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EXECUTIVE SUMMARY

Transport plays a key role in urban emissions. Because of fast urbanization and motorization in many
cities, transport (especially road transport) is a growing and major source of air pollutants. In OECD
countries, road transport accounts for about 50% of the cost of air pollution (OECD, 2014). If one

takes into account aviation and shipping, the total emissions share would be even higher. In emerging
economies such as China and India, the estimates are lower because of the contribution from other
sources, but transport emissions nonetheless represent a large and significantly increasing burden. In
Chinese big cities, for example, transport is estimated to contribute about 15-35% of local PM, in urban
areas (Song, 2014b). Besides general air pollutants, transport also emits CO, and short-lived climate
pollutants (SLCPs) such as black carbon particles and methane, thus contributing to near- and long-
term climate change and local air quality degradation. The World Health Organization finds that there is

a strong link between air pollution exposure and cardiovascular diseases—such as stroke and ischemic
heart disease, and even lung cancer (WHO, 2014). The particulate matter component of air pollution

is most closely associated with increased cancer incidence, especially lung cancer. Children, women,

the elderly, and the poor are the most vulnerable groups. According to the Organisation for Economic
Cooperation and Development, the cost of the health impact of air pollution in OECD countries (including
deaths and illness) was about US$1.7 trillion in 2010 (OECD, 2014). In 2010, the cost of the health
impact of air pollution was about US$1.4 trillion in China and about US$0.5 trillion in India. Given the
contribution of transport, | estimate that the health impact cost of air pollution from the transport sector in
2010 was more than US$0.9 trillion in OECD countries, US$0.2 trillion in China, and US$0.07 trillion in
India. These numbers are still climbing in Asian developing countries, where rapid urbanization and traffic

growth (motorization) are outpacing the adoption of tighter controls on emissions from vehicles.

Transport Emissions & Social Cost Assessment: Methodology Guide



ABOUT THIS STUDY

Before introducing any mitigation policies, it is essential to
thoroughly quantify the emissions inventories and impact costs.
However, many developing countries do not have the capacity
to quantify the emissions inventories and impact costs from the
transport sector because of limited technical support, methodol-
0gy, data, and awareness. This study was thus designed to help
these cities and countries fill such gaps.

The Transport Emissions & Social Cost Assessment is a project
under the World Resources Institute’s Sustainable and Livable
Cities Program, funded by the Caterpillar Foundation. The project
aims to develop a methodology guide and a simple MS Excel—
based tool to estimate transport emissions inventories and evalu-
ate the associated social impact costs. The methodology guide
and the tool are developed specifically for developing countries
and cities, where the statistical system for the transport sector is
still weak in terms of data availability and quality. The guide and
tool are designed to estimate the inventories of six air pollutants
(NO,, SO,, PM, ,, PM, , CO, and HC) and three GHGs (CO,, CH,,

2.5

and N0) for 18 types of transport modes at either the national
or city level. On this basis, the range of social cost for each type
of emissions can be roughly evaluated and policymakers and

decision-makers can create more cost-efficient policies and ac-
tions based on the results. The first version of the tool (Transport
Emissions & Social Cost Assessment: Tool version 1.0) was
designed in 2014 and was successfully tested in Chengdu, the
rapidly developing capital of Sichuan province in southwest China
(a separate case study report—Transport Emissions & Social
Cost Assessment: Case of Chengdu—is available upon request).
To make this document more concise, | provide the MS Excel—
based tool (version 1.0) in a separate file.

This report, Transport Emissions & Social Cost Assessment:
The Methodology Guide (the guide), is a methodology document
associated with the tool (v1.0) under the above-mentioned
project. The guide introduces a simple, macro-level methodology
framework for transport emissions inventory and social cost
gvaluation. It also discusses the detailed input data required for
evaluation, as well as the data quality analysis approach. Finally,
the guide includes discussion of how to interpret the evaluation
outputs and their uncertainties. It summarizes four kinds of
outputs, as the indicative results, from the tool: (1) emissions
inventories, (2) emissions social cost, (3) eco-efficiency
indicators (e.g., tonnes of PM, , per vehicle kilometer traveled
[VKT]), and (4) data quality analysis.




UNCERTAINTIES AND FUTURE WORK

Although the guide provides a methodological framework for
transport emissions inventory and social cost assessment, it is
important to notice that the emissions data and social cost (espe-
cially the health costs) data are not equally available and equally
reliable. This means that the evaluation of emissions social cost
will have more uncertainties than the inventory estimates. This
reality cannot be avoided in the long term. Estimating social
costs associated with various air pollutants is difficult, and the
uncertainties are usually ignored in policymaking. Therefore, it

is also the responsibility of this guide to raise awareness of such
uncertainties and persuade policymakers and researchers to al-
locate greater resources and time to the relevant research in order
to obtain more reliable estimates and develop accurate policies.

In the future, the study team will (1) further reduce the uncertain-
ties in the emissions social cost evaluation; (2) apply the updated
guide/tool to more cities in the world, helping them understand
their local transport emissions inventory, social impact, data
quality, and the eco-efficiency of the transport system; (3) work
with WRI's GHGP/GPC tool family to contribute to global cities’
emissions benchmarking; and (4) support the social cost-benefit
analysis for local clean transport policies and technologies.

REPORT ORGANIZATION

The methodology guide has six chapters. Chapter 1 introduces
the background, objectives, and gives a quick tour of the guide’s
main components. Chapter 2 explains the methodology frame-
work for transport emissions inventory and social cost evalua-
tion, which includes the application scope and methodologies
for top-down and bottom-up approaches. Chapter 3 introduces
the methodology of data quality analysis and the case of China
in the context of poor data quality in developing economies.
Chapter 4 discusses the key inputs and defaults required for
emissions inventory and social cost evaluation. Chapter 5
discusses how to present and interpret the indicative results,
which include the indicators of emissions inventory, emissions
social cost, eco-efficiency results, and database quality. Chapter
6 suggests future studies and applications.







SECTION |

INTRODUCTION

1.1 Background

Health impacts of hazardous air'

Outdoor (ambient) air pollution is a major
environmental health risk affecting everyone, in
developed and developing countries. Outdoor
air pollution in both cities and rural areas

was estimated to cause 3.7 million premature
deaths worldwide in 2012. Some 88% of

those premature deaths occurred in low- and
middle-income countries (WHO, 2014). The
Global Burden of Disease study has ranked the
top death risk burdens—in 2010, ambient air
pollution ranked ninth globally and fourth in
China (Lancet, 2016). Hazardous levels of PM2_5
exposure in China have triggered tremendous
public health problems and public concern

in recent years. Health impacts are the major
social cost of air pollution.

The World Health Organization (WHO) finds a
strong link between air pollution exposure and
cardiovascular diseases—such as stroke and
ischemic heart disease, and even lung cancer
(WHO, 2014). Children, women, the elderly, and
the poor are the most vulnerable groups (Song,
2014b). The WHO estimates that some 80% of
outdoor air pollution—related premature deaths
were due to ischemic heart disease (40%) and
strokes (40%), while 14% of deaths were due to
chronic obstructive pulmonary disease or acute
lower respiratory infections; and 6% of deaths

were due to lung cancer. A 2013 assessment by
the WHO'’s International Agency for Research
on Cancer concluded that outdoor air pollution
is carcinogenic to humans, with the particulate
matter component of air pollution most closely
associated with increased cancer incidence,
especially cancer of the lung.

According to the Organization for Economic
Cooperation and Development (OECD, 2014),
the cost of the health impact of air pollution in
OECD countries (including deaths and illness)
was about US$1.7 trillion in 2010. In 2010, the
cost of the health impact of air pollution was
about US$1.4 trillion in China, and about US$0.5
trillion in India. These numbers are still climbing
in Asia: over the same period, the number of
deaths resulting from outdoor air pollution rose
in China by about 5%, and in India by about 12%
(OECD, 2014).

Transport is a key source of emissions

A variety of sources are responsible for air
pollutants, and these vary among countries

and cities. In many developing and emerging
economies, small boilers are important sources.
Electricity generation, industry, and shipping (in
coastal areas) can also generate air pollutants.
However, in many countries and cities, transport
(especially road transport) is a growing and
sometimes the major source of air pollutants.

Transport Emissions & Social Cost Assessment: Methodology Guide
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Figure1 | City PM, . Source Apportionment Results

I \|otor vehicles Industrial production

80%
70%
60%
50%
40%

30%

Coal combustion Dust ~ NEEEEEE Other (biomass buring, etc.)

100% l . .
90% I I I

20%
10% I
0%

Beijing Guangzhou Nanjing Hangzhou

Changzhou Nanton Zhengzhou

Note: The figure only shows the local sources; it does not include PM, . pollution blown from the city’s neighboring provinces.

Sources: CAA, 2016; Song, 2014b.

Available information suggests that, on average in
OECD countries, road transport accounts for about
50% of the cost of air pollution (OECD, 2014). If
we take into account off-road transport, such as
aviation and shipping, the total transport emissions
share would be even higher. In emerging economies
such as China and India, the estimates are lower,
because of the contribution from other sources, but
transport emissions nonetheless represent a large
and significantly increasing burden (OECD, 2014).
The evidence is still building, but it is already clear
that transport is a significant contributor to urban
air pollution. In Chinese big cities, for example,
motor vehicles are estimated to contribute about
15—35% of local PM,, in urban areas (Song, 2014b).
In Beijing, the number is estimated to be 31%. In
the Chinese capital, motor vehicles also account

for 58% of the nitrogen oxides (NO,) and 40% of
volatile organic compounds (VOCs)—both of which
can have serious negative health effects (Song,
2014b; CAA, 2016). In most rural areas—especially
in inland China—the energy and industry sectors,
as well as wood cook stoves, dominate emissions.

WRl.org

But in urban areas and especially in megacities,
transport is the major source of local emissions, and
its share is growing as a result of urbanization and
motorization.

Based on the above information about the transport
contribution to air pollution (OECD, 2014; Song,
2014b; CAA, 2016), I estimate that in 2010 the health
impact cost of air pollution from the transport sector
was more than US$0.9 trillion in OECD countries,
US$o0.2 trillion in China, and US$0.07 trillion

in India. Emissions are increasing in China and
India, where rapid urbanization and traffic growth
(motorization) are outpacing the adoption of tighter
controls on emissions from vehicles.

In addition to general air pollutants, the transport
sector also produces CO, and short-lived climate
pollutants (SLCPs) such as black carbon particles
and methane, thus contributing to near- and
long-term climate change and local air quality
degradation (WHO, 2014). In general, human
activity-related greenhouse gases (GHGs) and



other air pollutants share the same sources.
Reducing GHGs has the co-benefits of air pollutant
reduction, thus mitigating environmental and
public health issues. Measuring emissions
inventories and evaluating their social impact

costs are thus important because they can help
decision-makers design more thorough and efficient
policies based on numbers. Today many countries
require emissions inventories before introducing
any mitigation policies. However, there are also
many developing countries that do not have the
capacity to quantify emissions inventories and
impact costs from the transport sector, because
they lack technical support, methodology, data, and
awareness.

1.2 Objectives

Quantification of transport-related emissions
inventories and their impacts is always the first

step in clean transport policy decision-making. In
order to help governments take this step, the study
team has developed this guide as well as a Transport
Emissions & Social Cost Assessment Tool (TESCA,
version 1.0). The guide and tool are developed
specifically for China and other developing cities
and countries, where the statistical system for the
transport sector is still weak in terms of poor data
availability and quality. The simple MS Excel-based
tool is designed to estimate the inventories of six

air pollutants (NO,, SO,, PM, ,PM,, CO, and HC)
and three GHGs (CO,, CH,, and N,O) for 18 types
of transport modes on either the national or local
(city) level. In addition, it can help policymakers
and decision-makers evaluate the range of social
costs associated with transport emissions. This
enables policymakers and decision-makers to
design more cost-efficient policies and actions based
on the results from the tool. The tool (v1.0) was
designed in 2014, and was successfully tested in
Chengdu, the rapidly developing capital of Sichuan
province in southwest China (a separate report,
Transport Emissions & Social Cost Assessment:
Case of Chengdu, is available upon request).

Comparing with the existing tools

To quantify the transport-related emissions
inventory, many organizations and countries
have been developing their own tools. Among the
most prominent transport emission tools are the
Motor Vehicle Emission Simulator (MOVES), the

International Vehicle Emissions Model (IVE), the
Computer Program to Calculate Emissions from
Road Transport (COPERT), the Handbook Emission
Factors for Road Transport (HBEFA), and the
Mobile Vehicle Emission Factor Model (MOBILE)
(see the detailed tools mapping in Appendix 2). For
emission social cost evaluation (especially the public
health impact), useful tools or models include the
Environmental Benefits Mapping and Analysis
Program (BenMAP), the Impact Pathway Approach
(IPA) under External Costs of Energy (ExternE),
and Greenhouse Gas—Air Pollution Interactions
and Synergies (GAINS). Different from these micro-
level emission models or tools, this guide and tool
provide a macro-level assessment framework. The
framework gives users the flexibility of choosing
either disaggregated or general data, at the country,
regional, or city level, making the guide and tool
more user-friendly for cities and countries with
limited data accessibility and quality.

The guide and tool are also a good complement

to WRI’s macro-level GHG Protocol tool family
(WRI, 2012). Since the guide and tool are designed
specifically for the transport sector (the mobile
sources), their outputs can help the GHG Protocol
estimate emissions in greater detail. More important,
since the GHG Protocol does not count non-GHG air
pollutants, the estimate of criteria air contaminants
(CACs) of the transport sector, as well as the macro-
level social impact cost evaluation, can contribute as
value-added products of the GHG Protocol.

Objectives & value-added functions

The guide/tool has the following objectives and
value-added functions:

B Provide methodology to estimate the invento-
ries of six air pollutants (NO,, SO,, PM, , PM,,
CO, and HC) and three GHGs (CO,, CH4, and
N, O) for 18 types of transport modes on either
the national or local (city) level.

B Provide methodology to evaluate the range of
social cost associated with transport emissions,
as well as the eco-efficiency® of the transport
system.

B Provide a framework to evaluate data quality.

More specifically, the guide and tool can help
monetizing the co-benefits, which are the social

Transport Emissions & Social Cost Assessment: Methodology Guide



impact (such as public health impact) costs
avoided (or internalized) by different policy
scenarios. That is the most value-added part of the
guide and tool to help policymakers and decision-
makers conduct social cost-benefit analysis (SCBA)
for optional transport policy portfolios. Using the
guide and tool, policymakers and decision-makers
can develop more cost-efficient policies and actions
based on the results.

Although the guide provides a methodological
framework for transport emissions inventory and
social cost assessment, it is important to note that
the emissions data and social cost (especially health
cost) data are not equally available and equally
reliable. This means that the evaluation of emissions
social cost will have more uncertainties than the
inventory estimates. This reality cannot be avoided
in the long term. Estimating social costs associated
with various air pollutants is difficult, and the
uncertainties are usually ignored in policymaking.
Therefore, it is also the responsibility of this report
to raise awareness of such uncertainties, and
persuade policymakers and researchers to allocate
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greater resources and time on the relevant research
in order to obtain more reliable estimates and
develop accurate policies.

1.3 Report Organization

This methodology guide has six chapters. Chapter
1 introduces the background, objectives, and gives
a quick tour of the guide’s main components.
Chapter 2 explains the methodology framework
for transport emissions inventory and social cost
evaluation, which includes the application scope
and methodologies for top-down and bottom-up
approaches. Chapter 3 introduces the methodology
of data quality analysis and the case of China in
the context of poor data quality in developing
economies. Chapter 4 discusses the key inputs
and defaults required for emissions inventory and
social cost evaluation. Chapter 5 discusses how to
present and interpret the indicative results, which
include the indicators of emissions inventory,
emissions social cost, eco-efficiency results, and
database quality. Chapter 6 suggests future studies
and applications.

ru-.,.‘.,.-._l.'




Figure 2 | Main Components of the Transport Emissions Impact Evaluation Process

Scope of the study

Result review and
local justification

Indicative results

Social cost
AEITEN

Before we go into detail in the following chapters,
consider Figure 2, which provides a quick tour of
the six main components involved in the transport
emissions impact evaluation process:

Scope of the study: Identify the geographical ]
scope of the study area, as well as the emissions
and transport types selected.

Data quality analysis: Analyze the input data
quality against four criteria: level of availability,
localization, frequency, and accuracy.

Emissions inventory estimate: Quantify the
amount of emissions inventories from each
transport type.

Social cost evaluation: Monetize social cost
from transport emissions and evaluate the
uncertainties.

Indicative results: Calculate the eco-efficiency
indicators based on the emissions inventory and
social cost results. The indicators can be emis-
sions inventory per VKT of private cars, emis-

Transport Emissions & Social Cost Assessment: Methodology Guide

Data quality
analysis

Emissions
inventory estimate

sions social cost per tonne-kilometer (TKM) of
trucks, emissions social cost per VKT of bus,
emissions social cost per unit of GDP, emissions
social cost per unit of transport revenue, emis-
sions social cost per capita, and so on.

Results review and local justification: Review
and revise the assessment results based on the
local conditions in the study area.






SECTION I

METHODOLO
FRAMEWOR

2.1 Identification of Scope

Geographical scope

Defining a clear geographical boundary before
calculating mobile source (transport) emissions
is crucial. The guide and tool have a flexible
framework that can be used at the country,
regional, or city level. It can cover direct
emissions in the following geographical areas:

B Country’s administrative boundary
B Provincial administrative boundary

B Regional or cross-boundary (e.g., a cluster
of cities or provinces, such as the Yangtze
River Delta Region)

B City’s administrative boundary

B Central urban area

For the city-level emissions estimate, it is
common practice to count emissions in the city’s
administrative boundary, which covers both the
urban built-up area* and the rural area (WRI,
2015b). However, in most developing counties, a
city’s administrative boundary can cover a much
wider rural area than such spaces in developed
countries. For example, a typical Chinese city,
defined by administrative boundary, looks like

a huge nonurbanized area embedded with some
tiny button-like built-up areas. Within the city’s
administrative boundary in most developing

countries, the proportion of the rural area could
be huge.

Figure 3 shows a typical layout for a Chinese
city. For most cities in China, the built-up area
accounts for less than 10% of the entire city
administrative area. Even in the most developed
Chinese cities (e.g., Shanghai), the built-up area
makes up 16% at most. In that case, if one wants
to estimate the emissions inventories within

a city’s administrative boundary, one has to
involve a large portion of freight activities that
happen in the city’s suburban and rural areas.
This means that air pollutants (especially NO,
and PMs) from these freight diesel engines might
account for a more significant share than central
urban passenger transport modes (e.g., buses,
taxis, and private cars).

Note that although intensive human activities
happen in the city’s built-up area, most cities’
transport statistics are only available by city
administrative level. When users are calculating
the city-level transport emissions, I encourage
them to be aware of this issue. In order to obtain
accurate results, users must be clear on the data
scope before using the guide and tool.

Emissions and transport types selection

The guide and tool can help users estimate nine
types of emissions from the transport sector,

Transport Emissions & Social Cost Assessment: Methodology Guide
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Figure 3 | City Built-Up Area vs. Admin Area: Typical Chinese City Layout

TYPICAL
CHINESE CITY
LAYOUT
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Note: The dots (built-up area as the percentage of the administrative area) on the right figure are linked to the right (%) y axis.
Sources: Original data from China Statistical Yearbook and China’s Ministry of Housing and Urban-Rural Development..

including three GHGs and six air pollutants (or
criteria air contaminants [CACs]). They are as follows:

B GHGs: carbon dioxide (CO,), methane (CH4),
and nitrous oxide (N,0).

B CACs: nitrogen oxides (NO,), sulfur oxides
(SO,), particulate matter less than 2.5 microm-
eters in diameter (PM2_5), particulate matter less
than 10 micrometers in diameter (PM ), carbon
monoxide (CO), and hydrocarbons (HCs).

Although the tool can calculate GHG emissions
easily, transport-related air quality issues (in terms
of various air pollutants emissions) and their public
health and environmental impact to specific local

WRl.org
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community are the primary concerns. For GHGs,

the guide and tool follow the “scope” defined
by WRI’s Global Protocol for Community-Scale

Greenhouse Gas Emission Inventories (GPC) and

suggest calculating the GHGs for “scope 1, 2, and 3’

i

(WRI, et al., 2014). For other air pollutants, which
have more significant local and regional health and
environmental impacts rather than global climate

impacts,® the guide and tool only calculate “scope 1

”

emissions estimate as well as the emissions’ direct
local impact within a given geographical boundary.
For the next version, WRI will consider including

“scope 2 and 3” air pollutants into the guide and

tool, which will especially cover indirect emissions

from upstream electricity generation and their
indirect impact cost.



Box1 | “Scopes” Definitions in the GPC

Scope definitions for city inventories:

» Scope 1: GHG emissions from sources located within the city’s boundary.

» Scope 2: GHG emissions occurring as a consequence of the use of grid-supplied electricity, heat, steam, and/or cooling within the city’s
boundary.

» Scope 3: All other GHG emissions that occur outside the city’s boundary as a result of activities taking place within the city’s boundary.

o
[
i “'H‘ in-boundary waste out-of-boundary
’ & wastewater [ﬁ

; waste & wastewater
agriculture, forestry

& other land use
out-of-boundary

waste & wastewater

stationary fuel
combustion

_ grid-supplied transmission
industrial processes & O energy & distribution

product use (o ]]-- )

L8]
in-boundary Y

transportation out-of-boundary

transportation

Inventory boundary (including scopes 1, 2 and 3) I Geographic city boundary (including scope 1) Grid-supplied energy from a regional grid (scope 2)

(Sources and boundaries of city GHG emissions)

Scope for transport emissions defined in the GPC:

» Scope 1: Emissions from transportation occurring within the city. This includes all GHG emissions from the transport of people and freight
occurring within the city’s boundary.

