keywords: greenhouse gas; particulate matter; mitigation measure; co-benefit; electric vehicle

1. Introduction

Climate change represents the most significant health threat currently facing humanity,
and healthcare professionals worldwide are actively addressing the health consequences
of this unfolding crisis. The Intergovernmental Panel on Climate Change (IPCC) has con-
veyed a clear and resolute message: in order to mitigate severe health impacts and avert
the potential for millions of climate change-related fatalities, it is imperative for the world
to take decisive action to limit the temperature rise to 1.5 ◦C. Regrettably, historical emis-
sions have already initiated a certain degree of global temperature increase and triggered
other climate changes that are now unavoidable. However, it is crucial to recognise that
even a global warming of up to 1.5 ◦C falls short of a safe threshold; every additional
tenth of a degree of warming will exact a profound toll on the well-being and lives of
people [1–4]. Furthermore, 930 million individuals, representing approximately 12% of
the global population, devote a significant portion of their household budgets, at least
10%, to cover healthcare expenses. Among them, the most economically disadvantaged
individuals often lack insurance, leaving them susceptible to unforeseen health-related
financial burdens. Consequently, an estimated 100 million people are pushed into poverty
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annually due to health shocks and stresses. The worrying reality is that the impacts of
climate change are worsening this troubling trend, adding to the challenges experienced by
these vulnerable communities [5–7].

The main driver of climate change is the greenhouse effect caused by greenhouse gas
emissions (GHGs). However, it is not just greenhouse gas (GHG) emissions that affect
the environment and health; ambient air pollution also poses a significant environmental
health challenge, impacting populations across all income levels, from low- to high-income
nations [8–11]. The World Health Organization (WHO) has shed light on the specific
health impacts of ambient air pollution. In 2019, it estimated that approximately 37% of
premature deaths linked to ambient air pollution were due to ischaemic heart disease and
stroke, with chronic obstructive pulmonary disease and acute lower respiratory infections
contributing 18% and 23%, respectively, to these deaths. Additionally, 11% of the fatalities
were associated with cancer of the respiratory tract. This detailed breakdown illustrates the
complex and widespread health risks posed by outdoor air pollution. Moreover, the burden
of outdoor air pollution falls disproportionately on those living in low- and middle-income
countries, where an alarming 89% of the 4.2 million premature deaths occurred [12–20].

The road transport sector, which includes mobile sources, is a major contributor to
GHGs, with carbon dioxide (CO2) being the most significant. CO2 plays a key role in
worsening climate change and global warming. Alongside CO2, vehicles also emit other
GHGs like methane (CH4) and nitrous oxide (N2O), released during the production and
transportation of fossil fuels. Additionally, mobile sources are significant emitters of air
pollutants, including particulate matter (PM), nitrogen oxides (NOx), carbon monoxide
(CO), and sulfur dioxide (SO2) [21–25].

Globally, the road transport sector accounts for roughly 14% (8.1 GtCO2eq) of total
GHG emissions and around 20% of CO2 emissions as of 2022. Moreover, GHG emissions
from transport experienced the largest reduction compared to the pre-COVID-19 period,
decreasing by approximately 14.1% in 2020. However, in 2022, this sector saw a significant
rebound, with emissions increasing by 4.7% [26,27]. In Thailand, the nation’s total GHG
emissions, excluding those from land use, land-use change, and forestry, amounted to
372,716.86 GgCO2eq. In 2019, Thailand’s primary source of GHG emissions remained
the energy sector, contributing 69.96% (260,772.69 GgCO2eq) of the country’s overall
GHG emissions. Within this sector, a significant share of emissions originated from fuel
combustion, particularly in the energy industries, which accounted for roughly 103,356.15
GgCO2eq (39.63%) of the total. The transport sector was the second largest contributor,
representing 76,923.02 GgCO2eq (29.50%) of the energy sector’s total emissions [28].

As previously mentioned, the road transport sector significantly contributes to ambient
air pollution in many countries [29–34], including Thailand. The main challenge concerning
air pollution revolves around the concentration of particulate matter, including particles
smaller than 2.5 µm in diameter (PM2.5) and those smaller than 10 µm in diameter (PM10).
Emission sources vary across geographic areas, with urban and suburban regions primarily
facing air pollution from mobile sources and open burning activities. Notably, open burning
is more prevalent during specific periods, particularly before agricultural production cycles,
while mobile sources consistently impact air quality throughout the year [35–37]. Therefore,
the management of mobile emission sources for reducing GHGs and specific air pollutants
should be reviewed nationwide.

Updating the mobile source emission inventory with dynamic emission factors is
crucial for improving measures to mitigate GHG and air pollutant emissions. Numerous
studies have assessed emission inventories using bottom-up, top-down, or combined
approaches to develop inventories of air pollutants. Mobile emission sources offer valuable
insights into local pollutant emission characteristics, aiding air quality simulations and
the development of pollution control measures, as observed in regions such as South
America [38], China [39], India [40], and Ecuador [41].

In addressing climate change, Thailand has outlined its nationally determined con-
tribution (NDC) roadmap for 2021–2030. Thailand submitted its second updated NDC in
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2022, demonstrating a strong commitment to reducing GHG emissions by 30% compared
to the Business-As-Usual (BAU) level by 2030 [28]. The NDC roadmap prioritises the
transportation sector, aiming to improve transportation and logistics efficiency, develop
low-carbon transport infrastructure, and incorporate sustainable practices to manage trans-
portation demand. This involves not only reducing GHG emissions but also curbing air
pollutants [42–44]. Therefore, to effectively tackle climate change and air pollution resulting
from the rapid growth of urban traffic, it is crucial to evaluate the additional benefits of
reducing GHG emissions and air pollutants in the urban transport sector.

Currently, co-benefits are often emphasised in discussions about reducing GHG emis-
sions and promoting human health. The co-benefit analysis approach provides a novel
method for quantitatively evaluating and developing comprehensive policies related to
regional environmental management and climate change. This approach has increasingly
become an essential policy tool for promoting sustainable development in the modern
era [45–51].

In the coming years, as urbanisation accelerates, achieving sustainable transportation
development has become a crucial objective in global urban infrastructure planning. Several
studies have evaluated the co-benefits of reducing GHG and air pollutant emissions in
the transportation sector, from the national and regional levels down to the city level, in
the pursuit of sustainable development goals [46,52,53]. Kim et al. (2020) conducted a
comprehensive investigation, merging an air quality model, economic model, and health
assessment model to assess the health-related advantages of climate change mitigation
across various scenarios in South Korea [47]. Wei et al. (2020) assessed the potential co-
benefits of air pollution control and climate mitigation policies within China’s electricity
sector [50]. In a separate study, Jiao et al. (2020) examined the impact of energy-related
measures outlined in the action plan on emissions of major air pollutants and CO2 within
the urban transport sector, focusing on the case of Guangzhou [46].

