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Abstract

Unhealthy levels of fine particulate matter (PM2.5) contribute to significant
human disease burden in the Bangkok Metropolitan Region (BMR). A Low Emission
Zone (LEZ) targeting old heavy-duty vehicles (HDVs) can supplement current
government policies and marginally reduce the concentration of ambient PM2.5. Health
benefits and vehicle upgrade costs were quantified to calculate benefit-cost ratios (BCR)
as a mean to assess the feasibility of a LEZ. BCRs were calculated for a prospective LEZ
that prohibits Pre-EURO/EURO | HDVs from entering the BMR, with two outcome
scenarios: replacing the targeted HDVs with EURO Il HDVs and replacing the targeted
HDVs with EURO IV HDVs. The analysis period was 2020 — 2035, with the hypothetical
LEZ beginning in 2022.

The health benefits of the EURO 111 outcome scenario were calculated to be
$270.15 million against a technology upgrade cost of $29.45 million, for a BCR of 9.17.
The health benefits of the EURO IV outcome scenario were calculated to be $308.98
million against a technology upgrade cost of $138.03 million, for a BCR of 2.24. Due to
substantially lower technology upgrade costs, the EURO Il1 scenario outperformed the
EURO IV scenario. Both outcome scenarios resulted in a BCR greater than one,
matching the hypothesis. However, the best outcome scenario was the EURO 111
scenario, instead of the hypothesized EURO IV scenario, with a BCR value significantly

higher than the predicted 2-3 estimation.



The relatively high BCR values suggested that a LEZ is a policy option worth
immediate consideration, alongside with the current HDV EURO 11 exhaust standard. It
is not necessary for the government to improve contemporary standards to EURO IV
before a LEZ implementation. Furthermore, the methodology in this study presented a
more streamlined process to calculate BCRs by only quantifying the most relevant benefit
and cost factors unbiasedly. It is hoped that the methodology is standardized so that other
future LEZ feasibilities studies could have a base common indicator BCR that can be

directly compared with each other.
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Chapter |

Introduction

Ambient air pollution is a serious health and well-being concern and was
responsible for approximately seven million premature deaths annually worldwide in
2020 (WHO, 2020). On-road vehicles contribute a significant portion of man-made air
pollution, especially for urban areas (Lelieveld et al., 2015). In the Thai capital city of
Bangkok, road traffic congestion is consistently ranked among the highest in the world
(Tomtom, 2020). This contributed to unhealthy levels of fine particulate matter, a
component of air pollution abbreviated as PM2.5. In Bangkok province, ambient PM2.5
were estimated to be responsible almost 6000 deaths annually in 2019 (Fold et al., 2020).

However, the problem of urban air pollution was only briefly mentioned in
Thailand’s 20-Year National Strategy (2018-2037). The topic was lumped into the
strategic guideline titled: “Developing urban, rural, agricultural, and industrial areas with
a key focus on a sustainable growth,” where the guideline’s description contained the
phrase “lessening pollution and environmental impacts” (National Economic and Social
Development Council, 2019). The National Strategy did not mention the term PM2.5 nor
specify policy solutions to urban air pollution, despite suggesting policy solutions to
other sustainability problems. Hence, there is no concrete long-term strategy that
exclusively resolves this problem at the top national level.

Currently, the Thai government’s longstanding policies of tackling PM2.5 are to
gradually raise the minimum vehicle-exhaust emission and fuel quality level standards.
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However, when public awareness on the issue increased rapidly in the winter of 2018
(Google trends, 2022), the government did not take the opportunity to supplement the
existing long-term policies. Instead of tackling the root causes of PM2.5, the
government’s main focus was a short-term solution to reduce exposure and mitigate
PM2.5only in localized areas. Their policies were inconsistent and unconventional.
These included installing rooftop air purifiers on buses, deploying water-spraying drones,
road closures, and suspending outdoor activities in schools (Bangkok Post, 2019).
Therefore, there is a need of an additional policy that reduces on-road vehicle
PM2.5emissions on a large scale as well as for a long-term perspective.

By focusing on raising the emission standards for new vehicles and introducing
cleaner fuels, older vehicles with outdated standards are not being targeted enough. One
potential policy to accelerate the natural reduction of old vehicles is called a Low
Emission Zone (LEZ). LEZs are regulated zones in which certain vehicles failing to meet
emission standards are not allowed to enter freely. Before policies such as a LEZ are
implemented, a quantitative cost-benefit analysis (CBA) is sometimes conducted as part
of a feasibility study. However, there is no fixed methodology into what benefit and cost
factors should be quantified. A case can be made for a common indicator that only

compares the most relevant cost to the most relevant benefits.

Research Significance and Objectives
To this end, | assessed the suitability of LEZ implementation in the Bangkok
Metropolitan Region (BMR) by calculating benefit-cost ratios (BCRs) for different

heavy-duty vehicle (HDV) exhaust standard outcome scenarios. Health benefits and



technology upgrade costs for each exhaust standard level were identified as a part of the
benefit-cost ratios analysis.

The advantage of my BCRs is that they quantified the most direct health benefits
and financial costs of a LEZ. For more complicated feasibility studies that quantify other
factors, the values of the BCRs could distinguish and highlight the most relevant portion
of the CBA. On the other hand, for governments with limit available resources or those
looking to fast-track a CBA, the methodology of the BCRs provides a more streamlined
option. The BCRs could then be compared across multiple LEZ CBA, or as a preliminary
assessment indicator to conduct a full feasibility test. Furthermore, this methodology
could help produce simplified methodologies for other air pollution policies.

Regarding the case study of Bangkok, the resulting BCR values would be
valuable to the Thai government as benchmarks, if they were to consider a LEZ
implementation of any form in any Thai city. Higher values of BCRs could help spark
interest to advance the case for an LEZ in Bangkok, while lower values could dissuade
further study.

The primary objectives of my research paper were therefore:

. To calculate BCRs for different outcome scenarios of a LEZ in the

Bangkok Metropolitan Region (BMR)
. To develop a methodology that improves the process and consistency of

conducting a LEZ CBA



Background

The primary components of ambient air pollution include ozone (O3), nitrogen
oxides (NOx), sulfur oxides (SOx), carbon monoxide (CO), and particulate matter (PM).
Chronic exposure to polluted air significantly deteriorates the human respiratory system,
as well as aggravate other pre-existing conditions (WHO, 2013).1n particular, PM2.5, is
especially detrimental to human health. PM2.5 refers to particles smaller than 2.5
micrometers in diameter, which ranges from harmless water droplets to the more harmful
dust, dirt, soot and smoke (EPA, 2020). Due to their small size, PM2.5 have the ability to
penetrate deep into the lungs, degrade the alveolar wall, and enter the blood stream (Xing
et al., 2016). They can cause a number of diseases including asthma, diabetes,
cardiovascular disease and lung cancer, leading to premature deaths (Li et al., 2018; Chen

et al., 2013; Pope Il et al., 2002).

PM2.5 in the Bangkok Metropolitan Region (BMR)

The continuous hourly measurement of ambient PM2.5 in Thailand began
recently in 2012. Previously, monitoring stations were equipped to measure PM10, which
are coarser particular matter. In 2013, only one station was equipped to measure PM2.5
in Bangkok province (Fold et al., 2020). However, in 2018 the number had substantially
risen to more than 30 stations and by early 2022, there were 62 stations in Bangkok.
When also including the five surrounding provinces, which together make up the BMR,
there were 13 additional stations (Air4thai, 2022). Hence, data only from 2018 onwards
could more accurately capture the spatial and temporal variations of ambient PM2.5.

In the Thailand State of Pollution 2020 report produced by the Pollution Control

Department (PCD), average annual PM2.5 concentration across the six provinces in the



BMR was measured to be 23 pg/m?3 (PCD, 2021). This level is lower than the national
standard level of 25 pg/m® and had decreased 12% from 2019, due to Covid-19 reducing
travel and industrial production (PCD, 2021). On the other hand, short term (24-hour)
measurements of PM2.5 had exceeded the national 24-hr standard of 50pg/m?®on about
50 days in 2020. This occurred mostly in the dry season, which stretches from November
to April (Fold et al., 2020). It is notable that the Thai standards are significantly more
lenient than the WHO Air Quality Guidelines recommendations of Spg/m? and 15pg/m?®
for annual and short term PM2.5 concentrations respectively (WHO, 2021). In Bangkok
province alone, 5927 estimated deaths were attributed to ambient PM2.5 in 2019. (Fold et

al., 2020).

Sources of PM2.5

Ambient PM2.5 are emitted from both natural and anthropogenic sources. Natural
sources of PM2.5 include fires, biogenic and soil emissions, windblown dust, volcanoes,
and lightning strikes. Man-made PM2.5 emissions include agricultural waste burnings,
residential energy use, on- and off-road vehicles, energy generation, solvent use,
industrial processes, and agricultural fertilizer application (McDuffie et al., 2021). A
comprehensive global evaluation found that generally, the higher the contribution from
non-natural PM2.5 sources, the higher the number of PM2.5 attributable deaths
(McDuffie et al., 2021).

In addition, on-road emissions can be further disaggregated into four primary
sources: exhaust emissions, and road, tire and break wear emissions (Niziachristos &
Samaras, 2016). Exhaust emissions from the incomplete combustion in the vehicle’s

internal engine, produce several by-products, including PM2.5, which are then emitted



into the air through the exhaust system. This is the main source of on-road vehicle PM2.5
emissions.

The problem is particularly worse for diesel engines, especially older heavy diesel
vehicles with outdated standards. These vehicles generally have the highest emission
intensity (International Agency for Research on Cancer, 1989). PM2.5 are also produced
as a result of the sheer forces between a vehicle’s tires and the road surface, and the sheer
forces in the brakes when they are applied to decelerate the vehicle (Boulter &
Niziachristos, 2016). When these abrasion processes occur, material is lost in the brakes,
the tires and the road, and dispersed into the air. A portion of this material is PM2.5,
while the rest consists of coarser particulate matter. Furthermore, some materials are also

evaporated due to the high temperatures developed during contact.

On-Road Vehicles in the BMR and the EURO Standard

According to the Department of Land Transport (DLT), there were 12.2 million
registered vehicles in the BMR in 2020 with over 90% of the population travelling by car
or bus (DLT, 2021). On-road vehicles follow the European emission standards, more
commonly known as the EURO standards, which define exhaust emission limits for
PM2.5 and other pollutants. The first EURO standard was introduced in 1992. For HDVs,
which are vehicles with a manufacturer-stated maximum mass exceeding 3.5 tonnes, this
first standard is called EURO I. For light-duty vehicles (LDVSs), the standard has a
slightly different nomenclature and is called EURO 1. HDV EURO standards only
pertain to diesel engines, while there are EURO standards for both petrol and diesel
engines for LDVs. Each subsequent standard has progressively tightened the emission

limits of pollutants, with the most recent standard being EURO VI (Dieselnet, 2022).



Vehicles manufactured before the introduction of the EURO standards are referred to as
Pre-EURO vehicles. The current Thai standard is EURO 4 for LDVs, and EURO I1I for
HDVs (Transportpolicy, 2018). Furthermore, there are also EURO standards for fuel,
which sets technical limits of key fuel parameters. The current Thai fuel standard is

EURO 4 (Transportpolicy, 2018).

