Downloaded at China Agricultural Univ Lib on November 9, 2020

Check for
updates

The quest for improved air quality may push China to
continue its CO, reduction beyond the

Paris Commitment

Jia Xing®®1, Xi Lu*>®'®, Shuxiao Wang®"2(®, Tong Wang®®, Dian Ding®®, Sha Yu‘®, Drew Shindell®®, Yang Ou®®,
Lidia Morawska®, Siwei Li?, Lu Ren®?, Yugiang Zhang®®, Dan Loughlin®, Haotian Zheng®®, Bin Zhao", Shuchang Liu®®,

Kirk R. Smith'3®, and Jiming Hao®"

8School of Environment, State Key Joint Laboratory of Environment Simulation and Pollution Control, Tsinghua University, 100084 Beijing, People’s
Republic of China; PState Environmental Protection Key Laboratory of Sources and Control of Air Pollution Complex, 100084 Beijing, People’s Republic of
China; “Joint Global Change Research Institute, Pacific Northwest National Laboratory, College Park, MD 20740; 9Nicholas School of the Environment, Duke
University, Durham, NC 27708; °US Environmental Protection Agency, Research Triangle Park, NC 27711; finternational Laboratory for Air Quality and
Health, Queensland University of Technology, Brisbane City, QLD 4001, Australia; 9School of Remote Sensing and Information Engineering, Wuhan
University, 430079 Wuhan, China; Ppacific Northwest National Laboratory, Richland, WA 99352; 'Global Environmental Health, University of California,
Berkeley, CA 94720; and !Collaborative Clean Air Policy Centre, 110003 New Delhi, India

Edited by John H. Seinfeld, California Institute of Technology, Pasadena, CA, and approved August 27, 2020 (received for review July 5, 2020)

China is challenged with the simultaneous goals of improving air
quality and mitigating climate change. The “Beautiful China” strat-
egy, launched by the Chinese government in 2020, requires that all
cities in China attain 35 pg/m? or below for annual mean concen-
tration of PM, s (particulate matter with aerodynamic diameter
less than 2.5 pm) by 2035. Meanwhile, China adopts a portfolio
of low-carbon policies to meet its Nationally Determined Contri-
bution (NDC) pledged in the Paris Agreement. Previous studies
demonstrated the cobenefits to air pollution reduction from imple-
menting low-carbon energy policies. Pathways for China to
achieve dual targets of both air quality and CO, mitigation, how-
ever, have not been comprehensively explored. Here, we couple
an integrated assessment model and an air quality model to eval-
uate air quality in China through 2035 under the NDC scenario and
an alternative scenario (Co-Benefit Energy [CBE]) with enhanced
low-carbon policies. Results indicate that some Chinese cities can-
not meet the PM, 5 target under the NDC scenario by 2035, even
with the strictest end-of-pipe controls. Achieving the air quality
target would require further reduction in emissions of multiple air
pollutants by 6 to 32%, driving additional 22% reduction in CO,
emissions relative to the NDC scenario. Results show that the in-
cremental health benefit from improved air quality of CBE exceeds
8 times the additional costs of CO, mitigation, attributed particu-
larly to the cost-effective reduction in household PM, s exposure.
The additional low-carbon energy polices required for China’s air
quality targets would lay an important foundation for its deep
decarbonization aligned with the 2 °C global temperature target.
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hina is facing serious air pollution problems, particularly for

