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Air quality co-benefits of carbon pricing in China
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Climate policies targeting energy-related CO, emissions, which act on a global scale over long time horizons, can result in local-
ized, near-term reductions in both air pollution and adverse human health impacts. Focusing on China, the largest energy-using
and CO,-emitting nation, we develop a cross-scale modelling approach to quantify these air quality co-benefits, and compare
them to the economic costs of climate policy. We simulate the effects of an illustrative climate policy, a price on CO, emissions.
In a policy scenario consistent with China's recent pledge to reach a peak in CO, emissions by 2030, we project that national
health co-benefits from improved air quality would partially or fully offset policy costs depending on chosen health valuation.
Net health co-benefits are found to rise with increasing policy stringency.

tiple interacting natural and human components is a major

scientific and analytical challenge. Climate change and local
air quality are two threats to sustainability that offer significant
potential for co-control', because emissions of CO,, the major
energy-linked greenhouse gas (GHG), originate from many of the
same combustion processes responsible for emissions of air pollut-
ants. Efforts to identify co-control opportunities are complicated
by the difficulty of simulating how policy acts across space and
time and interacts with complex, and often nonlinear, relation-
ships among economic activity, emissions, ambient air quality and
human health.

Addressing climate change will require deep cuts in global emis-
sions of CO, and other GHGs. Many developing nations, including
China, have pledged to control domestic GHG emissions under
the 2015 Paris Agreement®. These efforts interact with a broader
set of non-target sustainability challenges®, among them air qual-
ity. Degraded air quality is an immediate, often localized environ-
mental burden and a leading cause of mortality’. Here we focus
on these interactions in China. China’s high coal share makes it
the world’s leading GHG emitter and home to severe local pollu-
tion. While climate policy does not necessarily trigger the most
cost-effective air pollution control strategies, co-benefits form an
important basis for coordinating air quality and climate policy
when the latter is binding.

Among climate change policy studies, several have focused on
co-benefits*. Co-benefits are outcomes not directly targeted by pol-
icy, including reductions in non-targeted pollutants’, changes in air
quality'’, reduced adverse health outcomes” and avoided economic
costs''. In the United States, Thompson et al."” found large but rap-
idly diminishing co-benefits with increasing climate policy strin-
gency. Shindell et al.'> showed that CO, reductions in the United
States that are consistent with a 2°C global target would deliver
near-term benefits that would probably exceed policy costs.

Co-benefits studies for China have largely focused on the
impacts of climate or air pollution policies on national and, in a
few cases, provincial emissions. In a model that captures pollution
abatement costs, Nam et al.”’ evaluated the SO, reduction target in

Q dvancing environmental sustainability in systems with mul-

China’s Eleventh Five Year Plan (2006-2010), and found that non-
target reductions in CO, exceeded the stringency of a concurrent
carbon intensity target. Dong et al.” used a provincial economic
model of China to predict energy consumption, and applied an
optimization tool to select cost-effective end-of-pipe technologies
and estimate CO, and air pollution emissions in 2030. They found
that well-developed regions see only marginal co-benefits in terms
of reduced air pollutant emissions, while provinces that are large
energy users or are relatively coal- or industry-intensive obtain
larger co-benefits’.

A few China-focused studies have extended policy assessment to
air quality, but either omitted or presented only aggregated national
health effects, and did not consider how policy dynamically shapes
the evolution of the energy system. He et al."* quantified the impact
of energy policies in China on air pollution, taking as an input sus-
tainable energy scenarios described in government plans®, and
focusing on formation of fine particulate matter with a diameter
less than or equal to 2.5 um (PM, ;). Nielsen and Ho'' simulated the
impact of national air pollution policy on energy use, emissions, air
quality and public health in a single-region model of China, showing
that SO, controls during the Eleventh Five-Year Plan (2006-2010)
delivered significant public health benefits, while a nationwide CO,
tax was projected to improve air quality at low cost.

We establish a novel, cross-scale integrated approach to assess
co-benefits and costs that captures how policy alters the economy
and energy system across spatial scales (here, provincial to national),
time horizons (our dynamic energy-economic model captures evo-
lution of the energy system from 2010 to 2030) and as a function of
policy ambition. Our analysis captures the contribution of airborne
pollution transport, simulating nonlinear relationships among
emissions, air quality and health effects, while preserving regional
detail, in a self-consistent framework. This integrated co-benefits
analysis of a developing country (China) resolves sub-national spa-
tial as well as temporal impacts of policy.