On-Road Vehicle PM2.5 Emissions in the BMR

Unlike CO2 emissions, relevant Thai government agencies do not report estimated
PM2.5 emissions annually, with the current focus being on the measurement of its
concentration via monitoring stations instead. However, there are recent independent
studies that estimated on-road vehicle PM2.5 emissions. Their results displayed a
relatively large range of estimates. A 2017 study estimated that on-road vehicles were
responsible for 20-30% of total PM2.5 anthropogenic emissions (Oanh, 2017). However,
another study gave a higher estimate of roughly 50% (Wangwongwattana et al., 2018).
Two further studies using different emission modeling software calculated the on-road
vehicle PM2.5 emissions to be 4.7kt/yr for 2017 and 6.24kt/yr average for 2007 — 2015
respectively (Sukitpannenit & Stettler, 2020; Cheewaphongphan et al., 2017).

An important observation is the disproportionally high amount of emissions from
EURO I and pre-EURO HDVs. Despite the fact that older vehicles phase out naturally
over time, a rate called the fleet turnover; approximately 25% of HDVs in Bangkok were
still EURO | or pre-EURO in 2017 (Sukitpannenit & Stettler, 2020) (Figure 1). These
HDVs were estimated to be responsible for 57% of HDV PM2.5 emissions (Figure 2).
Overall, they emitted 1.5 out of 4.7 kt/yr total PM2.5 on-road emissions, which equate to

a significant 31%.



EEURO4 BB EURO3 ESIEURO2 BB EURO!1 [[1Pre-EURO

100%

X

60%

fuel control standard

40%

20%

1 - } . | -
Share of vehicle by

pPC LDT HDT Buses

Figure 1. The 2017 Bangkok Metropolitan Region (BMR) vehicle fleet.

This consisted of passenger cars (PC), light-duty trucks (LDT), heavy-duty trucks (HDT),
and buses, classified by EURO standards (Sukitpannenit & Stettler, 2020).

PM2.5 Mitigation Policies in the BMR

The main pillar of current government policy strategy for PM2.5 mitigation is to
increase the emission standards of new vehicles alongside with higher quality fuel. In
1995, Thailand began adopting the EURO standards, starting with the EURO 1 and
EURO I. For LDVs, Thailand has adopted the EURO 4 standard since 2012. For HDVs,
Thailand still adopts the EURO 111 since 2007 (Transportpolicy, 2018). This significantly
lags behind the current EURO 6/V1 standards adopted by countries in the European
Union (EU), and in developed countries in Asia such as Japan and South Korea
(Transportpolicy, 2018). Table 1 shows the exhaust emission limits for HDVs from

EURO I to EURO VI. For particulate matter, there is a vast improvement on the emission



limits from EURO 1 (0.36 — 0.612 g/kWh) to the current EURO Il standard (0.10 — 0.13
g/kWh for regular HDVs). However, there is still a significant gap to the EURO IV/V

PM emission limit of 0.02 g/kWh and the EURO VI limit of 0.01 g/kwh.

Table 1. EU exhaust emission standards for Heavy-Duty Diesel Engines (Dieselnet,
2021).

PM
Stage Date (g/kWh)
1992,
< 85 KW 0.612
Euro | 1992
> 85 kW B
1996.1 0.25
Euro 11
1998.1 0.15
1999.10
0.02
Euroln | EEV only
2000.1 | 0.10-0.13
2005.1 0.02
Euro IV
2008.1 0.02
Euro VI 2013.01 0.01

Regarding fuel, the current minimum standard is EURO 4 since 2012. As a point
of reference, the EU’s minimum standard has been set as EURO 5 since 2009
(Transportpolicy, 2018). Additionally, biofuel options are available at gas stations. These
are fuels that contain ethanol expressed as a percentage of total volume. Compared with
regular fuel, biofuel can significantly decrease PM2.5 exhaust emission rates (Tan et al.,
2009). In Thai gas stations, diesel biofuels, called biodiesels, are available as Diesel B7

(7% ethanol), Diesel B10 (10%) and Diesel B20 (20%) (Shell, 2022). Gasoline biofuels,



called gasohol, are available as Gasohol 91/95 (9-10%), Gasohol E20 (20%), and
Gasohol E85 (85%) (Bangchak, 2022; IRPC, 2019).

When short term PM2.5 exceeded the national threshold of 50pug/m® during peak
pollution periods, another policy strategy was to implement temporary PM2.5 reduction
measures at targeted locations. These policies ranged from road closures and detours, to
the installation of rooftop air purifiers on buses (Bangkok Post, 2019). The government
also sprayed water on roads, and utilized a fleet of drones to spray water into the air
(Wancharoen, 2019). Though some studies supported the efficacy of this, it is infeasible
to scale these measures up and apply them continuously (Chouhan et al., 2015; Azarov et
al., 2017). Hence their deployment was limited only to hazardous local zones.

Vehicle inspection points are another additional reduction policy (Bangkok Post,
2019). However, the authorities at these inspection points eyeballed and subjectively
selected vehicles that seemed to be high-emitting, and would occasionally yield warnings
instead of bans. Designated authorities would test these vehicles for black smoke, using
either a filter paper or an opacity meter. By design, these cheap measurements indicated
the level of soot from the vehicle’s exhaust pipe (soot being a major component of
PM2.5). However, their standards are outdated and have not been changed since 1997
(Royal Thai Government Gazette, 1997). Several studies also indicated that they do not
accurately measure PM2.5 emissions, and is inferior to the detailed cycle testing
conducted by car manufacturers to meet the EURO standards at the time (Majewski &
Jaaskelainen, 2013; Jarret, 2000). In addition to inspection points, these black smoke

tests were also conducted at the annual re-registration of diesel vehicles.
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Projections of this current Business-As-Usual (BAU) scenario showed a
moderately successful 20 — 30% reduction of on-road PM2.5 emissions over 2020 —
2030, mainly due to the natural replacement of older vehicles with ones meeting the
current minimum standards (Chavanaves et al., 2021). This is despite of the fact that
passenger demand was projected to increase by approximately 25% from 2015 to 2050,

according to an estimate from a separate study (Cheewaphongphan et al., 2020).

On-Road Vehicle PM2.5 Policies under Consideration

In 2019, the PCD released a report titled “National Roadmap to Solve Particulate
Matter Pollution” in Thai (PCD, 2019). The report compiled a list of guidelines solely
targeted at reducing PM2.5 on-road vehicles emissions in the BMR. One of its primary
recommendation was the adoption of the current EU standards in the near future. For fuel
standards, the report recommended enforcing EURO 5 in the immediate future. For
vehicle emission standards, the report recommended enforcing the EURO 5/V standard in
2021, followed quickly by EURO 6/V1 in 2022. These are imminent policies on the cusp
of implementation and had been in serious discussion for some time, albeit with delays
(The Nation, 2020; Kaohoon, 2020). Other proposed recommendations were often distant
from reality, and not feasible in the short to medium term timeframe. For example, one
recommendation set an electric car sales target of 50% of all new vehicles registered in
2024. However, in 2021, only 3.8% of new vehicle registration in Bangkok were hybrid
electric cars, with a mere 0.5% being full electric (DLT, 2021).

Another recommendation focused on the banning and retrofitting of old diesel
vehicles. In this scenario, only EURO 5/V and EURO 6/VI vehicles would be able to

enter the BMR, while all diesel vehicles below EURO 4/1VV must be retrofitted. VVehicles
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over 20 years old would be banned from the BMR. While this intuitively complemented
with the raising of new standards of new vehicles, it had received a lower amount of
policy attention.

Hence, there is a significant gap between the current policy of temporary
inspection points and annual black smoke tests, and these recommendations. A case can
be made for a more feasible policy that specifically targets only the most polluting diesel
vehicles. This policy would serve as an incremental step towards the PCD
recommendations, and would take the form of a LEZ that is implementable in the

immediate future.

Low Emission Zones

LEZs are areas where only vehicles meeting the minimum emission standards are
allowed to enter freely (Airuse, 2016). Polluting vehicles that fall below the standards
must pay an entry fee or are banned from entering the zone. Usually LEZs are
implemented in phases, with progressively stricter regulations. To enforce them, an
Automatic Number-Plate Recognition system or a color-coded sticker visible on the
vehicle’s windshield are typically used to identify the vehicle classification.

Inside a LEZ, the number of targeted vehicles in the current fleet are expected to
be reduced at a rate faster than the normal fleet turnover (Airuse, 2016). They would be
replaced with an alternative fleet of higher emission standard, other modes of
transportation, or displaced to a non-LEZ area. If a LEZ targeted old diesel HDVs in the
BMR, this replacement fleet would mainly consist of higher EURO standard diesel

HDVs. Due to their high torque requirements from the heavy load, other fuel types such
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as gasoline are far less suitable for HDVs and thus not as common for a replacement fleet

(Van Gerpen, 2010).

Implementation of LEZs in Thailand and Other Countries

Though LEZs have not been implemented yet in Thailand, it has recently been
brought to attention in the political sphere. In 2020, the Germany International
Corporation (G1Z) organized a study tour to Berlin and London (Thai German
Cooperation, 2020). Decision-makers from the Transport Ministry and the Bangkok City
Administration attended. The PCD guidelines that recommended the banning and the
retrofitting of older diesel vehicles can also be classified technically as a LEZ. On Jan 20,
2022, the Bangkok Metropolitan Administration (BMA) signed a MOU with 21 public-
private agencies, one of which was the PCD, to announce a LEZ pilot project (INN,
2022). The BMA plans to create a public online data base for inspection reports at
checkpoints. Large displays of PM2.5 levels are also scheduled to be installed. Finally,
all fossil fuel public transport is to be banned in favor of electric public transport. The
project is confined to the Pathumwan district, an area of 8.4 km?. Though the project is
primarily aimed to promote public awareness of LEZs, and would be small in scale, these
activities demonstrated that a full-scale LEZ policy is within the exploratory radar of the
Thai government.

In other countries, LEZs are used most prominently in Western Europe (Figure 2)
by a large margin, with hundreds currently in operation (EU, 2020). Most of these LEZs
set EURO 1V as the minimum entry requirement for diesel vehicles. Though not very
common in Asia, Beijing established a LEZ targeting EURO I and Pre-EURO vehicles in

preparation for the 2008 Olympics, and recently upgraded to a stricter China Il (close to
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a EURO Il equivalent) minimum requirement (South China Morning Post, 2008; Zhang,

etal., 2018).
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Figure 2. Map of operating Low Emission Zones in Europe (EU, 2020).

CBA in LEZ Feasibility Studies

Before policies such as a LEZ are implemented, a feasibility study to assess the
overall practicality of the policy is usually performed. A full detailed study is
complicated, and could require collaboration between different levels of government,
academic research institutions, private companies, affected stakeholders and/or third-
party expertise. Therefore, typically only the CBA section, which identifies and compares
the costs and benefits of the policy, was studied. Some CBAs are mainly qualitative
(MVA Systra Group, 2013); however, a quantitative CBA offers a more direct
measurement of the magnitude and relative comparisons of the costs and benefits. Table

2 shows the results of five quantitative CBAs from European LEZ feasibility studies. The
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London and Antwerp CBA results correspond to a specific predetermined LEZ scenario,
while the results from the Paris, Bradford, and Leeds are best-case scenarios chosen

among a variety of outcome scenarios.

Table 2. Results of quantitative CBAs in LEZ Feasibility studies.