» Scope 2: Emissions from grid-supplied electricity used in the city for transportation. This includes all GHG emissions from the generation of
grid-supplied electricity used for electric-powered vehicles. The amount of electricity used should be assessed at the point of consumption
within the city’s boundary.

» Scope 3: Emissions from the portion of transboundary journeys occurring outside the city, and transmission and distribution losses from
grid-supplied energy from electric vehicle use. This includes the out-of-city portion of all transboundary GHG emissions from trips that
either originate or terminate within the city’s boundary.

Source: WRI, et al., 2014.
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Most developing cities and countries have quite
diverse types of vehicles (and vessels for waterway
transport), especially the vehicles for road freight
and the vessels used in inland waterways. The first
version of the guide and tool selected 18 transport
types that predominate in city or intercity scopes.
They include (in alphabetical order) agricultural
vehicle, air, bus, e-bike, ferry, inland waterway
transport (IWV, including freight and passenger),
intercity coach, light rail transit (LRT), metro,
military car, motorcycle, private car, railway
locomotive (including freight and passenger),

taxi, tram, trolley, truck (including heavy-duty
truck, medium-duty truck, light-duty truck, and
minitruck), and van. These are the most common
transport modes in both developing and developed
countries. That is why I selected these modes at the
first stage.

2.2 Methodology for Emissions In-
ventory

Transport emissions inventory can be obtained
either through direct air quality monitoring or from
estimating the fuel consumed (represented by fuel
sold [IPCC, 2006]) or the transport activities (e.g.,

vehicle distance traveled, or tonne-km transported).
The different methodologies and approaches to data
sources can be grouped in two different categories:
top-down and bottom-up (Figure 4).

B Top-down approach: based on transport fuel
consumption (e.g., fuel sold) and/or direct
transport emissions monitoring (e.g., through
air quality monitoring and source apportion-
ment techniques).

B Bottom-up approach: based on transport activi-
ties, e.g., vehicle kilometers traveled (VKT).

Both the top-down and the bottom-up approach
should be conducted, in parallel, if budget allows.
In order to guarantee the quality of emissions
inventories, results from both approaches should be
compared. Any anomalies between the emissions
estimates should be investigated and explained (YCC,
2011). Figure 4 shows a concept flowchart of how to
conduct transport emissions estimates by applying
both the top-down and the bottom-up approach. By
multiplying the emissions amount by the social cost
factor (expressed in US$/tonne), researchers can
obtain the final result of emissions social cost.

Figure 4 | How to Estimate Transport Emissions Inventories and Social Costs: A Conceptual Flowchart

Top-down:
fuel-based for CO,

Estimate of
transport
emissions

Top-down:
AQ monitoring and source
apportionment

Bottom-up:
activity-based for all
emissions

Soical cost Transport
factors of Emissions Social
emissions Cost

Note: The methods and equations for the top-down and bottom-up approaches will be detailed in sections 2.1 and 2.2. AQ = air quality.
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Normally, the top-down and bottom-up
approaches apply to both GHG and CAC estimates.
In order to obtain the detailed emissions
inventories for each transport type, the guide/tool
adopts the bottom-up approach, which is based on
VKT and other transport activity data (passenger-
km or tonne-km transported, aircraft landing and
takeoff cycle, vessel activities, etc.). In addition,
the tool provides windows for users to enter the
data or results from the top-down approach (i.e.,
data from air quality monitoring, or results directly
calculated from fuel consumption). Although

the guide/tool mainly focuses on the bottom-up
approach, I encourage users to compare top-

down and bottom-up results as much as possible.

I also encourage users to analyze and interpret

the differences in results either quantitatively or
qualitatively. In this way, users can make a sound
judgment and reach conclusions based on ample
evidence.

This guide gives a brief introduction to both the
top-down and the bottom-up approach, then details
how to use the tool using the bottom-up approach.

2.2.1 Top-down approach

The transport emissions result can be obtained
from the top-down approach, which is based on
fuel sold and/or air quality monitoring results.
Normally, GHG emissions are calculated by
“estimating fuel consumption in common energy
unit, multiplying by an emission factor” (IPCC,
2000); while CAC emissions are obtained by

air quality monitoring and analyzed by source
apportionment techniques.®

a. GHG emissions

There are two methods to estimate fuel
consumption for transport:

B Calculating from energy statistics: Splitting
transport fuel data from the total fuel consump-
tion item in energy statistics documents.

B Conducting a gas station survey: Collecting data
on fuel consumed (or sold) from all transport
operators (e.g., bus companies, freight compa-
nies, taxi companies, airlines, shipping com-
panies, private car drivers), and/or from gas
stations.

Although the second method could detail into each
specific transport type, it might be less feasible (or
less comprehensive) in most developing countries
because of their weak survey and statistical systems.
The first method, however, can be more convenient,
because in developing countries energy statistics
tend to be more available than other types of
information.

The case of China: How to split transport fuel con-
sumption from the energy balance sheet?

In China’s existing statistical system (e.g., in the
China Statistical Yearbook), a routine item—“total
final consumption”—of the energy balance

sheet includes at least the following sectors: (1)
“agriculture, forestry, animal husbandry, fisheries,
and water conservation”; (2) “industry”; (3)
“construction”; (4) “transport, storage, and post”;
(5) “wholesale, retail trade and hotel, restaurants”;
(6) “other”; and (7) “residential consumption”.?

In China, the “transport, storage and post”

sector alone does not necessarily represent the
entire transport sector (the mobile source).

In fact, most official sources (e.g., the China
Statistical Yearbook) only refer to commercial
transport types (intercity coach, truck, inland
waterway transport, etc.). They do not directly
include (YCC, 2011) vehicles owned by private
households, enterprises, government, agricultural
vehicles, and other special-purpose vehicles

that provide noncommercial transport services
(e.g., fire trucks). Before the governmental
institutional reform that began in 2008, the
transport authorities’ statistical system did not
even cover urban transport (e.g., taxis and urban
public transport), railways and aviation.? For
years, China’s statistical authority has allocated
these “outstanding” transport types to the other
categories (e.g., in national and local statistical
yearbooks, private cars and motorcycles are in the
chapter “People’s Living Conditions”, buses and
taxis are in the chapter “General Survey of Cities”,"
etc.). These “outstanding” transport types are

not always well integrated into the same category
(“transport, storage, and post”) within one
consistent statistical system. A similar problem
occurs in many other developing countries.

In addition, according to the common practice of
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international emissions accounting, “storage” is the
stationary source that should not be categorized

in the transport (mobile source) sector. In that
case, emissions inventory compilers should split
the “storage” part from the “transport, storage,

and post” category in China’s traditional statistical
system.

Because of the above issues, obtaining the mobile
source energy-use statistics does not simply
entail separating “transport, storage, and post”
consumption from the balance sheet. Instead, we

must distill given energy consumption shares from
all other sectors or categories mentioned above.
These statistics should be combined and accounted
for in the entire transport (mobile source) energy
consumption.

Table 1 shows what percentage of energy-use from
each sector in China’s energy balance sheet should
be allocated to transport. This rule was developed
through the literature review and expert judgment
(Wang, 2006) widely acknowledged by Chinese
academia.

Table1 | Transport-Related Energy Use in the Energy Statistics Book: The Case of China

- SECTOR CATEGORY Adjustment Method*

Agriculture, forestry, animal husband-
ry, fisheries, and water conservantion

I Industry (excluding non-energy use)

[l Construction

v Transport, storage, and post

Wholesale, retail trade and hotel,

restaurants
W Other
Vil Residential consumption

Total final consumption: Primary industry

Total final consumption: Secondary industry

Total final consumption: Secondary industry

Total final consumption: Tertiary industry

Total final consumption: Tertiary industry

Total final consumption: Tertiary industry

Total final consumption

Gasoline: 97%
Diesel: 30%

Gasoline: 95%
Diesel: 35%

Gasoline: 95%
Diesel: 35%

All energy types (excl.
15% of electricity
consumption)

Gasoline: 95%
Diesel: 35%

Gasoline: 95%
Diesel: 35%

Gasoline: 100%
Diesel: 95%

Note: % in this column represents the percentage of the energy allocated for purely transport/mobility use. For example, of all gasoline used in sector “agriculture, forestry,
animal husbandry, fisheries, and water conservation”, 97% is transport-related. Note that because the % was estimated by expert judgment only, this approach in the case of

China might obtain only rough results.

Sources: (WRI, 2013); in which some data is taken from Wang, 2006.
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Figure 5 | Time Trend of Receptor Model Studies in Europe, 2001-2010
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Note: PCA = principal components analysis; APCA = absolute principal component analysis; FA = factor analysis; APCFA = absolute principal components factor analysis;
PMF-ME = positive matrix factorization—multilinear engine; COPREM = constrained physical receptor model; CMB = chemical mass balance.

Source: European Commission, 2014.

b. CAC emissions

Normally, air quality monitoring and source
apportionment techniques can help identify CACs’
concentration and sources. Source apportionment is
the identification of ambient air pollution sources and
the quantification of their contribution to pollution
levels. This task can be accomplished using three main
approaches: (1) emissions inventories, (2) source-
oriented models, and (3) receptor-oriented models
(European Commission, 2014; MEP, 2013). The focus
of the source apportionment research is on several
sources of air pollutants: PM, , coarse PM, regulated
gaseous pollutants, volatile organic compounds
(VOCs), and mercury (USEPA, 2009). According

to the European Commission’s Joint Research
Center, the receptor models are the best available

and most commonly used methodologies for source
identification (European Commission, 2014).

There are two key receptor modeling techniques for
source apportionment (Figure 5):

B Chemical mass balance (CMB): Models that

solve the mass balance equation using effective
variance least square. These are applied when
the number and composition of sources are
known (European Commission, 2014).

B Positive matrix factorization (PMF): A specific
type of factor analytical method that uses exper-
imental uncertainty for scaling matrix elements
and constrains factor elements to be non-neg-
ative (European Commission, 2014). These are
applied when the sources are unknown (Envi-
ronment and Climate Change Canada, 2013).

However, at present, receptor models have
limited capacity to distinguish sources of
secondary PM compounds except when combined
with elements of source-oriented models and/or
other supporting analysis.

Source apportionment (receptor modeling) studies
involve the ambient sampling and measurement
of atmospheric particles or gases, followed by
laboratory analyses to separate and identify the
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constituents of the samples collected, by their
chemical composition. Chemical speciation
monitoring helps scientists understand the
properties of the airborne pollutants at the
receptor site(s) and identify the emission sources,
including potential sources not readily identified in
preliminary emission inventories, such as cooking
fires and airborne particles transported over long
distances. Additionally, the analyses help quantify
the contribution of known emissions sources

and can help validate and improve the emissions
inventory itself.

Successful application of source apportionment
(receptor modeling) methods and support to
effective policymaking and decision-making
depends on the accuracy and relevance of the air
quality measurements and the interpretations made
by the scientist and air quality manager.

A detailed explanation of CMB and PMF is given in
Environment and Climate Change Canada, 2013.

2.2.2 Bottom-up approach

Following the recommendation of the
Intergovernmental Panel on Climate Change in
2006 IPCC Guidelines for National Greenhouse

Gas Inventories (IPCC, 2006), “if distance traveled
data are available, it is good practice to estimate fuel
use from the distance traveled data”. In most cases,
including estimating CACs, the bottom-up approach
follows such driving activity—based methodology,
using vehicle kilometers traveled (VKT) as the

most primary activity data. In order to calculate the
detailed transport emissions inventories and the
associated social costs, the guide and tool adopt the
equations as follows:

Energy demand = ¥, .[Vehicle,; x Activity,; x FE, ]
Emission = Energy demand,; x EF,;
ESC =}, Emission,, xSCF,

where,

+ ESC (US$) = emissions social cost (of transport);"

» Emission (tonne) = emission amount by weight,
e.g., tonnes of CO, or PM,

« SCF (US$/tonne) = social cost factor of
emissions;

+ Energy demand (e.g., 1, tce; or kWh) = total

WRl.org

energy use estimated from the activity data;

« EF(e.g., g/l, t/tce, or g/km) = emission factor;

» Vehicle = number of vehicles (or vessels, etc.) of
type i on fuel j;

 Activity (e.g., VKT, TKM, PKM) = annual activity
performed (e.g., distance traveled/VKT, tonne-
km, or passenger-km transported) per vehicle of
type i on fuel j;

» FE (e.g.,1/100km, or 1/100TKM) = fuel efficiency:
average fuel consumption per unit of activity
performed by vehicles of type i on fuel j;

« i=vehicle or vessel type (e.g., truck, bus);

« j=fuel type (e.g., gasoline, diesel, NG); and

+ k= emission type (e.g., CO,, PMQ_S).

The United States Environmental Protection
Agency (USEPA) also defines a general equation

for emissions estimation (USEPA, 2015b). If the
policymakers and decision-makers want to consider
the effect of emissions reduction measures, they can
use the USEPA’s equation as follows:

E = AxEFx(1-ER/100), where,

E = emission; A = activity rate; EF = emission
factor; ER = overall emissions reduction efficiency
(%).

The bottom-up equation parameters can be broken
down into more detailed inputs. Interpretations of
each primary input and data collection method are
detailed in Chapter 4.

B Vehicle number: Number of vehicles by vehicle
type, such as agricultural vehicle, aircraft, bus,
e-bike, ferry, intercity coach, inland waterway
transport (IWV, including freight and passen-
ger), light rail transit (LRT), metro, military
car, motorcycle, private car, railway locomotive
(including freight and passenger), taxi, tram,
trolley, and truck (including light-, medium-,
and heavy-duty, and well as minitruck), and
van; by fuel type, such as diesel, dual fuel, elec-
tric, gasoline, hybrid, liquefied petroleum gas
(LPG), natural gas (NG), crude oil, kerosene,
and average; and by emission standard, such as
Euro I-V and pre-Euro.

B Activity: Activity data by vehicle type, such as
vehicle kilometers traveled (VKT), passenger-
kilometers (PKM) traveled, tonne-kilometers
(TKM) traveled, total passenger time, aircraft
landing and takeoff (LTO) cycle.



Traffic: Trip split or driving conditions split
by vehicle type, such as trip % (for city driv-
ing, rural driving, and highway driving), speed
(km/h for peak, off-peak, and average), peak
hours per day.

Fuel efficiency (FE): FE by vehicle type and
fuel type under given driving conditions (in
1/100km, 1/100PKM, 1/100TKM, m3/100km,
kgee/100TKM, kWh/100PKM, etc.), for ex-
ample, 1/100km for a diesel bus for city driving
under 3o0km/h.

Emission factor (EF) for GHGs: EF,,,,, by fuel
type in local and default data (in tCO,e/l, or
tonne/l1, or tonne/kWh, etc.), for example,
tCO, e emissions per liter of gasoline.

Emission factors for CACs: EF,, . by vehicle
type, fuel type and emission standard under
given driving conditions, in local and default
data (in g/km, or g/kg, g/LTO); for example, g/
km PM, for a diesel bus (Euro III) for city driv-
ing under 30 km/h.

Social cost factor (SCF) of emissions: SCF by
emission type, such as CO,, CH4, N,O,PM ,
PM, , NO,, SO, CO, and HC (in US$/tonne).

2.2.3 Explanation of gaps

As mentioned, if time and budget allow, users are
encouraged to use different approaches (bottom-
up and top-down) or techniques to estimate the
emissions inventory and the source apportionment.
It is a good practice to compare the results from the
different approaches and techniques. Through this
cross-verification procedure, gaps of the results will
be properly investigated and explained. Finally, the
results should be justified or recalculated. Figure 6
shows a concept flowchart for the gap analysis.

Here I recommend some simple judgments when
comparing the results: If the gap of the results is
under 5%, I assume the difference can be accepted;
if it is between 5% and 10%, the difference will
have to be explained and the results weighted; if

it is above 10—15%, I assume that the difference

is “significant” (unacceptable) and needs further
explanation and recalculation. However, in reality,
in many cases, the gap could be more than 15%. In
that case, I recommend the following steps:

B Use the official data (e.g., energy statistics) to
calculate emissions.
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B List the results from other approaches, for ex-
ample, by comparing the results from top-down
and bottom-up approaches.

B Analyze the reasons for the deviations and pro-
vide explanations (if possible).

As in Figure 6, significant gaps in results between
different approaches or technologies stem from
three types of errors: (1) systematic errors, (2)
calculation errors, and (3) unknown reasons. Most
systematic and calculation errors can be corrected
and/or explained. Table 2 shows some typical
reasons for systematic errors and suggests how to
resolve the problems.

In addition to the gaps between different ap-

Figure 6 | Conceptual Flowchart for Gap Analysis

proaches or techniques, there are some uncertain-
ties in the calculation. These result, for example,
from the commonly low quality (in terms of
availability, accuracy, frequency, and localization)
of activity data in developing countries, as well as
from the weak localization of fuel efficiency data
and emission factors, and weak representativeness
of the default data. All these uncertainties might
reduce the robustness of the estimate. In addition
to evaluating the quality of the input data, I en-
courage users to include quality assurance/quality
control (QA/QC) processes as follows to minimize
uncertainty. The sources for our QA/QC are IPCC
(2006) and YCC (2011).

B “Comparison of emissions using alternative
approaches: The inventory compiler should

Systematic

error

Calculation

Gap analysis error

Reason
unknown
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1
1

Explain & use the weighted
average value

Explain & recalculate

Examine & recalculate

Use the weighted average value

Recalcuate



Table 2 | Typical Reasons for Systematic Error and the Solutions

SYSTEMATIC ERRORS TYPICAL REASONS/INTERPRETATIONS “

Top-down approach covers more fleet
than bottom-up approach (e.g., fleet for
all commercial, military, and private use).

Top-down vs. bottom-up

Top-down approach might cover
non-mobile sources (e.g., “storage” in

China’s case).

Different AQ monitoring & source ap-
portionment techniques sources.

Uncertainty of EFs and SCFs

Some results do not include secondary

Lack of localization; the existing study
in the literature is weak.

Make sure the inventory covers all
types of fleet, especially the private
fleet and the off-road mobile sources.

Try to delete the non-mobile sources
from the inventory.

Try to include the secondary source
analysis in the study.

More localization activities, e.g., local
testing, surveys, local expert judg-
ment, literature reviews, local statistic
reviews, etc.

compare estimates using both the fuel statistics
and VKT data (top-down and bottom-up ap-
proaches). Any anomalies between the emission
estimates should be investigated and explained.
The results of such comparisons should be re-
corded for internal documentation. Revising the
following assumptions could narrow a detected
gap between the approaches:

» Off-road/non-transportation fuel uses
» Annual average vehicle mileage

« Vehicle fuel efficiency

+ Vehicle breakdowns by type, technology, age,
and so on

» Use of oxygenates/biofuels/other additives
« Fuel use statistics
» Fuel sold/used

B Review of emission factors: If default emission
factors are used, the inventory compilers should

ensure that they are applicable and relevant to
the categories. If possible, the default factors
should be compared to local data to provide fur-
ther indication that the factors are applicable.

Activity data check: The inventory compiler
should review the source of the activity data to
ensure applicability and relevance to the cat-
egory. Where possible, the inventory compiler
should compare the data to historical activity
data or model outputs to detect possible anoma-
lies. The compiler ensure the reliability of activ-
ity data regarding fuels with minor distribution;
fuel used for other purposes, on- and off-road
traffic, and illegal transport of fuel in or out of
the study area. The inventory compiler should
also avoid double counting of agricultural and
off-road vehicles.

External review: The inventory compiler
should perform an independent, objective
review of the calculations, assumptions, and
documentation of the emissions inventory to
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assess the effectiveness of the QA/QC pro-
gram. The peer review should be performed

by expert(s) who are familiar with the source
category and who understand the inventory re-
quirements. The development of CH, and N,O
(and most CAC) emission factors is particularly
important because of the large uncertainties in
the default factors.”

2.3 Methodology for Social Cost
Evaluation

As with the emissions inventory assessment, evalu-
ation of the social cost of mobile source emissions
is performed using top-down and bottom-up
approaches. According to Ricardo-AEA’s report,
Update of the Handbook on External Costs of
Transport (Ricardo-AEA, 2014), each approach has
the following features:

B “Bottom-up approach: The estimate of mar-
ginal costs is usually based on bottom-up ap-
proaches considering specific traffic conditions
and referring to case studies. They are more

precise and accurate, with potential for differen-
tiation. However, the estimation approaches are
costly and difficult to aggregate (e.g., to define
representative average figures for typical trans-
port clusters or national averages).

B Top-down approach: Top-down approaches
using average national data are applied. Such
approaches are more representative on a gen-
eral level, allowing also a comparison between
modes. However, the cost function has to be
simplified and cost allocation to specific traf-
fic situations and the differentiation for vehicle
categories is rather rough.”

The bottom-up and top-down approaches are
equally important, though each has pros and
cons mentioned above. The top-down approach
is much easier and quicker for developing coun-
tries with limited budgets, but it could have much
larger uncertainties, so that the final results are
often debated among researchers and decision-
makers. The bottom-up approach, in contrast,
could give more accurate results, but the costs in
time, budget, and human resources can be huge.




According to Ricardo-AEA (2014), “the existing
literature for efficient pricing mainly recommends
a bottom-up approach following the impact
pathway approach (IPA) methodology. In prac-
tice, however, a mixture of bottom-up and top-
down approaches (with representative data) can
be observed. Most important is the definition of
appropriate clusters with similar cost levels (such
as air pollution levels, traffic characteristics, and
population density).”