To simulate policy impacts and economy-environment interac-
tions, we develop the regional emissions air quality climate and health
(REACH) framework, which couples an energy-economic model,
the China Regional Energy Model (C-REM), with an atmospheric
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chemistry model, GEOS-Chem. C-REM is a global general equi-
librium model that resolves China’s economy and energy system at
the provincial level, including production, consumption, interpro-
vincial and international trade, energy use and emissions of CO,
and local pollutants'®"”. C-REM has been previously used to model
Chinas interlinked energy and economic system at the provincial
level'®°. Using C-REM, we first simulate a CO, price, which results
in deployment of least-cost CO, reduction strategies to meet a CO,
intensity constraint, and obtain provincial energy use and emissions
of CO, and air pollutants through to 2030. We model three policy
scenarios that target CO, intensity reductions of 3%, 4% or 5% per
year between 2015 and 2030 (3% Policy, 4% Policy and 5% Policy),
and compare them to a No Policy scenario. The 3% Policy simu-
lates a continuation of China’s CO, intensity reduction commitment
prior to the 2015 Paris Agreement; total CO, emissions in 2030
are projected to be 13.5 gigatons (Gt). The 4% Policy is consistent
with China’s recent commitment to halt its rise in CO, emissions by
2030 (with projected CO, emissions of 11.4 Gt in 2030), achieving a
60-65% reduction in CO, intensity by 2030 relative to its 2005 level.
The 5% Policy reduces China’s CO, intensity to the projected world
average in 2030 (with projected emissions of 9.7 Gt in 2030), and is
comparable to the scenario described by Raftery et al.”, which limits
the global temperature increase to 2°C. Emissions factors for each
pollutant by province, sector and energy type in 2007 are derived
from emissions reported in the Regional Emission Inventory in Asia
(REAS)?, and are calibrated to 2010 and 2015 based on national
total emissions reported in the multi-resolution emission inven-
tory for China (MEIC)*. To obtain anthropogenic emissions of air
pollutants and their precursors in 2030 for each scenario, levels of
economic activity or energy use simulated in C-REM are used to
scale associated sectoral emissions in 2015 assuming an exponential
decay in emissions factors through to 2030 to account for the tech-
nology improvement in end-of-pipe controls. These emissions are
then input to GEOS-Chem (v. 9-01-03, with a horizontal resolution
of 0.5°%0.667° in East Asia) to simulate PM, ; formation. We then
calculate national and provincial monetized health damages from
PM, ; using three concentration-response functions and two health
valuation methods to examine uncertainties in health co-benefits.
Further information is provided in Methods.

Results
At the national level, the 4% Policy scenario leads to a 24% reduction
in CO, emissions in 2030, relative to the No Policy case. The CO,
price required to achieve these reductions rises to US$72ton™" in
2030 (CO, prices are reported in 2007 US$). Most of the CO, reduc-
tion in 2030 is a result of a 20% energy intensity reduction (relative
to the No Policy scenario in 2030), reflecting the combined effect
of higher energy efficiency and sectoral composition change. Coal
is substantially affected. Under the 4% Policy, coal represents 54% of
total energy use in 2030, down from 69% in 2010, while substitution
by clean energy contributes only modestly (see Fig. 1a). Figure 1b-d
shows sectoral reductions in energy use and emissions under the
4% Policy. The energy-intensive and manufacturing industries sec-
tor, which includes iron and steel, non-ferrous metals, non-metallic
materials and chemicals, experiences the largest reduction in energy
use and emissions of CO, and air pollutants. The electricity sec-
tor, which consumes primarily coal, experiences the second largest
reduction. Oil use in transportation is less affected: it has a lower CO,
emissions factor compared to coal, and has few cost-effective substi-
tutes. As policy stringency increases, the CO, price increases from
US$26ton~" with a 3% Policy to US$132ton™" with a 5% Policy in
2030. Emissions of CO, in the 4% Policy case are projected to peak
in 2025 at 11.5 Gt, and are estimated to peak in 2020 at 10.6 Gt under
the 5% Policy. Emissions trajectories are shown for all cases in Fig. 2a.
Regionally, simulated changes in consumption, energy use and
CO, emissions under the 4% Policy compared to the No Policy
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scenario vary widely across China’s provinces (Supplementary Fig. 3).
Substantial CO, emissions reductions in both relative and absolute
terms occur in Shanxi, Guizhou and Inner Mongolia (by 51%, 43%
and 35%, respectively), largely in the mining and energy-intensive
manufacturing sectors, reflecting abundant low-cost opportunities to
improve coal use efficiency in provinces with a large share of energy-
intensive industry and high energy intensity. Economic impacts in
terms of changes in consumption are also larger in these provinces
because their coal production accounts for a large share of provincial
GDP. Importantly, the provincial distribution of policy costs depends
on the initial allocation of emissions allowances®. In our policy simu-
lation, CO, emissions allowances are initially distributed according to
2010 emissions and increased over time in proportion to provincial
GDP. Projected co-benefits could provide a basis for adjusting this
allocation across provinces to limit uneven impacts.

