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ARTICLE INFO ABSTRACT

Article history: Improving air quality across mainland China is an urgent policy challenge. While much of
the problem is linked to China’s broader reliance on coal and other fossil fuels across the
energy system, road transportation is an important and growing source of air pollution.
Here we use an energy-economic model, embedded in a Regional Emissions Air Quality
Climate and Health (REACH) integrated assessment framework, to analyze the impacts of
implementing vehicle emissions standards (ES) together with a broader economy-wide cli-
mate policy on total air pollution in five species and 30 Chinese provinces. We find that full
and immediate implementation of existing vehicle ES at China 3/III level or tighter will sig-
nificantly reduce the contribution of transportation to degraded air quality by 2030. We
further show that road transport ES function as an important complement to an
economy-wide price on CO,, which delivers significant co-benefits for air pollution reduc-
tion that are concentrated primarily in non-transportation sectors. Going forward, vehicle
emissions standards and an economy-wide carbon price form a highly effective coordi-
nated policy package that supports China’s air quality and climate change mitigation goals.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Air quality is exacting a rising toll on human health and quality of life in China. In response, a broad variety of policy mea-
sures have been announced, and some enacted - these include increasing monitoring and reporting to understand the scope
and spatial/temporal nature of the problem; setting technology standards; assessing fines and pollution charges; and
directly influencing the economic activities of which pollutants are a byproduct.

Transportation is the target of an important subset of these policies. Fossil fuels (gasoline and diesel) burned in road vehi-
cles (cars, trucks, buses, taxis, etc.) result in direct emissions of pollutants, including those listed in Table 1. These direct
emissions combine with emissions from other large combustion sources - especially electric power plants and industrial
facilities - to affect ambient concentrations of pollutants such as fine particulate matter (PM,5) and ozone (O3), which in
turn impact human health.

Transportation sector policies - summarized in Section 1.1 - include standards regulating the allowable tailpipe emis-
sions of specific pollutants from new private passenger vehicles (‘light-duty’ vehicles, or LDVs), and heavy-duty vehicles

* Corresponding author.
E-mail address: pnk@MIT.EDU (P.N. Kishimoto).

http://dx.doi.org/10.1016/j.trd.2017.02.012
1361-9209/© 2017 Elsevier Ltd. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.trd.2017.02.012&domain=pdf
http://dx.doi.org/10.1016/j.trd.2017.02.012
mailto:pnk@MIT.EDU
http://dx.doi.org/10.1016/j.trd.2017.02.012
http://www.sciencedirect.com/science/journal/13619209
http://www.elsevier.com/locate/trd

P.N. Kishimoto et al./ Transportation Research Part D 54 (2017) 30-49 31

Table 1
Primary pollutant species in this analysis, and other species included in the Regional Emissions in ASia (REAS) database, version 2.1
(Kurokawa et al.,, 2013), used as the basis for emissions projections in this study. ‘VOCs’ are volatile organic compounds.

Name Chemical formula

This analysis:
Black carbon BC
Carbon monoxide co
Nitrogen oxides NOx
Organic carbon ocC
Sulfur dioxide SO,

Also in REAS 2.1:
Methane CH4
Carbon dioxide CO,
Nitrous oxide N,0
Ammonia NH;3
Non-methane VOCs NMV
Particulate matter < 10 pm PM;q
Particulate matter < 2.5 pm PM, s

(HDVs) including light-, medium- and heavy trucks for freight transport, and buses for passenger transport. These standards
may be set to promote installation of specific technology, such as diesel particulate filters, for compliance. Impurities in gaso-
line and diesel fuel are also regulated, to ensure that these emissions control technologies (ECTs) can function. Collectively,
we refer to the combination of road vehicle tailpipe and fuel quality standards as “emissions standards” (ES).

At the same time, China’s broader climate and energy policy agenda has important implications for air quality. The US-
China Joint Announcement on Climate Change in November 2014, and China’s subsequent pledged contribution to global
climate mitigation efforts, target a reversal of rising CO, emissions by 2030 at the latest. Achieving this goal will require
economy-wide policies that price CO, emissions through taxation or permits, which are currently being piloted in some
regions and expected to be enacted nationwide within the next few years. Climate policy and vehicle emissions policies will
both act on the energy and transportation systems, with important implications for future air pollution emissions and air
quality outcomes.

To better understand how these policies will act together to affect future air pollution in China, we develop an integrated
energy-economic modeling framework and study the interaction of road transportation emissions standards and an
economy-wide CO, price.

Main findings. We find that ES are projected to be highly effective in reducing the total quantity of emissions from road
vehicles, despite rapid growth in transportation activity to 2030 - especially when these policies are deployed and, impor-
tantly, enforced in an accelerated manner nationwide. This deployment will be important as the demand for passenger and
freight vehicle travel grows, and with it the energy use associated with pollution emissions.

We further find that emission standards and economy-wide climate policy are complementary, in that they target the
largest sources of primary pollutant emissions in a harmonious and non-competitive manner. Climate policy reduces CO,
in sectors where the marginal costs of abatement are lower and delivers substantial co-benefits in the form of air pollution
reduction. Since these least-cost opportunities for CO, abatement are mainly outside of the transportation sector, technology
standards (including ES) that directly target pollution in the transportation sector deliver a significant additional contribu-
tion to reducing air pollution. Thus, a CO, price plus vehicle emissions standards function as effective and complementary
coordinated strategies for addressing air pollution and climate change in China.

An integrated assessment framework for Chinese air quality. Integrated assessment supports the evaluation of policy
by allowing comparison of policy-related changes in economic activity (i.e., costs) with the benefits of avoided economic
burden of pollution. This research documents part of a Regional Emissions, Air Quality, Climate and Health (REACH) inte-
grated assessment framework (Fig. 1), developed to quantify the human health impacts of Chinese air quality policies.

In particular, we document the first two steps in the framework. In step 1, policy affects future economic activity, includ-
ing transportation, and associated energy use, within a general equilibrium framework. For this purpose, we extend the
China Regional Energy Model (C-REM), as described in Section 2.1. In step 2, energy use and future, energy-denominated
emissions factors derived from detailed emissions inventories and policy scenarios lead to quantified changes in emissions
of primary pollutant species (Table 1) from transportation and other energy uses.

In atmospheric simulation (step 3), policy-related reductions in primary pollution, through modeled meteorology and
chemistry, yield projected changes in the concentration of secondary pollutants (including fine particulate matter, PM; s,
and tropospheric ozone,03) which reflect the spatial movement of species. Finally (step 4), reductions in population-
weighted exposure to PM, s and O3 are translated to reductions in adverse human health effects, using future population
densities and China-specific exposure-response relationships. Consequent changes in labor lost to illness and health-care
expenses determine the change, due to policy, in the economic burden of pollution. These latter two steps are the subject
of ongoing work, and are not discussed in the present study.
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Fig. 1. Regional emissions, air quality, consumption & health (REACH) framework.

1.1. Policy background

Established emissions standards. In 2000, the Chinese Ministry of Environmental Protection issued GB 18352.1-2001, its
first national standard on emissions from new road vehicles. Referred to as China 1 (for light-duty vehicles) and China I (for
trucks and other heavy-duty vehicles), these specified quantities similar to the European Union’s Euro 2/II (Directive 91/441/
EEC and 91/542/EEC), or Euro 1/1, issued 8 years earlier.