City, Year Benefits Costs
of study (millions €) | (millions €)
London 100 64-135

2003 122-143 177-428
T2lyear 486
Paris 2012
233/year 706
Antwerp
2012 200 127-128
Bradford
2014 3 05
Leeds 2014 15.3 11

It can be seen that there is a large disparity in both the magnitude and the relative
comparisons of the benefits and costs between the five CBA results. This is primarily due
to the different size and restriction rules of each LEZ, and the different appraisal periods
of each CBA. The London feasibility study covered 1580 km? of Greater London, and
recommended a two-phase LEZ implementation (Transport for London, 2003). The first
phase, which was planned for 2006/7, would set EURO Il with a RPC (reduced pollution
certificate) as the minimum entry standard for both petrol and diesel vehicles. The second
phase, set for 2010, recommended tightening this to EURO I11 with a RPC for non-
passenger cars. The study chose an appraisal period of five years, meaning that numerical
estimates were projected into the future for five years, then discounted to a single present

value.

15



The Bradford and Leeds co-feasibility study studied variations of LEZs spanning
the outer ring roads of the cities (Bradford Environmental Health Service, 2014). For
each variation, the study quantified the costs and benefits of 15 post-LEZ vehicle fleet
compositions. The appraisal period was also five years like London, with the best
scenario for both being a replacement of all current buses with natural gas buses.

The Antwerp feasibility study analyzed a LEZ covering an area dubbed “LEZ
Core City” (Transport & Mobility Leuven, 2012). The suggested regulations are shown in
Table 3. It is notable that the regulations are stricter for diesel engines, because of their
higher emission intensity. However, the appraisal period for benefits and costs did not
match. While benefits were assumed to continue indefinitely, the cost appraisal period
was 10 years. Lastly, the Paris feasibility study analyzed 18 LEZ scenarios, differing by
minimal entry standards (EURO 111 or V) and zone size (105km? to 385km?) (Apur,
2012). Instead of discounting future benefits and costs into a single present value, they

were split into a one-time fixed cost and an annual cost and benefit section.

Table 3. Suggested minimal EURO LEZ entry standards for Antwerp (Transport &
Mobility Leuven, 2012).

Passenger car - diesel FEuro 3 + particulate filter
2015 Passenger car - petrol Euro 1

Truck (diesel) Euro 4

Passenger car - diesel Euro 5
2020 Passenger car - petrol Euro 2

Truck (diesel) Euro 3

Despite the differences in the scope and rules of the LEZ and assessment periods,

a cross comparison between each CBA result is still be possible, but only if the same
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benefit and cost factors are quantified. However, the degree of quantification varied

significantly between each CBA, making comparisons impractical.

Degrees of Quantification of Benefits and Costs in CBAS

The primary objective of a LEZ is to replace high-emitting vehicles with lower
emitting vehicles in order to alleviate the human disease burden caused by air pollution.
This can be subdivided into the monetized health benefits of alleviating this disease
burden, and the financial costs of replacing the targeted vehicles. Following this
definition, both a unit of benefit and a unit of cost can be traced to a specific object,
namely, a single replacement vehicle. They can therefore be classified as direct benefits
and direct costs. Other benefits and costs either cannot be evaluated on a per-unit basis,
or are not associated with the primary objective of a LEZ. They are thus indirect and/or
secondary.

The LEZ feasibility studies of London, Paris, Antwerp, Bradford, and Leeds all
quantified the primary direct benefits and costs. However, each CBA added on a different
numerical set of indirect and secondary benefits and costs. For benefits, the London CBA
added the reduction in lost time at work, and calculated savings in the National Health
Service. The Bradford and Leeds CBA added reduction to damage to buildings and
materials, and reduction of greenhouse gases (GHGs). The Antwerp CBA included
elemental carbon reductions as a further addition to the more conventional pollutants
such as PM2.5 and NOx. Finally, the Paris CBA added the reduction of noise pollution,
accidents, reduction in GHGs and travel time. On the side of costs, each CBA had

generally accounted for more items than benefits. This included the rest of the financial
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costs such as installation, implementation, operation, and research. For the Paris CBA,
the loss of comfort due to increased congestion in public transport was also quantified.
The varying amount of quantification showed a high degree of inconsistency and
subjectivity. Each CBA chose what benefit or cost factors to include in its numerical
calculations, thus potentially leading to biased BCRs towards the cost side or the benefit
side. My CBA only quantified the primary direct benefits and direct costs in order to be
unbiased. This concept could contribute towards a standardization of a base common
indicator that is comparable across multiple feasibility studies regardless of their added

on complexities.

Results of Implemented LEZs

Several studies have attempted to estimate the impacts of a LEZ to determine the
overall efficacy of the policy following its actual implementation. These primarily
measured the extent of air pollution reduction, and not the costs and monetized benefits
of the LEZ. Nevertheless, the results can be compared with their LEZ’s feasibility study
projections. In the London study, the actual Phase | LEZ was established in 2008. It was
found that the compliance rate stabilized at 98%, meaning that 98% of vehicles entering
the LEZ met the emission standards (Ellison et al., 2013). The fleet turnover rate was
accelerated by 20% the first year after implementation, with the proportion of pre-EURO
I11 vehicles in London dropping from 47.4% to 31.9%. Focusing on PM10, which is
particulate matter smaller than 10 micrometers and was the indicator of concern before
PM2.5, the results estimated an annual reduction of 2.47-3.07% of PM10. This translates

to 7.6-11.5% for four years of change, to match with the feasibility’s timeframe. The

18



feasibility study projected 19-23% PM10 reduction (Transport for London, 2003). Thus,
the results showed that the predictions were significantly optimistic.

On the other hand, the Berlin LEZ, which covered 88 km? and a million people,
was more successful (Lutz, 2014). The LEZ was established in 2008, with the minimum
emission standard for diesel vehicles being EURO 11 or a retrofitted EURO 1. In Phase 11
enforced in 2010, the standard was lifted to EURO Il11 or a retrofitted EURO II. EURO |
petrol vehicles could still enter the zone, again noting that stricter standards applied
against diesel engines. Interestingly, there was no visible shift in traffic into the
surrounding areas, despite the LEZ being applied to all vehicle classes rather than just the
heavier ones. However, the change in diesel vehicle fleet composition in the years
following the policy was significant. As shown by the green bars in Figure 3, which are
EURO IV or a retrofitted EURO Il and above, represented a much higher portion of the
fleet in 2009 and 2010 when compared to the pre-policy fleet in 2007. This improvement
in the fleet resulted in an emission reduction that exceeded the feasibility study
projections. While the feasibility study projected an overall 50% reduction in exhaust
emissions and 5-10% decrease in average PM10 concentration, the actual estimated
reductions were 58% in exhaust emissions and 7% in average PM10 concentration in the
first year of Phase Il alone (Lutz, 2009).

The London and Berlin case studies indicated that the impacts of LEZs can be
mixed. A summary of 20 impact assessments for 17 cities with a LEZ pointed to the same
mixed results (Airuse, 2016). For example, there was no noticeable reduction in PM10 in
Amsterdam, but as much as a 20% reduction in Milan. Due to the different complexities

and external factors of each LEZ, it is very difficult to compare these impacts directly
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with each other. However, on the whole, the mixed results supported the notion that in

some circumstances, LEZs can be an effective policy in reducing air pollution.
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Figure 3. The Berlin diesel vehicle fleet composition in 2007, 2009, and 2010 for cars,
light goods vehicles (LGVs) and heavy goods vehicles (HGVs) (Lutz, 2014).

Research Questions, Hypotheses and Specific Aims

My main research questions concerned the Benefit Cost Ratio (BCR) results

under various LEZ outcome scenarios for Bangkok Metropolitan Region (BMR).

Research Question # 1: Are the BCRs for implementing a LEZ targeting
EURO I and pre-EURO diesel HDV in Bangkok greater than one?
Hypothesis #1: For all outcome scenarios, the monetary value of benefits
will exceed the direct costs, resulting in a BCR greater than one.

Research Question #2: What is the best outcome scenario?
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Specific Aims

Hypothesis #2: An outcome where the targeted vehicles are replaced with
EURO IV vehicles will maximize BCR. The ratio is predicted to be 2-3,

the mid-range of the BCRs of other CBAs.

The specific aims for completing this study required that I:

1.

Choose an online air quality modelling software that has the capability to
estimate PM2.5 emissions for a variety of scenarios for the BMR

Collect the data required for the software from public government sources
and previous studies

Use the air quality modelling software to estimate the baseline PM2.5
emissions and concentration in the BMR

Use the air quality modelling software to estimate PM2.5 emissions and
concentration for each LEZ scenario

Equate the change in PM2.5 concentration to change in annual mortality
for each LEZ scenario

Monetize the difference in mortality for each LEZ scenario

Calculate vehicle replacement costs for each LEZ scenario

Calculate the BCR for each LEZ scenario
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Chapter I1

Methods

The primary outputs from this research were BCRs calculated for various
outcome scenarios of a LEZ. | focused solely on one primary air pollutant: PM2.5. Thus,
the direct benefits of alleviating the disease burden attributed to PM2.5 and the financial
costs of replacing the vehicles targeted by the LEZ were quantified into monetary values.
The prospective LEZ would operate within the boundaries of the BMR. The BMR zoning
boundary is located in the central part of Thailand (Figure 4). It covers an area of
7762km?, which includes the capital city of Bangkok, and the five surrounding provinces
of Pathum Thani, Nakhon Prathom, Nonthaburi, Samut Sakhon and Samut Prakarn
(Citypopulation, 2019). The region’s registered population is approximately 11 million,
with a population density of 1417 people/km? (World Population Review, 2022).

The appraisal period for this study was 15 years, chosen to approximately
coincide with the terminal year of Thailand’s long term national strategy (NESDB, 2019).
The LEZ examined was one that banned Pre-EURO and EURO | HDVs from entering
the BMR. This is the smallest incremental step that only targeted the oldest and worst
polluting vehicles in the BMR vehicle fleet. The hypothetical LEZ would be
implemented on January 1, 2022. The period of analysis was 2020 — 2035, with 2020

being the base year.
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Figure 4. Map of the BMR boundary within Thailand (Cheewaphongphan et al., 2017).

Overview of the Benefits Calculation Methodology

The majority of the benefit calculations methodology used the Greenhouse Gas
and Air Pollution Interactions and Synergies (GAINS) model. The GAINS model was
created by the International Institute for Applied Systems Analysis (IIASA) and launched
in 2006. Its primary objective is to tackle the problem of air quality and GHGs by
assessing cost-effective emission control strategies at all scales (IIASA, 2021).

Among other models, the GAINS model has the comprehensive capability that
best matched the scope requirements of this study. Firstly, it is a scientific tool that is
freely accessible on the internet. Secondly, the GAINS model is now implemented

globally (I1ASA, 2021). This study used the GAINS South Asia region, which contains
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relevant data for the BMR. Finally, the GAINS model had been utilized at the topmost
levels of policy review, and thus has a high degree of credibility. This includes uses for
policy analysis under the Convention on Long-range Transboundary Air Pollution, the
revision of the Gothenburg Protocol, the negotiations under the United Nations
Framework Convention on Climate Change, and the assessment of emission reduction
potentials by scientists in their respective regions (IIASA, 2021).

Figure 5 provides an overview of the process used to quantify the direct benefits
of each LEZ outcome scenario. The details of each of these steps will be discussed in the
subsequent sections. As can be seen in the uppermost textbox, GAINS South Asia
provides an annual baseline emissions inventory for anthropogenic PM2.5 sources. Only
the on-road vehicle emissions portion of this baseline was appropriately edited to
correspond to a Business-As-Usual (BAU) scenario and the LEZ outcome scenarios. The
original default values were retained for other non-road emission sources. Using these
emission results, the air quality impact assessment capability of GAINS South Asia can
estimate the ambient PM2.5 concentration and its corresponding annual mortality rate per
scenario. The difference between the mortality rates of the BAU scenario and each LEZ
scenario are the number of equivalent lives saved per year for that scenario. This

difference was then monetized into an annual currency benefit value ($).
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Figure 5. Overview of benefits quantification methodology.