ambient PM, 5 (particulate matter with aerodynamic diam-
eter less than 2.5 pm) which has harmful effects on human health
(1-3). To protect human health, strengthened air pollution
control policies were recently implemented in China targeting
35 pg-m > or less for all cities by 2035 (4). The Action Plan on
Prevention and Control of Air Pollution, released in 2013, has
resulted in noticeable reductions in urban ambient PM, s con-
centrations (5, 6). In 2018, however, China’s national PM, s
standard of 35 pg-m™ annual average was exceeded in 217 of
China’s 338 cities at the prefecture or higher level, not to men-
tion exceedance of the World Health Organization (WHO)
guideline (annual mean PM, 5 concentration <10 pg-m~>). A big
challenge for future improvement is that advanced end-of-pipe
control technologies have already been widely applied in electric
and industrial sectors (7, 8). For example, over 90% of coal-fired
power plants had installed end-of-pipe control technologies by
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2018 (8). Therefore, the potential for further reductions using
end-of-pipe control measures might be limited, and implementa-
tion of low-carbon energy policies to constrain total energy con-
sumption and promote a transition to clean energy is expected to
be an inevitable option for further reducing air pollution (9).
The impacts of climate change on humans and ecosystems have
also received considerable attention in China over the past few
decades, and strategies for mitigating these impacts have been
adopted (10). In 2016, China officially signed its Nationally Deter-
mined Contribution (NDC) in the Paris Commitment, which
pledges for CO, emissions per unit of GDP in 2030 to fall by 60 to
65% compared to 2005. A big concern arises as to whether China
will continue its carbon reduction even under a pessimistic inter-
national situation after the US withdrawal from the Paris Agree-
ment in 2019. Previous studies (11-18) have suggested that climate
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Pathways for China to achieve its dual targets of air quality and
CO, mitigation in 2035 were investigated through a newly
developed evaluation framework coupling integrated assess-
ment and air quality models. Results indicate that the low-
carbon energy policies, traditionally regarded as a primary re-
sult of climate mitigation, are likely driven more by the efforts
on air quality attainment in China. To achieve air quality at-
tainment in China could lead to more reduction in CO, emis-
sions than its Nationally Determined Contribution. In addition,
stronger low-carbon policies will bring significant benefits to
public health via improvements in air quality. This study also
provides a valuable reference for other developing countries to
address their duel challenges of climate change and air
pollution.
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mitigation-oriented low-carbon energy policies can result in a re-
duction in air pollution.

Therefore, there is a question as to whether China needs the
application of low-carbon energy technologies and fuels to meet
its air quality target. Such synergy is important, since many de-
veloping countries (e.g., China, India) are currently experiencing
serious air pollution problems, and reducing air pollution is
typically a more pressing national concern than climate mitiga-
tion (19). This could lead to continuous reductions in CO,
emissions even under a pessimistic international situation for
mitigating climate change.

Here, we project future air quality attainment in China through
2035, assess the CO, reduction cobenefits associated with attain-
ing the ambient PM, s standards, and evaluate the health and
climate impacts associated with air quality attainment-oriented
energy policies. We accomplish this by coupling an integrated
assessment model [GCAM, the Global Climate Assessment
Model (20)], tuned with a detailed bottom-up emission inventory
(21), and an air quality model [CMAQ, the Community Multiscale
Air Quality model (22)] to evaluate future air quality and CO,
emissions, and an integrated exposure—response (IER) model to
evaluate the health effects due to the long-term ambient O3 and
both ambient and household PM, 5 exposures in China. This in-
tegrated approach captures the nonlinearities among energy,
emissions, concentrations, and health, thus allowing us to assess
the cobenefits of air quality attainment on protecting health and
mitigating CO, in an internally consistent framework.

This study investigates future emissions of air pollutants and
CO,; in China under three future pathways with different con-
siderations of two energy scenarios and two end-of-pipe control
levels (Table 1). We first designed the NDC—current legislation
(CLE) pathway to represent the CO, intensity reduction targets
outlined by China’s NDC to meet the Paris Commitment (23),
with CLE level of end-of-pipe controls. This pathway represents
the current ongoing energy policies and end-of-pipe control
measures to be conducted in China following CLE. For the pur-
pose of air quality attainment, we first designed the NDC—max-
imum feasible reduction (MFR) pathway to represent the same
ongoing energy policies as the NDC—-CLE scenario, but with
MFR level realized by end-of-pipe controls. Additionally, to
achieve the air quality attainment in 2035, we also introduce the

CBE—-MFR pathway, in which low-carbon energy policies beyond
the NDC requirements are implemented (i.e., the cobenefit en-
ergy scenario [CBE]) with the MFR level of end-of-pipe controls.