China’s national standards mandate the levels given in Table 2 for emissions from LDVs and HDVs, and in Table 3 for the
presence of sulfur in fuels. Future national standards are specified, with target dates for full implementation. Some provinces
have sought approval to proceed with earlier implementation of these standards. This permission is granted partly on assur-
ances that fuel providers will be able to supply cleaner fuels that will not degrade the ECTs implied by the standards.

Finally, a variety of common and idiosyncratic local policies also aim to reduce emissions from road vehicles. These
include, include other measures, prohibiting driving by some or all vehicles on certain days, accelerated retirement of older
vehicles that have higher emissions or are non-compliant with recent ES, limiting the number of vehicles owned, and pro-
moting the adoption of New Energy Vehicles (alternative fuel vehicles, such as battery-electrics).

Climate & energy policy. Climate and energy policies in the broader economy are another class of measures which can
reduce emissions of the pollutants that contribute to poor air quality. Similar to transport-sector policy, these change the
amount or type of energy used, or the amount of pollution emitted per unit energy. Section 2 describes in more detail
how these changes contribute to reductions in total emissions.

1.2. Prior research

Integrated asssessment of policy co-benefits. The phenomenon of air pollution co-benefits of climate and energy policy
has been long recognized and studied, including in Europe (van Harmelen et al., 2002; Nam et al., 2010; Rive, 2010) and more
recently in China (Aunan et al., 2004; He et al., 2010; Nam et al., 2013). In particular, Nam et al. (2014) applied economy-
wide, general-equilibrium models to compare the potential co-benefits in the U.S. and in China, in light of contrasting energy
systems, and the stringency of existing control measures.

Air pollution from the transport sector. For assessment of pollution and health impacts within the transport sector,
Yang and Ling-Yun (2016) modeled individual Chinese provinces as independent economies, using regression models and
“pollution elasticities” to estimate health effects under future fuel price scenarios. Ling-Yun and Lu-Yi. (2016) took a similar
approach for the country in aggregate, but studied instead the effect of mode shifts. Wu et al. (2016) used provincial-level
modeling to assess emissions control policies 1998-2013, concluding that continued growth from heavy-duty (especially
diesel) vehicles and enforcement of type approvals were areas of key concern. On the side of fuel quality, Yue et al.
(2015) sampled fuels at about 60 sites in 2010-2011, discovering significant variation and exceedances, and suggested policy
adjustments to promote compliance.

Guo et al. (2016) compared the projected effects of four transport-sector policies applied to the Beijing-Tianjin-Hebei (or
Jing-Jin-Ji, JJ]]) region, including accelerating the adoption of ES; and Zhang et al. (2016) similarly designed strategies for cities
in the Yangtze River Delta. Lang et al. (2012) studied ]JJ retroactively for the period 1999-2010, noting that increases in
freight traffic were related to increases in transport NOy and PM;o emissions even as other species decreased. Wang et al.
(2010) developed 1995-2005 inventories of vehicle emissions for the large cities of Beijing, Shanghai and Guangzhou. Lu
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Table 2

Recent Chinese tailpipe emissions standards, and selected European Union standards for comparison (ICCT, 2014 and linked documents). Note 1: two quantities
are given, for gasoline and diesel passenger cars respectively. Note 2: two quantites are given, for the European Static Cycle + European Load Response test; and
the European Transient Cycle respectively, versions of which are specified by the Chinese standards.

Species co HC HC + NOy NOy PM NMHC
Light-duty passenger vehicles (g/km)
China 3 23 0.64™1 0.20 - - 0.56 0.15 0.50 - 0.05 -
China 4 1.0 0.50 0.10 - - 0.30 0.08 0.25 - 0.025 -
China 5 1.0 0.50 0.10 - - 023 0.06 0.18 0.0045 -
Euro 5 0.50 - 0.23 0.18 0.0045 -
Euro 6 0.50 - 0.17 0.08 0.0045 -
Heavy duty vehicles (g/kW-h)
China III 2.1 5.45m2 0.66 - - 5.0 0.10 0.16 - 0.78
China IV 1.5 4.0 0.46 - - 3.5 0.02 0.03 - 0.55
China V 1.5 4.0 0.46 - - 2.0 0.02 0.03 - 0.55
Euro V 1.5 - 0.46 - 2.0 0.02 - 0.55
Euro VI 1.5 4.0 0.13 - 04 0.01 - 0.16
Table 3

Sulfur content, in parts per million, in established and future China fuel quality standards (ICCT, 2014). Note 1: China I gasoline was required to be unleaded, but
no maximum sulfur content was specified.

Level 1 11 11 v \%
Gasoline —n1 500 150 50 10
Diesel 2000 500 350 50 10

et al. (2017) focused on school trips in particular, noting their contribution to congestion and pollution, and Deng (2006)
measured the monetary costs of vehicle-related pollution in Beijing by two econometric methods.

Emissions from vehicles and uncertainty in inventories. Emissions from road vehicles have been studied by a variety of
methods. Following in-use vehicles on actual roads with specialized instruments, Huang et al. (2016) measure the emissions
from bi-fuel vehicles, while Zheng et al. (2015) present an instrument and drive-cycle methods focused on black carbon (BC).

For inventories of total, rather than specifically transport, emissions, studies such as Hu et al. (2015), use such direct mea-
surements and bottom-up accounting to drive emissions inputs to atmospheric simulation models, aiming to reproduce
changes in observed secondary air pollutant (i.e., PM; s and O3) concentrations. Cheng et al. (2013) developed a hybrid approach
incorporating ground monitoring data, focusing on Beijing only. Miyazaki and Eskes (2013) used satellite measurements and
assimilation techniques to constrain the estimates of Kurokawa et al. (2013) (the REAS inventory used in the present study).

Wau et al. (2016) developed a bottom-up inventory for VOCs only at the province level, including the contribution of road
vehicles. Hong et al. (2016) focus on the contribution of uncertainty in energy statistics to bottom-up methods, finding high
ratios of maximum discrepancies to mean values-for instance, the total 2012 inventory of SO, emissions may vary up to 30%,
and NOy by 16.4%, due to energy use uncertainty alone.

Finally, Xia et al. (2016) combined satellite data with bottom-up estimates to assess the effects of industrial- and power-
sector policies during the 11th (2006-2010) and 12th Five-Year Plan (2011-2015) periods, noting the growing contribution
over this period of NO, from transportation.

In terms of assessing past and future changes in transport activity — due to both growth, and policy - prior studies have
focused on different geographies or aggregations, transport modes, policies, and modeling methods, yet have generally said
little about the relationship with policies not focused on the transport sector. Conversely, examination of the co-benefits of
climate policy has tended to focus on economy-wide impacts, or comparison with specific measures in the power- and
industrial sectors, rather than the transport sector. The present work bridges this gap by providing methods for assessing
both the climate policy co-benefit of air pollution reduction, and road transport emissions reductions due to ES, in a consis-
tent, economy-wide framework.

In doing so, we note that researchers continue to work to resolve the uncertainties in the history and current state of vehi-
cle tailpipe emissions. These are relevant to our method for deriving transport-subsector-specific emissions factors from a
database (Kurokawa et al., 2013) that also covers the non-transport sectors where climate policy co-benefits also arise; a
matter taken up further in Section 2.2.