GAINS Baseline PM2.5 Emissions

The GAINS model can provide a comprehensive estimate of PM2.5 emissions
from the main anthropogenic sources. These sources are categorized into the three major
components which are:

1. Electricity and district heat generation in the power and district heating sector,

2. Energy use for primary fuel production, conversion of primary to secondary
energy (excluding conversion to electricity and heat in the power and district
heating plants), delivery of energy to consumers,

3. Energy use in industry, domestic sector (including agriculture, forestry, fishing

and services), transport, and non-energy use of fuels (I1IASA, 2009).
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In general, two sets of parameters are used to estimate PM2.5 emissions: the
activity data, and the emission factors. The activity data represent the usage amount of
each emitting source, usually expressed in weight, volume, distance, or duration, upon
activity characteristics. The emission factors are representative values that quantify the
amount of pollutant emitted per unit of that activity (EPA, 2021). By multiplying the
source specific PM2.5 emission factor with its corresponding activity data, the amount of
PM2.5 emissions for that source can be estimated. GAINS South Asia provides a
complete set of source specific emission factors, which were used in this study. The
activity data on the other hand, needs to be inputted exogenously. They can be obtained
from a variety of sources including energy and industrial statistics, national and
international energy projections, projections of the International Energy Agency (IEA),
and scenarios based on national studies (IIASA, 2009). Individual countries have also
supplied their data directly to GAINS (IIASA, 2021).

Fortunately, the Evaluating the Climate and Air Quality Impacts of Short-Lived
Pollutants (ECLIPSE) project had continuously performed this compiling and projecting
of activity data globally since 2011. The latest version of ECLIPSE, version 6 (V6), was
released in 2019. Ultimately ECLIPSE aims to provide sound scientific advice for
climate change mitigation concurrently with air quality improvement (European
Commission, 2016). As part of the project the GAINS model was used to estimate PM2.5
emission inventories for 1990 — 2050 in five year increments. Two scenarios were
explored, the Current Legislation scenario (CLE) and the Maximum Feasible Reduction
(MFR). In this study, the GAINS South Asia CLE scenario for the BMR was used as the

baseline GAINS PM2.5 emissions.
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As the principle focus of this paper concerns HDVSs, only the activity data inputs
of this segment were edited. The LDV inputs and inputs from other sectors maintained
their original values, hence their original emissions. For on-road vehicles activity data,
ECLIPSE V6 primarily used historic data from IEA statistics for the years 1990 — 2015
while 2020 — 2050 projections were based on the World Energy Outlook 2018 (IEA,
2018). In order to improve the accuracy of the baseline emissions and the scenario
emissions, BMR data from national statistics sources was used in its place. Therefore, it
is essential to understand the details of the GAINS model methodology to determine what

activity data was needed, and how they were converted to PM2.5 emission estimates.

GAINS PM2.5 Emissions Methodology

A more detailed breakdown of the GAINS methodology to estimate emissions are
shown in Equation 1 and 2. The emission E;;¢ of a pollutant from source s, in region i
and year t are calculated by the summation of the activity data A4;;; times the emission
factor ef,,, times for application rate Appl;;s,, Tor each technology m. The emission
factor ef;s,, is the abated emission factor, calculated by using to removal efficiency
remef f,n, to adjust the unabated emission factor ef,N°¢ (IIASA, 2012). The relevant

equations and terms are:

Eits = Zm[Aits * efism * Applitsm]' (1)
efism = efilsvoc * (1 —remef fom) and Zm Applies =1, (2)
A;s 1S the activity data

efism 1S the abated emission factor for the fraction of the activity
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Appl;:sm 1S the application rate of technology m to activity a,
efNOC is the unabated emission factor for activity A, and
remef f,m 1S the removal efficiency of technology m when applied to activity a.

For this study the source s represents fuel specific HDVs (i.e diesel HDVSs),
region i represents the BMR, and year t represents the years 2020, 2020, 2030, and 2035.
The technology m represents each increment of EURO standard from Pre-EURO to
EURO IV. The unabated emission factors represent the emission factors for Pre-EURO
HDVs since these vehicles have the highest emission intensity. Subsequently, the
appropriate removal efficiency would adjust the unabated emission factors to the abated
emission factors of higher EURO standard HDVs. Finally, the application rate represents
the relative energy usage amount of each EURO standard.

For PM2.5 exhaust emissions, the emission factors were provided in units of
kilotons (kt) of emission per petajoule (PJ) of energy. Hence, the activity data required
were energy consumptions of HDVs disaggregated by EURO standards and fuel types in
the years 2020 — 2035. This was calculated from four components:

1. Number of vehicles disaggregated by vehicle mode, engine, and fuel types

2. Annual driving distance/veh disaggregated by vehicle mode, engine, fuel types
3. Vehicle fuel economy disaggregated by vehicle mode

4. Heating value classified by fuel types

The fuel heating value is defined as the amount of heat energy produced by
combusting a unit volume or weight of fuel (Kabe et al., 2004). The required annual
energy consumption was calculated by using the sequential Equations 3 to 5. This

methodology is in line with the Tier 2 approach provided by the EMEP/EEA handbook
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(Ntziachristos & Samaras, 2016). For tire, brake, and road abrasion wear, emission
factors were provided in units of travelled distance per vehicle as named: kilotons per
Giga-vehicle-kilometers (Gvkm). Hence, the annual driving distance activity data was
required for these emission factors. This was calculated using Equation 3.
Annual driving distance (km) = Number of vehicles (veh) * Annual driving
distance/vehicle (km/veh) 3
Annual fuel consumption (L) = Vehicle fuel economy (L/km) * Annual driving
distance (km) 4)
Annual energy consumption (J) = Fuel heating value (J/L) * Annual fuel
consumption (L) (5)

The process to obtain these four components will be now be explained.

Number of Vehicles Disaggregated by Vehicle Mode, Engine, and Fuel Type

The group of vehicles targeted by the prospective LEZ are Pre-EURO/EURO |
HDVs. Their numbers in the BMR vehicle fleet in 2020 were determined as a starting
point, before projections into 2035 for the BAU and LEZ scenarios were performed. To
accomplish this task, data were obtained from the DLT for the six provinces in the BMR.
In the GAINS model, HDVs are disaggregated into Heavy-duty buses (HDB) and Heavy-
duty trucks (HDT). Fortunately, this matches the DLT’s disaggregation of the on-road
vehicle fleet. BMR vehicles were classified into six types: passenger car (LD4C), light
commercial vehicle (LD4T), heavy-duty vehicle for carriage goods (HDT), heavy-duty
vehicle for carriage passenger (HDB); motorcycle with two strokes (LD2), and

motorcycle with four strokes (M4) (DLT, 2021).
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The DLT further classify the six vehicle types by registration year. In this study, it
was assumed that the vehicle’s EURO standard matches with the minimum EURO
standard enforced at the time of its registration year. The timeline for the minimum

EURO standards for HDVs in Thailand was:

Before May 12, 1998 : Pre-EURO
May 12, 1998 — May 23, 1999 :EURO |
May 23, 1999 — Jan 1, 2007 :EURO I
Jan 1, 2007 — Present : EURO Il

This entailed that vehicles registered before May 12, 1998 were classified as Pre-
EURO, and those registered between May 12, 1998 — May 23, 1999 were classified
EURO I. Assuming that vehicles were registered linearly across the year to account for
the mid-year transition of Pre-EURO to EURO I and EURO | to EURO IlI, and

discounting trucks weighing less than 3.5 tonnes; the results are shown in Table 4.

Table 4. Number of HDTs and HDBs in the BMR classified by EURO standards for
2020.

EUROIII | EUROII | EUROI | PRE-EURO
HDB 31618 7193 1079 11558
HDT 146 326 | 45940 2014 52674

Next, the targeted vehicles were disaggregated by fuel types. From 2007, the DLT
provided statistics of vehicle disaggregated by fuel types. Because there was no fuel
disaggregation from the HDV fleet of 1999 (which contained only Pre-EURO, EURO |
HDVs), estimates were made using the 2007 fleet data. This revealed a 98.6% diesel

HDV fleet for classified fuel vehicles. Therefore, it was assumed that 100% of Pre-
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EURO and EURO | HDVs were diesel vehicles. The final step was using the 2007 fleet
data estimate to remove all the non-fuel and unclassified HDTs (19.4%). The estimated

numbers of Pre-EURO and EURO | HDBs and HDTs are shown in Table 5.

Table 5. Number and relative percentage of Pre-EURO / EURO | HDTs and HDBs in the
BMR for 2020.

EURO | % PRE-EURO %
HDBs 1079 8.54% 11 558 91.46%
HDTs 1623 3.68% 42 457 96.32%

BAU Projections of Pre-EURO/EURO | HDVs in the BMR Vehicle Fleet

For the BAU scenario, the Pre-EURO/EURO | HDVs organically phased out of
the vehicle fleet over time. Therefore, it was essential that its natural survival rate be
determined. This task was performed by calculating the historical survival rate between
the years 2007 and 2020, and assuming the value stays unchanged. As shown in Table 6,
96.16% of Pre-EURO/EURO | HDBs and 94.87% of HDTs were projected to survive
into the following year, while the rest were eliminated from the vehicle fleet. Using the
constant survival rates, the targeted fleet’s projections were made for the years 2025,

2030, and 2035.

Table 6. Survival rate for Pre-EURO/EURO | HDBs and HDTs in the BMR.

Amount in 2007 15 077
Amount in 2020 9420
AlPLEE Survival rate 96.16%
5-year survival rate 82.20%
Amount in 2007 60 073
Amount in 2020 31937
AIBTE Survival rate 94.87%
5-year survival rate 76.86%
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LEZ Scenario Projections of Pre-EURO/EURO | HDVs in the BMR Vehicle Fleet

For the LEZ scenarios that bans Pre-EURO/EURO | HDVs, their survival rate
would intuitively be much lower. It was also expected that the survival rate would be
affected even before the LEZ implementation, as there would be an adjustment period
between the announcement of the LEZ and its start date. To estimate the survival rate,
this study used the results from the Berlin LEZ, which had similar parameters. In Phase 1,
the Berlin LEZ banned pre-EURO/EURO 1 diesel vehicles while Phase 2 expanded the
restrictions to include EURO Il and EURO II11. Referring to Figure 6, this is equivalent to
banning the grey in Phase 1, and the grey, red, and yellow in Phase 2. Another key reason
why this study was chosen is the availability of the HDV fleet data before and after the
LEZ. Phase 1 was implemented on January 1, 2008 while Phase 2 was implemented on
January 1, 2010. However, Figure 6 shows that fleet data was collected for February
2007, September 2009, and September 2010. By balancing the fleet composition
interpolation results for Phase 1 and Phase 2 and assuming the total number of vehicles

remained constant for that time, it was estimated that 75.8% of Pre-EURO I/EURO |

EURO IV equivalent
EURO I equivalent

EUROII equivalent

EERON
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Figure 6. Berlin diesel HDV fleet compositions for February 2007, September 2009, and
September 2010 (Lutz, 2014) .
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HDVs would remain two years before LEZ implementation (survival rate is 0.758). This
is why the prospective LEZ was chosen to start on January 1, 2022, in order to make the
first data point in 2020 two years before implementation, to fit with the available survival
rate estimate. By 2025, 2030, and 2035, it was assumed that none of the Pre-
EURO/EURO | HDVs were left in the vehicle fleet, as they would have been

successfully phased out due to the LEZ.