In Thailand, measures of specific air pollutants and GHGs have been implemented
to improve air quality in line with established regulations and to meet the commitments
made under the Paris Agreement to combat climate change. It is important to note that
the sources of emissions for both GHGs and specific air pollutants are often the same.
Therefore, it is essential to implement management strategies concurrently, leveraging
co-benefits from mitigation measures to improve air quality and reduce the impacts of
climate change simultaneously.

Consequently, this study aims to update and evaluate the dynamic emission factors
of both GHGs, such as CO2, N2O, and CH4, as well as specific air pollutants, including
CO, VOC, VOCevap, NOx, SO2, and PM10 from mobile sources using a vehicle emission
model. Subsequently, the study examines the emission inventory of each vehicle type
by linking the emission factors (g/km) to the annual average vehicle kilometre travel
(km/year). Additionally, emissions are modelled for each scenario to evaluate the impact
of various measures outlined in the policies. The contributions of different measures
within the policies to the co-benefits are further quantified, aiding in the identification
of measures with significant potential for reducing emissions of GHGs and specific air
pollutants in Thailand.

2. Materials and Methods

To explore efficient tactics for diminishing GHG and specific air pollutant emissions
within the urban transportation sector, a vehicle emission model has been formulated as a
valuable instrument for conducting assessments of vehicle emission inventories in diverse
developing Asian urban areas, such as Hanoi, Vietnam [54]; Bandung, Indonesia [55];
alongside cities in Ecuador [38,56] and India [57].

2.1. Vehicle Emission Model

The research utilised the International Vehicle Emissions (IVE) Model version 2.0
to compile an inventory of emissions estimated from mobile sources in Thailand, using
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2019 as the base year. Figure 1 illustrates the overarching methodology employed to
assess emissions through the IVE model in the study. To accurately compile inventories
of emissions from mobile sources, three key elements are essential: vehicle emission rates,
vehicle usage patterns, and the distribution of the vehicle fleet. The IVE model is specifically
designed to utilise readily available local data and relevant existing information to quantify
these crucial inputs.

The IVE model employs a method to estimate emissions by multiplying the base
emission rate for each technology with correction factors adjusted for specific vehicle
technologies. These correction factors, defined for each vehicle type, are then multiplied by
the amount of vehicle travel associated with each technology, resulting in the total emitted
emissions. Equation (1) within the model illustrates the internal calculation process for
determining the adjusted emission rate. Equations (2) and (3) further explain the process by
multiplying the base emission rate (B) with a series of correction factors (K) to estimate the
adjusted emission rate (Q) for each vehicle type. Furthermore, the correction factors can be
grouped into distinct categories, encompassing location-related variables (such as ambient
temperature, humidity, altitude, inspection or maintenance programmes, and base emission
adjustments), fuel quality, and power- and driving-related variables (including vehicle
specific power or VSP, road grade, air conditioning usage, and start distribution) [58,59].

Q(hot/cold)(t) = B(hot/cold)(t) × K(t)(1) × K(t)(2) × . . . K(t)(n) (1)

Q(hot,t) = ∑t

{
ft × ∑d[Qt × UDC × f(dt) × . . . K(dt)

]}
/Uc (2)

Q(hot,t) = ∑t

{
ft × Qt × ∑d[fdt × Kdt

]}
(3)

where
Q(hot/cold)(t) = the emission factor for each vehicle type and technology, either for hot-
running conditions in grams per kilometre (g/km) or cold-start conditions in grams
per start;
B(hot/cold)(t) = the base emission factor for each vehicle type and technology t, (hot-running
in g/km or cold-start in g/start);
K(1,2,. . .n), t = a set of correction factors specific to each vehicle type and technology t;
ft = the fraction of travel attributed to a particular technology;
f(dt) = the fraction of time associated with different types of driving or the proportion of
soaks attributed to a specific technology;
UDC = the average velocity of the test procedure driving cycle, maintained as a constant
value in kilometres per hour (km/h);
UC = the average velocity derived from the specific driving cycle, as input by the user
within the location file, expressed in kilometres per hour (km/h).

Creating input data for the IVE model entails producing the location file, fleet file,
and base adjustments file, all pivotal elements for assessing emissions. Guaranteeing
precise emissions estimation within a designated area necessitates compiling accurate data
pertaining to driving habits and local environmental circumstances. Subsequently, these
gathered data are input into the IVE location file, which contains particulars regarding the
driving behaviours prevalent in the region. This encompasses variables like the frequency
and manner of driving, incorporating details about speed and acceleration profiles.

The driving behaviours within the IVE model are elucidated through the characterisa-
tion of VSP and engine stress parameters. These parameters are derived from fundamental
vehicle type information and a comprehensive velocity trace recorded on a per-second
basis. VSP is determined based on the velocity and acceleration data recorded instanta-
neously. Engine stress, in tandem with VSP, plays a crucial role in enhancing the accuracy
of emission estimates for pollutants such as CO, NOx, and HC. Research indicates that
engine stress demonstrates the strongest correlation with vehicle power load demands
over the previous 20 s of operation, implying a close relationship with the inferred engine
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RPM [38,60]. Equations (4) and (5) then outline a method for estimating VSP and engine
stress, providing a systematic approach to quantify these pivotal parameters [58].

VSP = v[1.1a + 9.81(atan(sin(grade))) + 0.132] + 0.000302v3 (4)

where
grade = (ht=0 − ht=−1)/v(t=−1 to 0 s);
v = velocity (m/s);
a = acceleration (m/s2);
h = altitude (m).

Engine Stress(unitless) = RPMIndex +

(
0.08

ton
kW

)
× Preaverage Power (5)

where
Preaverage Power = Average (VSPt=−5 s to −25 s) (kW/ton);
RPMIndex = Velocityt=0/SpeedDivider (unitless);
Minimum RPMIndex = 0.9.
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Figure 1. Scope of the study (adapted from [61]).

Stress levels are classified into three categories—low, medium, and high—while VSP is
divided into 20 categories, resulting in a total of 60 bins that incorporate both VSP and stress.
Low engine stress typically characterises scenarios where the vehicle has experienced low
speeds and accelerations in the preceding 20 s of operation, resulting in a low engine RPM.
Conversely, high engine stress occurs during periods of high speeds and accelerations in
the most recent 20 s, coinciding with a high engine RPM [59,60].