1.3. Policy scenarios in this study

To investigate the contribution of road transport emissions standards to reduced pollutant emissions, their impacts can
be compared with the size and distribution of impacts from current and more stringent climate policies, and also with the
impacts of both types of policy implemented in concert. For this purpose, our analysis employs five model configurations,
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labeled A through E. Fig. 2 shows these scenarios arranged along dimensions of increasing ES stringency, and increasing
stringency of CO, policy.
The policies implemented are as follows.

A. No Policy. Pollutant emissions from all sectors, including transportation, remain the same per unit of fossil
energy consumed, as they were in 2007, the base year for the C-REM and this analysis. As energy
demand grows in projections, associated pollutant emissions grow at the same rates. We also
adopt the mild, autonomous reductions in energy-basis emissions factors in non-transport sec-
tors developed by Li et al. (2014), representing the impact of learning-by-doing' and capital
turnover.” The representation of these effects, which occur even in the absence of direct policy
on emissions or policy co-benefits, is further described in Section 2.3.

B. Established Policies. All new road vehicles and fuels meet the China 3/III standards, so that the entire fleet converges
towards this standard over time as older, dirtier vehicles are retired. In regions which have
already committed to introducing vehicles cleaner than China 3/III in the near future, these lower
emissions levels are used instead. In addition, a small, gradually-rising, economy-wide CO, price
promotes energy intensity improvement and fuel switching to reduce CO, emissions. The price is
RMB 30 (USD 3.1, in 2007 currency) in 2015, and rises 4% per year to RMB 45 (USD 5.7) in 2030.
This instrument is used to model the combined effect of China’s prior and established national
and regional energy- and carbon-intensity targets and other direct policy measures affecting
the broader economy. As a result of the energy system changes induced by the CO, price, there
is a co-benefit of pollutant emissions reductions in these sectors, mainly through the displace-
ment of coal. See Section 2.4 for a description of co-benefits.

C. Stringent ES. More stringent tailpipe emissions and fuel quality standards are introduced, reaching China 6/VI
nationwide for all vehicles introduced from 2015. The CO, price is the same as in Scenario B.
D. Climate policy. A CO, price that is larger and rises more quickly, causing more rapid change in emissions across
the entire economy. This price is consistent with the Continued Effort scenario of Zhang et al.
(2016), in which economy-wide CO, emissions stabilize between 2035 and 2045, and reaches
RMB 200 (USD 26) in 2030. Road transport ES are the same as in Scenario B.
E. ES and climate policy. The combination of the stringent ES from Scenario C, and the higher CO, price from Scenario D.

Comparison of Scenarios A and B illustrates how much established policies (in place prior to the introduction of the new
nationwide China 4/IV standard) are expected to reduce pollutant emissions, compared to a future where transportation
energy use has the same air pollutant emissions intensity as in 2007. Comparing Scenarios B and C illustrates the impact
of accelerating road transport policies under the same CO, price. Comparison of Scenario B with Scenarios C, D and E illus-
trates the relative size and distribution of benefits from more stringent road transport policies compared to climate policy,
and also the combined effect of the two.

2. Methods
2.1. China Regional Energy Model

We employ the C-REM, a multi-sector, multi-region, recursive-dynamic computable general equilibrium (CGE) model of
the global economy, with provincial detail in China. The model has 30 regions within China and four international regions
(see Table 4); the economy is represented in 14 sectors (see Table 5).

The C-REM projects output from each sector of each province, as well as trade and final demand (consumption), in value
units, every five years to 2030. A complete description of the model is given by Zhang et al. (2013). To summarize, economic
demand (i.e., in units of real value, e.g. dollars) for energy goods is associated with physical quantities of energy consumed,
and demand for transportation services is associated with passenger distance traveled or freight volume.

Kishimoto et al. (2015) discuss in detail the disaggregation of the transportation services sector, with the production
structure shown in Fig. 3. Freight and passenger services are separated, each with road (denoted FR and PR, respectively)
and non-road modes (F0, P0), as well as household vehicle transportation (HVT, representing privately-owned light-duty
vehicles) following the method of Karplus et al. (2013). In total, then, there are five transport subsectors, of which three
are road transport subsectors.

The base-year energy data in the C-REM supplemental accounts are derived from the China Energy Statistical Yearbook
(National Bureau of Statistics of China, 2008); thus the use of refined oil, coal, natural gas and electricity by the commercial
transport sector of each province reflects the flows into such sectors in the adjusted official statistics, and the household or

1 Firms have a direct incentive to improve the efficiency of their production processes, thereby reducing costs. These improvements can have the side effect
of improving energy efficiency or reducing pollution.

2 Industrial equipment has a finite lifetime and must be periodically replaced. New, replacement equipment is often more efficient, requiring less energy or
producing less emissions for the same value of production.
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Fig. 2. Policy scenarios in this study, with the stringency of road transport emissions standards and the initial (2015) CO, price level in RMB per ton. Figs. 7
and 8 present comparisons along the solid lines.

Table 4
C-REM regions/Chinese provinces. Hong Kong (HK), Macau (MC) and Xizhang (Tibet, Xz) are not included in the C-REM; aggregate international regions not
shown.

Code Name Code Name
AH  Z# Anhui JS  {LJ} Jiangsu
BJ JE3E Beijing JX VL7 Jiangxi
cQ  EJFK Chongging LN i Liaoning
FJ &% Fujian NM MEE Inner Mongolia
GD  J R Guangdong NX  TE Ningxia
Gs  Hilf Gansu Qf  HE Qinghai
GX |/ Guangxi sc  MJIf Sichuan
Gz Bt/ Guizhou SD (IR Shandong
HA 77§ Henan SH L8 Shanghai
HB {4t Hubei SN PR Shaanxi
HE  {Adk Hebei sXx  LUFY Shanxi
HI  #&® Hainan TJ R Tianjin
HL  EJW{T Heilongjiang XJ  #EE Xinjiang
HN % Hunan YN  Z=F Yunnan
JL  FHAK Jilin zJ WL Zhejiang

Table 5
List of C-REM sectors, omitting the transportation subsectors shown in Fig. 3.
Code Sector Code Sector
AGR Agriculture MAN Other manufacturing industries
COL Coal mining & processing 0IL Petroleum refining, coking and fuels
coN Construction OMN Metal, minerals, other mining
CRU Crude petroleum products SER Services
EIS Energy-intensive industries TRN Transportation & post
ELE Electricity & heat WTR Water

GAS Natural gas products c, g i Final demands
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Fig. 3. Disaggregate transportation representation in the C-REM. Top: the transportation services sector is separated into two modes each of freight
transport - supplying intermediate demand by other industrial sectors — and passenger transport — supplying households’ consumption of commercial
travel. Bottom: households’ consumption contains passenger transport, which involves a bundle of commercial passenger transport and own-supplied,
household private vehicle transport. The latter is produced by households themselves, using fuel and vehicles; vehicle purchases consist of inputs from the
manufacturing and service sectors (Kishimoto et al., 2015).

final consumption of gasoline and diesel fuels is the energy supply for HVT. In the general equilibrium setting, households
(firms) adjust the share of their total consumption (intermediate inputs) devoted to purchase of passenger (freight) transport
services, given changing prices relative to other goods. Households additionally substitute PR for HVT at a calibrated price
elasticity, and within the latter (Fig. 3, bottom) substitute more expensive and efficient powertrain capital for fuel consump-
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tion. This substitution represents the option to improve fuel economy. The C-REM currently represents only refined oil-
fueled private vehicles, since the 2007 share of electricity in household vehicle fuel purchases was small.