National-level impacts of climate policy on pollutant reduc-
tions vary widely. We focus on sulfur dioxide (SO,), nitrogen
oxides (NO,) and ammonia (NH;), which combine in the atmo-
sphere to form inorganic PM,;, as well as black carbon (BC) and
primary organic carbon (OC) (see Fig. 2b-f). Climate policies lead
to the largest reductions in SO, and NO, because these emissions
are closely associated with coal combustion, the energy type most
impacted by policy. Under the 4% Policy, we find a 25% reduction
in SO, and a 19% reduction in NO, in 2030 relative to the No Policy
scenario. Climate policies have a limited effect on NH; because
>80% of NH, is emitted from the agricultural sector.

The No Policy scenario in 2030 has a national population-
weighted annual average PM,; concentration of 70.1pgm=.
Relative to No Policy levels in 2030, PM,; concentration falls by
4.7% under the 3% Policy, 12% under the 4% Policy and 19% under
the 5% Policy (these levels represent an increase of 21%, 12% and
3.5% relative to 2010, respectively; see Fig. 3). Modest changes in
national population-weighted PM,; mask large variation in pro-
vincial impacts. Comparing Fig. 3a,b, air quality in central China
degrades more than in other regions, as projected economic growth
rates, reflected in government plans, are higher. Climate policies
therefore deliver larger air quality benefits in this region (Fig. 3c—e).
Coal consumption centres, including Shanxi and Guizhou, experi-
ence greater air quality improvements than other provinces, with
population-weighted PM, ; reduced by 17%. By contrast, the most
populated eastern regions experience less improvement. Larger
shares of light industry and services in these economies limit CO,
reduction opportunities from more energy-intensive sectors. These
economies also have higher pre-existing energy efficiency, making
incremental CO, reductions relatively costly. Under the 4% Policy,
population-weighted PM, ; decreases by 14-15% in urban Beijing,
Tianjin and Hebei, and decreases 10-11% in coastal Jiangsu,
Zhejiang, Fujian and Guangdong, relative to 2030 levels in the No
Policy scenario (Supplementary Fig. 3).

At the national level in 2030, total premature mortalities in the
No Policy scenario total >2.3 million, and projected PM, ; reductions
result in ~36,000, 94,000 and 160,000 avoided premature mortalities
in the 3% Policy, 4% Policy and 5% Policy scenarios, respectively,
using exposure-response relationships from the Global Burden of
Disease (GBD) study”’. Estimated avoided premature deaths in 2030
under the 4% Policy scenario are more than an order of magnitude
higher than those estimated for the US Clean Power Plan in 2030*.
Avoided mortalities using alternative exposure-response relation-
ships are provided in Supplementary Table 5. Health co-benefits
in the 4% Policy scenario are 3.7 times larger than policy costs if
international estimates are used for health valuation, while co-
benefits offset 26% of policy costs using recent Chinese estimates
(see discussion in Methods). Monetized values of health co-benefits
(before considering policy cost) vary widely across provinces, from
USS$1.6 billion in Ningxia to US$53.7 billion in Guangdong in the
4% Policy scenario (Supplementary Table 5).
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Discussion

The set of relationships affecting health co-benefits from climate
policy in each province, denoted by subscript i, is captured by the
relationship in equation (1). Each ratio in equation (1) is governed
by nonlinear, interacting processes. The monetary value of health
co-benefits changes (in percentage terms) AHCB, due to policy is
affected by associated changes in mortality (AM,), relationships
between mortality and PM, ; changes, APM,;,, the concentration-
response relationship, PM, ; reductions delivered as a result of CO,
emissions reduction (ACO,;), and CO, emissions reduction associ-
ated with changes in energy use (AE)). At the national level, these
relationships are illustrated in Fig. 4a for varying policy stringency,
and in Fig. 4c by province for the 4% Policy scenario. The relation-
ship between economic cost and avoided health damages by prov-
ince is shown in Fig. 4b.