In this section, I have introduced the basic framework
of the bottom-up (e.g., IPA) and top-down approach-
es. Because of the complexity and cost of the bottom-
up approach, I recommend that researchers in devel-
oping countries use the top-down approach (based

on the average cost values) at first. But in the long
run, developing countries should encourage more
case studies that follow a bottom-up approach (based
on marginal cost values) and summarize results and
experiences, especially for countries still having ex-
tremely limited cases. The detailed introduction of the
social cost factor (as the average cost value) from the
top-down approach is explained in Section 4.7.
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2.3.1 Definition of social cost of emissions

The social cost represents the sum of the private
(internal) and external costs (Iannone, 2012;
Coase, 1960; Prud’homme, 2001; Nash, 2003;
European Commission, 2008; Ricardo-AEA, 2014;
Song, 2014a). Some studies have specially defined
the social cost as the sum of the external costs that
are not internalized. Social cost in transport sector
includes environmental costs (emissions, noise,
other types of pollutants), congestion costs, acci-
dent costs (Ozbay, et al., 2007), and climate change
costs. Emissions constitute the most important pol-
lution type for the transport sector; and the major-
ity of the external costs from transport-related air
pollution arise through the effects on human health
(Ricardo-AEA, 2014). This guide, therefore, refers
to social cost as the external cost from transport
emissions, and mainly focuses on the impact on
public health.

How should we define the social cost of emissions?
Definition of the social cost of carbon (SCC) can be
a good example. SCC is a common type of emis-
sions social cost and is often used to evaluate the




external cost by carbon emissions. The USEPA
defines SCC as a widely applied instrument for
cost-benefit analysis (CBA) during decision-mak-
ing. “It allows agencies to incorporate the social
benefits of reducing CO, emissions into CBA of
regulatory actions that have ‘marginal’ impacts on
cumulative global emissions. The SCC is an esti-
mate of the monetized damages associated with
an incremental increase in carbon emissions in

a given year. It is intended to include (but is not
limited to) changes in net agricultural productivity,
human health, property damages from increased
flood risk, and the value of ecosystem services due
to climate change” (USEPA, 2010; USEPA, 2016¢).
Definitions of the social cost of other types of air
pollutants (CACs) are similar to the definition of
SCC. However, CACs could have large different

impacts from GHGs, especially in terms of public
health and impact scale. Therefore, the social cost
quantification of CACs might be more complicated
and contain large uncertainties. Different from
GHGs that have long-term (100 years or more)
and global-scale impacts on climate, environment,
and human life, some CACs (e.g., PM2.5) have
short-term (e.g., decades or less) (ICCT, 2009) and
smaller-scale impacts on air quality at the regional
or local level (e.g., mostly on human health and
the ecosystem at the city or city-cluster scale, etc.).
Although the atmospheric lifetime of some CACs
(e.g., black carbon) might be much shorter than
GHGs (black carbon stays in the atmosphere for
only several days to weeks, whereas CO, has an
atmospheric lifetime of more than 100 years) (Ra-
manathan & Carmichael, 2008), their impacts on
regional or local level public health, environment,
and short-term climate could be fatal, especially
on human health because of air quality degrada-
tion. Some short-lived climate pollutants (SLCPs)
(CCAC, 2016)," such as black carbon (BC) in PM,
may not only damage human health but also create
strong temporal radiative forcing to substantially
change regional climate (e.g., ice melting, regional
temperature, and rainfall), and eventually global
climate (ICCT, 2009). The transport sector is be-
coming the leading source of BC.

Black carbon sources in developing and devel-
oped countries are substantially different (USEPA,
2015¢). But in general, fossil fuel combustion in
transport (especially mobile source diesel engines),
solid biofuel combustion in residential heating and
cooking, and open biomass burning from forest
fires and controlled agricultural fires are the sourc-
es of about 85% of global black carbon emissions
(ICCT, 2009). Although residential heating and
cooking are the main contributors to black carbon
emissions in the developing world, mobile source
emissions will soon become predominant because
of the strong urbanization and motorization trend
in some fast-developing countries (e.g., China). In
that case, all the social impacts (including the costs
to public health, climate, and the environment)
from transport sources need to be noted and well
quantified.

2.3.2 Bottom-up approach

Although the estimate of external costs has to con-
sider several uncertainties, there is wide consensus



Box 2 | Impacts of Black Carbon

Chemically, black carbon is a component of fine particulate matter (PM, ). Black carbon consists of pure carbon in several linked forms
(Anenberg, et al., 2012). It is formed by incomplete combustion of fossil fuels, biofuels, and biomass (USEPA, 2015c). It is emitted in
both anthropogenic and naturally occurring soot. Black carbon is the most effective form of PM, by mass, at absorbing solar energy:

per unit of mass in the atmosphere, black carbon can absorb a million times more energy than CO, (USEPA, 2015c¢). According to the
IPCC, black carbon is the third largest contributor to the positive radiative forcing that causes climate change. When emitted into the
atmosphere and deposited on ice or snow, black carbon causes global temperature change, melting of snow and ice, and changes in
precipitation patterns (ICCT, 2009). In addition, PM is the most harmful to public health of all air pollutants. Black carbon PM contains
very fine carcinogens and is therefore particularly harmful. It is estimated that from 640,000 to 4,900,000 premature human deaths could
be prevented each year by utilizing available mitigation measures to reduce black carbon in the atmosphere (Weinhold, 2012). Controls
on black carbon (and the other SLCPs) thus can bring rapid regional and local and global climate benefits (ICCT, 2009), as well as public
health and other co-benefits.

Climate Effects:

Black carbon (BC) influences climate by (1) directly absorbing light; (2) reducing the reflectivity (“albedo”) of snow and ice through
deposition; and (3) interacting with clouds. Through these mechanisms, BC has been linked to a range of climate impacts, including
increased temperatures and accelerated ice and snow melt. Sensitive regions such as the Arctic and the Himalayas are particularly
vulnerable to the warming and melting effects of BC. BC also contributes to surface dimming, the formation of atmospheric brown clouds
(ABCs), and changes in the pattern and intensity of precipitation. Reducing current emissions of BC may help slow the near-term rate of
climate change, particularly in sensitive regions such as the Arctic. BC's short atmospheric lifetime (days to weeks), combined with its
strong warming potential, means that targeted strategies to reduce BC emissions can be expected to provide climate benefits within the
next several decades.

Public Health Effects:

BC contributes to adverse impacts on human health, ecosystems, and visibility associated with ambient fine particles (PM, ). Short-term
and long-term exposures to PM, . are associated with a broad range of human health impacts, including respiratory and cardiovascular
effects as well as premature death. Over the past decade, the scientific community has focused increasingly on trying to identify the health
impacts of particular PM, . constituents, such as BC. However, there currently is insufficient information to differentiate the health effects
of these constituents; thus, the USEPA assumes that many constituents are associated with adverse health impacts. The limited scientific
evidence currently available about the health effects of BC is generally consistent with the general PM, , health literature, with the most
consistent evidence for cardiovascular effects. In the United States, the average public health benefits associated with reducing directly
emitted PM,, are estimated to range from $290,000 to $1.2 million per tonne of PM, . in 2030. The cost of the controls necessary to achieve
these reductions is generally far lower. Globally, PM, ., both ambient and indoor, is estimated to result in millions of premature deaths
worldwide, the majority of which occur in developing countries.

Environmental Effects:
PM, , including BC, is linked to adverse impacts on ecosystems, to visibility impairment, to reduced agricultural production in some parts of the
world, and to materials soiling and damage.

Source: USEPA, 2016b.
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on the major methodological issues (Ricardo-AEA,
2014). For evaluating transport-related air pollu-
tion cost, the impact pathway approach (IPA), or
damage cost approach, is broadly acknowledged
as the preferred methodology, and is officially
used in Europe. The IPA is a bottom-up approach
that integrates the state-of-the-art knowledge in
different scientific disciplines®™ in a common and
coherent framework (Mayeres, et al., 2001). Box

3 introduces the five steps of the IPA. It follows a
logical, stepwise progression from pollutant emis-
sions to the determination of impacts and subse-
quently the quantification of economic damage in
monetary terms (Ricardo-AEA, 2014). The final
step, “damage” is the crucial step where the selec-
tion of quantification methods is based on different
cost components (Table 3). For example, “will-
ingness to pay” (WTP) is selected for evaluating
health damages; the “abatement cost approach” is
selected for climate change. In addition to the IPA,
research bodies can refer to the USEPA’s Environ-
mental Benefits Mapping and Analysis Program
(BenMAP) (USEPA, 2016a), which is commonly
used in the United States, during evaluation works

(see Box 4). Both the United States and the Euro-
pean Union have rich experience in quantifying the
health impacts of air pollutant emissions. The key
component for evaluating health impacts (as the
most typical social cost) from transport emissions
is to consider (1) the population being affected and
(2) the damages in monetary form. According to
the USEPA, the health impact cost should be evalu-
ated using both “Cost of Illness” and “Willingness
to Pay” metrics: “The Cost of Illness metric sum-
marizes the expenses that an individual must bear
for air pollution—related hospital admissions, visits
to the emergency department and other outcomes;
this metric includes the value of medical expenses
and lost work, but not the value that individuals
place on pain and suffering associated with the
event. By contrast, Willingness to Pay metrics are
understood to account for the direct costs noted
above as well as the value that individuals place on
pain and suffering, loss of satisfaction and leisure
time” (USEPA, 2015a). However, in many coun-
tries, only limited studies focus on the social cost
of transport emissions, and there may be signifi-
cant uncertainty in the results.

Table 3 | Best Practice Valuation Approaches for Air Pollution Cost Components

COST COMPONENT BEST PRACTICE APPROACH

Human health

IPA framework: evaluating health impact cost using WTP or WTA approach; or using “cost

of illness” and “opportunity cost” approach (including VSL, medical expenses, lost work).

Infrastructure/material damages

Nature and landscape

Climate change

Sources: Adapted from Ricardo-AEA, 2014.
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IPA framework: repair costs.

IPA framework: cost of losses (e.g., market price and non-market value of crop);
compensation cost approach (based on virtual repair cost).

Avoidance cost approach (based on GHG emissions reduction scenarios) or damage
cost approach; shadow price of emission trading system.



Box 3 | Impact Pathway Approach (IPA)

The Impact Pathway Approach (IPA), is one of the most important outcomes of the European Union’s External Costs of Energy (ExternE),
a program package that lasted from the 1990s to 2005. The IPA is used to estimate monetary values of the negative external cost of
emissions. The IPA has been widely adopted, and further improved, by researchers and decision-makers and is considered to be one of

the most reliable instruments for quantifying the negative environmental cost of emissions.

The IPA framework includes five steps: (1) emissions; (2) dispersion; (3) exposure; (4) impacts; and (5) damage.

SOURCE
(specification of site and technology)

= emission
(e.g., kg/yr of particulates)

DISPERSION
(e.g. atmospheric dispersion model)

= increase in concentration at receptor sites
(e.g., pg/m3 of particulates in all affected regions)

DOSE-RESPONSE FUNCTION

(or concentration-response function)

= impact
(e.g., cases of asthma due to ambient
concentration of particulates)

MONETARY VALUATION

= cost (e.g., cost of asthma)

STEPS

EMISSIONS

l

DISPERSION

|

EXPOSURE

|

IMPACTS

|

DAMAGE

TOOLS

Emission models/inventories

Dispersiom models
local, regional

Exposure assessment
GIS based info on receptors at risk

Exposure-Response relationships
public health
agriculture

IMPA. .
cr C materials

OOSURE ecosystems

Critical loads

Market prices
“Willimgness to Pay”-studies

» Step 1 Emission: Identify emission sources; estimate the amount of pollutants through applying transport emission model or emission
factors. The amount is usually presented in pollutant mass (e.g., kilogram of PM, ).

» Step 2 Dispersion: Simulate pathway of pollutant dispersion around emission sources through air pollutant monitoring and applying
atmospheric dispersion models. The scenario of pollutant dispersion is difficult to build; the data accessibility is low. The level of air
pollution dispersion is often expressed in concentration (e.g., ug/m?).

« Step 3 Exposure: The impacts of transport air pollutant emissions are highly location-specific and depend on many factors, such as local
traffic conditions. The exposure assessment therefore relates to the population and the ecosystem being exposed to the air pollutant
emissions. Spatially detailed information (e.g., in the GIS) on population density and the geographical distribution of the ecosystem must be

available to allow proper assessment.

 Step 4 Impacts: The impacts caused by the emissions are determined by applying so-called exposure-response functions that relate changes
in human health and other environmental damages to unit changes in ambient concentrations of pollutants. These exposure-response
relations are based on epidemiological studies. The relationship is often expressed in equations, such as “increased PM, . emissions (ug/m?)

=> cases of asthma”.

« Step 5 Damage (Cost): The impact of the emissions on humans and the ecosystem must be evaluated and transformed into monetary values.
This step is often based on valuation studies assessing, such as the willingness to pay (WTP) for reduced health risks. This is the external
cost that is often expressed in forms such as US$ or other types of currency.

Source: European Commission, 2005; Ricardo-AEA, 2014; Mayeres, et al., 2001; ExternE, 2014.
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Box 4 | Environmental Benefits Mapping and Analysis Program (BenMAP)

The Environmental Benefits Mapping and Analysis Program (BenMAP), developed by the USEPA, is an open-source computer program that
calculates the number and economic value of air pollution—related deaths and illnesses. The software incorporates a database that includes
many of the concentration-response relationships, population files, and health and economic data needed to quantify these impacts.

BenMAP is composed of the following functions:

o Estimating health impacts:
The health impact function incorporates four key sources of data: (1) modeled or monitored air quality changes; (2) population; (3)

baseline incidence rates; and (4) an effect estimate. With the above four groups of data the function is able to estimate the population
impacted and the level of impact.

* Evaluating the economic value of health impacts:
The program calculates the monetary values of health damages using both “Cost of Iliness” and “Willingness to Pay” metrics. “The Cost of
[liness metric summarizes the expenses that an individual must bear for air pollution—related hospital admissions, visits to the emergency
department and other outcomes; this metric includes the value of medical expenses and lost work, but not the value that individuals place
on pain and suffering associated with the event. By contrast, Willingness to Pay metrics are understood to account for the direct costs noted
above as well as the value that individuals place on pain and suffering, loss of satisfaction and leisure time” (USEPA, 2015a).

Steps to Calculating Health Impacts
AY=Yo(1-eB>PM)*Pop

Pollutant change  (ApPm) Population Baseline incidence  (vo)

-

R Effect Health

Bl —> estimate —>| impact
(-B) (AY)

—> $5,000/admission ——> 100+ $5,000 = admission

-
L
An air auality policy reduces The economic value of The economic value is the

the number of hospital each avoided admission is number of cases multiplied by
admissions by 100 $5,000 in the year 2010 the value of each admission

Note:
- AY: health effects change of certain type health effects terminal, such as the excessive number of ilness or the number of deaths;
- YO: the baseline condition of certain type health effects terminal, such as baseline morbidity or mortality;
- POP: exposed population;
- B: the relationship coefficient between the health risk of certain type health effects terminal and atmospheric particulate matter concentration, namely dose-response coefficient of relationship;
- /APM: the difference between the value of atmospheric particulate matter concentration estimated and the value of the reference concentration used in the evaluation.

Source: USEPA, 2016b.
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2.3.3 Top-down approach

If time and budget for a bottom-up approach (e.g.,
through the IPA) are limited, I encourage re-
searchers to use top-down approaches to calculate
emissions social cost using average national-level
or regional-level social cost factors (SCFs). Such
approaches are more representative on a general
level, allowing comparison between modes. Al-
though there might be a high uncertainty in social
cost (e.g., cost of health impact) quantification,

it is common practice to conduct meta-analysis
(Greenland & O’Rourke, 2008), that is, to review
great numbers of previous studies to obtain com-
paratively statistical robust aggregated SCFs (in
$/tonne), and then localize SCFs through “value
transfer” techniques introduced by Navrud (2009);
Navrud (2004); and (Navrud & Ready, 2007). The
social cost, therefore, can be estimated by multi-
plying SCF by the amount of air pollutants. This

is deemed the simplest and most efficient way to
evaluate social cost.

As a key input parameter for the social cost evalu-
ation, SCFs measure the total social cost of unit
mass pollutant within specified geographical
boundaries. As mentioned above, researchers can
refer to existing SCFs of other countries if sources
for developing own SCF are limited, and transfer/
localize the values if possible. Unlike the IPA,
which follows the bottom-up pathway, estimation
using SCF (also widely adopted) is a top-down
method. The equation is as follows:

ESC = ZU(EmissioniJ x SCF)

where,

« ESC = emissions social cost ($);

« Emission = amount of emission (tonne);
+ SCF = social cost factor ($/tonne);
 i=type of emission source

 j =type of atmospheric emissions

A detailed explanation of SCFs input and its uncer-
tainties is presented in Chapter 4.

2.3.4 Application of social cost evaluation

The importance of social cost evaluation is to help
decision-makers conduct social cost-benefit analy-
sis (SCBA)" on emissions reduction technologies or
policies, therefore securing the most cost-efficient

policy or technology options (e.g., options with net
present value of >0). The evaluation requires con-
sideration of total social welfare as a whole, that is,
social costs and benefits to the entire population or
community, rather than internal costs and benefits
for individual groups. However, little policymaking
on transport-related environmental protection is
based on mature SCBA. The lack of SCBA, com-
mon in many developing countries’ policymaking
and assessment, may be due to a lack of aware-
ness, weak legislation and institutional set-up, and
poor data transparency and quality. Social cost
evaluation is urgently needed to identify damages
of emissions (or other forms of pollution) and to
develop policies. Benefits (or co-benefits) in this
context are the comprehensive sum of all external
costs reduced from the implementation of emis-
sions reduction policies or technologies.







SECTION I

DATA QUALITY

Most developing countries/cities have limited official statistical
data accessible to the general public, especially detailed transport
activity data.” Although some data are available from official
sources, they are sometimes not presented in a regular manner and
their accuracy is suspect. In some developing countries, the data
are incomplete and unreliable.” This section presents an example of

China’s data sources and its data quality.
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When estimating transport emissions inventories
in developing countries and cities, the guide and
tool encourage users to always conduct data source
scanning and data quality analysis.

3.1 Data Sources: The Case of China

The problems in China’s data and statistics

system stem from (1) low efficient coordination
among governmental departments with different
jurisdictions; (2) inconsistent data collection and
statistics reporting protocols; (3) immature statistics
system and statistical methodologies; (4) possible data
manipulation; and (5) weak information transparency.
In fact, the data reporting system, data consistency
and accuracy, and the transparency of the statistics
data (transparency among government departments
and between the government and the public) could be
key reasons for the poor emissions estimation.

Currently, at least six national-level departments
oversee different aspects of the transport sector

in China. They are (1) the Ministry of Transport
(MOT) for urban and intercity commercial transport
operation (i.e., intercity coach, truck, bus, taxi, rail,
tram/trolley, civil aviation, inland waterway, and
maritime transport); (2) the Ministry of Housing and
Urban-Rural Development (MOHURD) for urban
transport infrastructure construction; (3) the Ministry
of Public Security (MPS) for vehicle registration; (4)
the Ministry of Environmental Protection (MEP)

for transport pollutant emissions management and
other relevant environmental issues; (5) the Ministry
of Industry and Information Technology (MIIT) for
vehicle technical standards (e.g., fuel economy) and
manufacture (e.g., production admission); and (6)
the National Development and Reform Commission
(NDRC) for general supervision of logistics, prices/
subsidies, infrastructures, energy, and climate change
issues (e.g., GHG emissions). Like national-level
governments, local governments have their own
diversified hierarchies and fragmented jurisdictions
in the transport sector (WRI, 2015a). They also have
problems of coordination and inconsistent statistic
systems. All these governmental departments (as
well as their affiliated research institutes) hold their
own statistics and the basic data relevant to transport
emissions and impact evaluations. Unfortunately,
their data collection mechanism and statistics systems
have not been well integrated or coordinated.

Although there are limitations in China’s statistics
system, I encourage users to use data from the open
official sources as much as possible. Like most tools,
our guide and tool prefer official and localized data
over unauthorized and general or default data. The
input data follow this order of priority: official or
authorized sources, surveys with significant samples,
interviews and expert judgment, gray literature, and
default data (general data). Table 4 provides some key
sources for the primary data input for the guide and
tool. It is also worth mentioning that in the era of big
data, using real-time big data from the various means
of modern facilities (data from vehicle GPS, vessel
automatic identification system [AIS], satellite sensor,
mobile phone, private or public mobility service
platforms such as Uber, etc.) will be the way of the
near future.

3.2 Data Quality Analysis

Transport emissions estimation methodology itself
is neither overly complicated nor difficult. The key
barriers in the estimation process in most developing



Table 4 | Key Sources of Primary Data: The Case of China

DATA UNIT KEY SOURCES AND NOTE

Vehicle number

VKT

PKM

TKM

Driving conditions split

Speed

Fuel efficiency

Emission factors for
GHGs

Emission factors for
CACs

Social cost factors

Top-down fuel consump-
tion

Top-down emissions

set

km

PKM

TKM

km

km/h

1/100km, 1/100PKM, or
1/100TKM

t/tce, or t/l

g/km or g/l

US$/t

tce

Public security authorities™ (for all vehicles); commercial transport
operators (e.g., bus/shipping companies); transport authorities (for
commercially used vehicles); statistical authorities; big data providers.

Commercial transport operators (e.g., bus/taxi/shipping companies);
public survey (for private vehicles); public security authorities (for all
vehicles); transport demand forecast model; 4S chain store; big data
providers.

Commercial transport operators (e.g., bus companies); transport
authorities; transport associations; statistical authorities; big data
providers.

Commercial transport operators (e.g., freight companies); transport
authorities; transport associations; statistical authorities; big data
providers.

Commercial transport operators (e.g., bus/shipping companies);
public survey (for private vehicles); local governments and transport
authorities; big data providers.

Commercial transport operators (e.g., bus/shipping companies);
public survey (for private vehicles); public security authorities (for all
vehicles); local governments; transport authorities; big data providers.

Commercial transport operators (e.g., bus/shipping companies);

public survey (for private vehicles); auto/vessel makers; transport
authorities; transport associations; statistical authorities; big data
providers.