LEZ Replacement Fleet Outcome Scenarios

The difference in survival rates meant that the LEZ reduced the targeted vehicles
at a rate faster than the normal fleet turnover, as expected. Figure 7 displays this gap. It
can be seen that the largest difference occurs in 2025, when the LEZ had eliminated all
Pre-EURO/EURO | HDVs, then starts to diminish as the natural survival rate marginally
catches up in 2030 and 2035. In more explanatory terms, the gap represents the number
of vehicles the LEZ would have eliminated more than the natural survival rate under the

BAU scenario.
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Figure 7. Comparison of Pre-EURO I/ EURO | HDV survival rates.
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In reality, HDVs with a mixture of higher EURO standards and fuel types would
organically fill this gap over time. However, this study assumed an immediate one to one
replacement with no time gap. This means that as soon as a Pre-EURO/EURO | HDV
was eliminated from the fleet, another single LEZ compliant HDV would immediately
replace it. Furthermore, this study also assumed a homogenous replacement. This entails
that the compliant HDVs would all have the same EURO standard and fuel type. While
not a reasonable assumption in reality, it allowed each replacement fleet scenario to be
examined independently. To this end, two LEZ replacement fleet outcome scenarios were
chosen: EURO I11 diesel HDVs and EURO 1V diesel HDVs. Other scenarios were
unfeasible or outside the capabilities of the GAINS model and the scope of this study.

Since these two scenarios pertain to the diesel fuel, only one heating value was
required. In the Thai Energy Balance Manual of 2016, heating value was provided for all
the available on-road vehicle fuels. The most common diesel fuel type was B7, with a

heating value of 38.75 MJ/L. This was the value used in this study.

Annual Distance/vehicle Disaggregated by Vehicle Mode, Engine, and Fuel Types

For this study, the average annual distance travelled per HDV was assumed to be
identical across all EURO standards and to remain constant for 2025, 2030, and 2035.
Consequently, the 2020 statistics from the Department of Highways (DOH) was used to
calculate this activity data for HDBs and HDTs. As shown in Table 7, the disaggregated
vehicle categories of interest are: Light Bus, Medium Bus, and Heavy Bus for HDBs and
Medium Trucks, Heavy Trucks, Full-Trailer and Semi-Trailer for HDTs. The
summations of the total vehicle kilometers travelled for the bus and trucks categories

were divided by the total number of HDBs and HDTs respectively. The average annual
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distance travelled per HDT was calculated to be 33,800.7 km/truck/yr while the average

annual distance travelled per HDB was calculated to be 56,570.7 km/bus/yr.

Table 7. Annual distance travelled in 2020 for HDBs and HDTs in the BMR (DOH,
2021).

Annual distance
travelled (million km)
Light bus 1 020.38
HDBs Medium bus 829.22
Heavy bus 1 060.85
Medium Truck 2 627.02
« Heavy Truck 2 150.79
HDTSs Full Trailer 1484.97
Semi Trailer 1282.71

Light truck category was excluded. The DLT provides classification of HDTs by weight,
of which a sizable portion weigh less than 3.5 tonnes. The “Light Truck” category was
assumed to be in line with that portion of HDTSs.

Vehicle Fuel Economy Disaggregated by Vehicle Modes

The fuel economy required were those of Pre-EURO/EURO | diesel HDVs and
the LEZ fleet outcome scenarios of EURO |1l and EURO 1V diesel HDVs. A 2017 study
performed by King Mongkut’s University of Technology in Thonburi in Thailand
provided fuel economy ranges for HDBs and HDTSs. Their estimates were based on
internal tests performed by the PCD on selected BMR vehicles. For HDBs, the fuel
economy range was estimated to be 7.3 — 8.5 km/L. For HDTs, the range was 3.0 — 6.2
km/L (Cheewaphongphan et al., 2017). It was assumed that the diesel Pre-EURO/EURO
| HDVs corresponded to the lower bounds of 7.3 km/L and 3.0 km/L for HDBs and
HDTs respectively. Since EURO I11 was the enforced EURO standard for HDVs during
the KMUTT study, and is still at the time of this study, it was also assumed that the

highest bound corresponded to the EURO I11 diesel vehicles.
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As a final step, the fuel economy of EURO IV diesel was estimated by using
results from a 2007 study conducted by the Finish Public Transport Association. The
study compared the fuel economy of EURO |1l and EURO 1V for two HDVs of different
brands. The urban driving cycles of Braunschweig, Germany and Helsinki, Finland were
simulated to obtain the amount of fuel used per power from the rear axle wheels.
Although Braunschweig and Helsinki differed significantly from Bangkok in terms or
road network and driving conditions, the simulated cycles were urban. Figure 8 shows the
fuel consumption results of the study, with the bars in the two dashed rectangles
representing the EURO HI/1V difference for the Brand A HDV and Brand C HDV in

urban driving cycles. Brand A EURO IV’s fuel economy is approximately 7% and 10%
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Figure 8. Fuel consumption comparison of EURO |1l and EURO IV HDVs at different
driving cycles (Nylund et al., 2007).
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more efficient than Brand A EURO III for the two cycles while Brand C EURO IV’s fuel
economy is approximately 5% and 6% more efficient than Brand C EURO 111 (Nylund et
al., 2007). Using these results, this study assumed that EURO 1V diesel HDVs have 7%
more efficient fuel economy than EURO I11 diesel HDVs. Table 8 shows the tabulation

of all relevant fuel economy values.

Table 8. Fuel economy of diesel HDVs for different EURO standards (km/L).

Pre-EURO/
EURO | EURO Il EURO IV
HDBs 7.3 8.5 9.1
HDTs 3.0 6.2 6.7

Activity Data and Application Rate GAINS Input

With all the four components obtained, the required GAINS input of annual
energy consumption and distance travelled were calculated for the BAU and the two LEZ
outcome scenarios. The next step was to use these calculated inputs to modify the
baseline ECLIPSE CLE projections in order to increase their accuracy. For the BAU
scenario, only the Pre-EURO/EURO | HDV portion were modified. Using reverse
engineering, the Pre-EURO/EURO | HDV portion of the ECLIPSE CLE inputs were
removed and replaced with this study’s calculations. Table 9 and 10 shows the completed
modified GAINS activity data and application rate inputs for HDBs and HDTs. The
number of vehicles corresponding to the energy consumption and distance travelled are

also displayed.
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Table 9. GAINS South Asia activity data and application rate inputs for HDBs

in the BAU scenario.

2020 2025 2030 2035

Energy consumption (PJ) 5.06 4.02 3.47 3.15

Application | Pre-EURO 68.46 70.84 67.56 61.08
é":‘]fr;’; EURO | 6.39 6.62 6.31 5.70
consumption EURO Il 8.67 2.77 0.35 0.00
(%) EURO Il 16.47 19.77 25.78 33.21
Distance travelled (Gvkm) 0.86 0.70 0.59 0.52

Number of vehicles (thousands) 14.30 11.58 9.77 8.45

Table 10. GAINS South Asia activity data and application rate inputs for HDTs in the
BAU scenario.

2020 2025 2030 2035

Energy consumption (PJ) 35.54 30.72 31.60 34.91

Application | Pre-EURO 52.08 46.31 34.59 24.07
éﬁfﬁ; EURO | 1.99 1.77 1.32 0.92
consumption | EURO 11 15.84 6.37 0.87 0.00
(%) EURO IlI 30.09 45.55 63.22 75.01
Distance travelled (Gvkm) 2.92 2.62 2.74 3.04

Number of vehicles (thousands) 86.27 76.81 84.04 98.02

For the two LEZ outcome scenarios, Table 9 and 10 must be further altered
appropriately. As explained and visualized in Figure 8, the LEZ reduces the number of
targeted vehicles faster than a BAU scenario. Table 11 shows the number of extra Pre-
EURO/EURO | HDBs and HDTs taken off the road. This was calculated by multiplying
the starting number of Pre-EURO/EURO | HDBs and HDTs by the differences in the
BAU and LEZ scenario survivability rates. Assuming a one-to-one replacement with no

time gap, they were replaced with the same number of the outcome scenario HDVSs.
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Table 11. Number of extra HDBs and HDTs replaced due to the LEZ.

2020 2025 2030 2035
HDBs 3060 10 388 8 540 7020
HDTs 10674 | 33878 | 26037 | 20011

This process was performed for the EURO 11 diesel and the EURO 1V diesel
scenario. Energy consumption, and application rates were adjusted accordingly while the
number of vehicles and distance travelled remained the same as the BAU scenario.
Tables 12-15 shows the GAINS input for these two LEZ outcome scenarios. As expected,

total energy consumptions are lower while application rates for EURO I11/1V are higher.

Table 12. GAINS South Asia activity data and application rate inputs for HDBs in the
EURO Il scenario.

2020 2025 2030 2035

Energy consumption (PJ) 4.93 3.58 3.10 2.85

Application | Pre-EURO 53.25 0.00 0.00 0.00
gf}{:rg; EURO | 4.97 0.00 0.00 0.00
consumption | EURO I 8.90 3.10 0.39 0.00
(%) EURO Il 32.88 96.90 99.61 | 100.00
Distance travelled (Gvkm) 0.86 0.70 0.59 0.52

Number of vehicles (thousands) 14.30 11.58 9.77 8.45

Table 13. GAINS South Asia activity data and application rate inputs for HDTs in the
EURO Il scenario.

2020 2025 2030 2035

Energy consumption (PJ) 33.14 23.10 25.75 30.41

Application | Pre-EURO 42.33 0.00 0.00 0.00
;ﬁt:rg;f/ EURO | 1.62 0.00 0.00 0.00
consumption | EURO I 16.99 8.47 1.06 0.00
(%) EURO llII 39.06 91.53 98.94 | 100.00
Distance travelled (Gvkm) 2.92 2.62 2.74 3.04

Number of vehicles (thousands) 86.27 76.81 84.04 98.02
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Table 14. GAINS South Asia activity data and application rate inputs for HDBs in the
EURO IV scenario.

2020 2025 2030 2035

Energy consumption (PJ) 4.88 3.39 2.95 2.52

i Pre-EURO 53.85 0.00 0.00 0.00
Application

e EURO | 5.03 0.00 0.00 0.00

energy | EURO Il 9.00 3.28 0.41 0.00

CO”S‘({;J‘)F’“O“ EURO Il 17.10 23.43 30.28 41.46

EURO IV 15.02 73.30 69.30 58.54

Distance travelled (Gvkm) 0.86 0.70 0.59 0.52

Number of vehicles (thousands) 14.30 11.58 9.77 8.45

Table 15. GAINS South Asia activity data and application rate inputs for HDTs in the
EURO IV scenario.

2020 2025 2030 2035

Energy consumption (PJ) 32.98 22.60 25.36 30.11

. Pre-EURO 42.53 0.00 0.00 0.00
Application

e EURO | 1.63 0.00 0.00 0.00

energy | EURO I 17.07 8.66 1.08 0.00

°°”St{;)‘)p“°“ EURO IlI 32.42 61.93 78.78 86.96

EURO IV 6.35 29.41 20.14 13.04

Distance travelled (Gvkm) 2.92 2.62 2.74 3.04

Number of vehicles (thousands) 86.27 76.81 84.04 98.02

GAINS South Asia Emission Factors

With all the activity data and application rate inputted, the GAINS South Asia
model could be run. The model utilized emission factors from the GAINS South Asia
database in order to estimate PM2.5 emissions. The relevant emission factors are shown
in Table 16. It was observed that there is no differentiation for HDBs and HDTs. For non-

exhaust emissions, road and brake wear dominates. For exhaust emissions, an increasing
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removal efficiency incrementally decrease the abated emission factor for higher EURO

standards.