AHCB; AM; APM,; ACO,;
AHCB, = x 0 A% e
i APM,;;  ACO,, AE;
APM, 5 ; APM, . Aprecursors,
i_ 5, ,
ACO,;  Aprecursors, ACO,; @)
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As shown in Fig. 4a, the relative reduction of population-
weighted PM, ; at the national level in each scenario is less than pro-
portional to the associated CO, reduction. Equation (2) captures a

critical step that explains this. 2™25: depends on relative changes in
ACO

the inorganic precursors that comlz))’ine to form PM, ;: SO,, NO, and
NH,;. Complexes of ammonium nitrate and ammonium sulfate are
important components of PM, ;. Climate policy reduces SO, pro-
portionally more than NH;, because the former is co-emitted with
CO, from power plants and industrial facilities, while the latter is
primarily emitted from agricultural sources. NO, is reduced pro-
portionally less than SO, because NO, is emitted from vehicles as
well as power plants, and vehicles are less impacted by the policy.
Thus, as policy stringency increases, SO, falls most, NO, falls mod-
erately and NH, falls least, with this ratio varying across provinces.
Although the relative sulfate reduction is nearly proportional to CO,
reduction, the relative nitrate reduction is much lower. Co-benefits
from the reduction of sulfate-nitrate—ammonium aerosols account
for 87% of total PM, s co-benefits. The contribution from BC and
primary OC is lower because their emissions are mostly from bio-
mass burning, which is not directly affected by a climate policy that
targets CO,. Secondary organic aerosols are not included in this
analysis as their main precursors (volatile organic compounds) are
only slightly targeted by the policy (2-10%), and secondary organic
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aerosols only account for about 5% of Chinese annual mean PM, ; in
GEOS-Chem (for example, see Fu et al.*). Moreover, GEOS-Chem
resolves major Chinese urban centres in 6-8 grid boxes, which may
dilute localized poor air quality, affecting projected health effects.
For the United States, however, Thompson et al." found that calcu-
lated benefits were robust to the resolution selected.

To illustrate the influence of chemical interactions, and because
NH; projections are uncertain, we conduct GEOS-Chem simula-
tions with NH, emissions constant at 2010 levels, around 46% of
that in the No Policy scenario in 2030. Results show that limiting
the NH, increase results in a further 12.3% reduction in population-
weighted PM, ; under the 4% Policy scenario. Co-benefits in PM,
concentrations under the 4% Policy fall from 12% to 9.7% if NH,
emissions are kept at 2010 levels because of reduced co-benefits
from nitrate. This exercise illustrates the importance of accounting
for and controlling NH; as a complementary and even synergistic
measure alongside climate policy, as suggested by earlier studies?”*.

The relationship between changes in CO, and anthropogenic
PM, ; at the provincial level is shown in Fig. 4c. Although SO, and
NO, emissions are reduced nearly in proportion to CO, emissions,
the reduction in anthropogenic PM, ; is smaller, mainly because of
the relatively small change in NH; emissions and the limited avail-
ability of SO, and NO, oxidants. In addition, we find variation in
this relationship across provinces, which reflects regional varia-
tions in the composition of the energy system and abatement costs,
pollutants and resulting chemistry, and transport of air pollutants
from neighbouring provinces. For example, Beijing, the national
capital and a populous urban centre with limited coal-intensive
industry, reduces CO, emissions and anthropogenic PM, ; by 19%
and 18% respectively under the 4% Policy scenario. This relatively
large reduction in anthropogenic PM, ; follows from the fact that
the least-cost CO, abatement opportunities pursued under the
policy also reduce SO, emissions from its few remaining sources.
As a result, Beijing has larger net benefits per capita (Fig. 4b). By
contrast, the reduction in anthropogenic PM,; in Shanxi is only
23% despite reducing CO, emissions by 51%. This nonlinearity is
largely due to local atmospheric chemistry: a limited decrease in
nitrate concentration in response to the 45% decline of NO, emis-
sions. Considering total PM, ;, including contributions from non-
anthropogenic sources such as dust, relative changes correlate even
less with CO, reductions (see Supplementary Fig. 5 for provincial
results comparing anthropogenic and total PM, ;).

At the national level, avoided mortality rises as policy stringency
increases, as shown in Fig. 4a, but its relative increase is lower than
for PM, ;. Nevertheless, avoided mortality translates into net health
co-benefits that rise faster than policy costs. Net co-benefits based on
an international value of statistical life (VSL) approach are projected
to be US$138.4 billion in the 3% Policy scenario (US$173.1 billion in
health co-benefits minus US$34.7 billion in costs), US$339.6 billion in
the 4% Policy scenario (US$464.5 billion in health co-benefits minus
US$125.0 billion in costs) and US$534.8 billion in the 5% Policy sce-
nario (US$790.7 billion minus US$255.9 billion). Coal represents a
large initial share of the energy mix, and remains the marginal fuel
reduced by climate policy over the range of policy stringency con-
sidered. Reducing coal use, which continues with increasing policy
stringency, brings large reductions in co-emitted pollutants.