ERI; NDRC; IPCC, environmental exchange center, local governments;
research institutes; energy authorities.

VECC/MEP; local environmental protection authorities; local
governments; research institutes.

Wide range of literature; research institutes; CDC; WHO; sophisticated
public survey; big data providers.

Commercial transport operators (e.g., bus/shipping companies);
transport authorities; statistical authorities; local governments; public
survey (for private vehicles); gas stations; energy departments; big
data providers.

NDRC; local DRC; MEP, NASA, local EPB; research institutes;
transport authorities; big data providers.
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countries and cities are the data issues, such as
unavailability of data (especially activity data like
VKT) and weak data quality (e.g., a sample is not
representative/significant; data are not accurate,
reliable, or consistent, etc.). There are some typical
data (and statistics system) problems in both the top-
down and bottom-up approaches:

B Problems in the top-down approach: (1)
Some official data sources (e.g., the annual
statistical yearbook) do not cover and/or disag-
gregate all types of transport. For example,
in China, “total fuel consumption” under the
category “transport, storage, and post” does not
cover noncommercial transport means, such
as vehicles belonging to enterprises and pri-
vate households, agricultural vehicles, military
vehicles, other special-purpose vehicles that
provide noncommercial transport services (e.g.,
fire trucks), and so on. Oddly, it covers “stor-
age” that does not belong to the mobile sources
(transport). (2) Fuel consumption data collected

from gas stations (if available) are not split by
vehicle type.

B Problems in the bottom-up approach:
(1) VKT data are absent in almost all official
sources in many countries, especially the VKT
for private cars. (2) Statistical estimates are
not significant because of the unrepresenta-
tive small sample size and extremely diversi-
fied vehicle types in developing countries. This
problem could be even more severe for data
collection in intercity freight transport, where
authorities only collect activity data from big
and medium-sized companies. Unfortunately in
the case of China, these big and medium-sized
companies account for an insignificant share,
while small trucking companies with fewer than
10 trucks account for more than 90% of China’s
trucking market (MOT, 2013). (3) Many coun-
tries and cities do not have their own localized
emission factor database. This is probably the
main reason for the big uncertainties in emis-
sion estimates in developing areas.

Figure 7 is a concept map that presents the level of
quality and level of localization of data in developing
countries/cities. Generally, in most developing
countries and cities, the “vehicles number” has the
best quality. The data are normally collected in full
sample size, having good localization and a high level
of availability, accuracy, and regular collection and
reporting. The emission’s “social cost factor” (SCF)
has the poorest quality, while the data are the least
available, least accurate, and least regularly collected
and reported. In addition, it lacks a localization
process, meaning one often cannot find the SCF data
(or have the relevant studies on SCF) for specific cities
in developing countries.

How to evaluate data quality?

The YCC Transport & Climate Change Center

(YCC, 2015) has been conducting a large-scale

data mapping and data quality diagnosis during

its transport emissions estimation for 17 Chinese
cities since 2011 (YCC, 2011). It developed the “data
quality diamond” to assess the quality of the existing
data required for transport emissions equations.

As shown in Figure 8, different colored lines on the
“diamond” represent data for different parameters in
the emissions equation (vehicle numbers, VKT, fuel
efficiency, emission factor, etc.) for different transport



Figure 7 | Level of Quality and Localization of Data in Developing Countries

Level of Localization

Most localized

Vehicle number

Worst availability, Best availability,
accuracy, and accuracy, and
frequency frequency

Level of Quality

Least localized

Note: This graph only presents a concept diagnosis of the data quality. It compares the quality of each parameter or data point in a qualitative and relative way. The relative
position of each parameter or data point on this coordinate and the comparative size of data representativeness are determined by expert judgment.

1. “Availability”, “accuracy”, and “frequency” represent the quality of the data in the guide and tool.

2. The “level of localization” shows if the data are well localized in the study area (for example, if one can get the “SCF” data for Shanghai or just general/average data for
Asia).

3. The size of each data dot represents the sample size of the data. Larger dots indicate that the data sample is more statistically representative or significant (for example,
“vehicle number” is the full sample data, which means it has the biggest dot size).
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Figure 8 | Data Quality Diamond: A Concept Chart for Data Quality Assessment

Number of Vehicles (Bus)
Number of Vehicles
Number of Vehicles
Number of Vehicles (Ferry)
Truck)
Taxi)

Private Car)

Number of Vehicles
Number of Vehicles
Number of Vehicles
Number of Vehicles

Number of Vehicles

Number of Vehicles
VKT (Bus)

VKT (Metro / LRT)
VKT (Tram / Trolley)
VKT
VKT
VKT
VKT
VKT
VKT (Agricultural)

VKT (Intercity Coach)

Fuel Efficlency (Bus)

Fuel Efficlency (Metro / LRT)

Ferry)
Truck)

Taxi)
Private Car)

Motorcycles)

Fuel Efficlency (Tram / Trolley)

Fuel Efficlency

(
(
(Ferry)
(

Fuel Efficlency (Truck)

Metro / LRT)
Tram / Trolley)

Motorcycles)
Agricultural)
Intercity Coach)

Frequency
10.

7 Accuracy

Availability
to Public

Note: This is a concept chart to demonstrate the idea that for each data point (e.g., VKT, emission factor), represented

by a different colored line, the quality can be assessed by four indicators—availability, accuracy, frequency, and
localization. The score for each data quality ranges from 0 to 10, where O = worst data quality and 10 = best data
quality.

1. Availability: score from 0 to 10, where 0 = data do not exist or were not collected; 1 = worst availability (e.g., data
only available to a small authorized group and confidential to the public; data only partially available or only appear
in certain reports/speeches/PowerPoint/webpages instead of in open statistical documents, etc.); and 10 = best
availability (e.g., data published online and free to the general public; always appear in the statistical documents,
etc.).

2. Accuracy: score from 0 to 10, where 0 = data do not exist or were not collected; 1 = worst accuracy (e.g., least
quantified; data “cooked”; insignificant sample size; least statistically significant, etc.); and 10 = best accuracy (e.g.,
representative sample size; most statistically significant; disaggregated by transport type and by fuel type, etc.).

3. Frequency: score from 0 to 10, where 0 = data do not exist or were not collected; 1 = lowest frequency (e.g., data
collected or reported at random intervals; irregular data from a project or report; or at 5-10 years interval); and 10 =
highest frequency (e.g., data collected or reported regularly in yearly, monthly, or even daily).

4. Localization: score from 0 to 10, where 0 = data do not exist or were not collected; 1 = least localization (e.g.,
using large-scale data as the defaults, such as using global data in the local cases); and 10 = best localization (e.g.,
data trimmed for local cases).

Source: YCC, 2011.



types. As defined by YCC (2011), data quality can

be explained by four indicators/dimensions: “level

of availability (to the public)”, “level of (collection/
reporting) frequency”, “level of accuracy”, and “level
of localization”. Each indicator has scores from o

to 10, from worst to best data quality (see detailed
interpretation in the note under Figure 8). Through
the Delphi process (RAND, 2016), a group of experts
was invited to give scores on each required data point
against the four indicators. After several rounds of
scoring, the mean or median scores of the final rounds
determine the results (Rowe & Wright, 1999).

The interpretation of the results from the “diamond”
could be that Figure 8 evaluates the data quality for
China’s transport emissions estimation. One can
generally conclude that in China, data are collected
and reported relatively frequently; while data accuracy
and level of localization need some improvement
depending on the type of data. Data availability (or
transparency to the public) is the biggest issue in

China (where 10 = best and 0 = worse or none).

During the case study in Chengdu, I adapted and
rephrased the above data quality assessment
method into Figure 9. One advantage of Figure 9
(which illustrates the case of Chengdu) is that, from
a comprehensive viewpoint, it maps all required
data in one radar chart (e.g., in a “localization”
chart) in order to give the complete picture of

data quality in a city. For example, the first chart

of Figure 9 shows the “localization” quality of all
the emissions equation required data at the same
time in one chart. The bigger the shaded area of
the chart, the higher the quality of the data system
generally, which in Chengdu’s case means that data
quality is generally good in terms of “localization.”
Again generally speaking, researchers can adopt
Figure 9 if they want to understand the quality of
the entire data system,; if they prefer checking the
quality of each individual data point, they should
use Figure 8. It all depends on the users’ needs.

Figure 9 | Data Quality Map: The Case of Chengdu (1)

Bus
Air (FE) P

Motorcycle (FE)
Truck (FE)
Taxi (FE)
Private Car (FE)

Intercity Coach (FE)
Bus (FE)
Air (International)
Air (domestic)
Motorcycle (Highway driving %)
Motorcycle (Rural driving %)
Motorcycle (Uran driving %)
Truck (Highway driving %)
Truck (Rural driving %)
Truck (Uran driving %)
Taxi (Highway driving %)
Taxi (Rural driving %)
Taxi (Uran driving %)

Private Car (Highway driving %)

op .
Intercity Coach pop

Localization

Motorcycle pop

Private Car pop
Taxi pop

Truck pop

Air pop
Bus (VKT)

Intercity Coach (PKM)
Private Car (VKT)
Taxi (VKT)

Truck (PKM or TKM)

Motorcycle (VKT)
Air (LTO)
Bus (Uran driving %)
Bus (Rural driving %)
Bus (Highway driving %)
Intercity Coach (Urban driving %)
Intercity Coach (Rural driving %)

Intercity Coach (Highway driving %)
Private Car (Uran driving %)

Private Car (Rural driving %)

Note: Data quality evaluation in Chengdu, including the data for vehicle number (bus, taxi, motorcycle, private car, intercity coach, truck, air, etc.), transport activity (VKT, PKM,
TKM, LTO, etc.), driving conditions (for urban, rural, or highway driving, etc.), and fuel efficiency (fuel consumption per 100km, etc.). The detailed data quality results can

be found in WRI's Chengdu case study.
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Figure 9 | Data Quality Map: The Case of Chengdu (II)
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Note: Data quality evaluation in Chengdu, including the data for vehicle number (bus, taxi, motorcycle, private car, intercity coach, truck, air, etc.), transport activity (VKT, PKM,

TKM, LTO, etc.), driving conditions (for urban, rural, or highway driving, etc.), and fuel efficiency (fuel consumption per 100km, etc.). The detailed data quality results can
be found in WRI's Chengdu case study.
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Figure 9 | Data Quality Map: The Case of Chengdu (Ill)

Bus
Air (FE)

Motorcycle (FE)
Truck (FE)
Taxi (FE)
Private Car (FE)

Intercity Coach (FE)
Bus (FE)
Air (International)
Air (domestic)
Motorcycle (Highway driving %)
Motorcycle (Rural driving %)
Motorcycle (Uran driving %)
Truck (Highway driving %)
Truck (Rural driving %)
Truck (Uran driving %)
Taxi (Highway driving %)
Taxi (Rural driving %)
Taxi (Uran driving %)

Private Car (Highway driving %)

0
Pop Intercity Coach pop

Accuracy

Motorcycle pop
Private Car pop
Taxi pop
Truck pop
Air pop
Bus (VKT)
Intercity Coach (PKM or TKM)

Private Car (VKT)

Taxi (VKT)

Truck (PKM or TKM)

Motorcycle (VKT)
Air (LTO)

Bus (Uran driving %)
Bus (Rural driving %)
Bus (Highway driving %)
Intercity Coach (Urban driving %)
Intercity Coach (Rural driving %)
Intercity Coach (Highway driving %)
Private Car (Uran driving %)

Private Car (Rural driving %)

Note: Data quality evaluation in Chengdu, including the data for vehicle number (bus, taxi, motorcycle, private car, intercity coach, truck, air, etc.), transport activity (VKT, PKM,
TKM, LTO, etc.), driving conditions (for urban, rural, or highway driving, etc.), and fuel efficiency (fuel consumption per 100km, etc.). The detailed data quality results can

be found in WRI's Chengdu case study.

The guide and tool adopted the data quality evaluation

process into their own methodology framework. In
addition, the tool also integrated the data quality
scoring panel into its data-entry windows (i.e., as
the additional column in the windows for “vehicle
number”, “transport activity”, “traffic”, and “fuel
efficiency” in the tool). When the user is entering or
collecting data, I encourage her or him to score each
data point’s level of availability, accuracy, frequency,
and localization. The tool can then generate data
quality evaluation charts, as in Figure 8 or Figure 9,
as a value-added service to its users (see the output
window in Section 5.1).

The results of the data quality evaluation will help
users (1) determine the reliability of the final emissions
inventory and social cost estimates calculated from
these data; and (2) further improve the data quality
(if necessary) under their own local conditions. In
principle, data quality can be improved by doing
more local testing (“localization”), increasing the

data reporting or collecting frequency (“frequency”),
enhancing the statistical significance and correctness
(“accuracy”), and opening the data to the general
public (“availability”). But at the local level, the case
could be more complicated and difficult to solve,
requiring a specific case-by-case study. However, a
detailed discussion of the methods for improving data
quality is beyond the scope of this guide.
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SECTION IV

KEY INPUTS & DEFAULTS

This section presents the data-entry windows of the Transport Emissions
& Social Cost Assessment Tool (TESCA, v1.0). Like the simple MS
Excel—based spreadsheets, the tool guides users in efficiently estimating
transport emissions inventories and the associated social impact costs.
On the tool’s home page (Figure 10), | streamlined the emissions
equation into a simple flowchart to illustrate the relationships between
input and output parameters. Users can enter the input data and check
the final calculation results through the control panel on the home

page. In the control panel, the tool requires detailed input data in the
following categories: vehicle number, transport activity, traffic, fuel
efficiency, emission factors for GHGs, emission factors for CACs, social
cost factors of emissions, and some local profile data. Nevertheless, the
framework of the guide and tool is flexible, allowing either disaggregated
or general data. This makes it more user-friendly for cities and countries

with limited data accessibility and quality.
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Figure 10 | Home Page of the Tool

This section also indicates how to collect input data
in countries and cities with limited data access and
weak statistics systems. The measures or sources
could include, for example, statistical documents,
interviews with government authorities, surveys/
questionnaires, samplings, tests, literature reviews,
and/or expert judgments.
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4.1 Vehicle Number

To calculate transport emissions inventories at both
intra- and inter-city levels, “vehicle number” will at
least cover the number of vehicles or vessels in the
following categories: agricultural vehicle (and trac-
tor), air, bus, e-bike, ferry, intercity coach, inland
waterway vessel (IWV) for freight and passenger use,
light rail transit (LRT), metro, motorcycle, private
car, railway locomotive for freight and passenger use,
taxi, tram, trolley, truck (including light-, medium-,
and heavy-duty, as well as minitruck), and van. Fig-

ure 11 includes icons of these different mobile sourc-
es, including both on-road and off-road vehicles.

Note that some mobile sources in some cities and
countries may contribute a certain share of emis-
sions, such as in-port oceangoing vessels in coastal
cities, tricycles for urban freight delivery in some
Chinese cities, tuk tuk in Indian cities. However, the
current version of the guide and tool does not cover
these types of transport. In the next version, WRI
will include more transport types.

Figure 11 | Major Mobile Sources: On-Road and Off-Road Transport Types
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If data are available, the guide and tool encour-
age users to disaggregate the “vehicle numbers”
by fuel type and emission standard. The predomi-
nant energy sources for transport are gasoline and
diesel. Other energy sources used include natural
gas (NG) (in the forms of liquefied natural gas and

Figure 12 | Entering Vehicle Number

compressed natural gas, normally for buses and
taxis), liquefied petroleum gas (LPG, normally

for buses and taxis), fuel oil (crude oil/heavy fuel
oil, for vessels’ propulsion engines), kerosene (for
aircraft), dual fuel (normally for buses and taxies),
electricity and/or hybrid (normally for taxis and

COUNTRY NAME

Vehicle Number

- v - v | - - -

Agricultural vehicle

Aircraft Diesel Pre-Euro
Dual Fuel = |Eurol
Electric
Gasoline

Hybrid
Ferry LPG

Bus Euro Il

Euro lll

Euro IV

Euro V
Above Euro V
Average

E-bike

Intercity Coach NG

Average
WV -

I|]

LRT - -
Metro - -
Van - -
Motorcycle - -
Private Car - -
Railway - -
Taxi - -
Tram - -
Trolley - -
HDT - -
MDT = -
LDT - -

Minitruck - -
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private cars), and so on. The emission standards in
the tool follow the European emission standards,
that is, pre-Euro, and Euro 1/1 to Euro 6/VI" (Eu-
ropean Commission, 2015).

Figure 12 shows the tool’s data-entry window for
“vehicle number”. It allows users to enter the disag-
gregated annual vehicle number by fuel type and
emission standard. If there are no such detailed data,
users can provide total numbers instead.

The “total vehicle number” (or the vehicle popula-

Figure 13 | Entering Transport Activity Data

tion) provides the most available data in developing
countries. Users can obtain the numbers from the an-
nual statistical yearbook, vehicle registration author-
ity, and transport operators. However, the detailed or
disaggregated data by fuel type or emission standard,
or even by vehicle age, are sometimes unavailable.

4.2 Transport Activity

Activity data include, for different modes of trans-

ports, vehicle kilometers traveled (VKT), passenger-

kilometers traveled (PKM), tonne-kilometers trav-

COUNTRY NAME Activity

Agricultural Vehicle

Aircraft VKT
PKM or TKM
LTO

Bus

E-bike

Ferry
Intercity coach
Wv

LRT

Metro

Van
Motorcycle
Private car
Railway
Taxi

Tram
Trolley
HDT

MDT

LDT
Minitruck
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eled (TKM), aircraft landing and takeoff (LTO) cycle,
vessel traveling distance, engine operational hours,
total passenger-time, and so on, performed annu-
ally or at a given time interval.? Figure 13 shows the
data-entry window for different types of transport’s
“Activity”. In this section, I just introduce the activi-
ties for road transport. Future versions of the guide
will include the activities for other modes.

4.2.1 \lehicle kilometers traveled

“Vehicle kilometers traveled” (VKT) is a key param-
eter in the transport emissions equation, as well as a
key input to the tool. It measures the annual distance
traveled (in kilometers) by given means of transport
within a given geographical boundary and time pe-
riod. “Many cities collect, measure, or otherwise es-
timate the VKT” (IPCC, 2006). Ideally, accurate and
even real-time VKT data for individual vehicles can
be obtained from a global positioning system (GPS)
record. However, a travel survey is sometimes the
preferred method to obtain transport activity data,
though it is more labor-intensive, less cost-efficient,
and less accurate than GPS. Collecting VKT from
private cars is more difficult and less accurate than
collecting it from commercially used transport (such
as buses). Many cities and countries do not have VKT
for private cars.

B VKT for private cars:

« Data can be collected from annual or regular
sample surveys of local households (for exam-
ple, Beijing and Shanghai have been conduct-
ing large-scale household travel surveys every
five years).”’ However, the level of represen-
tativeness and accuracy of the VKT from the
household surveys depends on the sample
size as well as on the local residents’ level of
education. More important, it depends on
the local transport authority’s willingness,
budget, and time.

« More accurate VKT data for private cars could
be collected during cities’ regular (annual or
biennial) compulsory vehicle inspections.?In
China, both the local public security authority
and the environmental protection authority
take responsibility for vehicle inspections.
They have the opportunity to collect detailed
activity data for the full vehicle sample size.
In theory, they can record VKT data from
vehicle odometers during or before the safety
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and emissions inspections. They can also
disseminate questionnaires to drivers at the
inspection site. Since this regular inspection
is compulsory for all vehicles regardless of
category of ownership (civil or military) and
usage (commercial or noncommercial), the
VKT data can be very comprehensive and
representative. Unfortunately, most cities do
not record VKT this way, or they do not share
the data with the public.

B VKT for commercial transport:

+ Data for public transport (e.g., bus, tram, trol-
ley, and subway), taxi, intercity commercial
transport (e.g., truck and intercity coach), avia-
tion, and waterway transport are normally col-
lected from sample surveys of transport service
providers (trucking companies, public trans-
port companies, shipping companies, etc.).
These VKT data are comparatively accurate.

» However, the long-haul trucking industry
could be an exception in some developing
countries. The road freight market is extreme-
ly disordered and scattered in many develop-
ing countries. Large numbers of fragmented
and small trucking companies (mainly owner-
operators) dominating the market (e.g., on
average, most Chinese trucking companies
have only 1 or 2 trucks each). In such cases,
the data sampling could hardly be representa-
tive enough. For example, Chinese transport
authorities only collect activity data from big
and medium-sized companies. Unfortunately,
these companies represent an insignificant
share of the market, while small trucking
companies (with fewer than 10 trucks) ac-
count for more than 90% of China’s trucking
market (MOT, 2013).

VKT is one of the least available categories of data in
developing countries. According to Huo et al. (2012),
“China does not officially publish VKT”. In terms

of the transparency level of each city’s existing data
system, only Beijing, Shanghai, and some big cities
publish VKT data for some public transport modes
(such as bus, taxi, trolley/tram, and subway). VKT
data for other cities are not available and transpar-
ent to the public, or they might not even be collected.
Inventory compilers therefore have to estimate VKT
based on surveys, literature reviews, and expert judg-
ments (YCC, 2011).



4.2.2 Passenger-kilometers &
Tonne-kilometers

Passenger-kilometers (PKM) and tonne-kilometers
(TKM)?* are two important parameters of the
transport emissions equation, as well as important
inputs to the tool. Both parameters are normally for
long-distance, heavy-duty commercial transport.
PKM measures passenger turnover by bus, inter-
city coach, rail, waterway, and air; it represents the
number of passengers transported times the cor-
responding kilometers traveled for a given travel
segment.” TKM measures freight turnover by truck,
rail, waterway, and air;% it is calculated in metric
tonnes times the corresponding kilometers traveled
for a given travel segment.?