Table 16. GAINS South Asia PM2.5 exhaust and non-exhaust emission factors for Pre-
EURO, EURO I/111/1V diesel HDVs.

Unit Unabated emis_sion e?ﬁ?igxg:/ Abated emiss@on
factor [kt/unit] [%] factor [kt/unit]
Road wear [ [Gvkm] 0.02128 0 0.02128
Brake wear | [Gvkm] 0.01595 0 0.01595
Tire wear | [Gvkm] 0.004208 0 0.004208
Pre-EURO |  [PJ] 0.10659 0 0.10659
EURO | [PJ] 0.10659 33 0.071415
EURO Il | [PJ] 0.10659 75 0.026648
EURO IV | [PJ] 0.10659 93.31 0.007131

GAINS Concentration Methodology

Once PM2.5 is emitted from a source, its contributions to increasing the PM2.5
concentration in the atmosphere is highly non-linear and depends on a myriad of factors
such as local environmental conditions (McDuffie et al., 2021). However, GAINS uses an
atmospheric dispersion model to automate this process. There are two points of interest
for an atmospheric dispersion model: source-receptor relationships and spatial resolution.
Source-receptor relationships are mathematical formulations that characterize the
behavior of a pollutant emitted by a source to an atmospheric concentration at a receptor
location (EPA, 2021). Spatial resolution describes the meteorological and topographic
features of the receptor location (Amann et al., 2020).

For the GAINS model, source-receptor relationships were derived from the
EMEP atmospheric chemistry-transport model with a spatial resolution of 0.1° % 0.1°

(approx. 5-10 km x 5-10 km) for cities outside Europe such as the BMR. (Amann et al.,
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2020). However, this model underestimates PM2.5 concentrations because natural
sources and the largely unknown role of secondary organic aerosols were excluded
(ITASA, 2012). Therefore, the model is mainly used to compare differences in
concentration. For this study, the mean annual ambient PM2.5 concentrations for the
BAU, EURO Il and EURO IV scenarios were modelled. Each differing concentration

estimated a different corresponding value of mortality attributed to PM2.5.

Annual PM2.5 Mortality Calculations

As part of its health impact assessment capability, the GAINS model
automatically estimates the number of attributable deaths corresponding to the mean
annual ambient PM2.5 concentrations. As a first step of this process, GAINS used the
Global Burden of Disease 2013 study to estimate the relative mortality rate for relevant
diseases caused by PM2.5 exposure. These diseases are acute lower respiratory
infections, lung cancer, chronic obstructive pulmonary disease, stroke and ischaemic
heart disease (Mokdad et al., 2013). Subsequently, the relative mortality rates were
multiplied to the total projected annual deaths obtained from the UN World Population
Prospects 2017. From this, a baseline death tally attributable to PM2.5 was estimated.

To adjust this baseline tally for all possible scenarios, the integrated exposure-
response function from the WHO Burden of Ambient Air Pollution 2016 was used. The
function calculates disease annual mortality for a specific PM2.5 concentration
increment, gender and age population segment, and location (WHO, 2016). A summation
of annual mortality for all the population segments was therefore the total annual

mortality for that disease burden at the specified location. Finally, the summation of the
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annual mortality of all four disease burdens equaled the total annual mortality for PM2.5

for the specified location of the BMR.

Monetization of Annual PM2.5 Mortality

The differences in the annual PM2.5 mortality between the BAU scenario and the
EURO II/EURO IV scenarios are ultimately the desired quantification of the direct
benefits of the LEZ. In order to convert to the same numerical units as costs, the Value of
a Statistical Life (VSL), which quantifies mortality risks in monetary terms, was used
(Viscusi, 2012). In 2019, a study used labor market data from 2012- 2014 and standard
mathematical techniques to calculate average VSL for the BMR. This value was
estimated as $1,411,645.38/life (Witvorapong & Komonpaisam, 2019).

Since VSL is proportional to real income (income discounting inflation), the
proportion of real income of 2012-2019 was used to adjust the VSL to the most recent
year of available data. The Gross Provincial Product (GPP) of the BMR for 2019 minus
the cumulative inflation rate from 2012-2019 was compared to the 2012 GPP of the BMR
to determine the adjusted VSL. Table 17 shows the process to calculate the VSL 2019
that was used in this study. GPP data was obtained from the Office of the National
Economic and Social Development Council (NESDC, 2021) while inflation rate data was
obtained from the World Bank (World Bank, 2020). It was assumed that the VSL stays
constant until 2035 as GPP and inflation rate projections are beyond the scope of this

study.
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Table 17. Process to convert VSL 2012 to VVSL 20109.

VSL 2012 ($) 1,411,645.38
BMR GPP 2012 (mill THB) 358 050
BMR GPP 2019 (mill (THB) 474 004
Cumulative inflation rate (%) 5.92
Adjusted BMR GPP 2019 (mill THB) 445 929
2019/2012 ratio 1.245
VSL 2019 ($) 1,758,115.2

Costs to Replace Pre-EURO/EURO I Diesel HDVs with EURO IHI/EURO 1V Diesel
HDVs

For this study, replacement costs were solely the cost of upgrading the original
Pre-EURO/EURO I diesel HDVs to be compliant with the EURO 11l and EURO IV
standards. The alternative option of purchasing a new vehicle was not explored. This is
because upgrading has a more direct objective of reducing emissions, while the decision
to purchase new vehicles are usually based on a myriad of other factors such as safety,
drivability and comfort. Essentially, the costs of upgrading are more in line with the
primary objective of the LEZ. The 2016 report by the International Council of Clean
Transportation (ICCT) estimated the technology costs for vehicle and engine
manufacturers to upgrade a 12L-engine EURO |1 diesel HDV to EURO |1l and EURO IV
(Posada et al., 2016). According to the report, the estimates can be applied globally.

The relevant technologies to upgrade a EURO 11 diesel HDV EURO Il to EURO
IV are: in-cylinder engine controls, aftertreatment systems, and system control (Posada et
al., 2016). Their cost estimates are shown in Table 18. The ICCT report defined the three

technology categories in the manner described below.
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In-cylinder engine controls. In-cylinder engine controls uses engine geometries to
improve combustion efficiency. Firstly, to upgrade from EURO Il to EURO I, an
upgraded fuel injection system with a higher pressure and electronically controlled
functions are required. PM2.5 emissions are reduced through the improved fuel
penetration and earlier fuel injection timing. Secondly, exhaust gas recirculation systems
(EGR) are used to upgrade from EURO 11l to EURO IV. These are systems that
recirculates some exhaust gas to lower combustion temperatures. Cooling systems are
commonly installed for further temperature control. Although not effective at reducing

PM2.5, EGR systems are part of the process to make the vehicles EURO IV compliant.

Aftertreatment systems. Aftertreatment systems treat PM2.5 in the exhaust stream. This
technology was not included for the EURO Il to EURO Il upgrade. However Selective
Catalytic Reduction (SCR) systems and Diesel Oxidation Catalysts (DOC) are used for
upgrading EURO |11 to EURO IV. SCR system allows the engine to be tuned for higher
efficiency, which reduces PM2.5 emissions. DOC oxidizes the soluble organic fraction of
PMZ2.5, which represents about 20 — 25% its emission mass. The dual aftertreatments of

DOC and SCR works well together, hence both are needed for the upgrade to EURO IV.

System control. Sensor data works with the engine control unit to optimize the upgraded
engine and aftertreatment systems. On-board diagnostics (OBD) systems gather
information on these operation systems and notify repair alerts. System control is

required for the EURO IV upgrade to supplement its other technologies.
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Table 18. Technology costs to upgrade from EURO Il to EURO 111/1V for a 12 L-engine
diesel HDV (Posada et al., 2016).

Air/fuel control and engine-out emissions EURO Il | EURO IV
Fuel injection system $376 -
EGR system - $439
EGR cooling - $108
Total for air/fuel control and engine-out emissions $376 $547
Aftertreatment systems

DOC - $498
SCR - $2 386
Total for aftertreatment systems $2 884
OBD and sensors - $212
R&D $50 $128
Cumulative incremental cost $426 $4 197

The final step in the cost methodology was to estimate the upgrade costs from
Pre-EURO to EURO I and from EURO | to EURO II. Since the fuel injection system of
EURO Il was already assumed to be mechanical, the lowest form of technology, it was
assumed that no extra costs applied to this category. For costs in other categories, a 2012
ICCT study that used Pre-EURO and EURO I LDVs as the baseline was referenced.
Based on the LDV study, 50% of the R&D cost in the EURO Il to EURO Il ($25) was
required for the Pre-EURO to EURO | upgrade. This $25 dollar cost was also required
for the EURO | to EURO Il upgrade, in addition to the EGR system and EGR cooling
costs (Sanchez et al., 2012). These estimates are shown in Table 19. Adjusting for
inflation, the completed financial cost estimate to upgrade a Pre-EURO/EURO | HDV to
EURO Ill and a Pre-EURO/EURO | HDV to EURO IV were $1,090 and $5,106

respectively. These unit costs were assumed to remain constant in real value until 2035.
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Table 19. Technology costs to upgrade from Pre-EURO to EURO I/11 for a 12 L-engine
diesel HDV.

Air/fuel control and engine-out emissions EUROI | EUROII
EGR system - $439
EGR cooling - $108
Total for air/fuel control and engine-out emissions - $547
R&D $25 $25
Cumulative incremental cost $25 $597
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Chapter 111

Results

Firstly, the relative contributions of BAU HDV PM2.5 emissions in the BMR to
other anthropogenic sources (including LDVs) are presented to proportionate the scope of
this study to the bigger context of total PM2.5 emissions. Subsequently, focusing on the
HDV emission portion, the relative contributions of HDBs and HDTs are shown. The
impacts of the two LEZ scenarios are then displayed, starting with a comparison on a per
unit basis before proceeding to the impact on HDV PM2.5 emissions, and on PM2.5
emissions overall. As the next step, the effects of different LEZ scenarios on mean
ambient PM2.5 concentrations and annual mortality are compared to the BAU scenario.

Finally, the calculated BCRs are shown for the EURO Il and EURO 1V scenarios.

PM2.5 Emissions for the BAU Scenario

Figure 9 shows the relative contributions of HDVs to other anthropogenic PM2.5
emissions for the BAU scenario. HDVs contributed 10.1% of PM2.5 emissions, before
steadily declining to 5.9% in 2035. HDV emissions declined 38% from 3.2kt to 2.0kt
while other emissions increased 15% from 28.2kt to 32.4kt. The decline from HDV
emissions is not enough to stop total emissions from climbing from 31.4kt in 2020 to
34.4kt in 2035, an increase of 9.6%.