Moreover, the location file logs commencement patterns, requiring information on the
frequency of vehicle starts and the duration of engine idle periods prior to restarts. It also
meticulously documents essential environmental factors such as altitude, road gradient,
and temperature. Finally, it considers fuel attributes like quality and the levels of pollutants
and additives. These precise data form the foundation for accurately assessing emissions
within the chosen geographical region.

The fleet file serves as a repository for the proportion of vehicle travel associated with
each technology. In the IVE model, there are a total of 1372 predefined technologies, supple-
mented by an additional 45 undefined technologies. These technologies are systematically
classified based on diverse parameters, including vehicle size (including trucks), fuel type,
vehicle application, fuel supply system, evaporative control system, and exhaust control
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system/standards. For this study, 71 technologies of specific vehicle types were selected
for estimating emission factors.

Furthermore, the IVE model employs base emission rates for both hot-running and
cold-start emissions associated with each vehicle technology integrated into the model.
These base emissions are determined through dynamometer testing conducted under
specific cycles and standard conditions. Most of the current data used to establish these
base emission factors originate from research conducted in the United States. Consequently,
the base emission rates are modified using vehicle emissions data obtained under the
Bangkok driving patterns or driving cycles (345BKKDV) in this study.

Ultimately, the emission factors for conventional air pollutants and GHGs are evalu-
ated, and the emission inventory is calculated based on the vehicle kilometres travelled
(VKT) per year and the number of registered vehicles for each specific vehicle type.

2.2. Data Collection
2.2.1. Vehicle Technology and Fuel Type

Improving air quality and protecting public health requires regulating emission
sources through the enforcement of emission standards, including those for mobile sources.
In Thailand, vehicle emission standards align with European standards and testing proce-
dures. The Euro emission standard includes regulations that govern vehicle emissions for
new vehicles in the European Union.

Introduced with the Euro 1 emission standard taking effect in 1992 in Europe [61,62],
Thailand adopted the Euro 1, 2, and 3 emission standards in 1998, 2001, and 2005, progressively
raising these standards over the years to enforce the Euro 4 standard since 2012 [35,61–63].
These mobile source regulations are complemented by public awareness campaigns promoting
the use of public transport and vehicles powered by alternative fuels, such as natural gas
and electricity. Additionally, the introduction of the Euro 5 and Euro 6 standards is poised to
further enhance emissions control by targeting reductions in nitrogen oxide and hydrocarbon
emissions, while also introducing a particulate number standard [64]. Furthermore, Thailand
implemented the Euro 5 fuel standard in January 2024 [65].

Additional vehicle data were obtained from the Transportation Statistics Group, Plan-
ning Division, Department of Land Transport [66]. Engine technology and emission control
for each vehicle type in Thailand are determined based on their specific technological
specifications and adherence to emission standards. Passenger cars, vans, and pickups
use Euro 1–4 engine standards, equipped with three-way catalysts but lacking exhaust gas
recirculation (EGR) technology, while buses and trucks employ EGR technology.

Fuel injection (FI) and multi-point fuel injection (MPFI) technologies are utilised
for air and fuel control across all vehicle types except motorcycles, which may feature
four-cycle engines. Additionally, gasoline, diesel, natural gas for vehicles (NGV), and
liquefied petroleum gas (LPG) fuels are used in all vehicle types except motorcycles, which
exclusively use gasoline. In 2019, gasoline was the primary fuel type used in vehicles (61%),
followed by diesel (29%), LPG (7%), compressed natural gas (CNG) (2%), and hybrid (1%).

2.2.2. Number of Vehicles and Mobility in Thailand

Thailand has experienced a significant increase in its vehicle population in recent years,
reflecting the country’s rapid urbanisation and economic growth. Official statistics from
the Thai Ministry of Transport reveal that the number of registered vehicles in Thailand
has steadily risen over the past decade. This growth includes various vehicle types, with
motorcycles making up the largest share, followed by passenger cars, pickups, trucks, vans,
and buses [66].

The increase in vehicle ownership has been linked to the significant impact of economic
growth on vehicle ownership trends, characterised by two main patterns. Firstly, with
rising income levels, there is a general increase in private vehicle ownership, indicative
of improved affordability and accessibility. Secondly, once individuals reach a certain
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level of personal income, there is often a shift from motorcycle ownership to private car
ownership [67–69].

The annual breakdown of registered motor vehicle types in Thailand from 2018 to 2021
shows that motorcycles made up the largest proportion (52.25–53.89%), followed by passenger
cars (25.36–26.77%), pickups (16.72–17.21%), trucks (2.03–2.89%), vans (1.05–1.07%), and buses
(0.31–0.42%). Consequently, the investigation focuses on assessing vehicle emissions for
motorcycles, passenger cars, pickups, trucks, vans, and buses. Additionally, there was a
consistent increase in the total number of registered vehicles in Thailand from 2008 to 2022.

2.2.3. Vehicle Kilometres Travelled (VKT) Calculation

The data on VKT across various vehicle categories in Thailand have been estimated
through comprehensive literature reviews and information from the Pollution Control De-
partment (PCD) database. Estimating emissions from mobile sources in Thailand requires
considering the VKT of each vehicle, measured in kilometres per year. This calculation
incorporates emission factors derived from model outputs specific to each vehicle type,
along with the annual count of registered vehicles.

Furthermore, for the input data required for the vehicle emission model, vehicles are
grouped into three categories based on their mileage: up to 79,000 km, 80,000–161,000 km,
and over 161,000 km. This classification applies to various vehicle types, including pas-
senger cars, vans, pickups, buses, and trucks. Similarly, motorcycles are segmented into
three categories based on their annual VKT: up to 25,000 km, 25,000–50,000 km, and over
50,000 km. Additionally, the size of all vehicles is determined by their gross weight and
engine capacity, which are classified into small, medium, and large groups according to the
emission model. However, only engine capacity is considered for motorcycles.

The expected mileage for each vehicle type is calculated using vehicle age data pro-
vided by the Department of Land Transport (DLT) in Thailand. The mileage categories
are then determined by multiplying the vehicle’s age (in years) by the average annual
VKT in kilometres. For the base year 2019, the breakdown of vehicle ages is broadly as
follows: most vehicles are 6 years old, followed by those that are 7 years and 15 years old,
respectively. In this research, vehicles older than 20 years are not taken into account, except
for buses, as they are still in operation.

2.3. Vehicle Emission Model Input Data
2.3.1. Driving Pattern

Driving patterns, also known as driving behaviours, encompass the various habits
and actions of drivers while operating vehicles. These patterns are significantly influenced
by factors such as revolutions per minute (RPM), acceleration, deceleration, and speed.
Additionally, external factors like traffic congestion and road slope directly impact fuel
consumption, air pollutant emissions, and GHG emissions [70,71]. The speed profile
measures both speed (km/h) and time (seconds; s).