Unlike VKT, PKM and TKM data are regularly
published and publicly available in many developing
countries (e.g., China and Thailand). The total TKM

for the truck fleet and the annual total PKM for the
intercity coach fleet are the most available data in
the annual statistical documents at both the na-
tional and local level. However, some disaggregated
data—such as detailed TKM for different types of
trucks (i.e., HDT, MDT, LDT, and minitruck)—sel-
dom appear in either level of statistical documents.
This jeopardizes the accuracy of the emissions
inventory.

4.2.3 Passenger-times

Passenger-times or person-times (PT) is a key input
to the tool. It counts the total times of all passengers
in and out of a given transport type (e.g., bus) in a
given time period (e.g., one year). It can be applied
to either urban transport (e.g., bus, subway, tram/
trolley, taxi, ferry) or intercity transport (e.g., air,
waterway, rail, coach). Usually, transport compa-
nies can provide PT data during surveys.

Table 5 | Activity Parameters and Data Collection Methods

INPUT UNIT TYPE OF TRANSPORT KEY DATA COLLECTION METHOD

VKT Kilometers

PKM Passenger-kilometers

TKM Tonne-kilometers
PT Passenger-times

Off-road mobile
sources

LTO; engine operational hours,
gtc.

Agricultural vehicles, air, bus, e-bike,
ferry, intercity coach, WV, LRT, metro,
military car, motorcycle, private car,
taxi, trolley, tram, truck (primarily LDT
and minitruck), van

Intercity coach, air (passenger), IWV
(passenger), LRT, metro, railway (pas-
senger), trolley, tram, bus, taxi

Air (freight), IWV (freight), railway
(freight), truck (incl. HDT, MDT, LDT,
and mini), van

Air (passenger), bus, ferry, intercity
coach, IWV (passenger), LRT, metro,
railway (passenger), taxi, tram, trolley

Air, IWV, etc.

Transport Emissions & Social Cost Assessment: Methodology Guide

Survey of both household and
transport companies; survey of
government authorities; GPS survey;
transport demand forecast model;
literature review; expert judgment

Local statistical documents; survey of
transport companies; GPS

Local statistical documents; survey of
transport companies; GPS

Survey of transport companies; some
local statistical documents; GPS

Civil aviation authority; airlines; ship-
ping companies; transport authorities;
statistical documents; GPS & AIS
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Figure 14 | Entering Traffic Data

COUNTRY NAME Traffic

Bus Urban driving
Bus Rural driving
Bus Highway driving
Intercity Coach Urban driving
Intercity Coach Rural driving
Intercity Coach Highway driving
Private Car Urban driving
Private Car Rural driving
Private Car Highway driving
Taxi Urban driving
Taxi Rural driving
Taxi Highway driving
Truck Urban driving
Truck Rural driving
Truck Highway driving
Motorcycle Urban driving
Motorcycle Rural driving
Motorcycle Highway driving
Van Urban driving
Van Rural driving
Van Highway driving
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4.3 Traffic

Traffic data, used usually for road transport, include
different vehicle type’s annual trip split or driv-

ing conditions split, that is, the percentage of trips
under different driving conditions (e.g., % for city
driving, rural driving, and highway driving), speed
(km/h for peak, off-peak, and average), and peak
hours per day. Figure 14 shows the data-entry win-
dow for different types of “Traffic”.

4.3.1 Driving conditions split

Driving conditions split, is a key parameter of the
transport emissions equation, as well as a key input
to the tool. The current guide and tool contain three
driving conditions: city, rural, and highway. Driving
conditions split presents the share (%) of the driving
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condition in total VKT (or PKM, or TKM) by a given
type of vehicle.

Though a travel survey is the most common
method, onboard GPS is the ideal way to help us-
ers identify the share of city, rural, and highway
driving for a given type of vehicle. However, in real
situations in developing countries and cities, many
vehicles do not have GPS onboard and therefore
cannot be tracked by satellite. In such cases, users
will have to guess the shares of driving conditions
based on their own judgment. In addition, they can
always obtain the information through traditional
travel surveys, for example by interviewing drivers
or transport companies.

When using the guide and tool, users need to pay



special attention to the following points on driving
conditions split:

B The sum of the percentages should not exceed

100%, which represents the full length of the
VKT (or PKM, or TKM) within the national-
level scope.

Different geographical scopes (study areas)
result in different percentages:

« If the study scope is for the national level,
the sum of the percentages of city, rural
and highway VKT (or PKM, or TKM) must
exactly equals to 100%. For example, truck
TKM split for national level could be: 60%
for highway driving, 30% for urban driving,
10% for rural driving;

« If the study scope is within a city’s adminis-
trative boundary (which in most developing
countries, a typical city includes an urban
core with large rural and suburban areas),
the user will need to adjust the share of
driving conditions within a smaller value
(the sum should be smaller than 100%).

Long-haul trucks registered in cities nor-
mally have major activities (in terms of
TKM) outside a city’s administrative bound-
ary (sometimes the share can be more than
70%). If the study area is for “city level”, the
activities outside the city’s boundary should
be deducted from the total. For example,
long-haul truck TKM split within the city

of Chengdu (capital of Sichuan province)
could be 10% for urban driving, 7% for rural
driving, and 9% for highway driving. Table
6 presents the default splits used in a typical
Chinese city.

B Percentages change across the years:

Because of rapid urban expansion (sprawl)
in most developing countries (in terms of
both infrastructure and population urbaniza-
tion), the percentage of vehicle rural driving
obviously might drop, while city and high-
way driving might increase.

If no detailed data are available, the tool will
assume that the “rural driving” percentage
will decrease while “city driving” and “high-

Figure 15 | Typical Trucking Path within a City’s Administrative Boundary

Built-Up Area

Urban Area

Trucking Path x

=

— Suburban & Rural Area

The green curly line simulates a truck’s real running path
across a city's boundary. Some twisted curves and nodes
along the path show possible distribution centers, warehouses
or shops, where the truck might have intensive activities
around, for example, loading and unloading, cargo delivery,
transferring, and waiting and idling. These are typical activities
for a truck in an urban area and in the outer skirt of a city core.

Transport Emissions & Social Cost Assessment: Methodology Guide

49



50

Table 6 | Default Driving Conditions Split on City Level: The Case of a Chinese City

TRANSPORT TYPE CITY DRIVING
Agricultural vehicle 0%

Bus 85%
Intercity coach 10%
LRT 100%
Metro 100%
Motorcycle 25%
Private car 65%
Taxi 90%
Tram 100%
Trolley 100%
Truck 10%

RURAL DRIVING HIGHWAY DRIVING

100% 0%
5% 10%
0% 40%
0% 0%
0% 0%
65% 10%
10% 15%
0% 10%
0% 0%
0% 0%
% 9%

Note: 1. The sum of driving conditions split for intercity coach is only 50% (<100%) because this case study is at the city rather than national level. The other half (50%) is
beyond the city scope (the study area), which is why it was not accounted for in this table. This applies to all intercity modes: trucks, ships, and so on.
2. Most default data are from experts’ judgment and experience in Chinese cities. Some data, such as trip split for trucks, might have big uncertainties (big deviations in
the same type of transport). | encountered such a problem in Chengdu’s truck fleet, and | assume it is common in many other developing cities.

way driving” tend to increase across the years.
The tool will also assume that the driving
condition percentages will change at the same
pace as the rate of urbanization increases.

4.3.2 Speed

Speed data is a key input to the tool. It measures the
kilometers traveled per hour by a given means of land
or air transport (in km/hour), or the nautical miles”
traveled per hour by waterway vessels (in knots).

Ideally, an onboard GPS device (or the automatic
identification system [AIS] for vessels) can provide
detailed real-time speed and location data for an
individual vehicle (or vessel, aircraft, etc.). “Even a
handheld GPS or a smartphone (with GPS inside)
can draw the speed profile beyond using the tra-
ditional floating car methodology” (CAA, 2012).
However, for a similar reason as that mentioned in
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Subsection 4.3.1, many developing countries do not
(and cannot) collect speed data in such a modern
and regular way. In these instances, a costly travel
survey becomes the second-best method for speed
data collection. Unfortunately, many developing
countries and cities do not even have the ability or
budget to conduct the household travel survey every
three to five years. In China, for example, some big
cities (e.g., Beijing and Shanghai) monitor and ana-
lyze the traffic (speed) data. However, these data are
only for the urban area and only partially available
to the public through government reports or docu-
ments. Detailed traffic data (e.g., speed by different
type of vehicles) are commonly unavailable.

Instead of directly revealing speed data, some Chi-
nese cities (e.g., Beijing in Figure 16) have opened a
real-time traffic information platform to the general
public. The platform visualizes the “traffic perfor-



mance index” (TPI) (also called traffic congestion
index) (BTRC, 2016), which can indirectly reflect the
traffic speed profile of the road network.”? Calculation
of the index is similar to that of the volume-to-ca-
pacity (V/C) ratio. V/C ratio refers to the maximum
ratio of the volume of traffic versus road capacity
(CAA, 2012). “These ratios are usually classified into
three groups: <0.75 (low or no congestion), 0.75

to 0.95 (moderate congestion), and >0.95 (severe

congestion) for different groupings like functional
classes, rural/urban, etc. The V/C ratios can also be
combined with the network and plotted thematically,
allowing visual inspection of congested segments of
the roadway” (FHWA, 2011). In Beijing, the indexes
are divided into five groups: (1) 0—2 (smooth); (2)
2—4 (moderate smooth); (3) 4—6 (light congestion);
(4) 6—8 (moderate congestion); and (5) 8—10 (severe
congestion) (BTRC, 2016).

Figure 16 | Real-Time TPI Platform for Beijing (BTRC, real-time)
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Table7 | Traffic Parameters and Data Collection Methods

INPUT UNIT KEY DATA COLLECTION METHOD

% city driving
% rural driving
% highway driving

Driving conditions split

Average speed (peak)
Speed

Average speed (off-peak)

GPS/AIS; interviews with drivers and transport
companies; expert judgment

GPS/AIS; road survey; online traffic data (e.g.,
TPI); government reports; literature review;
expert judgment
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Figure 17 | Entering Local Fuel Efficiency Factors

COUNTRY NAME Local

Bus - vi- V-
Dual Fuel =1 kgce/100km =

Private Car Electric kwh/100km -
Gasoline m%/100km

Taxi Hybrid L/100pkm -

Truck LPG kgce/100pkm

fue NG kwh/100pkm

Motorcycle Average =

4.4 Fuel Efficiency

Fuel efficiency (FE) is a key parameter in the trans-
port emissions equation, as well as a key input to
the tool. It measures fuel consumption (in liters,
m3, kgece, kWh, etc., depending on the different fuel
types) per given amount of VKT, PKM, TKM, LTO,
or engine operational hours and so on, performed
under different driving conditions. Fuel efficiency
factors are “used to calculate direct and indirect
GHG emissions. CAC emissions are estimated di-
rectly from VKT, PKM, or TKM” (IBI Group, 2011)
(i.e., kg of emissions per VKT or per kg fuel; see
details in Section 4.6).

Figure 17 shows the data-entry window for local FE
factors by different transport types, fuel types, and
driving conditions.

FE factors are sensitive to a vehicle’s driving condi-
tions (e.g., city, rural, or highway driving), as well as
the speed, age, load factor, and so on. If possible, I
encourage users to provide disaggregated localized
FE factors for each vehicle type by driving condi-
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tions, speed, age, load factor, and so on.

Average (or aggregated) FE factors are available in
most developing countries. Users can obtain the
data from various sources. Many countries publish
the average FE factors in their annual statistical
books or in relevant documents.? Users can also
collect the data via interview with vehicle driv-

ers, transport companies or automakers, or from
various government documents and local studies/
researches. Unfortunately, disaggregated data by
driving conditions, speed, age, and load factor are
seldom available in developing countries. It requires
tool users to conduct further literature review, local
studies, road test (if necessary), and/or use expert
judgment, etc. (see Table 8).

The guide and tool suggest that users provide FE
factors for at least three different driving con-
ditions (i.e., city, rural, and highway driving).
Experience shows that in a developed country such
as Canada, stop-and-go city driving consumes
approximately 20%—65% more fuel per kilome-
ter than free-flow highway driving (IBI Group,
2011). China’s experience also shows the similar



Table 8 | FE Factors and Data Collection Methods

INPUT FUEL TYPE UNIT KEY DATA COLLECTION METHOD

Crude oil toe/100TKM
Diesel |/100km; I/100TKM, 1/100PKM
Electricity kWh/100km; kWh/100TKM; kWh/100PKM
Gasoline [/100km; 1/100TKM; 1/100PKM Local statistical documents; gov-
ernment reports; interviews with
FE LPG 1/100km; 1/100TKM; 1/100PKM arivers and transport companies;
interviews with automakers; road
tests; literature reviews; expert
NG m?/100km; m3/100TKM; m3/100PKM judgment, etc.
Crude oil I/100km; I/100TKM; I/100PKM
Kerosene [/100km; I/100TKM; I/100PKM; I/LTO
Average kgce/100km; kgce/100TKM; kgce/100PKM

difference in FEs under different driving condi-
tions (MIIT, 2016). I encourage users to feed the
tool with as many localized FE factors as possible.
However, if local data (or part of the local data)
are unavailable, the tool assumes that developing
countries’ “city driving” consumes about 20-40%
more fuel per kilometer than “highway driving”,
about 10—30% less fuel per kilometer than “rural
driving”, and that the percentage and number vary
depending on different vehicle types.

4.5 Emission Factors for GHGs

“Emission factors (EF) is a representative value
that attempts to relate the quantity of a pollutant
released to the atmosphere with an activity as-
sociated with the release of that pollutant. These
factors are usually expressed as the weight of pol-
lutant divided by a unit weight, volume, distance,
or duration of the activity emitting the pollutant
(e.g., kilograms of particulate emitted per tonne
of coal burned). Such factors facilitate estimation
of emissions from various sources of air pollution”
(USEPA, 2015b). This concept applies to the EFs
for both GHGs and CACs, unless they are in a dif-

ferent unit (e.g., tCO,e/tce for CH,; gPM, /km for
PM, ). The guide and tool allow both localized and
default factors.”

Emission factors for GHGs (EF ) is a key parameter
of the transport emissions equation, as well as a key
input to the tool. It is based on fuel consumption from
travel (IBI Group, 2011). It measures the tonnes of
CO, equivalent (tCO,e), or tonnes of CO,, CH4, N,O,
and other GHG emissions per unit of a given type of
fuel consumption (e.g., tCO e/tce, or tonnes of CO,
per liter of gasoline, or CO, per m3 of NG, etc.).

4.5.1 Local factors

Figure 18 shows the data-entry window for local

EF .. It presents tonnes of GHGs generated from
different types of fuels, including crude oil (fuel oil,
in toc), gasoline (in tonnes or liters), kerosene (in
tonnes), diesel (in tonnes or liters), NG (in m3), LPG
(in tonnes or liters), and LNG (in tonnes). It should
be noted that EFs will be different over years based
on continuously evolving engine technologies, fuel
technologies, emission standards, vehicle clean
technologies, and so on.
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Figure 18 | Entering Local EF__ . by Fuel Type

GHG

COUNTRY NAME

Avg. Low Calorific

Energy Source Value (1073KJ)

Crude 0il toe 41,816 - - = = - -
Fuel Oil t 41,816 - - - - - -
Gasoline t 43,070 - = = - - -
Kerosene t 43,070 - - - - - -
Diesel t 42,652 - - = - - -
NG m? 38.931 - - - - - ,
LPG 27.029 - - = - - -
LNG t - - - - - - -
Gasoline 31.94 - - = - - -
Diesel 36.00 - - - - - -
LPG t 50,179 - - = - - -
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Many developing countries do not have their own lo-
calized EF,, , database. Some countries publish some
data in statistical books or government documents,
but not regularly (e.g., annually). In such cases, I
highly recommend that tool users collect data from
official databases and documents (if these exist). If
time and budget allow, users also should conduct
intensive literature reviews, interviews with stake-
holders, and road tests, and apply expert judgment

(see Table 9).

Tableg | EF EF . ., and Data Collection Methods

GHG’ CAC’

KEY DATA COLLECTION

EMISSION TYPE METHOD

co,
t pert (or I, m%, kWh, tce,
EF e CH, or toe) of fuel consumption
(diesel, gasoline, NG, etc.)
N,0
Local statistical books/da-
NO tabase; government reports;
X .
policy documents; standards;
interviews with authori-
30 ties, research institutes, and
X relevant stakeholders; local
studies; literature review;
expert judgment; localized
PM,, emission factor models; road
EF g per vehicle km traveled (g/ and lab tests, etc.
CAC km), or g per kg fuel (g/kg)
PM,
CO
HC
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4.5.2 Default factors

Iflocal EF, are not available, the tool will provide
default data based on different fuel types. The tool
mainly refers to the default GHG emission factors in
IPCC (2000); IPCC (2006); WRI’s GHG Protocol; and
the GPC. Although it provides default emission fac-
tors, it is always good practice to follow the approach
outlined in Figure 19 of using country-specific or local-

specific data primarily if possible (IPCC, 2000).

For example in China, Table 10 shows the default av-
erage EF . provided in the tool, as well as the average
low calorific value for each fuel type (energy source).
For Chinese cities, the tool provides two sets of default
EF ., data. Therefore, users will have multiple choices

for the default EF . based on different studies and

GHG
their own judgment.

W Data source 1: “tCO,e per unit of fuel type” from
the Energy Research Institute (ERI) of China’s
National Development and Reform Commission
(NDRC).

B Data source 2: “tCO,, tCH,, and tN,O per unit of
fuel type” from WRI (2013).

For the transport types using diesel and gasoline, tool
users can also refer to the default EF,,,, data from
other literature sources. The literature pool and the
default database could be further expanded in future

versions of the guide and tool.

Figure 19 | Decision Tree for CO, Emissions from Road Vehicles

Are road transport fuel com-
bustion data available?

Collect fuel use data

Estimate emissions

Are country-specific emission
factors available?

Estimate emissions by
using country-specific
emission factors

Source: IPCC, 2000.
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Table 10 | Default EF . from Different Fuel Types: The Case of China

AVG. LOW
FUEL TYPE UNIT CALORIFIC
VALUE (10*3KJ)
Crude oil toe 41,816 1.4286
Fuel oil t 41,816 1.4286
Gasoline t 43,070 1.4714
Kerosene t 43,070 1.4714
Diesel t 42,652 1.4571
NG m? 38.931 0.00133
LPG 27.029 0.0009
LNG t
Gasoline 31.94 0.00109
Diesel 36.00 0.00123
LPG t 50,179 1.7143

3.15859 3.020000 0.000125 0.000025
3.15859 3.170000 0.000125 0.000025
3.25331 2.925000 0.000129 0.000026
3.25331 3.033000 0.000129 0.000026
3.22174 3.096000 0.000128 0.000026
0.00294 0.002162 0.000000 0.000000
0.00204 n/a n/a n/a

0.000289 0.000000 0.000000
0.00241 0.002121 0.000000 0.000000
0.00272 0.002663 0.000000 0.000000
3.79030

Note: It is good practice to ensure that default emission factors, if selected, are appropriate to local fuel quality and composition.
Source: Summarized from various studies (IPCC, 2000; IPCC, 2006; WRI, 2013); avg. low calorific values from NBSC, annual; and CATS, 2008.

4.6 Emission Factors for CACs

Emission factors for air pollutants/CACs (EF,
is a key parameter of the transport emissions
equation, as well as a key input to the tool. It
follows a concept similar to that of EF .. EF .
commonly measures the weight (in grams) of
NO,, SO, PMQ'S, PM , CO, and HC emitted per
kilometer traveled by a given type of transport.
“Direct EF, s have the unit of g/km as they are
better estimated by distance traveled than by
amount of fuel consumed” (IBI Group, 2011). If

data are limited, or when estimating emissions

CAC)

from off-road mobile sources (e.g., railway, air,
and waterway transport), EF_, . can be expressed
as emission weight per unit of a given fuel type
(e.g., in g/kg, g/kWh; or per unit of off-road activ-
ity, e.g., g/LTO).

4.6.1 Local factors

Figure 20 shows the data-entry window for lo-

cal EF . (example of PM, factor). In most cases,

EF, s are expressed as air pollutant weight per km

traveled (g/km); some are expressed as air pollutant
weight per weight of fuel type (g/kg).

Transport Emissions & Social Cost Assessment: Methodology Guide
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Figure 20 | Entering Local EF

COUNTRY NAME

(example of PM, ,)

CAC

Euro Above

Agricultural vehicle

Aircraft Diesel . _ . _ _ - _ _ - _ -
Dual Fuel =

Bus Electric = - = o - - - - - - -
Gasoline
E-bike Hybrid - - - - - - - - - . -
LPG
Ferry NG - - = = = = = = = = -

) Average
Intercity coach - - - - - - - - - - -

IWv - - - - - - - - - - - -
LRT - - - - - - - - - - - ;
Metro - - - - = = - - - - - -
Van - - - - - - - - - - - -
Motorcycle - - = = - - - - - - - i
Private car - - - - - - - - - - - -
Railway - - - = = = = - - - - -
Taxi - - - - - - - - - - - -
Tram - - = - = = - - - - - -
Trolley - - - - - - - - - - - -
HDT - - = = = - - - - - - -
MDT - - - - - - - - - - . -
LDT - - = = - - - - - - - i

Minitruck - - - - - - - - - - - _
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Note that EF , . is very sensitive to driving condi-
tions (e.g., city, rural, and highway driving), driving
speeds, vehicle age, load factors, and so on. If the
local driving conditions, speed profiles, and vehicle
or fleet profiles are substantially different from the
national (or world) average, CAC emissions esti-
mates might be less accurate (IBI Group, 2011).
Unfortunately, because of data and research limita-
tion in most developing countries, the tool could
not further disaggregate EF , . by different driving
conditions and speed profiles. It only gives users
the average EF_, . for each transport type under
different emission standards, regardless of driv-
ing conditions. The average EF,,,, might show a big
deviation, but the emissions estimation results can
indicate general transport emissions at the macro-
level. In future versions of the guide and tool, WRI
will provide the localized correction factors (CF) in
order to obtain more disaggregated EF ., . by driving
condition and speed profiles.