To represent the effects of the emissions policies described in Section 1.1, we expand the physical accounts of the model
to include primary pollutant species from the Regional Emissions in ASia (REAS) database, version 2.1 (Kurokawa et al.,
2013): black carbon (BC), carbon monoxide (CO), nitrogen oxides (NOy), organic carbon (OC), and sulfur dioxide (SO5). Pri-
mary pollution is modeled as a byproduct of either combustion of fuels to produce energy, or of industrial or technical pro-
cesses. We aggregate emissions from the REAS combustion and non-combustion sectors to C-REM sectors and REAS fuels to
C-REM fuels, in order to associate emissions of each species with individual C-REM sectors, provinces, and energy sources.
This connection is made by calibrating energy-basis emissions factors (EFs) using the base-year (2007) energy statistics con-
tained in the supplemental accounts of the C-REM, as shown in (1).

Pollutant p

Emissions of p Fossil fuel f
Emissions factor,s;,; = - Jirt  for eve End- roi 1
PFArt ™ Consumption of f;,, y Pr:viljls;secm ! (1)

r
Model period t

In the model base year (t = 2007), the EFs are a result of the calibration to REAS; in projected periods (t = 2010...2030),
the product of an emissions factor and the C-REM projected demand for energy gives the quantity of emissions for each p, f, i
(including the transport subsectors) and r.

2.2. Emissions factors: transport subsectors

To determine future emissions from the C-REM road transport sectors (freight road or FR, passenger road or PR, and
household vehicle transport or HVT), we determine energy-basis EFs, in mass of pollutant emitted per unit fuel energy con-
sumed, and apply these to the C-REM projection of fuel energy consumption in these sectors. As a result of the calibration
described above, the 2007 EFs exactly reproduce the 2007 REAS v2.1 emissions inventory.

In future periods, we make use of the detailed, bottom-up engineering model of Akerlind (2013). This model tracks the
number of Chinese vehicles in detailed categories by year of manufacture, representing the scrappage (conversely: survival)
rate of older vehicles, improving fuel economy, and annual driving distance differences between newer vehicles. The fleet
model also accounts for fuel demand using these highly disaggregate categories; newer vehicles’ driving activity is associ-
ated with a greater fuel economy.

We use the engineering model to determine the portion of fuel energy demand attributable to vehicles which are “new”
since the prior C-REM period. For instance, in the C-REM forecast year 2010, this is the sum of fuel energy demand, in 2010,
by vehicles from model year 2010, 2009, or 2008. The remainder of C-REM fuel energy demand in 2010 is associated with
vehicles sold in 2007 or earlier.

Fuel demand from new vehicles is associated with the EFs required by the specific levels of Chinese ES in each scenario.
The remaining fuel demand, associated with pre-existing vehicles, retains the EF of the previous period-in 2010, this is the
2007 REAS/C-REM calibrated EF, or in 2015 or later, the energy-weighted average across new and used vehicles in the pre-
vious period. Thus, policy which reduces emissions in new vehicles relative to Scenario A also reduces the emissions asso-
ciated with the fuel demand of vintage (used) vehicles in subsequent C-REM periods.

China’s emissions standards, like the Euro standards on which they are based (e.g., Directives 91/441/EEC and 91/542/
EEC, for Euro I/1 respectively) specify distance-basis, rather than energy-basis, EFs for new vehicles. To determine energy-
basis EFs, we use the on-road measurements of He et al. (2010). For future Chinese standards (China 5/V and 6/VI), we
assume the on-road emissions levels will be in the same proportion to China 4/IV as the regulated levels are to the China
4/1V regulated levels. For PR and HVT, we use the figures for light-duty gasoline (passenger) vehicles, and to represent the
average FR vehicle, we use the figures for medium-duty diesel trucks.

Fig. 4 shows these levels, and the resulting energy-weighted average EF across the combined fleet of new and old vehicles,
for one example combination of fuel, primary pollutant species and transport subsector: NO from refined oil combustion in
the HVT fleet. In the no-policy Scenario A, the REAS 2007 EF is used unchanged throughout the projection. Table 6 gives val-
ues across provinces for 2010, 2015 and 2030 and all species.

Because there is a base-year calibrated EF for each species and province, the relative improvement in EF due to the intro-
duction of lower-emission vehicles differs province-to-province, and species-to-species. Absent any difference in standards
or enforcement across provinces, EFs would eventually converge to the same level in all provinces, as today’s heterogeneous
provincial vehicle stocks are scrapped and replaced by vehicles with identical emissions characteristics. In our projection,
this occurs near the very end of the C-REM forecast period - see Fig. 5.

2.3. Emissions factors: non-transport sectors

Energy-basis emissions factors for all sources are applied to the non-transportation sectors to obtain a complete picture of
economy-wide emissions, as described in Li et al. (2014). Model base year (2007) EFs are calibrated, as in transportation, to
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Fig. 4. Emissions factors for NO4from refined oil (gasoline or diesel) combustion in road freight vehicles. Bold lines: mandated levels in policy scenarios.
Thin lines: emissions factors for 30 provinces under Scenario C. In Scenario A, every province continues at its 2007 level. In Scenario B, new vehicles meet
the China III (shown here) or 3 standard from 2008 onwards. In Scenarios C and E, new vehicles meet China 3/IIl from 2007-2010, China 4/IV from 2011-
2015, and China 6/VI from 2016 onwards, excepting Beijing, which meets China 5/V from 2013 and China 6/VI from 2016.

Table 6
2010, 2015 and 2030 energy-basis emissions factors from refined oil combustion (%), by road transport subsector, province and species.
Province Road freight Private passenger vehicles
2010 2015 2030 2010 2015 2030
BC