Our framework could readily be extended to study the impact
of other policies and technologies on a wide range of sustainability
outcomes. For instance, it could be used to consider the air qual-
ity co-benefits of other climate policies (such as renewable energy
subsidies) or to study the climate co-benefits of air quality policies,
which would require augmenting the model with the costs of air
pollution control technologies. Our framework could further be
extended to capture other unintended consequences of policy, such
as impacts on agriculture and water supplies, allowing for more
holistic analysis of sustainability impacts.
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Implications for climate and sustainability policy. Air qual-
ity improvement is a valuable co-benefit of carbon pricing that
increases with policy stringency in China. Even without consider-
ing the social cost of carbon®, a measure of direct benefits of climate
policy per ton of CO, abated, health co-benefits can outweigh policy
costs to households. This is relevant for other developing nations,
especially those that rely on coal with limited end-of-pipe pollu-
tion control. As China has formally announced plans to introduce
a national emissions trading system, our results suggest that such
a system covering many energy-intensive sectors could have large
aggregate benefits, providing a powerful incentive for adoption, but
uneven local impacts. Our results show that even a modest CO,
price would yield substantial net health co-benefits, while tighten-
ing policy over the range considered here would increase them. We
also note that the CO, price itself will not achieve Chinese ambi-
ent air quality standards® with an annual average limit of 35 pgm=
in 2030; further end-of-pipe control and reduction of pollution
from non-combustion sources, such as NH;, will be needed. Our
framework further reveals the difficulties associated with balanc-
ing coverage of a large area to maximize cost-effective abatement
against the recognition that concomitant air quality improvements
will not always occur where potential health benefits are greatest.
Policymakers should therefore consider how carbon policy and air
quality control policy interact when formulating new proposals.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41593-017.
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Methods

C-REM. C-REM is a global general equilibrium model that resolves China’s
economy and energy system at the provincial level, including production,
consumption, interprovincial and international trade, energy use and emissions
of CO, and local pollutants. Several previous analyses have used C-REM

to evaluate China’s energy and climate policy'*. The model represents 30
provinces in mainland China in detail and divides the rest of the world into four
regions (United States, Europe, other developing countries and other developed
countries). In China, the model represents production, intermediate input

flows, consumption, interprovincial trade and energy based on China’s Regional
Input-Output Tables* (for 2007) and Energy Balance Tables*. Global energy and
economic flows for regions other than China and China’s international imports
and exports are parameterized using the 8th release of the Global Trade Analysis
Project data (GTAP)*. The primary inputs to production in the dataset include
labour, capital and natural resources, with endowments denominated in 2007
USS$. To prepare inputs for C-REM, we aggregate commodities into four energy
sectors and nine non-energy composites (Supplementary Table 1). Based on
general equilibrium theory*, the model is formulated using the mathematical
programming subsystem MPSGE in GAMS* and solved at five-year intervals
through to 2030. A detailed description of the C-REM model structure and
assumptions is provided in Zhang et al.'® for a static version of the model and Luo
et al.”” for the dynamic version of the model (with the latter used in the present
study). To enable a clear comparison of carbon pricing between the business-as-
usual (No Policy) and policy scenarios, without its interactions with other policy
and technology uncertainties, we do not explicitly model scenarios that vary
assumptions on future technological changes or policies that will affect China’s
development of non-fossil fuel energy (for example, renewable feed-in-tariff
adjustments), natural gas (such as expansion of shale gas usage and increased
imports of liquified natural gas) and the electrification of transportation

(a subsidy for electric vehicles, for example). To represent ongoing improvements
in energy efficiency unrelated to energy price changes, we assume in all scenarios
an autonomous energy efficiency improvement rate of 1.7% per year in China
following Zhang et al.”*. The autonomous energy efficiency improvement rate is
applied to all production sectors and household final demand as an exogenous
trend for all provinces. The No Policy scenario through to 2015 is calibrated to
historical observations”, while projections for future periods reflect economic
growth assumptions in the Thirteenth Five-Year Plan (2016-2020) and related
documents describing the growth trajectories of individual provinces as discussed
in Luo et al."”. C-REM specifies factor endowments in the base year, labour
productivity and population growth rate, but treats economic responses to policies
endogenously. Policy is imposed as a constraint on CO, intensity that results in

a shadow price on CO,, increasing the relative cost of CO,-intensive production.
Responses to policy are reflected in changes in sectoral outputs, GDP and welfare.
Elasticity values in constant-elasticity-of-substitution production functions, which
are used to represent technologies and define substitution possibilities among
inputs, mediate the extent of these adjustments'.