Figure 2 illustrates the Bangkok driving patterns or driving cycles (345BKKDC) of
vehicles used in the study. The average driving speed for buses and trucks is approx-
imately 23.37 km/h, while passenger cars and motorcycles maintain an average speed
of 33.47 km/h, and vans and pickups travel at around 35.34 km/h. Additionally, the
maximum speeds recorded for these categories are approximately 66.90 km/h, 90.92 km/h,
and 86.42 km/h, respectively.
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The data align with findings from the Intelligent Traffic Information Center Foundation
(iTIC) regarding average speeds in Bangkok and surrounding areas. Between 2011 and
2016, the average speeds, covering both urban and rural regions, declined from 36.29 km/h
to 30.92 km/h [72]. Furthermore, the 345BKKDC typically conducts vehicle emissions tests,
providing a representation of emissions across a range of vehicle speeds, including low,
medium, and high. These tests are conducted at the Automotive Emission Laboratory (AEL)
within the Pollution Control Department, Ministry of Natural Resources and Environment
in Thailand.

2.3.2. Fleet Characteristics

Table 1 presents the fleet characteristics input for the base year (2019), including
fuel type, vehicle technology, and vehicle size. Gasoline is the primary fuel type for
passenger cars and motorcycles, while trucks, vans, and pickups predominantly use diesel
fuel. Additionally, alternative fuels such as CNG, LPG, and hybrid technologies are
also considered.

Table 1. The fleet characteristics input to the IVE model for the base year (2019).

Vehicle Type Passenger Car Van Pick up Motorcycle Bus Truck

1. Fuel type
• Gasoline 61% 7% 3% 100% 3% -

• Diesel 29% 86% 94% - 78% 77%

• NGV/NGV-
retrofit

2% 3% 1% - 17% 3%

• LPG/LPG-
retrofit

7% 4% 2% - 2% -

• Hybrid 1% - - - - -

2. Technology
2.1 Exhaust Euro 1-/3Way Euro 1-/3Way Euro 1-/3Way Catalyst Euro 2–3/3Way/EGR Euro 2–3/3Way/EGR

2.2 Air/fuel control FI/MPFI/Carburettor FI/MPFI/Carburettor FI/MPFI/Carburettor FI/Carburettor/4 cycle FI/MPFI/Carburettor FI/MPFI/Carburettor

3. Vehicle size Light/Medium Medium Medium Medium Medium Medium

Vehicle technology includes both exhaust and air/fuel control systems. The exhaust
system encompasses Euro 1–4 engine standards, with the use of exhaust gas recircula-
tion (EGR) varying depending on the specific vehicle technology [73] currently utilised
in Thailand. For motorcycles, four-cycle technology is currently employed. Moreover,
air/fuel control encompasses fuel injection (FI), multi-point fuel injection (MPFI), and
carburettor systems.
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Furthermore, vehicles are classified based on size into three distinct groups. The first
group comprises light-duty vehicles, such as passenger cars, vans, and pickups, categorised
as follows: those weighing between 5000 and 6600 lbs. with engines smaller than 1.5 litres
(small size), those weighing between 6601 and 9000 lbs. with engines less than 3 litres
(medium size), and those exceeding 9001 lbs. with engines larger than 3 litres (large size).

The second group consists of heavy-duty vehicles, including buses and trucks, cate-
gorised as follows: those weighing between 9000 and 14,000 lbs, those weighing between
14,001 and 33,000 lbs, and those exceeding 33,000 lbs, classified as small, medium, and large
sizes, respectively.

The last group encompasses motorcycles and is classified as follows: engines with less
than 100 cc, engines with less than 300 cc, and engines exceeding 301 cc, also categorised as
small, medium, and large sizes, respectively [60].

Additionally, the input data for location vary for each vehicle, but parameters such as
temperature, humidity, and fuel properties remain consistent. The average temperature
is set at 28 degrees Celsius, with humidity averaging approximately 76%, and the fuel
characteristics, for both gasoline and diesel, adhere to the Euro 4 standard [24]. Furthermore,
the distribution of technology within each vehicle type is provided as input data, with
approximately 25%, 3%, 18%, 18%, 14%, and 10% representing different vehicle technologies
allocated to passenger cars, motorcycles, vans, pickups, buses, and trucks, respectively, in
the base year.

2.3.3. Base Adjustment

To evaluate vehicle emissions of specific air pollutants and GHGs, a chassis dynamome-
ter test was conducted following the Bangkok driving cycle (345BKKDV), a protocol de-
veloped by the Pollution Control Department (PCD) of the Ministry of Natural Resources
and Environment in Thailand. These experiments took place at the Automotive Emission
Laboratory (AEL) within the PCD.

Vehicle emission factors were established through chassis dynamometer testing, with
test conditions closely aligned to regulatory standards, including Thai Industrial Standard
2560-2554 [74]. The emissions database, which records data on CO, NOx, PM10, CO2, and
CH4 emissions from vehicles classified by technology and VKT, is used to provide input
for the base adjustment rate.

2.4. Emission Inventory Calculation

The specific air pollutants, encompassing CO, VOC, VOCevap, NOx, SOx, and PM10,
alongside GHGs such as CO2, CH4, and N2O emitted by motor vehicles, are assessed using
the IVE model. These emissions are subsequently calculated based on the total annual VKT.
The results are presented in Equation (6).

∑ EIi,j = EFi,j × VKTi,j × Ni.j (6)

where
i = type of pollutant or GHG;
j = type of vehicle;
EI = emission inventory;
EF = emission factor;
N = total number of vehicles.

2.5. Scenario Analysis

In line with Thailand’s policies addressing air pollutants and GHGs from mobile
sources, there is a strong emphasis on mitigation strategies aimed at reducing emissions at
their source. The National Climate Change Policy Committee (NCCC) has tasked the Energy
Policy and Planning Office (EPPO) with leading the development of the national action
plan for reducing GHG emissions in the energy sector from 2021 to 2030. This initiative
involves collaboration with the Office of Natural Resources and Environmental Policy and
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Planning (ONEP) and the Thailand Greenhouse Gas Management Organisation (TGO).
Moreover, the Office of Transport and Traffic Policy and Planning (OTP) has developed the
NDC Sectoral Action Plan for the Transport Sector for the same period, aiming to achieve
significant reductions in GHG emissions, equivalent to millions of tonnes of carbon dioxide.