CAC

In addition, EF,, also varies considerably under
different emission standards. The tool provides slots
for entering either EF , . by emission standards or
the average values. Note that the emission standard
upgrading scheme (and other traffic and emissions
control policies)* could have an obvious effect on
the fleet composition across the years. The upgrad-
ing pace could be even faster in developing coun-
tries and cities. The total transport emissions might
thus show obvious change. If the data are available,
tool users should pay more attention to fleet com-
position by emission standard every year (or every
few years), and make sure the standard upgrading
scheme and other policies are well acknowledged.

EF_,.is the least available data in developing
countries. Most developing countries do not have
their own localized EF,,,, database. Some coun-
tries publish partial EF ,, . data (or standards) in
their government documents or statistical books,
but not regularly (e.g., annually). In such cases, I
recommend that tool users collect data from exist-
ing official databases and documents (if they exist)
or otherwise conduct intensive literature reviews,
interviews with stakeholders (research institutes,
automakers, government authorities, associations,
NGOs, ete.), or use expert judgment. If time and
budget allow, I highly recommend that users apply
localized emission factor models (e.g., MOVES; see

Table 11) and conduct road and lab tests themselves

to obtain the most localized EF,,, . database. Table
9 shows the type of EF, s and their data collection

methods.

4.6.2 Default factors

If local EF , s are not available, the tool will pro-
vide default data based on different types of trans-
port. The default EF , , database is in the units of
g/km and g/kg. They are from various sources of
literatures and assumptions, and are normally ag-
gregated. The current default EF,, . database is not
perfect; for example, it lacks disaggregated data
and some data in the unit of g/kg. This will require
further database improvement and expansion in
future versions of the tool. In addition, as I noted
for EF,,, although the default emission factors are
provided, it is always good practice to primarily use
country- or local-specific data if they are available.

In reality, for city scope emissions assessment, some
cities do not have their own local-specific EF,, ,
while their country-level EF,,, . database is in good
shape. In such cases, I encourage users to apply
country-level average data as the proxy of the local
or city-level ones in the same country. In China, the
Ministry of Environmental Protection (MEP)* has
published the “Technical Guidance on Air Pollutants
Emission Inventory Compilation” since 2014 (MEP,
2014a; MEP, 2014b; MEP, 2014¢; MEP, 2014d;
MEP, 2015). It includes some guidance relevant to
the mobile sources (transport) emissions. In these
documents, the MEP reveals a package of national-
level average “basic emission factors” (BEFs), which
are disaggregated by different vehicle types and
emission standards (i.e., pre-Nation, Nation I-V).
In addition, it also provides a package of “correc-
tion factors” with the aim of adjusting the BEFs

for different driving and road conditions, natural
features (temperature, humidity, altitude, etc.), fuel
profiles (sulfur content, ethanol mix, etc.), vehicle
profiles, speed profiles, load factors, HC evaporation
features, and so on (see example in Appendix 3).
The MEP’s documents cover most kinds of mobile
sources (on-road and off-road, such as taxi and wa-
terway transport, etc.), emission standards, and fuel
types. This is the first time the MEP has published
country-level emission factors (some are at regional
or provincial level) for the public.

In spite of national-, regional-, and provincial-level
data, some cities have been developing their own
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city-level EF,, , databases by localizing the emission
factor models. The most prominent emission factor
models include the Motor Vehicle Emission Simula-
tor (MOVES), the International Vehicle Emissions
Model (IVE), the Computer Program to Calculate
Emissions from Road Transport (COPERT), the
Handbook Emission Factors for Road Transport
(HBEFA), and the Mobile Vehicle Emission Factor
Model (MOBILE). Many developing cities local-

ize the models by conducting vehicle’s road or lab
testing® in order to obtain the disaggregated local-
ized EF . results. It is commonly believed that, in
Beijing and Chengdu, for example,*localized EF ,, s
would be much more accurate than the default val-
ues provided at the national level.

Unlike (micro-level) emission factor models, the
guide and tool provide just the macro-level assess-
ment framework. They do not go into the technical
details of EF,,,, localization, testing, and emissions
modeling. Instead, the existing outputs of the emis-
sion factor models (i.e., the localized EF ) could be
used as the input parameters of the tool. If localized
EF_, s are not available, the tool will use default
data (e.g., national-level EF , s) instead. It offers

users multiple choices for EF, s, and they can

Table11 | Data Sources of Default EF .

enter whichever EF , . values they think are closest
to the local reality. The purpose of the tool is not to
provide a list of emission factors, as most models
have previously, but to allow users to enter the most
suitable data based on the various sources and their
own judgment. Table 11 shows the multiple sources
of the EF , . data, as well as the emission models

CAC
used in the case of China.

4.7 Emission’s Social Cost Factor

As mentioned in Subsection 2.3.3, this section pro-
vides a detailed explanation of SCF’s input and its
uncertainties with respect to the top-down approach
of emission social cost evaluation.

4.7.1 How should we obtain the social cost
factor?

The guide/tool evaluates the social cost of trans-
port emissions by multiplying the weight of GHGs
or CACs by the social cost factor (SCF). The SCF is
a key parameter of the transport emissions equa-
tion and a key input to the tool. As mentioned in
Chapter 2, the SCF measures the total social cost
of unit mass air pollutant within specified geo-

: The Case of China

GEOGRAPHIC SCOPE DATA SOURCE TRANSPORT TYPE POLLUTANTS

National Al types (road, off-road) CO, HC, NO,, PM,, ., PM. |
Regional MEP All types HC, and possible others
Provincial MEP All types HC, and possible others
Local/city Road and/or lab testing Mainly the selected road Can be all pollutants
sources
Localized emission models
Local/city (B, BB A0S, W, Selected road sources Can be all pollutants

EMFAC, CMEM, COPERT,
HBEFA, etc.)
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graphical boundaries. It can be expressed in US$/
tonne. For the transport sector, many studies (e.g.,
Ricardo-AEA, 2014) also use the cost price of unit
kilometers traveled or turnover volume ($/VKT
or $/TKM) to represent social cost factors. The
European Union and the United States have been
directing attention to emissions social cost and
related SCFs. Studies in this field include, among
others, External Costs of Energy (ExternE) by the
European Union, based on the Impact Pathway
Approach (IPA) framework (ExternE, 2014); Clean
Air for Europe (CAFE) by the European Union
(Holland, et al., 2005); the Benefits Table Data-
base: Estimates of the Marginal External Costs of
Air Pollution in Europe (Beta) by the European
Union (Holland & Watkiss, BeTa, 2002); and

the Environmental Benefits Mapping and Analy-
sis Program (BenMAP) by the USEPA (USEPA,
2015a; USEPA, 2016a) (see, e.g., Table 12 and
Table 13). The above studies follow the bottom-up
method, applying complicated models, extensive
surveys, epidemiological knowledge, as well as the

s e

statistical and economic analysis. The bottom-up
method is able to ensure comparatively reliable
estimation, but it is time-consuming and cost-in-
tensive, requiring multidisciplinary knowledge and
broad data collection.

Here I recommend that researchers apply a top-
down approach at first, if the budget and timeframe
are too tight for a bottom-up approach. The top-
down approach allows researchers to conduct meta-
analysis by examining SCFs in previous studies,
with some additional “value transfer” works on SCF
localization (works may include localization of en-
vironmental damage cost, health value [Yang, et al.,
2013], and exposure density), and finally obtain the
aggregated SCFs for each pollutant. This guide does
not offer a detailed discussion of localization meth-
odologies. However, researchers interested in per-
forming deeper studies can refer to Navrud & Ready
(2007); and Navrud (2004), for value transfer
techniques—a localization methodology for adopt-
ing study results from other regions and using them
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Table 12 | The Case of the EU: Costs of Main Pollutants from Transport, in Euros per Tonne (2010)

COUNTRY | PM,, (RURAL) | PM,, (SUBURBAN) PM, , (URBAN) “ NMVOC n

Austria 37,766 67,839
Belgium 34,788 60,407
United 14,026 47 511
Kingdom
EU average 28,108 70,258

215,079 17,285 2,025 12,659
207,647 10,927 3,228 13,622
194,751 6,576 1,780 9,192
270,178 10,640 1,566 10,241

Note: (1) urban—population density of 1,500 inhabitants/km?; (2) suburban—population density of 300 inhabitants/km? (3) rural—population density below 150 inhabitants/

km2.

Sources: Ricardo-AEA, 2014. NEEDS (Preiss & Klotz, 2008) values updated to year 2010 using country-specific nominal GDP per capita (PPP) figures. EU average values are

also updated from NEEDS using EU average GDP figures.

locally in cost-benefit analysis. In addition, Yang, et
al. (2013) also provides a good example of how to
localize aggregated SCFs following a top-down ap-
proach, which can be a valuable reference in China.
Nevertheless, a general and simple workable way is
to set a range of the default SCF values by referring
to previous studies, and determine the confidence
interval and the standard deviation for the localized
values based on the features of social and economic
development, population, and environment of the
study area. Existing SCFs can be applied with some
modification if the study area is similar to that those
of the previous studies in terms of socioeconomic
and environmental features, though some uncer-
tainties might remain. However, researchers should
pay more attention to changes in the order of mag-
nitude and development pattern of social cost than
to the average and the absolute values.

The SCF is the least available data type in all cases.
Localization of the SCF is complicated. Most devel-
oping countries do not have official localized SCFs
at either the national or city level. SCF studies only
appear in academic research papers (e.g., Ricardo-
AEA, 2014; Song, 2014a; Tichavska & Tovar, 2015;
Holland & Watkiss, 2002; Holland, et al., 2005;
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ExternE, 2005); the target geographic areas are
scattered and the variance within the same area is
huge (especially for PM, ). In addition, even the
existing studies from other regions are far from
sufficient, and many studies themselves are at the
early stage. Research results still have high uncer-
tainty. The tool thus provides a wide spectrum of
default SCFs through meta-analysis, values that
are abstracted and weighted from broad interna-
tional academic studies (Table 14). The defaults
have the mean (weighted average) values with the
range (interval) between maximum and minimum
values. Because of limited literature and significant
real-world variation, some value ranges (e.g., SCFs
for PM and NO,) could cross more than three or-
ders of magnitude. For example, the difference of
PM, _ SCFs within the same study area could cross
more than three or even four orders of magnitude.
The “true” SCF value for PM, _ could fall anywhere
in the wide range of estimate. This huge deviation
and uncertainty for the total social cost evaluation
sometimes cannot be avoided, especially for de-
veloping countries, whose citizens might have big
different perspectives on WTP for pollution and
health. This remains a regrettable reality. Mean
values from meta-analysis with the large range of



Table 13 | The Case of the EU Urban Bus: Air Pollution Costs in €ct/VKT (2010)

CATEGORY EURO-CLASS URBAN SUBURBAN RURAL MOTORWAY
30.2 15.5 10.4 9.5

Midi < 15t EURO O

EURO |

EURO Il

EURO Il

EURO IV

EURO V

EURO VI

Standard 1518t EURO O

EURO |

EURO Il

EURO Il

EURO IV

EURO V

EURO VI

Articulated > 18t EURO 0O

EURO |

EURO Il

EURO Il

EURO IV

EUROV

EURQ VI

Note: (1) urban—population density of 1,500 inhabitants/km? (2) suburban—population density of 300 inhabitants/km?; (3) rural—population density below 150 inhabitants/

km2.

Source: Ricardo-AEA, 2014; calculations based on COPERT 4 emission factors. Damage cost factors from Table 12.

15.9

13.2

114

6.7

5.8

1.8

35.6

21.1

17.4

14.7

8.6

6.9

1.9

46.4

27.3

22.1

18.5

10.8

2

9.8

9.4

7.9

5.1

4.2

0.7

21.7

13.1

12.5

10.4

6.7

0.8

28.5

17.2

16

13.3

8.7

4.9

0.8

Transport Emissions & Social Cost Assessment: Methodology Guide

7.1

5.4

3.7

24

0.3

15.3

9.2

9.3

7.2

4.9

2.8

0.4

19.8

11.8

9.3

6.6

0.5

6.1

4.3

0.3

12.9

7.8

7.9

5.8

3.9

2.2

0.3

16.3

9.8

9.8

7.5

4.6

2.3

0.4

63



variance might just be the “second-best” option for
the researcher to identify air pollutant SCFs.

Researchers can adjust the mean SCF values whenev-
er they think this is appropriate. For SCF localization,
I encourage researchers to adjust the values/range
for SCFs by considering their local socioeconomic
situation (economy, population density, etc.). For
example, they could give more weight to the SCFs

in the meta-analysis database that have a socioeco-
nomic background similar to that of the current
study area in order to obtain evaluation values closer
to local reality. Better evaluation of the emissions
social cost range can therefore help policymakers
make better decisions and reduce risks. These efforts
require great intensive interdisciplinary cooperation,
such as working with local economists, centers for
disease control, hospitals, environmental authorities,
research institutes, and universities.

In the future, WRI will continue to collect and
review studies on SCFs of air pollutants. WRI will
further update and expand the database of the
world SCF studies over time. As more and more
literature results are updated into the database,
the variance for SCF values of each air pollutant in
a specific study area can be continuously adjusted
(made smaller) and the mean values made more
robust. As mentioned, the variance for some SCFs
is quite high, and this might remain the case for a
long time, especially for PM, . This means that the
current academic research for emissions social cost
evaluation still has big uncertainties and requires
further localized studies. Social cost evaluation is
a particular challenge for mobile source emissions.
Fortunately, this situation can be gradually eased
by further studies and database improvement; at
least for some pollutants, uncertainty could be
somewhat reduced.

Table 14 | Conceptual Table of SCFs of Emissions: The Case of China (US$/tonne)

MEAN ()

co, 32 3
CH, 588 370
N,0 9,506 3,500
PM., 62,702 280
PM, ., 126,799 1,027
NO, 7,565 244
S0, 8,506 47
co 1,964 193
HC 2,985 750

Source: Adapted from YCC, 2012; and Song, 2014a.

SOURCE

150 30 -
748 121 -
21,400 5,795 =
1,749,020 241,113 -
2,540,400 406,121 -
85,136 9,972 -
94,916 12,729 -
4,840 1,373 -
3,824 N/A =

Note: The table summarizes a conceptual idea of the SCF database. The purpose of it is not for the researcher to use the exact data inside; instead, it seeks to provide a simple
idea of how the SCF database and the data range could be constructed. In practice, it also necessary to record or present all the socioeconomic background from each source.
However, SCFs’ localization against local background is too much for this table, and the detailed methodologies of localization are beyond the scope of this guide.
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4.7.2 Uncertainties and solutions

As discussed, there may be significant variance be-
tween social cost estimations, as the high and low
values of SCF may differ by orders of magnitude,
and the actual value of SCF may fall anywhere in
the large interval. For GHGs, for example, esti-
mates of the SCC are highly uncertain (Klein, et al.,
2007). Yohe, et al. (2007) summarized that “peer-
reviewed estimates of the SCC for 2005 had an av-
erage value of $43/tC with a standard deviation of
$83/tC. The wide range of estimates is explained
mostly by underlying uncertainties in the science
of climate change (e.g., the climate sensitivity), dif-
ferent choices of discount rate, different valuations
of economic and non-economic impacts, treatment
of equity, and how potential catastrophic impacts
are estimated. Other estimates of the SCC spanned
at least three orders of magnitude, from less than
$1/tC to over $1,500/tC. The true SCC is expected
to increase over time. The rate of increase will very
likely be 2 to 4% per year. A recent meta-analysis
of the literature on the estimates of the social costs
of carbon, however, finds evidence of publica-

tion bias in favor of larger estimates”. According
to IPCC (2014), it is “very likely that [the SCC]
underestimates” the damage. Similar evidence was
found by USEPA (2016¢); Yohe, et al. (2007), and
other studies such as Howard (2014);* and Moore
& Diaz (2015).” The uncertainty and variance

for evaluation of the social cost of other types of
air pollutants (e.g., PM, ) may be even higher. It
should be noted that the deviation of SCF values
can be huge, especially for PMs. This might be due
to the limited number of studies around the world,
as well as the wide range of WTP perspectives
within the same population in the same developing
country. All these uncertainties in value determi-
nation bring challenges to emissions social cost
evaluation. They should be continuously improved
in the future.

Further improvements are needed to enable the
results of SCF evaluation methodologies to better
reflect actual status. A possible way to improve
data accuracy is to reduce uncertainties through
literature reviews and database updates. The top-
down approach to social cost evaluation allows
researchers to apply meta-analysis to reviewing
and analyzing the SCF results in previous studies,
and then update the current default SCF database.
The accuracy of average value of the SCF for each

pollutant will be improved by databases updated
by additional previous studies. In the meanwhile,
I highly recommend that researchers draw “the
error bars of standard deviation” when mapping
emissions social cost or SCFs on a chart. This can
help decision-makers identify levels of uncertainty
and risks in social cost evaluation. Based on this
clear illustration of information, they can develop
better policy solutions.

Data localization is also of crucial importance.
Although one can do SCF localization through a
top-down approach (see Subsection 4.7.1) us-

ing meta-analysis and value transfer techniques,
bottom-up approaches (such as the IPA and
BenMAP mentioned in Subsection 2.3.2) with
multidiscipline survey and methodologies to pre-
form primary valuation studies can always obtain
much more accurate localized SCFs. Because of
the added uncertainty inherent in value transfers
(localization), one should try to avoid value trans-
fer when the need for accuracy is great. The cost
of conducting a new primary study should always
be compared with the loss associated with making
a wrong decision based on transferred values, and
the need for accuracy in the application should be
assessed prior to every new study (Navrud, 2004;
Navrud, 2009). In the long term, the best way to
ensure reliable emissions social cost evaluation

is by combining the top-down approach (meta-
analysis on existing literatures and localization of
the SCF through value transfer techniques) and the
bottom-up approach (primary valuation studies
of social cost with knowledge of models, surveys,
epidemiology, statistics, social and economic
analysis based on the IPA framework, and the like,
as introduced in Chapter 2).

4.8 Local Profile

Local profile indicators aim to present basic social,
economic, geographic, and meteorological infor-
mation as well as other profile inputs in the study
area. Examining these data can help policymakers
understand the transport emissions profile more
comprehensively. A value-added feature of the
guide and tool is that they support policymakers
and decision-makers performing social cost-benefit
analysis (SCBA) for transport policies (e.g., trans-
port demand management such as parking and road
pricing; and even some transport projects such as
bus rapid transit). This requires that policymakers
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and decision-makers consider the welfare of the
society as a whole. Decisions should thus be based
on analysis of not only internal financial costs and
benefits within the transport system but also exter-
nal costs and benefits (and co-benefits) in terms of
economic, social, and environmental impacts on the
entire society. The guide and tool thus require some
basic local profile inputs, especially socioeconomic
indicators, for the study area.

It is important to know that, in many cases, the
study area’s social, economic, geographic, me-
teorological, and even cultural features influence
transport emissions and public health significantly.
For example, to some extent, emissions might have
less public health impact on coastal cities (such as
Shanghai) than on inland cities (such as Chengdu),
because air pollutants in inland cities (especially
ones surrounded by mountains) cannot spread as
quickly as in coastal ones.

A city’s population density, income, and level of eco-

Figure 21 | Entering Local Profile Data

nomic development have a close positive correlation
with emissions social cost (and SCFs). For example,
population density primarily causes exposure to pol-
lutants (Yang, et al., 2013). Cities with high popu-
lation density (such as Shanghai) will have more
people exposed to air pollutants than cities with low
population density. Therefore people in such cities
(or places) are more vulnerable to air pollution, and
emissions impact there have a higher social cost as a
whole. At the same time, high per capita income and
GDP,,, (GDP adjusted by purchasing power par-
ity) per capita might imply high “willingness to pay”
(WTP, e.g., individual preference for happiness) on
health and the environment, high “value of statisti-
cal life” (VSL, e.g., value of premature death), high
direct costs (e.g., medical and hospital expenses),
and high “opportunity costs” (e.g., work time lost),
etc. For this reason, high-income cities have higher
emissions social costs than low-income ones. At the
same time, rich cities (with a higher income and an
advanced economy) might be more resilient to air
pollution and the relevant social and environmental

COUNTRY NAME

Vehicle Population

Cars Owned in Urban

Cars Owned in Rural

Motorcycles Owned per 100 Rural Households
GDP per cap.

Per cap. Disposable Income

Per cap. Disposable Income of Urban Households
Per cap. Disposable Income of Rural Households
Population

Population Density

Total Area

Urban Area

Urban Built-Up Area

Urbanization Rate

City Profile
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problems. Thorough case-by-case analysis is thus
needed of the relationship between socioeconomic
status and the emissions (social, environmental, and
economic) impact within the study area.

The local profile indicator covers a wide range of
data in a modern economy. As we see in Figure 21,
the tool allows the user to enter quite a lot of basic
data in its “local profile” window. Users can select,
trim, or expand the indicators database based on
their specific case. At a minimum, however, the ba-
sic local profile inputs might include the following:

B Basic macroeconomic: nominal gross do-
mestic product (GDP), GDP adjusted by pur-
chasing power parity (GDP,,,), GDP per capita,
per capita disposable income (average, and for
urban and rural areas), etc.

B Demographic & social: population (regis-
tered or resident), urban households, urban
population, urbanization rate, value of statisti-
cal life (VSL), price elasticity of demand, etc.

B Transport economic: vehicle population,
motorcycles owned per 100 urban households,
cars owned per 100 urban households, motor-
cycles owned per 100 rural households, per
capita transport expenditures of urban house-
holds, per capita transport expenditures of rural
households, consumer price index for transport,
transport price by mode, price elasticity of
demand, price elasticity of transport demand by
mode, income elasticity of demand for cars, etc.