Emissions projections. Provincial-level CO, and pollutant emissions are
computed based on projected energy use and economic activity, multiplied by
emissions factors. We compute emissions factors for CO, and pollutant species
SO,, NO,, NH;, BC and OC in 2007 by province, sector and energy type. We only
consider CO, emissions from energy combustion, because China’s commitment

in the Paris Agreement and related policies are primarily targeted at industry-
related CO, emissions. Emissions factors for CO, from combustion are estimated
following IPCC guidelines*. GHG emissions from non-combustion processes

are not considered primarily because they are not the focus of the study (which

is to illustrate quantification of co-benefits using the example of energy-related
co-benefits of CO, mitigation) but also because of a lack of accurate data sources
and mitigation cost information for China. On pollutants, we divide provincial
pollution quantities reported in the REAS inventory* by the corresponding
sectoral energy use (for combustion emissions) or activity level (for non-
combustion emissions) in C-REM. To ensure consistency in the attribution of
emissions between REAS and C-REM, sectors in REAS are aggregated to match the
sectors in C-REM. The aggregation consolidates the detailed energy types in REAS
into the four energy sectors in C-REM and maps the industrial sectors in REAS
into the four C-REM industrial sectors, which include construction (CON), energy
intensive industries (EIS), other manufacturing industries (MAN) and metal/
non-metal mineral mining (OMN). Supplementary Table 2 illustrates how sectors
in REAS are mapped to those in C-REM. For each sector, REAS divides sources
into two categories—combustion and non-combustion—for example, 87% of SO,
comes from combustion sources (mostly due to the use of fossil fuels as production
input) and 13% from non-combustion sources, while only 0.4% of NH, comes
from combustion sources and 99.6% from non-combustion sources. For each
sector, we associate combustion emissions with energy use by type and the non-
combustion emissions to the activity level (projected quantity of economic output).
We divide the emissions quantities in REAS by C-REM model outputs in 2007 to
yield emissions factors specific to each pollutant for each economic sector and each
province in 2007. Emissions factors due to use of coal in the electricity (ELE) sector
are generally smaller than in the other industrial sectors, such as MAN, because

the ELE sector in China has access to coal of better quality (that is, a higher heating
value and lower sulfur content).

To update the REAS emission inventory in 2007 for more recent years,
we calibrate the emissions factors for 2010 and 2015 using available data. The
calibration in 2010 is conducted by scaling the emissions factors in this particular
year to match national totals in the MEIC inventory”. An exception is the
emissions factor for NH,, which we scale to match the data in Streets et al.”, and
we apply an additional 30% reduction, as recommended by Kharol et al., to better
match observations. The calibration for 2015 is conducted by scaling the emissions
factors to match the extrapolated trend for 2015 defined by the observations for
2010 and 2012 in MEIC, since 2015 data are not yet available. Emissions factors
for SO,, NO,, NH,, BC and OC in 2015 are 77%, 72%, 57%, 56% and 53% of their
respective levels in 2007.

To account for technology improvement in end-of-pipe solutions that are
exogenous to climate policy in China, we assume that emissions factors in all
scenarios continue to decrease after 2015. To simulate the evolution of emissions
factors over time, we adopt the methodology in Webster et al.*, in which emissions
factors are estimated to decline exponentially in time to match the decreasing
historical trend observed in 15 developed countries. The trend parameter
(exponential decay constant) of each pollutant is listed in Supplementary Table 3.
SO, has a slightly faster decay rate compared to other species, reflecting the
aggressive deployment of sulfur scrubbers on new power plants. In addition, we
assume that the emissions factors related to biomass burning, which contributes
substantially to BC and OC, will also have a faster decay rate than other pollutants
to represent stricter enforcement of banning the burning of crop residuals in
rural areas. This decline in the emissions factors is meant to capture efficiency
improvement in end-of-pipe controls for air pollutants, for example, newer sulfur
scrubbers may have better removal efficiency, and not to capture accelerated
adoption of tailpipe control technologies by the industry that may be triggered by
environmental regulations. Emissions factors (tons of SO, and NO, per ton of coal
use) in 2030 in our study remain higher than current factors for the United States.
For example, the emissions factor of SO, in the electricity sector in 2030 in our
study is 10% higher than the aggregate US emissions factor in 2015, and that of
NO, is four times the level of the United States in 2015*>*. In this study, to isolate
co-benefits, we assume that climate policies do not trigger accelerated adoption
of end-of-pipe control technologies as policies target only CO, emissions. We
conducted three additional simulations to examine the sensitivity of emissions in
the No Policy scenario to emissions factor changes (refer to Supplementary Fig. 1
and associated discussion).