AH 11.50772 3.340007 0.01784278 25.85923 7.42597 0.00583426
BJ 3.20869 0.9592916 0.01783687 7.134878 2.053926 0.005802144
cQ 11.74151 3.407076 0.01784294 23.16656 6.653533 0.005832343
FJ 8.283364 2.415047 0.01784048 15.42472 4.432656 0.005826835
GD 6.752261 1.975825 0.01783939 14.67321 4.217073 0.0058263
GS 12.9262 3.746923 0.01784379 102.7668 29.4882 0.005888985
GX 6.697895 1.960229 0.01783935 17.48474 5.023608 0.0058283
GZ 12.62993 3.661933 0.01784357 27.33963 7.85065 0.005835313
HA 8.409849 2.451332 0.01784057 211.4454 60.66448 0.005966319
HB 7.555687 2.206301 0.01783996 82.15733 23.57603 0.00587432
HE 13.5947 3.938694 0.01784426 99.24966 28.47925 0.005886483
HI 11.51071 3.340865 0.01784278 13.29909 3.822884 0.005825322
HL 12.35615 3.583394 0.01784338 8.524258 2.453142 0.005821924
HN 7.936364 2.315504 0.01784023 28.34571 8.13926 0.005836029
JL 9.7755 2.843092 0.01784154 19.12953 5.495442 0.005829471
IN 10.84459 3.149779 0.0178423 45.83949 13.15764 0.005848477
X 7.337348 2.143667 0.01783981 22.42283 6.440182 0.005831814
LN 9.37424 2.727983 0.01784126 24.14684 6.934744 0.005833041
NM 7.486177 2.186361 0.01783991 40.08636 11.50726 0.005844383
NX 8.061533 2351411 0.01784032 91.67955 26.30764 0.005881096
QH 14.92848 4.32131 0.01784521 78.47135 22.51864 0.005871697
SC 8.406775 2.45045 0.01784057 48.74438 13.99096 0.005850544
SD 3.763694 1.118504 0.01783727 34.28837 9.844012 0.005840258
SH 14.69164 4.253368 0.01784504 5.695065 1.641541 0.005819911
SN 7.069741 2.066899 0.01783962 13.5962 3.908114 0.005825533
SX 13.56512 3.930207 0.01784424 92.82517 26.63628 0.005881911
T 7.686513 2.243831 0.01784006 15.16888 4.359263 0.005826652
XJ 6.504321 1.904699 0.01783922 26.27382 7.544904 0.005834555
YN 10.95964 3.182781 0.01784239 24.57936 7.05882 0.005833349

7] 8.904854 2.593332 0.01784092 13.75033 3.952329 0.005825643
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Table 6 (continued)
Province Road freight Private passenger vehicles
2010 2015 2030 2010 2015 2030
Cco
AH 1131.568 324.7649 0.2118226 7121.96 2043.204 0.1676885
BJ 522.2041 149.9586 0.211389 6548.931 1878.821 0.1672807
cQ 1188.26 341.0279 0.2118629 7938.902 2277.558 0.1682698
FJ 1000.978 287.3029 0.2117296 4345.805 1246.818 0.165713
GD 824.7293 236.743 0.2116042 3896.261 1117.858 0.1653931
GS 1264.998 363.0416 0.2119175 23564.53 6760.033 0.1793886
GX 671.3801 192.7522 0.2114951 3779.78 1084.444 0.1653102
Gz 1326.993 380.8259 0.2119616 9669.539 2774.02 0.1695013
HA 828.3376 237.7781 0.2116068 43415.31 12454.56 0.193514
HB 764.6412 219.5057 0.2115615 15403.61 4418.935 0.1735815
HE 1383.945 397.1634 0.2120021 28077.98 8054.791 0.1826003
HI 1222.033 350.7162 0.2118869 3215.819 922.6618 0.1649089
HL 1170.523 335.9397 0.2118503 2996.409 859.7206 0.1647528
HN 780.1915 223.9666 0.2115725 7592.626 2178.223 0.1680234
JL 974.3014 279.6503 0.2117107 5249.896 1506.171 0.1663563
N 1054.397 302.6271 0.2117676 13121.54 3764.284 0.1719576
JX 709.8309 203.7825 0.2115225 5445.774 1562.362 0.1664957
LN 995.4975 285.7308 0.2117257 7754.072 2224.536 0.1681383
NM 670.7022 192.5578 0.2114946 12998.02 3728.852 0.1718697
NX 823.1702 236.2958 0.2116031 19530.24 5602.729 0.1765179
QH 1427.745 409.7282 0.2120333 17146.75 4918.983 0.1748219
SC 850.0086 243.9948 0.2116222 23111.12 6629.964 0.179066
SD 421.0803 120.9495 0.211317 10180.15 2920.496 0.1698646
SH 2332.681 669.3244 0.2126772 2887.251 828.4067 0.1646751
SN 676.0049 194.0789 0.2114984 3956.329 1135.09 0.1654359
SX 1324.652 380.1542 0.21196 36810.95 10559.99 0.1888145
TJ 908.7813 260.8548 0.211664 7202.707 2066.368 0.1677459
XJ 654.974 188.0459 0.2114834 7664.024 2198.704 0.1680742
YN 1141.027 327.4783 0.2118293 8407.991 2412.124 0.1686036
7 1108.833 318.2429 0.2118064 6070.059 1741.449 0.16694
NO,
AH 329.4949 94.92429 0.08210871 502.1078 144.0553 0.007770662
BJ 103.3923 29.9848 0.0796863 339.4146 97.38229 0.007604657
cQ 337.9948 97.36263 0.08211476 533.0447 152.9301 0.007792676
FJ 243.7779 70.33493 0.08204772 237.8253 68.24144 0.007582604
GD 203.8908 58.89263 0.08201933 240.9566 69.13971 0.007584832
GS 309.0178 89.0501 0.08209414 1622.673 465.5083 0.008568031
GX 205.0311 59.21977 0.08202014 200.636 57.57307 0.007556141
GZ 364.3998 104.9373 0.08213355 673.2566 193.1522 0.007892448
HA 234.4897 67.67046 0.08204111 2759.234 791.5501 0.009376784
HB 214.368 61.89822 0.08202679 313.965 90.08338 0.007636783
HE 345.6516 99.55912 0.08212021 1417.496 406.6498 0.008422032
HI 366.5796 105.5627 0.0821351 208.6495 59.87187 0.007561843
HL 280.4135 80.84446 0.08207378 198.3734 56.924 0.007554531
HN 230.5824 66.54958 0.08203833 481.8982 138.2579 0.007756281
JL 230.0566 66.39874 0.08203795 302.6407 86.83481 0.007628725
N 308.7615 88.97658 0.08209396 626.675 179.7895 0.007859301
X 216.4015 62.48155 0.08202824 283.6327 81.38206 0.0076152
LN 233.856 67.48868 0.08204066 537.3854 154.1753 0.007795765
NM 175.103 50.63437 0.08199885 763.9642 219.1732 0.007956993
NX 200.763 57.9954 0.08201711 1261.332 361.8515 0.008310909
QH 320.6038 92.37374 0.08210238 1101.302 315.9443 0.008197035
SC 212.3758 61.32672 0.08202537 1175.662 337.2756 0.008249948
SD 101.1797 29.42824 0.08194625 474.4597 136.124 0.007750988
SH 733.1359 210.7155 0.08239593 233.0096 66.85996 0.007579177
SN 186.2933 53.8445 0.08200681 237.4614 68.13704 0.007582345
SX 346.8681 99.9081 0.08212107 1861.856 534.1221 0.008738229
TJ 200.0259 57.78393 0.08201658 414.4664 118.9139 0.007708298
XJ 155.3776 44.97582 0.08198481 488.6262 140.1879 0.007761069
YN 321.1555 92.53201 0.08210278 507.8591 145.7052 0.007774754
7] 252.6122 72.8692 0.082054 389.7189 111.8147 0.007690688
ocC
AH 4.401972 1.301605 0.01783772 18.02086 5.177401 0.005828682
BJ 1.309447 0.4144619 0.01783552 3.681778 1.063346 0.005799687
cQ 4.517558 1.334762 0.0178378 14.59869 4.195696 0.005826247

(continued on next page)
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Table 6 (continued)