The focus is on creating effective and sustainable transportation systems to reduce
energy consumption in the transport sector, alleviate traffic congestion, develop liveable
urban areas, and mitigate GHG emissions. To achieve this goal, three key measures are
recommended: Firstly, developing policies that discourage unnecessary travel and reduce
travel distances by seamlessly integrating urban planning with appropriate transportation
planning. Secondly, promoting a shift from private vehicle use to more environmentally
friendly and efficient modes of travel, such as public transport, cycling, and walking. Lastly,
implementing policies to improve the energy efficiency of motor vehicles and optimise
fuel efficiency. This includes adopting automotive energy-saving technologies, exploring
alternative energy sources, promoting gasohol use, and popularising electric vehicles (EVs)
and bicycles [28].

These action plans include specific measures aimed at reducing air pollution, such
as converting diesel bus engines to NGV and Evs [75]. Moreover, promoting public trans-
port [76] and adopting alternative vehicle engines, such as Evs, are seen as strategies
for mitigating GHG emissions [77]. Additionally, Evs represent a continuously evolving
transportation technology that has emerged over the last decade, characterised by zero
emissions [78,79]. Therefore, this study focuses on evaluating scenarios involving encour-
aging measures such as promoting the use of public transport, transitioning new passenger
cars to Evs, and converting buses from diesel engines to Evs.

3. Results and Discussion
3.1. VKT Estimation

The updated PCD database and relevant research [80] provide estimates for the annual
average VKT within each primary vehicle category, as shown in Table 2. Buses have the
highest average annual VKT per vehicle, followed by trucks, vans, pickups, passenger cars,
and motorcycles, respectively. However, the total VKT during the base year was the highest
for passenger cars, followed by pickups, motorcycles, trucks, buses, and vans, respectively.
This discrepancy can be attributed to the number of vehicles, which affects the assessment
of the emission inventory [24,54].

Table 2. The annual average mileage and the total mileage of passenger cars, motorcycles, vans,
pickups, buses, and trucks in Thailand.

Vehicle Type Annual Average VKT
(Thousands of Kilometres) N Total VKT (2019)

(Billions of Kilometres)

Passenger car 23.98 747 210.93
Motorcycle 4.24 687 86.64

Van and pickup 26.85 559 7.20 (Van); 132.92 (Pickup)
Bus 74.53 508 8.81

Truck 62.33 404 38.14

3.2. Emission Factor and Emission Inventory in the Base Year

The IVE model evaluates emission factors for both specific air pollutants and GHGs
across all vehicle categories. Table 3 shows the total emission factors for the base year, 2019.
Updated emission factors for specific air pollutants and GHGs for each vehicle type and
technology in the base year 2019 are also available in the Supplementary Material. Notably,
the highest CO emission factors are attributed to passenger cars during cold starts (g/start)
and hot running (g/km). The highest VOC emission factors are primarily associated with
motorcycles during both cold starts and hot running. The VOCevap emission factor during
hot running is predominantly linked to buses, while during cold starts it is highest in
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passenger cars. Additionally, SOx and NOx emission factors are primarily emitted during
cold starts by passenger cars and during hot running by buses. The PM10 emission factors
are highest in buses during both cold starts and hot running.

Table 3. Emission factors for all vehicle categories in Thailand during the base year of 2019.

Pollutant
and GHG

Emission Factor
(Unit)

Vehicle Type

Passenger Car Motorcycle Van Pickup Bus Truck

CO
g/start 28.64 16.83 12.81 6.57 1.70 0.45
g/km 90.37 33.49 37.73 13.70 31.71 2.78

VOC
g/start 1.75 3.98 0.48 0.32 0.06 0.04
g/km 0.63 1.73 0.22 0.10 0.64 0.30

VOCevap
g/start 1.19 0.54 0.35 0.13 0.63 0.07
g/km 0.18 0.15 0.04 0.02 0.20 0.02

NOx
g/start 1.05 0.78 0.57 0.38 0.76 0.70
g/km 1.30 0.32 5.59 5.93 6.96 6.12

SOx
g/start 5.96 × 10−4 1.04 × 10−4 4.67 × 10−4 4.62 × 10−4 2.81 × 10−4 2.23 × 10−4

g/km 1.62 × 10−3 4.86 × 10−4 1.21 × 10−3 1.19 × 10−3 2.51 × 10−3 1.98 × 10−3

PM10
g/start 0.18 0.14 0.59 0.63 0.64 0.59
g/km 0.04 0.10 0.09 0.09 0.48 0.44

CO2
g/start 65.95 21.17 105.05 111.13 87.50 71.61
g/km 446.86 114.32 1590.40 1714.83 815.22 651.27

N2O g/start 0.04 3.34 × 10−3 0.03 0.03 0.06 0.05
g/km 0.01 N.A. * 0.01 0.01 0.07 0.08

CH4
g/start 0.66 0.85 0.63 0.16 0.04 0.01
g/km 0.50 0.57 0.67 0.15 0.54 0.08

* N.A. = not applicable.

Additionally, significant CO2 emission factors occur during both starts and running
for pickups, while N2O emission factors during cold starts and running are the primary
source of emissions for buses and trucks, respectively. Lastly, regarding CH4 emission
factors, motorcycles exhibit higher emissions than other vehicles during cold starts, and
buses have higher emissions during hot running. Subsequently, emission inventories for
all vehicle types are compiled based on the average VKT and emission factors.

Moreover, pickups exhibit notable CO2 emission factors during both starts and run-
ning. Cold starts and running are the primary sources of N2O emission factors for buses
and trucks, respectively. Lastly, regarding CH4 emission factors, motorcycles have higher
emissions than other vehicles during cold starts, while vans have the highest emission
factor during hot running. Consequently, emission inventories for all vehicle types are
established based on the average VKT and emission factors.

The emission inventory for specific air pollutants and GHGs in the base year is
outlined in Table 4. The analysis revealed that CO emissions were primarily linked to
motorcycles, with passenger cars, trucks, pickups, buses, and vans following in descending
order of contribution. Conversely, VOC emissions were predominantly associated with
motorcycles, with passenger cars, trucks, buses, pickups, and vans following in sequence.
Moreover, passenger cars were identified as the primary sources of VOCevap emissions,
with motorcycles, buses, pickups, trucks, and vans subsequently ranking in terms of
contribution. Additionally, NOx emissions were primarily emitted by pickups, with trucks,
buses, passenger cars, motorcycles, and vans following, respectively. For SOx emissions,
passenger cars were the main contributors, followed by trucks, pickups, motorcycles, buses,
and vans.
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Table 4. The emission inventory for conventional air pollutants and greenhouse gases in the base
year (2019).