Both energy scenarios are projected under the same future
socioeconomic assumptions (SI Appendix, Text S1), and their
assumptions about low-carbon energy policies for the industry,
building (i.e., residential and commercial), transportation, and
electric sectors are detailed in SI Appendix, Texts S2-S5, re-
spectively. As presented in Fig. 14, the total energy uses in NDC
and CBE in 2035 are estimated to be 150 and 126 exajoules (EJ),
respectively. These values represent increases of 24% and 4%,
respectively, from 2015, driven by the future growth of the
economy and population (SI Appendix, Fig. S1). The total CO,
emissions in NDC and CBE are estimated as 11.3 and 8.8 Gt,
respectively, in 2035. Two levels of end-of-pipe control are ap-
plied to the electricity, industry, transportation, and building and
non—energy-related sectors, which are detailed in SI Appendix,
Texts S6-S9. The emission factors for PM, 5, NOx (in terms of
NO,), and SO, have been greatly reduced with the application of
end-of-pipe controls in 2035, compared to 2015 (Fig. 1B). Note
that the removal efficiencies of control technologies are less than
50% for domestic and agricultural sectors, which are difficult to
control. The challenge to reducing the future emissions includes
the continuous growth of activities (Fig. 14), as well as limited
reduction potentials of end-of-pipe control measures (Fig. 1B).
For example, the end-of-pipe controls cannot be feasibly applied
to domestic stoves. There are still over 200,000 industrial boilers
which cannot be well controlled because current available
end-of-pipe control techniques for small boilers have relatively
lower SO, and NOx removal efficiency compared with power
plants. In addition, the NMVOCs (nonmethane volatile organic
compounds) and NHj; emissions are very hard to control by
current available end-of-pipe control technologies.

Results and Discussion

China Cannot Achieve Its Air Quality Targets in the NDC Scenarios.
Along the same NDC energy pathway, emissions of all air pol-
lutants are projected to decrease evidently in the next decade due
to end-of-pipe control measures in both NDC-CLE and
NDC-MFR scenarios (Fig. 2). Given CLE (NDC-CLE), the
emissions in 2035 of SO,, NOx, NMVOCs, NH3;, PM, 5, and BC

Table 1. Design of future projection of air pollutant and CO, emissions

Pathway Energy scenario End-of-pipe control levels
(1) NDC-CLE Baseline scenario which considers only CO, intensity reduction to CLE"
meet the Paris Commitment*
(2) NDC-MFR Same as energy scenario in NDC—-CLE. MFR¥
(3) CBE-MFR Cobenefit energy scenario with implementation of low carbon MFR*

policies related to energy conservation (e.g., improvement of energy

efficiency)®

*The NDC scenario refers to the CLE of energy policies and plans conducted in China. Such an NDC scenario has a relatively conservative CO, target, as it only
requires a peak in CO, emissions before 2030 and this has already been implemented in current Chinese plans. Following Fawcett et al. (23), we set the CO,
emissions to peak in 2030 at about 12 Gt (excluding agriculture and land use) and decrease by 4.5% every 5y after 2030.

At the CLE level, we assume that only the currently existing control policies are in place, including the Three-Year Action Plan for Winning the Blue Sky War
from 2018 to 2020 and the 13th Five-Year Plan during 2015-2020. For example, the ultralow emission standard will be applied for all existing coal-fired units
nationwide, and newly built coal-fired units in eastern China will be required to have emission rates equivalent to those of gas-fired units (S/ Appendix, Text
S6). Furthermore, the ultralow emission standard will be implemented for key industries, including iron and steel, cement, plate glass, coking, nonferrous
metal, and bricks (S/ Appendix, Text S7). Strengthened emission standards are also applied to the transportation sector, reducing total emissions from the
transport fleet despite growing travel demand (S/ Appendix, Text $8). Advanced, low-emissions stoves will replace traditional household coal and biomass
heating and cooking stoves in the commercial and household sector (S/ Appendix, Text S9).