Province Road freight Private passenger vehicles
2010 2015 2030 2010 2015 2030
FJ 3.452279 1.029169 0.01783704 12.70255 3.651756 0.005824898
GD 2.864714 0.8606164 0.01783663 12.06638 3.46926 0.005824445
GS 4.80542 1.41734 0.01783801 43.22314 12.4071 0.005846615
GX 2.619625 0.7903084 0.01783645 12.67409 3.643592 0.005824877
GZ 4.91395 1.448474 0.01783808 14.69259 4.222631 0.005826314
HA 3.211388 0.9600655 0.01783687 102.9944 29.55348 0.005889147
HB 2.920968 0.8767538 0.01783667 83.36573 23.92268 0.00587518
HE 5.156374 1.518017 0.01783826 56.24579 16.14287 0.005855882
HI 4.660281 1.375705 0.0178379 9.657988 2.778372 0.005822731
HL 4.535099 1.339794 0.01783781 3.926093 1.134081 0.005818652
HN 3.050399 0.9138833 0.01783676 18.84 5.412388 0.005829265
JL 3.6575 1.08804 0.01783719 9.501366 2.733442 0.00582262
IN 412667 1.22263 0.01783752 37.62682 10.8017 0.005842633
X 2.815987 0.8466382 0.01783659 18.25655 5.245013 0.00582885
LN 3.603658 1.072595 0.01783715 12.63828 3.633318 0.005824852
NM 2.733955 0.8231059 0.01783653 15.38447 4.42111 0.005826806
NX 3.06073 0.9168467 0.01783677 39.54005 11.35054 0.005843994
QH 5.451454 1.602666 0.01783847 30.70418 8.815826 0.005837707
SC 3.184431 0.9523325 0.01783685 32.5509 9.345589 0.005839021
SD 1.513963 0.4731305 0.01783566 27.67358 7.946447 0.005835551
SH 5.813656 1.70657 0.01783872 3.512485 1.015431 0.005818358
SN 2.655746 0.8006702 0.01783648 7.939637 2.285434 0.005821508
SX 5.078584 1.495702 0.0178382 57.8078 16.59096 0.005856993
T 3.095665 0.9268685 0.01783679 9.355496 2.691597 0.005822516
X]J 2.45575 0.7432981 0.01783633 12.76023 3.668301 0.005824939
YN 4.249182 1.257774 0.01783761 13.36572 3.841997 0.005825369
VA 3.727518 1.108126 0.01783724 7.911613 2.277395 0.005821488
SO,

AH 18.47227 5.300417 0.0007822129 18.51308 5.328029 0.007426546
BJ 12.33097 3.538682 0.0007778429 12.37178 3.564558 0.007371941
cQ 33.54023 9.622915 0.000792935 33.58104 9.650528 0.007437268
FJ 20.07056 5.758914 0.0007833503 20.11137 5.786526 0.007427684
GD 16.81085 4.823811 0.0007810307 16.85166 4.851423 0.007425364
GS 26.38486 7.570278 0.0007878434 26.42567 7.59789 0.007432177
GX 25.79433 7.400873 0.0007874232 25.83514 7.428485 0.007431757
GZ 31.33104 8.989171 0.000791363 31.37185 9.016783 0.007435696
HA 19.79993 5.681279 0.0007831577 19.84074 5.708891 0.007427491
HB 26.31058 7.548968 0.0007877905 26.35139 7.576581 0.007432124
HE 10.20805 2.929687 0.0007763323 10.24886 2.957299 0.007420666
HI 14.2119 4.078257 0.0007791814 14.25271 4.105869 0.007423515
HL 10.85326 3.114777 0.0007767914 10.89407 3.142389 0.007421125
HN 26.98608 7.742747 0.0007882712 27.02689 7.770359 0.007432605
JL 10.67374 3.063278 0.0007766637 10.71455 3.09089 0.007420997
N 20.22491 5.803191 0.0007834601 20.26572 5.830804 0.007427793
X 23.02265 6.605771 0.0007854509 23.06346 6.633383 0.007429784
LN 16.39385 4.704187 0.000780734 16.43466 4.731799 0.007425067
NM 10.97365 3.149311 0.0007768771 11.01446 3.176923 0.00742121
NX 25.68913 7.370696 0.0007873483 25.72994 7.398308 0.007431682
QH 24.54442 7.042316 0.0007865338 24.58523 7.069928 0.007430867
SC 17.37201 4.98479 0.00078143 17.41282 5.012403 0.007425763
SD 12.43902 3.569676 0.0007779198 12.47982 3.597289 0.007422253
SH 18.5102 5311298 0.0007822399 18.55101 5.33891 0.007426573
SN 21.80453 6.256331 0.0007845841 21.84534 6.283943 0.007428917
SX 11.54243 3.312475 0.0007772818 11.58324 3.340087 0.007421615
TJ 12.50433 3.588412 0.0007779663 12.54514 3.616025 0.0074223
XJ 21.64293 6.209974 0.0007844691 21.68374 6.237587 0.007428802
YN 27.8219 7.982517 0.0007888659 27.86271 8.010129 0.007433199
7] 17.51757 5.026546 0.0007815336 17.55838 5.054158 0.007425867

reflect the total energy demand in the C-REM supplemental accounts and quantities in the REAS database. EFs undergo an
exogenous, exponential decline, calibrated to reflect observations in 2010 and 2013, using the method of Webster et al.
(2008).

The exogenous decline in these EFs represents the continuing effect of non-market policies and actions by firms which-for
instance-will retire older equipment and replace it with new equipment which produce less emissions in operation (capital
turnover); or implement efficiency improvements in production processes that also reduce pollution intensity (learning-by-
doing). These trends are assumed to be independent of any CO, price applied to fossil fuel use in these non-transport sectors;
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Fig. 5. Projected fraction of private vehicle stock complying with various ES, Scenario C/D.

the CO, price reduces emissions not by altering EFs, but by incentivizing low-carbon activities that also have lower emissions
intensity, as described in the next section.

2.4. Policy mechanisms & effects

Economy-wide climate & energy policy. Climate policy, in a CGE model such as the C-REM, signals sectors and house-
holds via changes in energy prices in proportion to CO, content, prompting these actors to respond with energy intensity
improvements and input substitution to reduce CO, emissions. This economic response can include reductions in energy
demand and switching to low carbon fuels, which may also reduce air pollution in addition to CO,, in proportion to differ-
ences in EFs between the energy goods that are substituted or reduced. Individual sectors in individual provinces - including
electricity generation, industry, and the commercial transport subsectors — may perform these adjustments with more or
less ease; as welfare is maximized subject to the CO, price, the sectors with lower-cost abatement opportunities will con-
tribute larger reductions in CO,.

Climate policy also has indirect impacts on the road transport subsectors, in two ways. First, freight transport demand
arises because other sectors need to move their raw materials or finished goods to and from markets. Because a climate pol-
icy may cause each sector to increase or decrease production, freight transport demands will also change, affecting the over-
all level of freight transport activity, energy consumption, and pollution. Second, households use their income to purchase
passenger transportation services, private vehicles, and fuel. Changes in household income mean more (due to economic
growth), or less (due to stringent policy) income is available for these purchases. This, in turn, affects passenger transport
demand, energy use, and pollution. Both of these indirect effects are captured by our model.