Pollutants and
Greenhouse Gas

Emissions (Gg)

Passenger Car Motorcycle Van Pickup Bus Truck

CO 1065.80 1192.80 4.61 18.94 15.57 20.89
VOC 7.10 52.42 0.05 0.87 0.89 4.01

VOCevap 4.16 3.46 0.01 0.02 0.20 0.02
NOx 17.00 10.59 7.29 171.08 17.76 80.39
SOx 0.04 0.02 1.41 × 10−3 0.03 0.01 0.03

PM10 0.54 3.19 0.12 2.69 1.38 6.47
CO2 9672.55 3893.96 2029.32 46,707.89 1859.68 8397.76
N2O 0.25 2.96 × 10−5 0.01 0.26 0.14 0.77
CH4 2.16 16.77 0.08 0.09 0.56 0.07

However, the variation observed among vehicle types can be attributed to differences
in fuel type, which include gasoline and diesel fuel, all conforming to the Euro 4 standard
and containing low sulfur levels (<50 ppm). Regarding PM10 emissions, trucks were
identified as the primary contributors, followed by motorcycles, pickups, buses, passenger
cars, and vans, respectively. This trend can be attributed to older technology and the large
VKT of vehicles still in operation within the region.

The analysis revealed that pickups are the primary source of CO2 emissions, followed
by passenger cars, trucks, motorcycles, vans, and buses in that order. N2O emissions
were most significant from trucks, followed by pickups, passenger cars, buses, vans, and
motorcycles, respectively. In terms of CH4 emissions, motorcycles were identified as
the largest emitters, with passenger cars, buses, pickups, vans, and trucks following in
descending order.

The calculation of GHG emissions in the Fifth Assessment Report (AR5) is expressed
in carbon dioxide equivalent (CO2eq). This standardises the measurement of various gases
by their global warming potential (GWP) over a specific timeframe, typically 100 years.
GWP serves as an index, with CO2 assigned a value of 1. Comparatively, other GHGs are
evaluated based on how much more warming they induce relative to CO2. For instance,
over a 100-year period, CH4 has a GWP of 28, while N2O has a GWP of 265 [45]. Hence,
the GHG emissions attributable to pickups amount to 46,779.96 GgCO2eq, representing
the highest emissions category. Subsequently, passenger cars, trucks, motorcycles, vans,
and buses display emissions of approximately 9800.10, 8604.74, 4363.43, 2034.94, and
1911.10 GgCO2eq, respectively, resulting in a cumulative total of 73,494.27 GgCO2eq. These
findings indicating the predominant contribution of air pollutants and GHGs align with
previous studies conducted in Myanmar [81], Ecuador [38], and Indonesia [55].

3.3. Uncertainty Analysis

Generally, uncertainty in emission inventories primarily arises from data concerning
emission factors and activity data [82–84]. The main sources of uncertainty in the emission
inventory include variations in the number of registered vehicles, emission factors, the
annual average VKT, and the driving pattern. Data on the number of registered vehicles
were obtained from official statistics. The dynamic emission factor is determined by
multiplying the correction factor with the base emission factor, which has been adjusted
using laboratory-measured emission factors for specific air pollutants and GHGs from
vehicles. However, vehicle emission testing in Thailand does not encompass all vehicle
technologies. Hence, the default correction factors within the vehicle emission model were
collectively employed. Regarding the annual average VKT, due to the lack of accurate local
statistics, the data used in this study were obtained from official channels, including the
PCD and other references.
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3.4. BAU Scenario

Vehicle estimates from 2023 to 2030 are based on the growth rates of specific vehicle
classifications recorded in the data provided by the DLT from 2010 to 2022. The average
annual growth rate for all vehicle types during this period was approximately 3.42%. The
specific growth rates for each vehicle category were as follows: 5.27% for passenger cars,
2.93% for vans, −0.36% for pickups, 0.0015% for motorcycles, −0.03% for buses, and 5.36%
for trucks. Figure 3 provides a graphical representation of the cumulative vehicle count.
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Figure 3. The total number of vehicle types between 2019 and 2030 under the BAU scenario.

The data highlight a notable increase in the cumulative number of trucks, accompanied
by rises in the counts of passenger cars and vans, between 2021 and 2030. Conversely,
the figures for pickups, motorcycles, and buses remained relatively stable during this
period. In 2020 and 2021, all vehicle categories experienced declines due to the impact of
the COVID-19 pandemic, except for vans, which saw growth in 2020, and passenger cars
and motorcycles, which saw increases in 2021.

The results from the BAU scenario concerning dynamic emission factors and emissions
of specific air pollutants from 2019 to 2030 indicate a general rise in CO, VOC, VOCevap,
PM10, NOx, SOx, CO2, CH4, and N2O across various vehicle categories when compared
to the base year. Noteworthy is the decline in emissions from buses across all pollutants.
This trend may be linked to the cumulative number of buses deployed across different
technologies. Furthermore, motorcycles are recognised as the primary contributors to
specific pollutant emissions, constituting 46.58%, followed by passenger cars (40.39%),
pickups (7.14%), trucks (4.12%), buses (1.32%), and vans (0.45%), all of which also have
a significant impact. Most vehicle emissions are mainly comprised of CO and NOx, ac-
counting for 85.93% and 10.61% respectively, with VOC (2.33%), PM10 (0.65%), VOCevap
(0.47%), and SOx (0.01%) following closely. Motorcycles are the main contributors to CO
and VOC emissions, while passenger cars play a significant role in CO, VOCevap, and SOx
emissions. Additionally, PM10 emissions primarily originate from a significant portion of
diesel engines, with trucks being the largest contributors.

Regarding GHG emissions, CO2 is the main contributor from vehicles, accounting
for 99.92% of the total. Pickups are identified as the largest emitters of CO2, followed
by trucks, passenger cars, motorcycles, vans, and buses, respectively. Moreover, most
CH4 emissions are linked to motorcycles, constituting 86.09% of total CH4 emissions.
This can be attributed to the widespread use of petrol in motorcycles, which have the
highest cumulative numbers among vehicle types, making up approximately 52.25% of the
total vehicle count. Additionally, N2O emissions are mainly associated with trucks, albeit
relatively low at around 17.57 Gg/year, representing about 0.01% of total GHG emissions.
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Furthermore, there has been a general upward trend in GHG emissions from vehicles
since the base year. The total GHG emissions (GgCO2eq) are predominantly attributed
to pickups (51.81%), with trucks (18.59%), passenger cars (18.13%), vans (2.67%), buses
(2.20%), and motorcycles (6.60%) following in descending order of emissions.