GEOS-Chem. GEOS-Chem is a global three-dimensional chemical transport
model driven by assimilated meteorological data from the Goddard Earth
Observation System (GEOS) of the NASA Global Modeling and Assimilation
Office (GMAO) (http://www.geos-chem.org/). The aerosol simulation in
GEOS-Chem represents an external mixture of secondary inorganic aerosols,
carbonaceous aerosols, sea salt and dust aerosols coupled with gas-phase chemistry.
For this work, we use version 9-01-03 of GEOS-Chem with a horizontal resolution
of 0.5°x 0.667° in East Asia*. It has 47 vertical layers from surface to 80 km with
14 layers in the lowest 2km and a surface layer of 130 m. For our simulations, we
corrected errors in night-time mixing depth using the methodology suggested in
Walker et al.””. Additionally, we reduce the HNO, concentration used as input for
thermodynamic gas and particle partitioning by 25% at each time step to avoid the
overproduction of nitrate, following Heald et al.*".

To validate the GEOS-Chem simulation of PM, ;, we compiled an
observational dataset from available publications that includes annual
measurements of sulfate, nitrate and ammonium, BC, OC and total PM, ; from
25 sites in China taken between 2005 and 2010*-"', and compared with simulated
concentrations from 2007 or 2010 (whichever year was closer). For sulfate,
nitrate and ammonium aerosols, we obtained additional measurements at 26
sites from the Acid Deposition Monitoring Network in East Asia (EANET) in
2010, 25 of which are outside China but within our simulation domain. GEOS-
Chem generally reproduces the spatial distribution of ambient concentrations
of different aerosol species with correlation coefficient (r) between annual mean
concentrations of model simulations and observations >0.6 (Supplementary
Fig. 2 and Supplementary Table 4). Simulated sulfate and nitrate aerosols are
underestimated by about 30%, and BC and OC are underestimated by about
40%, which altogether contribute to an underestimation of total PM, ; by 13%
(Supplementary Table 4). The difficulties for atmospheric chemistry models
in capturing high concentrations of PM, ; especially in urban areas have been
discussed extensively in the literature (for example, see Wang et al.”*), and can
be caused by missing emissions, formation pathways such as in the case of
secondary organic aerosols™ or spatial heterogeneity in emissions, meteorology
and chemistry. Since the major PM, ; co-benefits we found in this study are
within sulfate-nitrate—ammonium aerosols, co-benefits could be underestimated
considering these biases in simulated inorganic aerosols. However, these biases
are comparable to or better than biases found in other studies that assess
nonlinearities in inorganic aerosol chemistry (for example, Holt et al.”* and
Kharol et al.”’), and suggest our model is doing as well as possible given the
current state of science.
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To calculate air quality co-benefits of climate policies, we conducted five
GEOS-Chem simulations; one for the 2010 base year, and four scenarios in 2030
(No Policy and three climate policy scenarios). Gridded emissions of SO,, NO,, BC
and OC in 2010 are generated by scaling gridded REAS emissions in 2007 for each
province according to emissions outputs from C-REM model in 2007 and 2010.

As mentioned above, we use gridded emissions of NH; in 2000 from Streets et al.””
with a 30% reduction® as gridded emissions in 2010. Gridded emissions in 2030
for all scenarios are scaled by province based on emission outputs from C-REM in
2010 and 2030 as described above, reflecting changes in economic structure and
patterns of energy use as they evolve over time and adjust in response to policy.
The spatial distribution of emissions within provinces does not change over time.

Each simulation is one year long with a six-month spin-up period, and the
same meteorological fields for the year 2010 are used in all simulations. We alter
only the anthropogenic emissions in China according to C-REM outputs, while
emissions in the rest of the world are kept unchanged. PM, ; concentrations
reported here are calculated as the sum of sulfate, nitrate, ammonium, BC, OC and

dust concentrations following equation (3):

PM, ;= 1.33% (SO, + NIT +NH,) + BC

+1.8x (OCPO + 1.16 X OCPI) ®)
+1.86X SALA + DST1 4+ DST2x 0.38

Where SO,, NIT and NH, represent sulfate-nitrate—ammonium aerosols, OCPO
and OCPI represent hydrophobic and hydrophilic organic carbon, and SALA
represents accumulation mode sea salt. DST1 and DST2 represent dust with size
bins of 0.2-2.0 and 2.0-3.6 pm in diameter, respectively. DST2 is multiplied by
0.38 to reflect the mass fraction of PM, ; in DST2 assuming a log-normal size
distribution. To convert dry aerosol concentrations from GEOS-Chem outputs to
observed PM, ;, which is often under a relative humidity of 35%, scaling factors of
1.33, 1.16 and 1.86 are used for sulfate-nitrate—ammonium, hydrophilic organic
carbon and sea salt aerosols, respectively. We use a conversion ratio from OC to
organic matter of 1.8 based on measurements in Chinese cities. Anthropogenic
PM, ; concentrations are the sum of sulfate, nitrate, ammonium, BC and OC.
Secondary organic aerosols are not included in the PM, ; calculation. We report
anthropogenic and total PM, ; changes by province in Supplementary Fig. 5.