*At the MFR level, all of the feasible control policies will be applied to realize the maximal application of end-of-pipe controls. For example, desulfurization
and denitrification efficiencies in coal-fired power plants reach their highest levels (99.0% and 91.5%, respectively) (S/ Appendix, Text S6); maximal appli-
cation rates of advanced desulfurization, denitrification, and dedusting technologies are also applied in the industrial sector (S/ Appendix, Text S7); and
advanced stoves with low emissions are fully adopted to replace traditional bulk coal and biomass use in the buildings (S/ Appendix, Text S9).

5The CBE scenario is designed for air quality attainment only, with no further constraints from the long-term climate goals (i.e., to meet the 2 °C global
temperature target set out by Paris Agreement).
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(B) compared with that in 2015.

(Black Carbon) will be reduced by 62%, 51%, 33%, 16%, 61%,
and 83%, respectively, relative to 2015 levels. Such substantial
reductions indicate the effectiveness of air pollution controls un-
der current policies, even though energy consumption and CO,
emissions will continue to increase (24). With the maximal ap-
plication of end-of-pipe controls (NDC-MFR), all pollutant
emissions are further reduced, particularly NH; and NMVOCs
resulting from more effective controls on solvent use and on NHj;
livestock and agriculture-related sources (SI Appendix, Text S9).
The reductions in SO, (17%), NOx (17%), PM, s (19%), and BC
(20%) in MFR relative to CLE can be realized by upgrading ul-
tralow emission standards in all thermal power units, industrial
boilers, and the building material industry.

Although the end-of-pipe control technologies will continue to
play an important role in reducing the emission of air pollutants,
there is limited potential for additional end-of-pipe applications.
As demonstrated in Fig. 2, the effectiveness of end-of-pipe
controls (i.e., percent reduction from CLE to MFR; see red bar
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The energy consumption in units of exajoules (EJ) and CO, emissions of two energy scenarios (A) and emission factors in two end-of-pipe control levels

in Fig. 2) on SO,, PM, 5, and BC decreases from 26%, 24%, and
39% in 2020 to 17%, 19%, and 20%, respectively, in 2035, im-
plying reduced potential of the end-of-pipe control measures and
their decreased effectiveness for achieving long-term air
quality targets.

As seen in Fig. 3 A and B, most Chinese cities exhibit substantial
decreases in PM, 5 concentrations from 2015 to 2035 with maxi-
mum end-of-pipe controls. The number of nonattainment cities
among 338 Chinese cities of prefecture level or higher is reduced
from 258 in 2015 to 81 under NDC-CLE, and further, to 21,
under NDC—MFR. However, there are still 3 (of 11), 4 (of 17),
and 9 (of 17) cities in Hebei, Henan, and Shandong provinces,
respectively, that cannot meet the national standard under
NDC-MFR (Fig. 3D), which affects a total population of ~92.8
million. Apparently, the NDC scenarios cannot ensure that China
fully attains the ambient PM, s standards even with the most
stringent end-of-pipe controls (NDC-MFR). More importantly,
the climate change penalty (considering the impacts of future
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meteorology change on air pollution) could bring in additional
challenge for air quality attainment, which requires even more
strengthened emission reductions (25). The “Beautiful China”
target (i.e., all cities in China achieving the annual concentration
of PM,5 below 35 pg/m’ in 2035) (4) would require more ag-
gressive low-carbon energy policies than those in the NDC
scenarios.