3.5. Mitigation Measures Scenario and Co-Benefit

The NDC roadmap outlines strategies to mitigate GHG emissions in the transportation
sector from 2021 to 2030, focusing on targeted measures to combat air pollution. Two spe-
cific scenarios have been evaluated: bus scenarios and passenger car scenarios. Regarding
buses, the scenarios entail transitioning from diesel engines, including those less than 1 year
old and phasing out those that are 20 years old, to EVs with adoption rates of both 50%
and 100%. Similarly, concerning new passenger cars (less than 1 year old), the focus shifts
from reliance on gasoline and diesel fuel to the adoption of EVs at rates around 50% and
100%. This transition is accompanied by a potential 20% reduction in VKT, facilitated by
the promotion of public transportation usage.

(1) Passenger car scenarios

The passenger car scenarios include four different plans, each involving the transition
of new passenger cars from petrol and diesel engines to EVs. The adoption rates are set
at 50%, either with or without a 20% reduction in VKT, and at 100% adoption with the
same VKT reduction. In the scenario where 50% of new passenger cars transition to EVs,
CO emissions are observed to slightly increase from 2023 to 2030. Specifically, in 2023, the
emissions of specific air pollutants and GHGs in this scenario exceed those of the BAU
scenario.

Additionally, CO emissions decrease from 2024 to 2030, except for 2025, compared to
the BAU scenario. VOC emissions also decrease from 2024 to 2030, except for 2028, while
VOCevap emissions exceed the base year from 2023 to 2024, except for 2026. Furthermore,
PM10 emissions surpass those of the BAU scenario in 2027 and 2028. Moreover, GHG
emissions from 2025 to 2030 decrease compared to the BAU scenario. The variations in
emission levels can be attributed to differences in the cumulative number of passenger cars
across various technologies.

In the first scenario, the most significant reduction in emissions compared to the BAU
scenario is observed in CO at 12.00%, followed by GHG at 10.63%, SOx at 9.09%, NOx and
VOC at 5.75%, PM10 at 3.38%, and VOCevap at 1.74%. In the second scenario, involving
the transition of 100% of new passenger cars to EVs, all specific air pollutants and GHG
emissions show a slight increase from 2023 to 2030. However, they remain lower than the
BAU scenario, except for VOCevap emissions in 2027 and 2028, which exceed those of the
BAU case. Furthermore, the most significant reduction in emissions compared to the BAU
scenario is observed in GHG at 24.63%, followed by SOx at 17.66%, CO at 12.44%, NOx at
10.88%, VOC at 6.59%, PM10 at 5.74%, and VOCevap at 2.85%.

Furthermore, in the final two scenarios, involving the transition of new passenger
cars from petrol and diesel engines to EVs at both 50% and 100% adoption rates, with
a 20% reduction in VKT, emissions of all types show a slight increase from 2023 to 2030.
Nevertheless, these scenarios exhibit a significant decrease compared to the BAU scenario.
Therefore, mitigation strategies aimed at reducing GHG emissions require not only the
transition from fossil fuel engines to EVs in passenger cars but also initiatives to reduce
VKT, such as promoting the use of public transport and minimising the use of private cars.

In the third scenario, which involves transitioning new passenger cars from petrol
and diesel engines to EVs at a 50% adoption rate with a 20% reduction in VKT, the most
notable reduction in emissions compared to the BAU scenario is observed in CO at 29.60%,
followed by GHG at 28.50%, SOx at 27.27%, NOx at 24.70%, VOC at 24.60%, PM10 at 22.70%,
and VOCevap at 21.38%.

Finally, in the last scenario concerning passenger cars, which entails transitioning new
vehicles from petrol and diesel engines to EVs at a 100% adoption rate with a 20% reduction
in VKT, the most significant reduction in emissions compared to the BAU scenario is
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observed in GHG at 39.70%, followed by SOx at 32.12%, CO at 29.95%, NOx at 28.70%,
VOC at 25.27%, PM10 at 24.59%, and VOCevap at 22.27%. The emissions of air pollutants
and GHGs within the passenger car scenarios from 2019 to 2030 are illustrated in Figure 4.
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(2) Bus scenarios

In the context of bus transportation, two scenarios are considered: one involves
replacing existing 20-year-old diesel buses, while the other entails transitioning new diesel
buses to electric buses at adoption rates of 50% and 100%, respectively. The outcomes
indicate a noticeable decreasing trend from 2023 to 2030. Additionally, emissions of specific
air pollutants and GHGs show a significant decrease compared to the BAU scenario. For
CO and VOCevap, there is a marginal reduction in emissions, while emissions of other
pollutants and GHGs exhibit a significant decrease compared to the BAU scenarios.

In the initial bus scenario, where the shift from new diesel buses to electric buses
occurs at a 50% adoption rate, the most significant reduction in emissions compared to the
BAU scenario is noticeable in NOx at 78.72%, followed by PM10 at 77.02%, VOC at 73.57%,
SOx at 72.04%, GHG at 70.74%, CO at 26.98%, and VOCevap at 23.18%. In the ultimate bus
scenario, involving the complete transition of new diesel buses to electric buses at a 100%
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adoption rate, the most notable decrease in emissions compared to the BAU scenario is
observed in NOx at 80.24%, followed by PM10 at 77.83%, VOC at 75.44%, SOx at 74.82%,
GHG at 74.03%, CO at 39.41%, and VOCevap at 36.17%. This scenario could initially be
implemented in specific areas such as the Bangkok Metropolitan Area, Pattaya City, Phuket
City, Chiang Mai City, and other urban centres under the authority of the Ministry of
Transport of the Thai government [85].

Moreover, the National Electric Vehicle Policy Committee of Thailand has provisionally
approved tax incentives to promote the acquisition of electric buses and electric trucks, with
the aim of supporting the business sector’s efforts to reduce carbon emissions. Under this
initiative, companies purchasing domestically manufactured vehicles will qualify for an
expense deduction equal to twice the actual price of the vehicles, without a price cap [86].
The emissions of air pollutants and GHGs under the bus scenarios from 2019 to 2030 are
illustrated in Figure 5.

Energies 2024, 17, x FOR PEER REVIEW 18 of 23 
 

 

  
Figure 5. Emissions of air pollutants and greenhouse gases under the bus scenarios from 2019 to 
2030 include: (a) CO emissions; (b) NOx emissions; (c) SOx emissions; (d) PM10 emissions; (e) VOC 
emissions; (f) VOCevap emission. 

3.6. Limitations 
The limitations of this study require further refinement and exploration. Firstly, to 

reduce complexity, this paper focused on the co-benefits of GHG emissions and specific 
air pollutant emissions. However, GHG mitigation also brings additional advantages in 
terms of health impacts, ecosystems, economic systems, and resource-use efficiency 
[87,88], which may vary significantly across different areas, thus necessitating further 
investigations. Future studies should provide a more comprehensive assessment of the 
human health impacts resulting from emissions reduction. 