Road transport emissions standards. We model policy measures specifically aimed at reducing EFs more rapidly than
they would decrease in the absence of regulation - in particular, road transport fuel quality standards and tailpipe emissions
standards. The calibrated base-year EFs displayed in Table 6 vary widely - by an order of magnitude for BC, CO and NOy from
household vehicles - reflecting province-to-province variation in the emissions attributed to road vehicles (in the REAS v2.1
inventory), and the amount of energy used in household and commercial road transportation (as reflected in the official
energy statistics underlying C-REM). As a result, the relative improvement in EF and in total emissions of each species
due to the introduction of lower-emission vehicles differs province-to-province, and species-to-species.

3. Results

In Scenarios B and C, the small emissions price causes total economy-wide CO, emissions to decrease by about 5%, from
14.7 Gt to 14.2 Gt in 2030; in Scenarios D and E, emissions are 11.9 Gt CO, in 2030.
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3.1. Road transport emissions standards

Fig. 6 gives an overview of the effects of established emission standards in the model projection, comparing Scenarios A
and B in national totals and four selected provinces with distinct mixes of household vehicle, commercial passenger and
freight road transport. Despite compound annual growth of 7.5% in transportation energy demand (rates vary between
4.5-9.9% across provinces) between 2010 and 2030, established polices reduce total national road transport pollution emis-
sions to between 2% (in the case of OC) and 0.04% (CO) of their 2007 levels (Scenario B vs. Scenario A); a decrease of 2-4
orders of magnitude. In Scenario B, this decrease occurs by 2025 when (cf. Fig. 5) high emitting vehicles of 2007 and earlier
model years have been entirely retired from the fleet. After this point, emissions in some regions and species exhibit a slow
growth, in line with increases in transport demand and energy use.
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Fig. 6. Bars and left ordinate: energy demand for three road transport sectors: commercial passenger (PR), household vehicles (HvVT) and freight (FR). Lines
and right ordinate: road transport emissions for five species in Scenario A (open marks) and Scenario B (filled marks). Top: China (CN) total. Bottom: same
quantities for Beijing (BJ), Shanghai (SH), Sichuan (SC) and Shanxi (SX).
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Fig. 7 illustrates the same baseline growth (bars labeled “2007—2030"), and reductions (labeled “2030 A—B”) in a linear,
rather than logarithmic scale. Further reductions occur in Scenarios C and E. A contrast is visible between percentage changes
(due to growth, or policy) and the absolute change in total road transport emissions measured in annual tonnes.

If fully implemented, established policies will do most of the work; the continued sale of China 3/III vehicles alone will
significantly reduce emissions in 2030, compared to a mix of vehicles like those in use in the model base year. For instance,
despite a 277% growth from 2007-2030 in OC emissions from road transport, the full deployment of China 3/III vehicles
results in a 99.45% decrease from this no-policy counterfactual to about 0.4 kt in 2030, much lower than the REAS 2007 ref-
erence value of 99.4 kt. Future standards (China 6/VI) further reduce EFs by roughly an order of magnitude in 2030 (labeled
“B—C”in Fig. 7; cf. Fig. 4). However, these translate to a smaller reduction in absolute road transport emissions, because they
act on a base already rendered small by the adoption of China 3/IIl. The percentage reductions due to moving from China 3/III
to China 6/VI (Scenario B—C) are between 58% (CO) and 91% (OC).

Finally, Fig. 8 illustrates that in 2020 in the significant impact of China 3/III is already visible; however, because of the
remaining share of non-China 6/VI vehicles present at 2020 in Scenario C (compare Fig. 5), the reductions compared to Sce-
nario B are smaller.

3.2. Provincial variation in reduction sources

ES impacts differ across provinces due to underlying differences in their transport systems. Across China, road freight
transportation is a larger consumer of energy (3.06 E]J in 2007) compared to the combination of private and commercial pas-
senger transport (1.63 EJ together in 2007) - yet, depending on the species, its contribution to total pollution in the REAS
inventory is larger (0.6% compared to 0.03% of SO,) or smaller (3.3% compared to 15.6% of CO) than those of other modes.
Fig. 9 shows that additional 2030 emissions reductions due to increasing stringency of ES from China 3/III to China 6/VI (Sce-
nario B—C) are contributed by different transport subsectors in different provinces. For instance, the additional reductions in
OC emissions due to the China 6/VI standards come mostly from passenger road transport in Hainan (HI); from private LDVs
in Shanghai (SH); and from road freight vehicles in other provinces.
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Fig. 7. Top line for each of five pollutant species: the 2007 level of emissions. Subsequent lines: changes in road transport emissions-increase from 2007 —
2030 in Scenario A (no policy); and decreases in 2030 from Scenario A—B (introducing China 3/III and a mild CO, price), Scenario B—C (increasing ES
stringency to China 6/VI), and Scenario C—E (increasing CO, price). Annotations give nationwide road transport emissions in each year/scenario and percent
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from 2007 —2020 in Scenario A; and decreases in 2020 from Scenario A—B, B—C, and C—E. Annotations give the nationwide road transport emissions in
each year/scenario and percent change compared to the bar above.

The panels for Shanghai (SH) and Shanxi (SX) in Fig. 6 also illustrate that the trajectory of reductions in pollutant species
differ by province. In Shanghai, 2030 emissions of SO, from road vehicles roughly equal emissions of OC, while in 2007 SO,
emissions were higher. Conversely, in Shanxi absolute emissions of these two species were roughly equal in 2007, but OC
emissions are reduced less than SO, in 2030 by China 3/III emissions standards. Our provincially-resolved framework pre-
serves these differences, which can affect the atmospheric chemical processes that form secondary pollutants.

3.3. Emissions standards & climate policy

Fig. 10 illustrates that stringent road transport ES cause very modest additional reductions in total emissions of pollu-
tants, even though they are very effective in reducing emissions within road transport sectors. China 6/VI emissions stan-
dards reduce road transport CO emissions by 30-70% compared to China 3/III (Fig. 10, right). However, the reduction in
total emissions of this species is generally smaller than 0.15% (Fig. 10, left, vertical ordinate), in part because less than
24% of 2007 CO emissions are attributed to transport (Kurokawa et al., 2013); and less to road transport.

The mild CO, price of Scenario B causes 9.6-48% (across species) reductions in economy-wide emissions of pollution, ver-
sus no policy (Scenario A). Tightening the CO, price only (Scenario D) results in 8.9-27% reduction versus established policy
(Scenario B). The co-benefits of climate policy for air pollution reduction are substantial, even for the modest CO, price. In
contrast (Fig. 10, right), increasing the CO, price causes a reduction in road transport emissions of less than 7% in all but three
provinces — that is, smaller than the co-benefit of climate policy across the entire economy.

4. Discussion

Previous research emphasizes that the marginal cost of CO, emissions abatement in transportation tends to be higher
than in other sectors, such as electricity and industry (Kishimoto et al., 2015). This means that responses to a given CO, price
- efficiency improvements and fuel-switching - are smaller in transport, and the sectoral pollution co-benefit of CO, policy is
also small. Indeed, reductions in air pollutant emissions due to CO, pricing in our scenarios mostly occur outside the trans-
port sector: although increasing the CO, price (Scenario B—D) results in 8.9-27% additional reductions in national total
emissions, road transport emissions decrease by only 2.0-7.1% across species.
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In contrast, the within-sector reductions due ES are measured in orders of magnitude, when comparing established poli-
cies (China 3/III) to a counterfactual future where the road vehicle fleet retained its 2007 emissions characteristics. Addi-
tional reductions due to tightening ES are similarly large as a percentage of remaining road transport emissions, yet small
in absolute terms when compared to the co-benefit of economy-wide CO, pricing.