Air Quality Attainment-Oriented Energy Policies Bring Additional CO,
Mitigation. The ambient air quality attainment-oriented energy
policies in CBE are compared to the NDC scenario in terms of
their influences on energy use and air pollutant and CO, emis-
sions under the MFR end-of-pipe level (Fig. 4). Energy policies
on both energy structure adjustment and energy conservation are
considered in CBE. First, relative to NDC, the energy structure
adjustment in CBE will lead to a higher share of renewable
energy (+45% change from NDC) and natural gas (+21%
change from NDC), and less coal (-16% from NDC) and oil
(—=10% from NDC). The share of renewable energy increases
slightly more than natural gas. That is due primarily to the sharp
decrease of capital cost for the renewable energy application in
electric sector (26). The switch in the energy type to natural gas
is mostly driven by the industrial sector, particularly from the
steel, building material, nonferrous metal, coke, petrochemical,
and chemical industries (SI Appendix, Text S2). The natural gas
allows faster replacement of coal in industrial sectors (e.g., for

4 of 8 | www.pnas.org/cgi/doi/10.1073/pnas.2013297117

heating supply) than renewable energy. Coal use is also signifi-
cantly reduced in the electric sector, accompanied with a large
increase of gas and nonfossil energy consumption due to the high
electricity demands from end-use sectors (SI Appendix, Text S5).
Enhancing the implementation of clean heating technologies,
such as central heating systems, electricity (e.g., electric induc-
tion stoves for cooking and heat pumps for heating), distributed
gas, geothermal heat, solar energy, and industrial waste heat,
leads to a substantial reduction in the use of coal in the building
sector (SI Appendix, Text S3). Those options in the building
sector contribute a small fraction of the total reduction of energy
use, but lead to a large share of the reduction in air pollution
emissions. In total, the energy structure adjustment can result in
reduction of PM, 5, SO,, NOx and BC emissions by 3%, 19%),
11%, and 20%, respectively, in 2035 compared to the NDC
scenario, and the reduction is mainly achieved through fuel-
switching measures in the industrial and building sectors
(Fig. 4C). Additionally, CO, emissions are simultaneously re-
duced by 0.8 Gt (7%) in 2035 relative to the NDC scenario
(Fig. 4E), and the industrial sector is the largest contributor for
such a reduction. Noticeable contributions to CO, reductions
also come from the transportation sector through the following
mechanisms: promoting public transportation and bicycles to
limit the growth of service demands for small passenger vehicles,
encouraging the replacement of freight service demands from

Xing et al.
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the left/right of each bar.

on-road transport to railroad and water transport, and promot-
ing clean and new-energy vehicles (SI Appendix, Text S4).

The additional energy conservation policies in the CBE sce-
nario can reduce total energy use by 18% from the NDC sce-
nario (Fig. 4B). Such reduction in energy use will come mainly
from the industrial sector, by limiting total industrial production
and promoting energy intensity improvements to the level of the
best available technologies with high efficiency (SI Appendix,
Text S2). The reduced energy use in the electric sector is asso-
ciated with the decreased electricity demand and improved ef-
ficiency of electricity generation (SI Appendix, Text S5).
Considerable reduction of energy use in the building and trans-
portation sectors can also be realized by improving the fuel
economy, promoting clean and new-energy vehicle technologies,
and eliminating outdated vehicles (SI Appendix, Text S4), as well
as by improving architectural design standards and promoting
advanced service technologies with high energy efficiency (SI
Appendix, Text S3). The aggregated effectiveness of low-carbon
energy policies (including both energy structure adjustment and
energy conservation) in the CBE scenario can result in consid-
erable reductions in the emissions of PM, 5 (22%), SO, (34%),
NOx (25%), BC (28%), and CO, (22%) beyond the NDC sce-
nario in 2035 (Fig. 4 D and F). The effectiveness of energy
policies increases from 2020 to 2035, exhibiting an opposite
trend to that of end-of-pipe controls, implying its increasing
importance in achieving the long-term air quality target (SI
Appendix, Text S10).

Xing et al.