B Urban form: total area, urban area, urban
built-up area and functions, geographic features
(e.g., coastal, inland), road network density, public
transport lines, railway and subway network, non-
motorized transport network, transport mode
split, etc.

B Meteorological & geographical: average
wind speed, temperature, other meteorological
features, geographical features, etc.

B Others: policies (such as transport demand
management measures), political features, cul-
tural features, social psychological, and behav-
ioral features, etc.

In addition, some socioeconomic data can be com-
bined with emissions inventories in order to form
the “eco-efficiency” indicators for city and transport

performance, e.g., emissions per capita, and emis-
sions per unit of transport service value, etc. (see
the details in Chapter 5). “The term ‘eco-efficiency’
was coined by the World Business Council for
Sustainable Development (WBCSD) in its 1992
publication ‘Changing Course,” and at the 1992
Earth Summit, eco-efficiency was endorsed as a new
business concept”. It is “based on the concept of
creating more goods and services while using fewer
resources and creating less waste and pollution. It is
measured as the ratio between the (added) value of
what has been produced (e.g., GDP) and the (added)
environmental impacts of the product or services
(e.g., SO, emissions)” (Yu, et al., 2013). We can also
say that for the same value of product or service,
the fewer social, environmental and resources used,
the higher the eco-efficiency of the system (or the
economy). The term has thus become synonymous
with a management philosophy geared toward
sustainability, combining ecological and economic
efficiency (OECD, 2002).

Eco-efficiency is one of the key performance in-
dicators (KPIs) in sustainable development. The
indicators of eco-efficiency can be used to bench-
mark sustainable performance of different cities
and countries. They can also help policymakers and
decision-makers balance a city or country’s econo-
my growth with environmental and social welfare,
therefore enabling them to find better solutions.
Generally speaking, eco-efficiency can be calculated
using the following formula:®

. product or service value
Eco-efficiency =

social and enviornmental costs

or it can be expressed the other way round:

social and enviornmental costs

Eco-efficiency = -
product or service value

Both equations have the same unit of US$/US$ (or
other currency) and actually have the similar mean-
ing regardless of the different kinds of expressions.
Researchers can choose whichever expression they
want, depending on their preference or purpose.
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SECTION V

OUTPUTS &

IMPACT ASSESSMENT

5.1 Indicative Results

The indicative results are the important
numerical-form outputs of the tool. They are
the KPIs to assess the system’s sustainability in
terms of environmental impacts. They provide
primary references for decision-makers and
policymakers. Although the users can custom-
ize the outputs based on their needs, there are
at least four types of basic indicative results
from the tool’s calculation (see the description
in Table 15):

B Emissions inventory: GHGs and CACs
emissions by different types of transports
and fuels (unit: tonne).

B Emissions social cost: Social cost of GHGs
and CACs generated by different types of
transports and fuels (unit: US$).

B Eco-efficiency indicators: Transport
service value (or performance) per unit
of emissions social cost (or emissions
amount) and vice versa (based on the
concept by Tahara, et al., (2005) as in the
equations in Section 4.8. Typical eco-
efficiency in the transport field could be
expressed such as emissions inventory
per VKT of private cars, emissions social
cost per TKM of trucks, emissions social
cost per VKT of bus, emissions social cost
per unit of GDP, emissions social cost
per unit of transport revenue, emissions

social cost per capita, and so on (unit
could be tonne/VKT, US$/TKM, US$/
VKT, US$/PKM, tonne/VKT, US$/USS,
US$/cap., tonne/cap., etc.). Unlike other
indicative results, eco-efficiency indica-
tors can be in many different kinds of
expressions. The choice of which kind

of eco-efficiency indicators to use really
depends on researcher’s own needs.

B Database quality analysis: General
analysis of the data’s level of localization,
availability, accuracy, and frequency, as
described in Section 3.2 (unitless, scaled
from 1 to 10).

In output windows, the tool presents the basic
indicative results in various forms, includ-

ing tables, line charts (yearly results), and pie
charts. The (yearly) time series of CAC emis-
sions inventories and the associated social
impact costs disaggregated by transport type
are the most important of these outputs. The
more accurate and detailed of the input data,
the detailed breakdown results can appear

in the table or chart. Most of these results

are presented in (yearly) time series and can
be customized based on the user’s needs (in
selected transport types, emission types, years,
etc.). Users can either export the result data or
can use the charts directly from the tool’s out-
put window. See the snapshot of the examples
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Table 15 | Description of the Basic Indicative Results

_ DESCRIPTION UNIT DISAGGREGATION

Emissions inventory

Emissions social cost

Eco-efficiency indicators

Database quality

weight of GHGs and CACs

US$ of GHGs and CACs

transport service value per
emissions impact, or vice versa
or emissions impact per capita
(or per GDP) efc.

Database quality: localization,
availability, accuracy, and
frequency

tonne

US$

tonne or US$ of emissions
per VKT, or TKM, or PKM, or
transport revenue, or per capita,
or GDP, etc.

Score 1to 10. 1 = worst data
quality; 10 = best data quality

by year, transport type, fuel
type, emission type, emission
standard

by year, transport type, fuel
type, emission type, emission
standard

by year, transport type, fuel
type, emission type, etc.
can be customized for different
purposes

by different types of data




of different forms of results presented in the tool’s
output windows in Figure 22.

Note that the tool mainly presents the basic indica-
tive results (e.g., the emissions inventory and social
cost), which are directly generated from the emis-
sions equation. Users can directly cite the calcula-
tion results, but, more important, they can also refer
to and use these results for deeper analysis in the
study area.

Figure 22 | Output Windows (I): Social Cost of Transport Air Pollutants
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Figure 22 | Output Windows (Il): Social Cost of Transport Air Pollutants
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Figure 22 | Output Windows (lIl): Data Quality Mapping
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5.2 Visualization Report of emissions by type, data quality, etc.) and some
of the design (in pie charts, tables, lines, etc.) can

be customized for different needs. However, in the
tool’s final reporting window, the infographic report
should include at least the following basic compo-
nents (see details in Table 16):

In future versions of the guide, tool, and case study
report, users will be able to visualize or present
their final assessment results in multiple ways. The
primary means of presenting results are in an info-
graphic report and in a map.

. Study area’s profile
5.2.1 Infographic report

In the reporting window, the tool will generate an
“infographic report™ in order to represent concisely
the final calculation results in a specific study area.
The infographic report does not need to be compli- Key policies and green technologies in the study
cated or cover full results; it simply needs to pres- area

ent the key information or results of the emissions
impact assessment. The goal of the infographic is to
give readers (mainly the public) a quick and direct
insight into information and knowledge regarding
the impact of transport emissions. Types of results
(inventory, social costs, type of eco-efficiency, %

Emissions information
Emissions social cost

Eco-efficiency of the mode of transport

As an example, Figure 23 presents an infographic
report for the case study in Chengdu. As mentioned,
tool users can change the design, indicators, and rep-
resentation of the results based on their preference.

Table 16 | Basic Components and Key Contents for Infographic Report

COMPONENT* KEY CONTENTS REPRESENTED BY...**

map & photo; location/ coordinates; GDP; population; urban-
Study area’s profile ization rate; land area; per capita disposable income; vehicle
ownership; average income, etc.

map; photo; text;
chart: line/bar/dot, etc.

emissions inventories by year, transport type, fuel type,
Emissions information emission type; share of emissions by transport type; share of
transport emissions to total emissions in study area, etc.

chart: pie/line/bar/dot, efc.;
icon with text, etc.

emissions social cost by year, transport type, fuel type, emis-
Emissions social cost sion type; share of ESC by transport type; share of transport
ESC to total ESC in study area, etc.

chart: pie/line/bar/dot, etc.;
icon with text, etc.

transport service value vs. emissions impact, and vice versa;
Eco-efficiency of the mode of transport can be expressed in form of charts/table/line, by abstracting
any data based on user’s needs

chart: pie/line/bar/dot, efc.;
icon with text, etc.

key transport policies and green technologies in study area,

e.g., parking pricing, congestion pricing, vehicle registration,

traffic registration, emission standards, emissions reduction
technologies, etc.

Key policies and technologies text; or icon with text

Note: *In future versions, the infographic report may include additional functions such as (1) benchmarking among different cities, countries, or regions; (2) emissions
forecasting; (3) alternative or optional policy recommendations; and (4) scenario study and cost-benefit analysis for different policy portfolios.

**There are many interactive infographic design websites to help users create their own artwork.*° Users can use the calculation results from the tool and choose
whichever design they prefer.
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Figure 23 | Infographic Report: The Case of Chengdu

Transport Emissions and Social Cost in Chengdu

Chengdu, the capital of Sichuan province, is the fourth
biggest city in China with more than 14 million population and
3 million vehicles. Chengdu transport accounted for more than
20% of the city's PM2.5 emissions, and having the significant
impact on public health, local environment and climate.

Emissions inventory: The increase of total venicle
population was accompanied by growing transport emissions
- NOX 80,000 tons, SOX 900 tons, PM10 4,690 tons, PM2.5
4,152 tons, CO 500,000 tons, HC 48,000 tons, CO2 15 million
tons, CH4 168 tons, and N20 251 tons. Transport contributed
62%, 1%, 20%, 43% and 24% to NOX, SOX, PM, CO and HC
emissions in Chengdu respectively. Trucks, private cars and
motorcycles were the major contributors, while NOX, PM2.5
and CO were the key public health killers.

- o 2

Emission social cost for different transport modes

Emission social by transport modes and emission types

Eco-efficiency: The upper range of per capita transport
emission social cost was about $207-8331/person in 2013.
For commercial modes (bus, intercity coach, taxi, truck, and
air), emission social cost accounted for 22%-36% of value-
added transport GDP. For passenger modes, every 1,000 trips
incurred about $178 to $277 of emission social cost. Every
$100 earned of citizen's incomes, there would need about $4
to $7 to payback for the public health and environmental
damage due to air pollutants. 14%-23% of citizen’s
expenditures on transport services should be internalized to
cover the health and environmental costs from transport.

Note: The results from the Chengdu case study (in terms of emissions inventory, social cost, and eco-efficiency) are estimated by the WRI author. These are preliminary results
and do not represent the findings (if any) of the relevant Chengdu authorities. They cannot be directly cited or disseminated without this note.

Emission inventory by transport modes and emission types

Social cost: The upper range of social cost of transport air
pollutants would be from $2.4 billion to $4.1 billion, or 1.6%-2.8%
of Chengdu’s GDP in 2013. With a 20% to 30% contribution to air
pollutant emissions in cities, transport may cause about 1% GDP of
economic loss due to negative health impact from air pollution. This
number may be conservative, since their estimations may not include
all potential negative external cost.
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In the future, WRI may enhance the infographic
report with additional functions (and information),
such as (1) benchmarking among different cities,
countries, or regions; (2) emissions forecasting; (3)
alternative or optional policy recommendations;
and (4) scenario study and cost-benefit analysis for
different policy portfolios. It is important to note
that the design and contents of the infographic re-
port can always be customized by the users depend-
ing on their needs.

5.2.2 Map

In a future version’s reporting window, the tool

can also use simple maps to visually convey great
amounts of data, calculation results, and indica-
tors (e.g., socioeconomic information, emissions
inventories, emissions social cost by different study
areas, etc.). Based on users’ needs, maps can pres-
ent information at city, regional, national, or global
scales. As with infographics, users can customize
map layers based on their purpose.

Figure 24 | Map of Population, Transport, and Air Quality Information: Two Cases

a) GeoFlow Map: European cities by population. Image courtesy of Curtis Wong, Microsoft. (Roush, 2013)
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We will also consider applying Microsoft’s Power
Map Preview for Office 365 Excel (GeoFlow)* to
present information, data, results, and indicators on
the online map (see the example in Figure 24a). If
there are adequate data, it is also possible to obtain
the map at city scale or even smaller scale (e.g.,
neighborhood). It is also good practice to integrate
together in one comprehensive information plat-
form the information on transport and traffic, air
quality (emissions and air dispersion), population
(density, working, residential info), geography,

and meteorology, as well as economic data. Such a
platform can make local decision-makers and public
communities better informed and enable them to
develop responses and policies that are more ac-
curate (see the example “UrbanAir” by Microsoft
Research® in Figure 24b) (Microsoft Research, real-
time; Microsoft Research, 2016).

In addition, the maps can incorporate the following
functions and information: (1) additional layers for
the study area’s profile (population and economy
distribution, etc.); (2) emissions forecasting; (3)
emissions impacts based on different scenarios

(and policy options); and (4) interactive interface

to combine crowdsourcing on relevant information,
such as the study area’s profile, emissions inventory,
social cost impact, traffic, public heath, photos, op-
tions, blogs, Twitter, and so on.

5.3 Result Quality

The guide and tool adopt the inventory quality crite-
ria of IPCC (2006), volume 1,* to calculation results

for not only GHG inventories but also air pollutants

and their impact assessment:

“Experience has demonstrated that using a good
practice approach is a pragmatic means of building
inventories that are consistent, comparable,
complete, accurate and transparent—and
maintaining them in a manner that improves
inventory quality over time. Indicators of inventory
quality are—

B Transparency: There is sufficient and clear
documentation such that individuals or groups
other than the inventory compilers can under-
stand how the inventory was compiled and can
assure themselves it meets the good practice
requirements for national inventories.

B Completeness: Estimates are reported for all

relevant categories of sources and gases. Where
elements are missing, their absence should be
clearly documented together with a justification
for exclusion.

B Consistency: Estimates for different invento-

ry year, gases and categories are made in such
a way that differences in the results between
years and categories reflect real differences

in emissions. Inventory annual trends, as far
as possible, should be calculated using the
same method and data sources in all years and
should aim to reflect the real annual fluctua-
tions in emissions or removals and not be
subject to changes resulting from methodologi-
cal differences.

B Comparability: The emissions inventory is

reported in a way that allows it to be compared
with inventories for other cities, regions and
countries. This comparability should be reflect-
ed in appropriate choice of key categories, and
in the use of the reporting guidance and tables
and use of the classification and definition of
categories of emissions and removals.

B Accuracy: The emissions inventory contains

neither over- nor under-estimates so far as can
be judged. This means making all endeavors to
remove bias from the inventory estimates.”

Transport Emissions & Social Cost Assessment: Methodology Guide
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SECTION VI

FUTURE STUDIES &

APPLICATIONS

We have briefly identified the future studies
applications of the guide and tool as follows:

Scaling up and more testing to
support better transport policy-
making

In the future, the guide and tool, along with
many other WRI projects, will be applied and
tested in other cities in China. The guide and
tool will continuously evolve. More impor-
tant, by evaluating the transport emissions
inventories as well as the social (especially
the public health) impact costs in many cities,
we can do benchmarking among different
cities (and also countries and regions). The
eco-efficiency indicators and data quality
benchmarking among cities and comparison
with historical records within the same city
can also help cities to better understand their
transport performance in terms of social
welfare. In this way, the guide and tool will
influence policymakers’ awareness of the need
to improve transport policies, as well as the
statistical system.

Working with the GHGP/GPC
to obtain detailed estimates for
transport emissions

The guide and tool are suitable complements
to WRI’s macro-level GHG Protocol tool fam-

ily. Their outputs can help the GHG Proto-
col obtain more detailed GHG estimates for
the transport sector (mobile sources). More
important, the estimate of transport CACs,
as well as the macro-level social impact cost
evaluation, can contribute as value-added
products of the GHG Protocol.

Supporting social cost-benefit
analysis

In the future, the guide and tool can assist
social cost-benefit analysis (SCBA) of alter-
native transport policy solutions and clean
technologies, such as transport demand
management (including parking, congestion
pricing, etc.) and other transport projects
(e.g., bus rapid transit projects, low-emission
zone schemes). This will require that poli-
cymakers and decision-makers consider the
social welfare as a whole. Decisions should be
based on the analysis of not only a transport
system’s internal financial costs and benefits
(the financial return of transport projects and
policy, e.g., revenue from congestion charg-
ing), but also external costs and benefits
(especially co-benefits) to the entire society’s
welfare in economic, social, and environmen-
tal terms (e.g., the co-benefits of public health
and air quality improvement).

More specifically, the guide and tool can help

Transport Emissions & Social Cost Assessment: Methodology Guide
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Box 5 | Definitions of Social Cost-Benefit Analysis

“The social cost-benefit analysis (SCBA) is an instrument facilitating the weighing up of all current and future social advantages and
disadvantages of various alternatives. The word ‘social’ indicates that costs and benefits are analyzed and valued from the point of view
of society as a whole. The focus is not only on the costs and benefits that can be expressed in monetary terms, but also on the costs and
benefits which have not (or not yet) been expressed in monetary terms, relating to all kinds of other matters valued by society, such as

80

the environment, safety and nature.”

--- Wageningen UR

“Social cost-benefit analysis is a systematic and cohesive economic tool (method) to survey all the impact caused by an urban
development project. It comprises not just the financial effects (investment costs, direct benefits like tax and fees, etc.), but all the social
effects, like: pollution, safety, indirect (labor) market, legal aspects, etc. The main aim of a SCBA is to attach a price to as many effects
as possible in order to uniformly weigh the above-mentioned heterogeneous effects. As a result, these prices reflect the value a society
attaches to the caused effects, enabling the decision maker to form a statement about the net social welfare effects of a project.

Sources: Wageningen UR, 2014; Securipedia, 2013.

monetizing co-benefits, which are the social im-
pact (mainly the externalities such as public health
impact) costs avoided (or internalized) by different
policy scenarios (compared with a business-as-usual
scenario). This is the most value-added part of the
guide and tool for SCBA and scenario study, or both
together (SCBA of different scenarios) for alterna-
tive transport policy portfolios.

Working from bottom-up approaches
of impact evaluation of emissions

Unlike (micro-level) emission factor models (such
as MOVES), the guide and tool provide the macro-
level assessment framework, which is less data-
intensive and more user-friendly for developing
countries and cities. However, calculating emis-
sions and their social costs is just the first step of
a scientific assessment. Future work will focus on
bottom-up approaches to social cost evaluation

WRl.org

— Securipedia

of transport emissions. This will require combin-
ing transport emission models with other model-
ing, statistical, survey, and valuation techniques,
such as with air quality modeling (air pollutants
dispersion and chemical reaction simulation),*
exposure-response studies, WTP surveys, health
impact evaluation process, as well as the analysis
of social impact distribution based on emission
dispersion, and space distribution of population
density, economy development, resilience, and
even cultural differences. This will require cross-
disciplinary expertise and continuous time and
effort on case-by-case studies.

Reducing uncertainties in top-down
approaches
In addition to exploring bottom-up approaches,

future work will also try to reduce uncertainties
in top-down approaches. One of cost-efficient way



is to conduct continuous meta-analysis of local
studies to improve the accuracy of SCFs. Finally,
as mentioned in Chapter 4, in the long-term the
most optimal way to ensure reliable emissions
social cost evaluation is to combine the top-down
approach (meta-analysis of existing studies and
localization of SCF through value transfer tech-
niques) and the bottom-up approach (primary
valuation studies of social cost with knowledge of
models, surveys, epidemiology, and statistics, as
well as social and economic value analysis based
on the IPA framework and the like).