Figure 10 further breaks down the HDV PM2.5 for the BAU scenarios into HDBs

and HDTSs. It is seen that HDTs dominant the amount of emissions compared to HDBSs,
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being responsible for 85% of 2020 PM2.5 HDV emissions. This proportion stays
somewhat constant to 2035 as HDTs and HDBs emissions were projected to decrease by

about the same relative amount.
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Figure 9. BAU anthropogenic PM2.5 emissions from all sectors in the BMR. The relative
contributions of HDVs are shown above each bar.
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Figure 10. HDV PM2.5 emissions in the BMR for the BAU scenario.
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PM2.5 Emissions for the EURO Il and EURO IV Outcome Scenarios

For the two LEZ scenarios, PM2.5 reductions per unit is first examined. Table 20
shows the percentage PM2.5 reductions when one Pre-EURO/EURO 1 diesel HDV in the
BMR is upgraded to EURO Ill and EURO IV. In the EURO Il1 scenario, the upgrade
would reduce 72.4% of PM2.5 emissions per HDB and 85.2% per HDT. The EURO IV
upgrade further reduced PM2.5 per vehicle, by 87.9% for HDBs and 94.1% for HDTSs.
The removal efficiency from GAINS South Asia relative to Pre-EURO is shown for
comparison. This does not take into account the differences in fuel economy and Pre-
EURO to EURO I proportions for HDVs in the BMR. Because upgrading the Pre-
EURO/EURO | HDBs to EURO 11l and EURO IV did not improve the fuel economy as
much as it did for HDTs, and because there is a higher proportion of EURO | HDBsS, their

unit reductions were slightly lower than the removal efficiencies.

Table 20. PM2.5 emission reductions per vehicle compared to BAU scenario, and
GAINS removal efficiencies.

Emission unit Emission unit GAINS removal
reductions HDBs | reductions HDTs efficiency
EURO III 72.4% 85.2% 75.0%
EURO IV 87.9% 94.1% 93.3%

Because there were HDVs not effected by the LEZ, the relative PM2.5 reductions
for HDVs as a whole did not matched the per unit reductions. Figure 11 shows the overall
HDV PM2.5 emissions for the EURO I scenario, while Figure 12 compares these
results to the BAU scenario. There is a moderate 16% drop in emissions in 2020,
followed by a sharp 64.4% decrease in 2025. Emissions then slowly increase until 2035,

resulting in a smaller drop off of 57.4% in 2030 and 48.0% in 2035 when compared to
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Figure 11. HDV PM2.5 emissions in the BMR for the EURO |1l outcome scenario.
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Figure 12. Comparison of HDV PM2.5 emissions in the BMR between the BAU and
EURO I1I outcome scenario.

the BAU scenario. A similar behavior was observed for the EURO 1V scenario, as shown

in Figure 13 and 14. However, the emissions decreased slightly more than EURO |11, at
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Figure 13. HDV PM2.5 emissions in the BMR for the EURO IV outcome scenario.
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Figure 14. Comparison of HDV PM2.5 emissions in the BMR between the BAU and
EURO IV outcome scenario.

17.9% in 2020, peaking at 72.2% in 2025 before falling to 64.4% in 2030 and 54.0% in
2035. The reason why emissions increased after 2025 is because all the Pre-EURO and
EURO I HDVs had already been removed due to the LEZ. Vehicles not effected by the

LEZ would continue their upward trend. In the BAU scenario, the phasing out of Pre-
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EURO and EURO | HDVs occurred at a slower pace over longer periods, which resulted
in a more spread out decline in PM2.5 emissions. Overall, the percentage difference
characteristics followed the survival rate gap displayed in Figure 7 as expected.

After inputting the scenario PM2.5 emissions into the rest of the anthropogenic
emissions, the reduction became significantly more diluted. As shown in Figure 15, 1.6%
— 1.8% is the estimated relative emission reductions when compared to the BAU
scenario. This peaked at 5.1% — 5.7% in 2025, before falling to 3.8% — 4.3% in 2030,

and 2.8% — 3.2% in 2035.

2020 2025 2030 2035
0.0%

-1.0% EURO 111
2.0% 1 gop EURO IV
-3.0% -1.8%
4.0% 28
-4.0% -3.2%

-3.8% °
-5.0% -4.3%

-5.1%

-6.0% 5.7%

Figure 15. Relative PM2.5 reductions for the EURO Il and EURO 1V scenarios
compared to the BAU scenario.

PM2.5 Concentration and Annual Mortality

Next, GAINS used these emission results to estimate the mean annual ambient
PMZ2.5 concentrations and their corresponding annual mortalities attributable to PM2.5.
Results for the BAU scenario are shown in Figure 16. It was estimated that PM2.5
concentrations would gradually rise by a total of 1.99 pg/m?from 22.57 pug/m?®in 2020 to
24.56 pg/m? in 2035. Annual mortality attributable to PM2.5 was projected to increase

significantly more, mainly due to the BMR population rise which increases the number of
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people exposed. In 2020, 5549 deaths were attributable to PM2.5, and were projected to

continuously rise to 10161 deaths in 2035.
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Figure 16. Annual mean PM2.5 concentrations and annual mortality attributed to PM2.5
in the BAU scenario.

Using the lower HDV emissions in the EURO Il and EURO 1V scenarios, the
results in Figure 17 and 18 show that PM2.5 concentrations decreased fairly little for both
scenarios. The largest gap occurred in 2025, matching with largest emission reduction
year, when PM2.5 concentration was estimated to be 23.23 pg/m? for both outcome
scenarios, compared to 23.36 pg/m? for the BAU scenario. For 2020, 2025 and 2030,
both outcome scenarios predicted the same concentrations and annual mortalities.
However, the 2035 PM2.5 concentration for the EURO IV scenario was 0.06 pg/m?® lower

than the EURO I1I scenario, resulting in a lower annual mortality by eight lives.
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Figure 17. Annual mean PM2.5 concentrations and annual mortality attributed to PM2.5

in the EURO Il scenario.

Change compared to the BAU scenario is shown in parenthesis.
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Figure 18. Annual mean PM2.5 concentrations and annual mortality attributed to PM2.5
in the EURO IV scenario.
Change compared to the BAU scenario is shown in parenthesis

Linear interpolations were used to estimate the gap in annual mortality for the

years in between the five-year interval (2021- 2024, 2026 — 2029, and 2031 — 2034).
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These results are shown in Table 21. It was estimated that there would be 167 fewer

attributable deaths attributable to PM2.5 by 2035 if Pre-EURO/EURO | HDVs were

replaced with EURO Il HDVs in the presence of a LEZ. Finally, the estimate increased

to 191 fewer deaths for the EURO IV scenario.

Table 21. Linear interpolation of annual mortality attributed to PM2.5 for the BAU,
EURO Il and EURO IV outcome scenarios.

BAU annual EURO I EURO IV EURO Il EURO IV
mortality annua_ll annua}l benefits benefits
(lives) mo_rtallty mo_rtallty (lives) (lives)
(lives) (lives)
2020 5549 5548 5548 1 1
2021 5821 5815.2 5815.2 5.8 5.8
2022 6093 6082.4 6082.4 10.6 10.6
2023 6365 6349.6 6349.6 15.4 15.4
2024 6637 6616.8 6616.8 20.2 20.2
2025 6909 6884 6884 25 25
2026 7210.8 7190.2 7190.2 20.6 20.6
2027 7512.6 7496.4 7496.4 16.2 16.2
2028 7814.4 7802.6 7802.6 11.8 11.8
2029 8116.2 8108.8 8108.8 7.4 7.4
2030 8418 8415 8415 3 3
2031 8766.6 8762.6 8761 4 5.6
2032 9115.2 9110.2 9107 5 8.2
2033 9463.8 9457.8 9453 6 10.8
2034 9812.4 9805.4 9799 7 134
2035 10161 10153 10145 8 16
SUM 167 191
BCR Values

The final results are the monetization of benefits and the total financial costs to

upgrade the targeted HDVSs. Since the VSL was assumed constant, net present value

calculations for the 15-year appraisal period were not necessary. The monetized benefits
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could simply be calculated by multiplying the total number of fewer deaths by the VSL.
Similarly, since the per-unit upgrade costs were also assumed to be constant, it does not
matter what year the vehicle was upgraded, because its total costs remained the same in
real value. Hence, the total cost was calculated by multiplying the unit upgrade cost
(%1090 and $5106 for the EURO 111 and EURO 1V scenarios respectively) by the number
of extra Pre-EURO/EURO | HDVs replaced due to the LEZ in 2035 (27,031 as shown in
Table 11). As shown in Table 22, the EURO Il1 scenario estimated benefits of $270.15
million against costs of $29.45 million for a BCR value of 9.17. The EURO 1V scenario
estimated that benefits increase 14% to $308.98 million. However, it has a lower BCR

value of 2.24 due to its disproportionately higher upgrading costs of $138.03 million.

Table 22. Benefit and cost results for the EURO |1l and EURO IV outcome scenarios.

EURO Il | EURO IV
Benefit (lives) 167 191
Benefit (million $) 270.15 308.98
Costs (million $) 29.45 138.03
BCR 9.17 2.24
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Chapter IV

Discussion

The main research question of this study pertained to the values of BCRs for
various LEZ outcome scenarios. For a LEZ in the BMR targeting Pre-EURO/EURO |
HDVs with the outcome scenario of a EURO 111 upgrade, the calculated BCR had a value
of 9.17. For the second outcome scenario of a EURO IV upgrade, the BCR was 2.24.
Both BCRs had a value greater than one, meaning that the direct benefits exceeded the
direct costs. The EURO IV scenario matched the hypothesized BCR value of 2-3.
However, contrary to the hypothesis, the results suggested that the EURO |11 scenario is
much more cost-effective, due to lower upgrade costs. This indicates that the current
HDV EURO 11 standard is already suitable for a LEZ implementation. It is not necessary
for the government to improve the standards, which would have increased the proportion
of upgrades to EURO IV.

While it is not sensible to compare the value of BCRs across various CBAs due to
differences in methodologies, degrees of quantification, LEZ rules and scopes, and other
factors, what can be compared is whether the BCR values are high enough to permit
implementation. All of the CBAs in Table 2 resulted in a LEZ implementation. Some
have significantly higher BCRs, such as the Leeds CBA with a BCR of 13.9 and the
Bradford CBA with a BCR of 6. Others have BCRs of much lower values. For example,
the Antwerp CBA calculated a BCR of 1.57 while the London CBA had benefits which
were roughly equal to costs. Since these LEZs have all been eventually implemented, it is

possible there was a certain degree of bias towards benefit calculations. This is because
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governments may have already decided or had preferences towards using the LEZ policy
before the CBA was conducted. This study’s BCRs have values approximately in the
upper mid-range of the sample BCRs from Table 2, and were calculated in an unbiased
way that balances both the benefits and costs calculations. They strongly indicated that a
LEZ implementation in the BMR would be beneficial to society. However, the values of
the numbers themselves do not paint a full picture of the results. A qualitative uncertainty
and sensitivity analysis of this study’s multiple step procedure can assess the BCR’s

accuracy and variability.