Health impacts and valuation. We calculate avoided premature deaths associated
with reduction in total PM, ; atmospheric concentrations using the 2010 GBD
exposure-response relationships, covering the range of levels of global exposure to
PM, ;*. We also use the Environmental Benefits Mapping and Analysis Program-
Community Edition (BenMAP-CE)* to provide two additional estimates of
avoided premature deaths (one using an exposure-response function estimated
from Chinese data, and one using an exposure-response function based on US
data). For nearly all provinces, the BenMAP-CE results bound the GBD estimate.
In five provinces (Guangdong, Fujian, Shanghai, Hainan, Fujian and Xinjiang), the
GBD estimate is higher than both BenMAP-CE results, and for Shaanxi it is lower,
but all are still within the same order of magnitude.

Following the GBD study, premature mortality due to five disease categories
including acute lower respiratory illness (ALRI), chronic obstructive pulmonary
disease (COPD), cerebrovascular disease (CEV), ischemic heart disease (IHD) and
lung cancer (LC) attributed to ambient PM, ; in 2010 and 2030 was estimated from

equation (4) as follows:

AMort =y X pop X (1-1/RR) 4)

where y, is the baseline mortality rate for each disease, pop is the population of either
children younger than 5years (ALRI) or adults older than 30years (COPD, CEV, IHD,
and LC) and RR is the relative risk, which is calculated from the exposure response
function based on the Ambient Air Pollution Risk Model in the 2010 GBD Study”’.

The 2010 GBD exposure-response relationships, documented in
Burnett et al.”, incorporate epidemiological studies of passive and active smokers
to account for high PM, ; concentrations similar to those observed in China.
COPD and CEV have different exposure response functions by age group with
five-year intervals. We reported median mortality results using 1000 sets of RR
values from Monte Carlo simulations.

Baseline mortality rates for each disease and each age group were obtained
from the World Health Organization Statistics and Health Information System™.
Gridded population in 2010 was accessed from the Columbia University Center
for International Earth Science Information Network (CIESIN) with a spatial
resolution of 0.5°x 0.5°. Populations by country and by age group in 2010
and 2030 are taken from the United Nations World Population Prospects (2015
revision, median fertility scenario)®. We assume spatial distribution of population
is unchanged in 2030.

We used BenMAP-CE to provide two additional estimates of avoided
premature deaths. BenMAP-CE is an open-source program designed by the US
EPA and collaborators that calculates health impacts based on changes in air
pollutant concentrations, baseline incidence of a health effect, population data and
a health effect coefficient that relates a change in air pollutant concentration with

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

a change in incidence™. Vorhees et al.* provide a proof-of-concept methodology
for using BenMAP-CE to perform health impact assessments on China, as well
as documentation of the China data included in BenMAP-CE. We used baseline
incidence and projected 2030 population data included in the China setup of
BenMAP-CE. We used two all-cause mortality health effect coefficients from
two epidemiological studies: Cao et al.®?, which provides an exposure-response
relationship based on Chinese data for adults older than 40 years, and

Krewski et al.*’, which provides an exposure-response relationship based on US
data for adults older than 30 years.

Mortality valuations are based on the US EPA methodology and estimates for
the VSL, the suggested value of which is US$7.75 million®. Methods for calculating
the VSL and a review of resulting estimates can be found in Viscusi et al.*”. The
VSL for each Chinese province is based on the ratio of GDP per capita in 2030
relative to GDP per capita in 2007, similar to the procedure in Shindell et al.':

VSL = VSLy,, X (pcGDP2007,,,. / pcGDP2007,

)04 ®)

HP

XpcGDP203 / pcGDP2007,

Ockp HP
where pcGDP,y;;, and pcGDP, represent GDP per capita in 2007 (or 2030) for
each Chinese province and the US, respectively. Income elasticity of the VSL with
respect to per capita GDP is set to be 0.4%.

For comparison, we also calculate co-benefits using a VSL based on Chinese
data®, which corresponds to a year 2007 VSL of US$165,600 with an income
elasticity of 0.42. Calculated health benefits using this VSL are US$12.1 billion,
US$32.6 billion and US$55.6 billion in the 3% Policy, 4% Policy and 5% Policy
cases, respectively.

Code availability. The code for data analysis and plotting can be accessed at http://
svante.mit.edu/~mwli/Li_and_Zhang 2018.

Data availability. The modelling results and data can be accessed at http://svante.
mit.edu/~mwli/Li_and_Zhang 2018.
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