4. Conclusions 
The assessment of specific air pollutants and GHG emissions from road vehicles in 

Thailand relies on data from the Thailand database, with the reference year of 2019. Actual 
data from 2019 to 2022 are used, while projections for 2023–2030 are based on the baseline 
year. The IVE model incorporates secondary database input adjusted to real driving data 
for emission factors related to Thai vehicle characteristics. Dynamic emission factors for 
air pollutants and GHGs are evaluated alongside the average VKT for each vehicle type. 
The BAU scenario, reflecting current policies to mitigate emissions in the transportation 
sector, considers strategies such as EV adoption and the promotion of public 
transportation to reduce VKT. 

Figure 5. Emissions of air pollutants and greenhouse gases under the bus scenarios from 2019 to
2030 include: (a) CO emissions; (b) NOx emissions; (c) SOx emissions; (d) PM10 emissions; (e) VOC
emissions; (f) VOCevap emission.

The results of the mitigation scenarios, compared to the BAU scenario, indicate that
plans incorporating strategies to reduce GHG emissions and specific air pollution, aimed
at replacing diesel fuel with EVs in new passenger cars and new buses, led to decreases
across all scenarios. In particular, transitioning from new petrol and/or diesel vehicles
to EVs at a 100% adoption rate, alongside a reduction in VKT, resulted in the greatest
reductions in specific air pollutants and GHG emissions, at 13.65% and 11.11%, respectively.
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Table 5 illustrates the percentage reductions of specific air pollutants and GHG emissions
for each scenario.

Table 5. GHG emissions reduction (%) of passenger car and bus scenarios from 2023 to 2030.

Pollutant
and GHG

Passenger Car Scenarios (A)
(% Reduction)

Bus Scenarios (B)
(% Reduction)

(A) and (B)
(% Reduction)

(1) EV
50%

(2) EV 50% with
a 20% Reduction

in VKT

(3) EV
100%

(4) EV 100 with
a 20% Reduction

in VKT
(5) EV 50% (6) EV

100% (4) + (6)

CO 0.31–5.44 8.23–13.41 0.59–5.64 8.37–13.57 0.07–0.10 0.13–0.23 8.48–13.65
VOC 0.02–0.64 1.89–2.73 0.13–0.73 1.95–2.81 0.58–0.95 0.71–1.06 2.90–3.52

VOCevap 0–1.05 9.45–12.92 0.71–1.72 10.72–13.46 0.02–0.11 0.06–0.45 10.87–13.54
NOx 0.02–0.52 1.12–2.27 0.20–1.02 1.21–2.70 2.74–4.10 3.17–4.38 5.09–6.06
SOx 0.69–3.51 4.80–10.52 2.05–6.64 6.16–13.03 1.29–2.53 2.26–3.77 8.71–14.41

PM10 0.03–0.18 0.80–1.13 0.11–0.30 0.88–1.49 3.12–5.69 3.54–5.97 4.70–6.58
GHG 0.14–2.65 0.96–7.12 1.45–5.99 2.26–9.79 1.22–1.67 1.32–1.67 3.93–11.11

3.6. Limitations

The limitations of this study require further refinement and exploration. Firstly, to
reduce complexity, this paper focused on the co-benefits of GHG emissions and specific
air pollutant emissions. However, GHG mitigation also brings additional advantages in
terms of health impacts, ecosystems, economic systems, and resource-use efficiency [87,88],
which may vary significantly across different areas, thus necessitating further investigations.
Future studies should provide a more comprehensive assessment of the human health
impacts resulting from emissions reduction.

4. Conclusions

The assessment of specific air pollutants and GHG emissions from road vehicles in
Thailand relies on data from the Thailand database, with the reference year of 2019. Actual
data from 2019 to 2022 are used, while projections for 2023–2030 are based on the baseline
year. The IVE model incorporates secondary database input adjusted to real driving data
for emission factors related to Thai vehicle characteristics. Dynamic emission factors for
air pollutants and GHGs are evaluated alongside the average VKT for each vehicle type.
The BAU scenario, reflecting current policies to mitigate emissions in the transportation
sector, considers strategies such as EV adoption and the promotion of public transportation
to reduce VKT.

In the BAU scenario, the total number of road vehicles in Thailand, including passenger
cars, motorcycles, pickups, vans, trucks, and buses, is projected to rise by around 6.59%
by 2030, leading to an increase in specific air pollutants and GHG emissions compared to
the reference year. Nevertheless, adopting new EV passenger cars and buses in line with
Thailand’s outlined strategies will significantly reduce GHG emissions and specific air
pollutants from the road transportation sector.

Furthermore, in potential scenarios where the transition to EVs occurs at rates of 50%
and 100%, GHG emissions could be reduced by 7940.16 and 7859.03 GgCO2eq, respectively,
by the year 2030. These reductions represent decreases of 10.80% and 10.69% compared to
the BAU scenario, respectively.

Moreover, the largest emission factors for certain vehicles may not necessarily result in
the highest emissions, as this depends on the annual average VKT and the various vehicle
technologies each year. Consequently, specific air pollutant and GHG inventories will be
crucial factors supporting the sustainable development of Thailand’s transportation sector
strategies in the future.

Scenario analysis has the potential to reduce GHG emissions and yield additional
benefits by lowering local air pollutant emissions. Electric vehicles, particularly passenger
cars and buses, demonstrate significant potential for reducing GHG emissions as well as
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associated air pollutants such as CO, VOCs, VOCevap, NOx, SOx, and PM10. However, a
more effective strategy for both GHG reduction and air quality improvement involves not
only promoting the adoption of EVs but also encouraging the public to use public transport.

Furthermore, the introduction of policies targeting GHG emissions reduction is ex-
pected to significantly reduce air pollution emissions, leading to a maximum co-benefit
of 11.11% for GHG reduction and 6.58% for PM10 emissions reduction. However, the
government must provide support and encouragement for EV adoption. Nevertheless, a
high penetration rate of EVs will affect Thailand’s energy system, particularly the road
transport sector. This impact includes changes in the overall energy demand trend, the
load profile of electricity demand, and the indirect GHG emissions generated from energy
production for vehicles.

Future scenarios can be explored through long-term strategies, such as setting objec-
tives to achieve carbon neutrality by 2050 and net-zero GHG emissions by 2065 in Thailand.
Additionally, other co-benefits, such as health improvements, increased economic outcomes,
and the reduction of negative impacts on ecosystems, should be investigated.
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