Uncertainty Analysis of Benefit Calculations

Analysis of the benefit calculations can be broken down into two steps. First, the
accuracy of the starting BAU PM2.5 emissions, concentration, and annual mortality was
evaluated. There were two sets of values that attracted the most concern regarding
uncertainties: the emission factors and the fuel economies. For available countries under
GAINS South Asia, emission factors were not country specific. They were the adjustment
of European emission factors, which had been estimated from European driving
conditions, roads, and vehicle fleets (IIASA, 2012). The fuel economy values were based
on internal tests performed by the PCD on vehicles found in the BMR fleet. However,
since details of these results were unavailable, only the range of the fuel economy was
used as the upper and lower bounds. Underlying this methodology was the false
assumption that the lower bound (worst Pre-EURQO) matched the average fuel economy
of Pre-EURO/EURO | HDVs and the upper bound (best EURO I11) matched the average
fuel economy of EURO I1I. Therefore, it is probable that the former is an overestimation,

and the latter is an underestimation.
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Overall, it is unclear if the cumulative uncertainties of the emission factors and
fuel economy values over or underestimate PM2.5 emissions, as there were indications of
both. By manually replacing the Pre-EURO/EURO I inputs of the ECLIPSE CLE
scenario and leaving the rest of HDV emissions unaltered, | found the application rate of
Pre-EURO/EURO | almost doubled from 35% to 68% (Table 9). This indicates that the
inputted data may had overestimated the HDV PM2.5 emissions. However, the BAU
scenario estimated that on-road vehicles contributed only 11.8% of total PM2.5 emissions
for 2020 (10.1% from HDVs as shown in Figure 9 and 1.7% from motorcycles and
LDVs). This is far lower than estimates from other studies, which ranges from 20-30%
(Oanh, 2017) to 50% (Wangwongwattana et al., 2018), thus suggesting an
underestimation of HDV PM2.5 emissions.

Ultimately, the key comparison is the PM2.5 HDV emission value itself,
estimated at 3.16 kt for 2020 (Figure 10). A 2017 study estimated HDV PM2.5 emissions
of 3.82kt averaged for the years 2007-2015 (Cheewaphongphan et al., 2017). A second
study conducted in 2020 estimated this value to be 2.60kt for the year 2017
(Sukitpaneenit & Stettler, 2020). Hence, this study’s estimated BAU emissions was
between the estimates of the two studies, even after moderately decreasing both
estimations to project them to the year 2020. This supported the notion that the estimated
BAU HDV PM2.5 emissions in 2020 was a reasonably accurate value, despite the
uncertainties in the emission factors and fuel economy values.

Similarly, the corresponding BAU PM2.5 concentration of 22.57pug/m?® in 2020
was remarkably close to the actual average measured value of 23 ug/m?® (PCD, 2021),

adding credibility to the GAINS air dispersion model. The magnitude of the expected
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underestimation due to exclusion of natural sources and secondary organic aerosols was
insignificant. The corresponding annual mortality estimation from GAINS was 5,549
lives. In a more detailed study, using a software called BENMAP which specializes in
environmental benefits, the annual mortality was estimated to be 5,927 lives for 2019
(Fold et al., 2020). However, this study was conducted in Bangkok province alone and
did not include the population of the five surrounding provinces. On the other hand, the
study used a significantly higher PM2.5 concentration (27 ug/m?). These two factors
balanced each out, so the value is comparable to the GAINS mortality rate after
interpolating to include all of the BMR but at a lower PM2.5 concentration. Hence, a
certain degree of accuracy could be established for the starting BAU emissions,

concentration, and annual mortality.

Sensitivity Analysis of Benefit Calculations

The second part of the benefit calculations analysis concerns the change of these
starting values between the BAU and the two LEZ outcome scenarios. First, the change
in emissions were assessed. Since only the portion of the activity data relating to the LEZ
was altered, the rest of the PM2.5 emission projections remained the same for both
scenarios. This unaltered portion of the ECLIPSE CLE projections did not contribute to
the change in emissions, and was therefore not essential. What did contribute were the
differences between the survivability rates of the BAU and LEZ scenarios.

The potential error of the survivability rate of the BAU scenario was more
concerning. In this study, the rate was calculated from historical averages and assumed
constant. Since the rate is the percentage of vehicles that remains each subsequent year,

the actual number of vehicles removed each year decreases, meaning that the number of
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remaining vehicles never reaches zero. The actual behavior of vehicle survivability over
its expected lifetime follows the S-curve. In the middle phase of the S-curve, it is
expected that survivability would steeply decline, before tapering off and eventually
reaching zero at the end of its life cycle (Cheewaphongphan et al., 2020). Hence, the
actual number of remaining Pre-EURO/EURO I vehicles in the BAU scenario in the
years 2025, 2030, and 2035 is expected to be lower than this study’s estimates; in other
words, the targeted vehicles would naturally be phased out faster. This reduces the
number of extra vehicles replaced due to the LEZ, downsizing its overall effect. Due to
the linearity of emission and cost calculations, both the difference in emissions between
the BAU and the LEZ scenarios, and the upgrade costs would be reduced proportionately.
However, while costs were calculated in a simple linear way, differences in emissions
needed to be converted to concentrations and annual mortality via the GAINS model,
which led to unpredictable complications.

The GAINS air dispersion model responsible for estimating PM2.5 emissions had
a very low sensitivity, evidenced by the three equal concentration results for both LEZ
outcome scenarios in the years 2020, 2025, and 2030. This is a problem since the
concentration output was limited only to two decimal places, which was not enough
detail to account for the difference in concentrations between each LEZ outcome
scenario. As a point of reference, the difference in the BAU and EURO |11 scenario
concentrations were calculated to be 0.03 pg/m? for 2020, 0.13 pg/m? for 2025, 0.02
pg/m? for 2030 and 0.06 pg/m?® for 2035. The emission difference between EURO 111 and
EURO IV scenarios were calculated to be about 10 times less than those between the

BAU and EURO I1I scenario. Hence, it is possible that the emission difference is too
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small to register a concentration difference due to the low sensitivity of the model, and
the limited number of decimal units. Furthermore, the model is non-linear, as evidenced
by a higher concentration reduction in 2020 (0.03 pg/m®) than 2030 (0.02 pug/m?®) despite
the latter having a higher emission reduction.

The GAINS methodology to convert mean PM2.5 concentrations to annual
mortalities is not continuous. As explained, the model estimates mortality based on
increments of PM2.5 concentrations. Hence it is possible to obtain identical annual
mortalities for different concentrations, if the concentrations lie in the same increment.
For small changes, like those from this study, the discontinuity could significantly affect
the accuracy of the results. Table 23 shows a simple sensitivity test for PM2.5
concentrations from 22.57 pug/m?® to 22.60ug/m? and the corresponding annual
mortalities. As concentration increases from 22.57 pg/m? to 22.58 pg/m?3, annual
mortality increases by one. However, when the increase is from 22.58 pg/m? to 22.59
pg/m?, the mortality increases by five, and remains constant for the increase to 22.60
pg/m?. It can be seen that the annual mortality model can be quite unpredictable for the

small changes in concentrations.

Table 23. PM2.5 concentrations and corresponding annual mortalities for the BMR in
2020.

PM2.5 Annual
concentrations mortality
(ng/m3) (lives)
22.57 5,549
22.58 5,550
22.59 5,555
22.6 5,555
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Uncertainty Analysis of Benefit Monetization and Cost Calculations

The final step of the benefit calculations was using the VSL to monetize annual
mortality. The VSL was assumed constant to 2035 in this study. By realistically assuming
that future projections of real income, which is proportional to VSL, would be positive, |
concluded that the VSL used for this study is an underestimation. For costs, the ICCT
report only included technologies that were already commercially available. Newer
technologies, or those in development are likely to reduce costs further. Furthermore, the
report did not account for cost reductions from bulk sales (Posada et al., 2016). Hence it
is likely that the costs calculated for this study was an overestimation. Together the
underestimation of the benefits, and the overestimation of the costs would result in higher
BCRs. This provides a larger margin in favor of a LEZ to account for the significant
uncertainties from the GAINS concentration and mortality models. At a minimum, the

results of this study advocate for further research into a LEZ implementation in Thailand.

Future Steps Towards a LEZ Implementation in Thailand

The first recommended step towards further continuation of this study is to refine
the methodology to reduce uncertainty and increase the accuracy of the results. Potential
refinements include:

1. Using locally tested country-specific emission factors

2. Refining the ICCT costs to reflect the Thai vehicle fleet

3. Calculating results for many appraisal periods
4. Using socio-economic factors to project vehicle demand and VSL
5. Using specialized software for pollutant concentration and annual

mortality estimations to supplement the GAINS model
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6. Estimating costs for consumers instead of manufacturers. Consumers
have to pay more for the upgrade due to added profit margins and some
upgrade components such as engine redesign may not be available to
consumers. More convenient options such as diesel particulate filters
should be explored.

Subsequently, the scope of the study can be increased to include other air
pollutants such as CO, NOx, NMVOC, CHgs, N20O, SO2, NH3, and other particulate matter
such as PM10, BC, and OC; however, PM2.5 will still be the main concern
(Cheewaphongphan et al., 2017). It is not essential to quantify other secondary effects,
since this can lead to biased benefit calculations.

It is also recommended to reduce the prospective LEZ scope to key districts in the
Bangkok CBD. This study used the BMR as the LEZ boundary, due to the availability of
the region in GAINS South Asia. However, a LEZ in the BMR would cover an area
roughly five times that of Greater London. A more realistic starting point are districts in
Bangkok CBD that has both heavy traffic and poor air quality. If successful, the boundary
can then be scaled up. It is not recommended however, to expand the LEZ rules to
include regular cars. Not only are HDVs more emission intensive, including passenger
cars could create a social injustice in the sense that the upgrade costs are solely
apportioned to the owner while the benefits are dispersed to society. For buses and trucks,
the dilemma is less pronounced as these vehicles are more likely to be owned by
businesses or by the government, who can disperse the costs to consumers or to

taxpayers.
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Other LEZ outcome scenarios can also be explored. This study’s EURO III option
was chosen because of the assumption that it would be the most common replacement
vehicle. The rationale was that it would be more sensible for an upgrade to the current
standard of EURO 11 rather than EURO II. The EURO IV option was chosen to explore
the imminent scenario where the Thai government increased the minimum standard to
EURO IV, thus providing incentive for an upgrade to it. To further explore additional
scenarios, it is recommended that other fuel-type HDVs such as natural gas be tested.
Although far less common than diesel for HDVs, other fuels have lower emission
intensities. Longer term options such as electric HDVs could also be explored, albeit the
exponentially higher indirect infrastructure cost cannot be ignored.

Finally, the comprehensiveness of this study can be enhanced by accounting for
other indirect/secondary benefits and costs. Some other benefits include: GHG
reductions, an improvement in workforce productivity and congestion, a more attractive
environment for companies and people, improved safety of new vehicles, and benefits to
the vehicle sector industry (MVA Systra Group, 2013; Bradford Environmental Health
Service, 2014; Transport for London, 2003). One significant cost factor is the
disproportionate effect on small businesses in the logistics, construction, and transport
sector (Apur, 2012). A quantification of these factors can heighten the sophistication of
the BCR calculations. However, the BCR pertaining to the direct benefits and costs

should be treated as a separate core indicator.

Conclusions
In conclusion, the results of this study suggested that a LEZ policy could be an

effective solution to help alleviate the human disease burden caused by exposure to
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ambient PM2.5 in the BMR. BCR values of 9.17 and 2.24 for the EURO Il and EURO
IV outcome scenarios demonstrated that benefits exceeded the costs of the LEZ, with the
EURO 11 scenario being substantially more economical. The likely underestimation of
the monetization of the benefits, and the overestimation of the costs suggested that a
more thorough calculation could result in even higher values of BCRs. However, the
BCRs contained significant uncertainties from the concentration and annual mortality
calculations. This improvement gap can be tackled with a more refined methodology to
reduce uncertainties, as well as expanding the scope of this study by exploring other
pollutants, LEZ options, and outcome scenarios. Other benefits and costs can also be
assessed. Nevertheless, the BCRs calculated from direct benefits and costs should be
highlighted as a core indicator, and ultimately, they can contribute to the final decision of

a LEZ implementation in Thailand.
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