We conclude that transport-sector ES are an important complement to economy-wide climate policy, since they can
achieve deep reductions via technology and cleaner fuel, which together greatly reduce EFs. To achieve the same
transport-sector reductions purely through co-benefits of climate policy would require CO, prices much higher than the
those modeled.

4.1. Policy implications

Taken together, this work clearly illustrates the emissions reduction benefits of completely implementing emissions stan-
dards at the China 3/III level or higher. To quantify the consequences for secondary pollutant concentrations and the burden
of human health impacts on the economy requires further, ongoing, research; but our results indicate the scale of the benefit
available due to the two policy levers considered.

While moving to China 6/VI standards is clearly desirable, if tightening standards on the books comes at the expense of a
sustained implementation effort that brings the reality on the road in line with policy aspirations, a focus on full implemen-
tation of the existing standards is advised. Our results show that the marginal benefits of accelerating the policy timeline are
modest. On the other hand, a small number of non-compliant vehicles, running on non-compliant fuels, could more than
offset the modest benefits of moving a large number of sales to a more stringent standard; and indeed the work of Yue
et al. (2015); Wu et al., 2016 and others indicates ongoing issues with on-the-ground enforcement of existing standards.

Lessons from Europe and elsewhere that suggest significant benefits from accelerated standard implementation do not yet
apply in China. Changes that result from incremental standard tightening are large relative to total emissions in the European
context, but small relative to total emissions in the Chinese context. As noted in Section 3.1 and Fig. 6, we project that energy
demand for road transport will continue to grow through 2030, both in absolute terms and as a share of total energy demand,
as increases in demand for transport more than offset improvements in energy efficiency (i.e., fuel economy). Consequently,
road transport’s share of total CO, emissions will also grow. In contrast, the large reduction in air pollutant emissions factors
from implementing established (China 3/III) emissions standards means that the share of road transport in total air pollutant
emissions will decrease markedly; and reductions from tightening ES can only further narrow this already-small share.

4.1.1. Policy recommendations

Therefore, we underscore that climate policies now being discussed and piloted, specifically a price on carbon such as the
one we model, can serve as an important and effective complement to the full implementation of emissions standards in the
road transportation sector. The work suggests two main policy recommendations.

First, strengthen mechanisms for enforcing the newly-enacted China 4/IV emissions standards. Authorities at the highest
levels should clearly direct the Standardization Administration of China and Ministry of Environmental Protection to
strengthen and standardize the monitoring and enforcement system for fuel quality and vehicle tailpipe emissions. Define
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well in advance the timing of increasing the stringency of standards to China 6/VI levels, so that the system can adjust and
prepare.

Second, continue to diligently work toward establishing a national CO, price with broad sectoral coverage. Although it
seems likely that transportation will not be included in a national CO, emissions trading system, reductions in fossil energy
use in other parts of the economy will deliver significant and meaningful co-benefits that will contribute to improved human
health in the near to medium term.

4.2. Limitations

A key difference between the carbon and ES policies implemented in our scenarios is that the price impacts of CO, emis-
sions abatement is captured in the general equilibrium framework of C-REM. In contrast, the ES policies are implemented
through exogenous calculation of future road transportation EFs. In practice, implementing tighter ES will require manufac-
turers to install more advanced ECT on passenger vehicles and road freight vehicles sold in China. Fuel economy improve-
ments can also reduce the amount of energy used per kilometer, and thus contribute to reducing the amount of emissions
per unit of fuel consumed. Both of these compliance options impose costs on manufacturers and consumers if the resulting
vehicles are more expensive than those that would be sold without the standard. Zhenying and David (2015) estimate the
costs of ECTs for different levels of Euro standards, with some adjustment for the Chinese fleet, and note that the absolute
costs for private, light-duty vehicles are nominal. Herein we assumed that these increases in purchase price due to more
advanced ECT, when considered as an increment on the cost of transport per passenger-kilometer or ton-kilometer, are
not large enough to affect vehicle purchases or vehicle use intensity.

Our scenarios have assumed that ES are fully implemented - that is, 100% of new vehicles comply with the active stan-
dard as of the sale date. If a fraction of new road vehicles (either passenger or freight) are non-compliant, their much higher
EFs will increase the fleet average so long as they remain in use. Similarly, timely retirement of older vehicles is important to
our results. Fig. 5 shows that ~40% of vehicles in 2020 have China 4/1V, 3/III, or pre-2007 EFs; as a consequence fleet-wide
emissions that year under Scenarios B, C, or E (Fig. 8) are much higher than in 2030 (Fig. 7), even though the 2030 fleets and
total transport energy use are larger. If recent vehicles that do not meet future ES are preserved in the fleet longer than mod-
eled by Akerlind (2013), then their contribution to emissions will continue to be felt until they are scrapped.

We emphasize the importance of the need for more recent emissions inventories which capture provincial and sectoral
variation in the Chinese economy. Monitoring of concentrations of secondary pollutants has increased with the level of
research and policy attention on China’s air quality, and the literature contains much recent information on the character-
istics of transport emissions. Yet comprehensive and consistent inventories of the sources of primary pollutants have not
fully incorporated these advances; and such economy-wide inventories are important to studies, like the present one, that
contrast policies affecting different sectoral sources in different ways.

Finally, we do not explicitly model policies aimed at reducing CO, emissions or fuel consumption for light-duty vehicles
(HVT in C-REM). As noted by Paltsev et al. (2016), such policies require energy demand reduction and/or CO, emissions
abatement efforts within the transport sector; meeting the targets affects the price of transport services and thus affects
demand. In the present context, changing efficiency of road vehicles would affect the energy basis to which EFs were applied,
and thus the total size of the road transport sector emissions growth or reduction. This would affect the relative scale of
transport versus non-transport emissions reductions (Section 3.3), but have a smaller influence on the relative benefit of
increasing stringency of ES.

4.3. Conclusions

Initial Chinese ES were based on previously established European Union regulations. Ever since, China’s ES have been con-
verging towards parity with the world’s most stringent (ICCT, 2014). Because transportation is one of several major polluting
sectors, and because of the varied geographic distribution of transportation activity — and of air pollution and its health
impacts - it is important to understand the contribution of transport-sector policies to improving air quality in China on
a detailed, regional basis. It is also important to understand how coordination of multiple policies can lead to improved
air quality in China, and whether this coordination is different from that required in other contexts.

To this end, we herein developed key components of an integrated assessment framework that projects the economic
activities - including energy use in non-transport and transport sectors - giving rise to air pollution. Within this framework,
we implemented two types of policies affecting emissions: road transport emissions standards, and economy-wide CO- pric-
ing that gives a pollution co-benefit. Examining scenarios of no policy, established policies, and more stringent policies, we
characterized the relative scale of their impacts on pollutant emissions within road transportation, and across the economy.
Our results indicate that increased CO, pricing, and full enforcement of more stringent road transport emissions standards,
play complementary roles in reducing total emissions.
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