S
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APPENDIX 1

GLOSSARY OF
AIR POLLUTANTS

Particulate matter (PM, & PM, )

Airborne particulate matter varies widely in
its physical and chemical composition, source,
and particle size. PM _ particles (the fraction of
particulates in air of very small size [<10um])
and PM, , particles (<2.5um) are of major
current concern, as they are small enough

to penetrate deep into the lungs and so po-
tentially pose significant health risks. Larger
particles, meanwhile, are not readily inhaled,
and are removed relatively efficiently from

the air by sedimentation. The principal source
of airborne PM,  and PM, _ matter in many
developing and developed cities is road traffic
emissions, particularly from diesel vehicles.
(CITEAIR, 2007)

Nitrogen oxides (NO,)

NO, is a term used to describe a mixture of
nitric oxide (NO) and nitrogen dioxide (NO,).
They are inorganic gases formed by combina-
tion of oxygen with nitrogen from the air. NO
is produced in much greater quantities than
NO, but oxidizes to NO, in the atmosphere.
NO, causes detrimental effects to the bronchial
system. Nitrogen dioxide concentrations fre-
quently approach, and sometimes exceed, air
quality standards in many developing cities.
NO, is emitted when fuel is being burned, e.g.,
in transport, industrial processes and power
generation. (CITEAIR, 2007)

Ozone (03)

Ground-level ozone (03), unlike other pollut-
ants mentioned, is not emitted directly into
the atmosphere but is a secondary pollutant
produced by reaction between nitrogen dioxide
(NO,), hydrocarbons, and sunlight. Ozone
levels are not as high in urban areas (where
high levels of NO are emitted from vehicles) as
in rural areas. Sunlight provides the energy to
initiate ozone formation; consequently, high
levels of ozone are generally observed during
hot, still, sunny, summertime weather. (CITE-
AIR, 2007)

Hydrocarbons (HCs) and volatile
organic compounds (VOCs)

HCs belong to a larger group of chemicals
known as volatile organic compounds (VOCs).
HC are compounds of hydrogen and carbon
only, while VOCs may contain other elements.
They are produced by incomplete combustion
of hydrocarbon fuels, and also by their evapo-
ration. Because there are many hundreds of
different compounds, HCs and VOCs display
a wide range of properties. Some, such as
benzene, are carcinogenic; some are toxic and
others harmless to health. (CITEAIR, 2007)
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Sulfur dioxide (SO,)

Fossil fuels contain traces of sulfur compounds,
and SO, is produced when they are burned. The
majority of the SO, emitted to the air is from power
generation, and the contribution from transport
sources is small (shipping being an exception).
Exposure to SO, can damage health by its action on
the bronchial system. Sulfuric acid generated from
atmospheric reactions of SO, is the main constitu-
ent of acid rain, and ammonium sulfate particles are
the most abundant secondary particles found in air.
(CITEAIR, 2007)

Carbon monoxide (CO)

CO is an odorless, tasteless, and colorless gas pro-
duced by the incomplete burning of materials which
contain carbon, including most transport fuels. CO
is toxic, acting by reaction with hemoglobin and
reducing its capacity for oxygen transport in the
blood. Even in busy urban centers, CO concentra-
tions rarely exceed health-related standards. (CITE-
AIR, 2007)

Short-lived climate pollutants (SLCPs)

SLCPs are agents that have relatively short lifetime
in the atmosphere—a few days to a few decades—
and a warming influence on climate. The main
short-lived climate pollutants are black carbon,
methane, and tropospheric ozone, which are the
most important contributors to the human en-
hancement of the global greenhouse effect after
CO,. These short-lived climate pollutants are also
dangerous air pollutants, with various detrimental
impacts on human health, agriculture, and ecosys-
tems. Other short-lived climate pollutants include
some hydrofluorocarbons (HFCs). While HFCs are
currently present in small quantities in the atmo-
sphere, their contribution to climate forcing is
projected to climb to as much as 19% of global CO,
emissions by 2050. (CCAC, 2016)
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APPENDIX 2

COMPARISON OF
TRANSPORT EMISSIONS
TOOLS

Table A1 | Comparison of Transport Emissions Tools (1)

TRANSPORT
EMISSION

MODEL/METHOD-
OLOGY

ORGANIZATION

UNFCCC Software
for GHG Inventories

ACRP Rpt 11:
Guidebook on
Preparing Airport
GHG Inventories

Clean Fleet
Management Toolkit

COMMUTER Model

Computer Program
to Calculate
Emissions from
Road Transport

Emission Factors
Model

SmartWay Transport
Partnership
Freight Logistics
Environment and
Energy Tracking
Performance Models

ACRP

CFM

COMMUTER

COPERT4

EMFAC

FLEET

ISSUE YR COUNTRY

2009

20056

2007

2006

N/A

International

USA

International

USA

EU

USA

USA
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UNFCCC

TRB

TNT & UNEP

USEPA

European
Environment
Agency

California Air
Resources Board

USEPA

emissions
inventory

airport GHGs
inventory

fleet management
& emissions
evaluation

transport control
measures on CO,

calculate road
emissions

emission rate

freight energy
management
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Table A1 | Comparison of Transport Emissions Tools (II)

TRANSPORT EMISSION

MODEL/METHODOLOGY

Emission Analysis of Freight
Transport Comparing Land-Side

and Water-Side Short-Sea Routes:

Development and Demonstration
of a Freight Routing and
Emissions Analysis Tool

The GHG, Regulated
Emissions, and Energy Use in
Transportation Model

Intelligent Transportation
Systems Deployment Analysis
System

2006 IPCC Guidelines for
National Greenhouse Gas
Inventory

Fleet Performance Management
Tool Incorporating CO,
Emission Calculator

Long Range Energy Alternative
Planning System

Lifecycle Emissions Model

The MARKAL-MACRO Model

MiniCAM Model

MOBILE6 (on-road vehicles)

WRl.org

ABBR.

FREAT

GREET

IDAS

IPCC
2006GL

KPI

LEAP

LEM

MARKAL &
MACRO

MiniCAM

MOBILEG

- T M

2007

2009

N/A

2006

N/A

N/A

N/A

20056

2004
1st version
on 1978

USA

USA

USA

International

UK

Sweden

USA

USA

USA

usSboT N

Argonne National

Laboratory v
Federal Highway v
Administration

IPCC Y
UK Department v
for Transport

Stockholm

Environment Y

Institute

UCDavis N/A
Department of
Energy (DOE) Ui

Pacific Northwest
National -
Laboratory
USEPA Y

FIELD

emission tool

life-cycle model

ITS

emissions
inventory

fleet performance
& emissions

scenario study

life-cycle model

GHG forecast

GHG forecast

predict gram per
mile emissions



Table A1 | Comparison of Transport Emissions Tools (lII)

TRANSPORT EMISSION

MODEL/METHODOLOGY

Motor Vehicle Emission
Simulator (on- and non-road)

Port Air Emissions Inventory

National Energy Modeling
System

National Mobile Inventory
Model

Assessment of GHG Analysis
Technigues for Transportation
Projects

Nonroad Engines, Equipment,
and Vehicles

Optimization Model for
Reducing Emissions of GHGs
from Automobiles

State Inventory Tool

Transport Emissions Evaluation
Model for Project

VISION Model

ABBR.

MOVES

N/A

NEMS

NMIM

none

NONROAD

OMEGA

SIT

TEEMP

VISION

ISSUE YR

2010

2009

N/A

2009

2006

2008

2009

N/A

201

2009

COUNTRY

USA

USA

USA

USA

USA

USA

USA

USA

International

USA
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ORGANIZATION

USEPA

Port of Long
Beach

Energy
Information
Administration,
DOE

USEPA

Transportation
Research Board

USEPA

USEPA

USEPA

Clean Air Asia

Argonne National
Laboratory

N/A

FIELD

replaces
MOBILEG and
NONROAD

port emissions
inventory

economic model

scenario
emissions
inventory

assessment rpt

C0, from non-
road sources

tech cost

GHG inventory

project-based
emissions
analysis

emissions
forecasting

87



88

Table A1 | Comparison of Transport Emissions Tools (IV)

TRANSPORT EMISSION

MODEL/METHODOLOGY

World Energy Protection System
(WEPS) Transportation Energy
Model (TEM)

Project-Level Mobile Source Air
Toxic Analysis

National Atmospheric Emissions
Inventory

Urban Transportation Emission
Calculator

WRl.org

ABBR.

WEPS-TEM

NAEI

UTEC

ISSUE YR

1997

COUNTRY

USA

USA

Canada

ORGANIZATION

USDOE

UCDavis

Transport
Canada

FIELD

energy
forecasting

mobile source
emissions
evaluation

emission factor

emissions
inventory



APPENDIX 3

EXAMPLES OF EFcc:
THE CASE OF CHINA

Table A2 | National Level Basic Emission Factors for PM, , (in g/km): The Case of China (1)

MOBILE
SOURCE

Road

FUEL TYPE VEHICLE TYPE N:TIT(E;‘J I NATION | | NATION Il | NATION IIl | NATION IV | NATION V

Gasoline

Gasoline

Gasoline

Gasoline

Gasoline

Gasoline

Gasoline

Gasoline

Gasoline

Heavy-duty truck

Medium-duty truck

Mini- and light-duty
truck

Heavy-duty passenger
vehicle

Medium-duty passenger
vehicle

Mini- and light-duty
passenger vehicle

Taxi

Bus

Motorcycle

0.293

0.293

0.099

0.293

0.099

0.028

0.028

0.293

0.030
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0.159

0.159

0.060

0.159

0.060

0.026

0.026

0.159

0.018

0.072

0.072

0.018

0.072

0.018

0.011

0.011

0.072

0.008

0.044

0.044

0.011

0.044

0.011

0.007

0.007

0.044

0.003

0.044

0.044

0.006

0.044

0.006

0.003

0.003

0.044

0.044

0.044

0.006

0.044

0.006

0.003

0.003

0.044
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Table A2 | National Level Basic Emission Factors for PM, , (in g/km): The Case of China (lI)

MOBILE PRE-
SOURCE FUEL TYPE VEHICLE TYPE NATION | NATION | | NATION Il | NATION Il | NATION IV | NATION V

Diesel Heavy-duty truck 1.322 0.623 0.502 0.243 0.138 0.027
Diesel Medium-duty truck 1.322 0.905 0.273 0.171 0.099 0.020
Diesel Light-duty truck 0.435 0.269 0.261 0.130 0.058 0.012
Diesel Heavy-duty passenger vehicle 1.286 0.983 0.882 0.395 0.252 0.126
Diesel Medium-duty passenger vehicle 1.603 0.464 0.157 0.148 0.106 0.053
Diesel Light-duty passenger vehicle 0.179 0.063 0.052 0.032 0.031 0.031
Diesel Bus 1.286 0.983 0.882 0.395 0.252 0.126
Diesel Tricycle 0.074 0.064 0.049 - - -
Off-Road* Diesel Railway™ 1.970 - - - - -
Diesel Vessel* 3.650 - - - - -
Crude oil Vessel* 5.600 - - - = =
Diesel Tricycle agricultural truck 0.074 0.064 0.049 - - -
Diesel Agricultural vehicle (four wheels) 0.175 0.157 0.122 - - -
Diesel Construction machinery* 2.090 - - - - -
Kerosene Aircraft** 0.530 - - - - =

Note: * The unit of PM, . factors for railway, vessel, and construction machinery is g/kg; **for aircraft it is kg/LTO (LTO = landing and takeoff cycle).

Sources: MEP, 2014d; MEP, 2015
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Table A3 | City Level EF

CAC

(in g/km): The Case of Chengdu

Motorcycle

Taxi

HDT

MDT

Bus

Coach

Light-Duty Passenger
Vehicle

25.195

20.307

2.839

13.527

14.396

4.311

12.188

Note: (1) obtained from the localized IVE model;

(2) they did not specify PM, , and PM,; only using “PM". The VECC-MEP has the emission factors for the national and provincial levels. However, these data are not
available (or are only partially available) to the public.

Source: CDAES, 2009.

5.031

0.110

0.594

0.855

0.242

0.601

0.957

1.104

1.129

7.750

0.919

3.547

7.020

1.276
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0.360

0.001

0.381

0.026

0.408

0.282

0.007

0.027

0.001

0.067

0.051

0.025

0.056

0.054
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ENDNOTES

1.

10.

11.
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The sources for this section are WHO, 2014; Song, 2014b; and
OECD, 2014.

But limited in some selected modes, e.g., bus, private car, taxi,
etc. See the Chengdu emission report in a separate report.

Transport service value (or performance) per unit of emissions
social cost (or emissions amount), and vice versa (based on the
concept by Tahara et al., 2005). See the detailed definition in Sec-
tion 4.8 and Section 5.1.

Urban built-up area mainly means a high-population-density
(permanent colony) built-up area with complex sanitation, infra-
structure, land-use, building, and transport systems (WRI, 2014;
Kuper & Kuper, 1996).

“. .. though the black carbon’s local and global climate impact is
not ignorable” (USEPA, 2016b).

There are also different approaches to source apportionment.
The commonly applied approach (receptor models) based on air
monitoring and sampling can only provide the contribution ratio
of specific pollutants such as PM, . To obtain the emissions, air
modeling techniques (dispersion models) can be applied and
estimate the emissions based on ambient air quality (sampling
data or remote monitoring data).

In Chinese: RE R & im HiEE."

In Chinese: (1) e Mr. #Rdr. ZBH . N FKF; (2)
Tok; 3) BN (4) Rk . CHEFMBRELY; (5) #E
k. BENFER. B, (6) Hfth; (7) £IEEE (
BIEMEMRS ) .

Before the Chinese government institutional reform that began in
2008, the Ministry of Transport (MOT) had a very narrow juris-
diction that only covered commercial intercity road and waterway
(including port) transport. Since 2008, the MOT's jurisdiction has
expanded to include the commercial urban transport and com-
mercial civil aviation sectors, which it acquired from the Ministry
of Housing and Urban-Rural Development (MOHURD) and
through merger with the Civil Aviation Administration of China
(CAAC), respectively. In the following years, the MOT further
integrated the railway sector into its jurisdiction, and the Ministry
of Railways was dissolved.

Or the chapter “Urban, Rural, and Regional Development.”

The equation for ESC applies to both the top-down and bottom-
up emission inventory estimation approaches. A detailed expla-

nation of the parameter “social cost factor” is given in section 4.7.

12.

20.

21

22.

Also referred as short-lived climate forcers (SLCFs). “Short-lived
climate pollutants (SLCPs) are agents that have relatively short
lifetime in the atmosphere—a few days to a few decades—and a
warming influence on climate. The main short-lived climate pol-
lutants are black carbon, methane and tropospheric ozone, which
are the most important contributors to the human enhancement of
the global greenhouse effect after CO,. These short-lived climate
pollutants are also dangerous air pollutants, with various detri-
mental impacts on human health, agriculture and ecosystems.
Other short-lived climate pollutants include some hydrofluo-
rocarbons (HFCs). While HFCs are currently present in small
quantity in the atmosphere, their contribution to climate forcing is
projected to climb to as much as 19% of global CO, emissions by
2050.” See more at CCAC, 2016.

. Fields including economics, statistics, epidemiology, atmospher-

ic dynamics, chemistry, transport studies, geography, etc.

. Please refer to the definitions of social cost-benefit analysis

(SCBA) in Wageningen UR, 2014; and Securipedia, 2013.

. Part of this section is based on YCC, 2011. Interested readers can

find the details in YCC's report.

. Compared with developed countries, developing countries have

bigger problems of data transparency. One purpose of the guide
and tool is to help users identify their data issues in a simple and
effective way.

. Some data are likely manipulated for unknown reasons.

. Normally the Traffic Management Bureau under the Public Secu-

rity Authorities.

. The stages are typically referred to as Euro 1, Euro 2, Euro 3,

Euro 4, Euro 5 and Euro 6 for Light Duty Vehicle standards. The
corresponding series of standards for Heavy Duty Vehicles use
roman, rather than arabic numerals (Euro |, Euro II, etc.).

Note: Some data or parameters are for a specific transport mode.
For example, LTO is specifically for air transport. Sometimes we
might have more types of data for different estimation approach-
es. For example, from both VKT and TKM we can calculate freight
transport emission inventory. In such cases, | recommend that
users select the comparatively more reliable data for calculation.
For example, if both mentioned data are of bad quality, | recom-
mend using both data and the corresponding different calculation
approaches to obtain the emission results, and then calculating
the average value.

. For an example of Beijing’s household travel survey question-

naire, see http://www.sojump.com/report/644808.aspx.

The local public security authority is responsible for vehicle safety
checks, while the environmental protection authority is respon-
sible for vehicle emission checks during the annual inspection in
China.



23.

24.

25.

26.

21.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

They are also known as “passenger-kilometers traveled” (PKT)
and “ton-kilometers traveled” (TKT) in some studies.

World Bank website: “roads, passengers carried (million passen-
ger-km)” (http://data.worldbank.org/indicator/IS.ROD.PSGR.K6).

http://encyclopedia2.thefreedictionary.com/Ton-Kilometer.

World Bank website: “road, goods transported (million ton-km)”
(http://data.worldbank.org/indicator/IS.ROD.GOOD.MT.K6).

1 nautical mile = 1.852 km.

Beijing releases both TPI (or traffic congestion index) and average
speeds on the website http://www.bjtrc.org.cn/PageLayout/In-
dexReleased/Realtime.aspx (BTRC, real-time). Beijing's real-time
TPI (or traffic congestion index) platform has been developed and
run by the Beijing Transportation Research Center (BTRC) for the
Beijing Municipal Commission of Transport (BMCT) since 2007
(BTRC, 2016).

E.g., China's Ministry of Transport publishes the Annual Statisti-
cal Report of Transport Development (32 3@ 2447\ & R 5t
TH/AFR) (http://zizhan.mot.gov.cn/zfxxgk/bnssj/zhghs/201605/
{20160506_2024006.html) (MOT, annual).

Currently, WRI does not calculate lifecycle emissions. We will
consider them in future studies.

ERI—tCO,g: calculated from ERI internal report and cited in
CATS’s “Study of Mid- and Long-Term Plan for Energy-Saving
in the Transport Sector” (321817 5 8E R K EAFML I #A 57).
(CATS, 2008).

E.g., upgrading emission standards for new vehicles, and phasing
out yellow-labeled vehicles in China.

With support from its affiliated research department, the Vehicle
Emission Control Center (VECC), for the mobile source sector.

For example, Beijing applies the localized MOVES and HBEFA,
while Chengdu and Shanghai apply the localized IVE to estimate
their local transport emissions.

From the interview with Mr. Zhou Laidong, Secretary of the
Chengdu Academy of Environmental Sciences (CDAES) on March
27,2014,

For news on social media, see http://www.climatecentral.org/
news/social-cost-of-carbon-is-greatly-underestimated-re-
port-17170; http://www.huffingtonpost.com/2014/03/13/social-
cost-carbon_n_4953638.html).

For more news on social media, see http://news.stanford.edu/
news/2015/january/emissions-social-costs-011215.html).

38.

39.

40.

41.

42.

43.

44.

45.

46.
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Based on Tahara, et al., 2005.

See http://en.wikipedia.org/wiki/Infographic: “Information
graphics or infographics are graphic visual representations of
information, data or knowledge intended to present complex
information quickly and clearly (Newsom & Haynes, 2010;
Smiciklas, 2012). They can improve cognition by utilizing
graphics to enhance the human visual system’s ability to

see patterns and trends (Heer, et al., 2010; Card, 2009). The
process of creating infographics can be referred to as data visu-
alization, statistical graphics, information design, or information
architecture (Smiciklas, 2012).”

E.g., http://killerinfographics.com/; hitp://piktochart.com/; https://
infogr.am/app/, etc.

Another map example: Baidu has real-time traffic condition visual
map for every 15 minutes. http://lukuang.chengdu.cn/. Vehicle
count (by vehicle type) per 15 minutes on one road section. V/C
http://map.baidu.com/fwmap/zt/traffic/index.html?city=chengdu

http://www.microsoft.com/en-us/download/details.
aspx?id=38395 and http://research.microsoft.com/en-us/news/
features/geoflow_data_viz-041113.aspx (Microsoft Research,
2013).

http://urbanair.msra.cn/Ch.

Volume 1: General Guidance and Reporting; Chapter: Introduc-
tion to the 2006 Guidelines.

An air quality model, such as the USEPA's Community Multi-
scale Air Quality (CMAQ), brings together three kinds of models:
(1) meteorological models to represent atmospheric and weather
activities; (2) emission models to represent man-made and
naturally occurring contributions to the atmosphere; and (3) an
air chemistry-transport model to predict the atmospheric fate of
air pollutants under varying conditions. See http://www.epa.gov/
nerl/download_files/documents/CMAQFactSheet.pdf.

According to the previous edition of this source, (1) for on-road
mobile sources: data in the table are adjusted in the IVE model,
based on the real road test in China; (2) for off-road mobile
sources: data in the table referred to Bond, T. C., et al. (2004), A
technology-based global inventory of black and organic carbon
emissions from combustion, J. Geophys. Res., 109, D14203,
doi:10.1029/2003JD003697.
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ABBREVIATIONS

ABC
AIS
AQ

BC
BEF
BenMAP
BMCT
BTRC
CAAC
CAC
CAFE
CDC
CF
CH,
CMAQ
CMB
CMEM
CNG
(6{0]
Co,
COPERT

DRC
EF
EMFAC
EPB
ERI

ER
ESC

EU
ExternE
FE
GAINS
GDP
GHG
GHGP
GIS
GPC

GPS
HC
HBEFA
HDT
HFC
IPA
IPCC
IVE
Wv
KPI
kWh
LDT
LDV
LNG
LPG
LRT
LTO
MDT
MEP

WRl.org

atmospheric brown cloud
automatic identification system
air quality

black carbon

basic emission factor

Environmental Benefits Mapping and Analysis Program

Beijing Municipal Commission of Transport
Beijing Transportation Research Center
Civil Aviation Administration of China
criteria air contaminant

Clean Air for Europe

center for disease control

correction factors

methane

Community Multi-scale Air Quality (Modeling)
chemical mass balance

Comprehensive Modal Emission Model
compressed natural gas

carbon monoxide

carbon dioxide

Computer Program to Calculate Emissions from Road

Transport

Development and Reform Commission
emission factor

Emission Factors Model
Environmental Protection Bureau
Energy Research Institute

overall emissions reduction efficiency
emissions social cost

European Union

External Costs of Energy

fuel efficiency

Greenhouse Gas—Air Pollution Interactions and Synergies

gross domestic product
greenhouse gas

Greenhouse Gas Protocol
geographic information system

Global Protocol for Community-Scale Greenhouse Gas

Emission Inventories
global positioning system
hydrocarbon

Handbook Emission Factors for Road Transport

heavy-duty truck

hydrofluorocarbon

Impact Pathway Approach
Intergovernmental Panel on Climate Change
International Vehicle Emissions (Model)
inland waterway vessel

key performance indicator
kilowatt-hour

light-duty truck

light-duty vehicle

liquefied natural gas

liquefied petroleum gas

light rail transit

landing and takeoff (cycle)
medium-duty truck

Ministry of Environmental Protection

MIIT

Ministry of Industry and Information Technology

MOBILE  Mobile Vehicle Emission Factor Model
MOHURD Ministry of Housing and Urban-Rural Development

MOVES
MOT
MPS
NDRC
N0
NOx
NG
OECD
PKM
PKT

Motor Vehicle Emission Simulator

Ministry of Transport

Ministry of Public Security

National Development and Reform Commission
nitrous oxide

nitrogen oxides

natural gas

Organisation for Economic Co-operation and Development
passenger-kilometers

passenger-kilometers traveled

particulate matter less than 2.5 micrometers in diameter
particulate matter less than 10 micrometers in diameter
positive matrix factorization

purchasing power parity

person-times

social cost-benefit analysis

social cost of carbon

social cost factor

short-lived climate forcer

short-lived climate pollutant

sulfur oxides

tonne of CO, equivalent

tonne of coal equivalent

Transport Emissions & Social Cost Assessment (tool)
tonne-kilometer

tonne-kilometers traveled

Traffic Performance Index

United States Environmental Protection Agency
volume-to-capacity ratio

vehicle kilometers traveled

Vehicle Emission Control Center

volatile organic compound

value of statistical life

World Business Council for Sustainable Development
World Health Organization

World Resources Institute

willingness to pay
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