Table 2 presents a matrix of future changes in air pollutant
and CO, emissions under different combinations of energy sce-
narios and end-of-pipe control levels in 2035 compared with
2015. The low-carbon energy policies in CBE—~MFR can further
reduce the emissions of SO,, NOx, NMVOCs, PM, 5, and BC to
22%, 30%, 46%, 25%, and 10% relative to the 2015 levels (set as
1). Such emission reductions allow all of the cities in China to
achieve the attainment target for PM, 5 in 2035 (Fig. 3 C and D,;
the only five nonattainment cities under CBE—MFR are all lo-
cated in western China, dominantly because of the impacts of
windblown dust). The average PM, s concentration in China’s
338 cities is reduced from 49.6 pg-m™ in 2015, to 21.7 pg-m™ in
2035 NDC-MFR, and 18.4 pg-m~ in 2035 CBE-MFR. In ad-
dition, the substantial emission reduction in CBE—MFR can also
allow all China’s 338 cities at the prefecture or higher level to
achieve the ozone (Os;) attainment target (i.e., the 90th per-
centile of daily 8-h maximum concentrations <160 pg-m~, about
75 parts per billion [ppb]) in 2035 (SI Appendix, Fig. S33). O3 has
recently become another concern for air pollution in most Chi-
nese cities (27).

The implementation of stronger low-carbon energy policies in
the CBE scenario, which can achieve attainment of the PM, 5
standards, results in a substantial additional reduction in CO,
emissions (about 2.51 Gt or by 22%) relative to the NDC sce-
nario. In addition, the CBE scenario will lead to additional re-
duction in methane (CH4) emissions, equivalent to 0.17 Gt-
equivalent CO, (CO,-eq), primarily from avoiding methane
leakage from coal mining, which outweighs the increased fugitive
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Table 2. Total national emissions of air pollutants and CO, in 2035 relative to 2015 (= 1) in China

Year Scenario SO, NOx NMVOCs NH3 PM, 5 BC CO, CO,e*
2015 1 1 1 1 1 1 1 1
NDC—CLE 0.38 0.49 0.67 0.84 0.39 0.17 1.102 1.097
2035 NDC—MFR 0.32 0.40 0.49 0.76 0.32 0.14 1.105 1.099
CBE—MFR 0.22 0.30 0.46 0.76 0.25 0.10 0.860 0.862
AEOP' -0.06 -0.09 -0.18 -0.08 -0.07 -0.03 +0.003* +0.0028
AENEY (2) -0.10 -0.10 -0.03 — -0.07 -0.04 —0.245 -0.237

*CO,e (CO, equivalent) includes CO,, CH,4, and BC, weighted by global warming potential over a 20-y time horizon from the Intergovernmental Panel on

Climate Change Fifth Assessment Report (54).

TAEOP represents the control effectiveness of further end-of-pipe applications in reducing emissions, by taking the differences between NDC-CLE and

NDC-MFR.

*The pathway involving strengthening of the end-of-pipe control applications will slightly increase the energy consumption and consequently lead to an

increase in CO, emissions (S/ Appendix, Text S11).

$The end-of-pipe control measures (e.g., manure management) for reducing NH; can slightly reduce CH, emissions (S/ Appendix, Text S9), but still less than
the increased CO,, due to the extra energy consumption of end-of-pipe control applications.
YAENE represents the control effectiveness of low-carbon energy policies in reducing emissions, by taking the differences between NDC—MFR and CBE-MFR.

CH, from natural gas systems (SI Appendix, Text S12). In total,
the CBE scenario would bring an additional reduction by 2.68 Gt
CO»-eq in emissions of greenhouse gases from the NDC scenario
in 2035. Compared to NDC, the stronger low-carbon energy
policies in CBE required by the air quality targets in China en-
courage more usage of renewable energy and natural gas in the
short term. Future decreases in the usage of natural gas and the
promotion of renewable energy, particularly in the industrial
sector, can be further considered in evaluating longer-term im-
pacts in addition to those reported here (28).

Stronger Low-Carbon Energy Policies Bring Greater Health Benefits
than the Associated Costs. At the national level, ~158,000 pre-
mature deaths can be avoided annually (Fig. 5 4 and B) in China,
owing to the decrease of PM, 5 concentrations from NDC-MFR
to CBE-MFR, primarily in three densely populated provinces
(Henan, Shandong, and Hebei). Additionally, the decline of O3
concentration will avoid about 12,000 premature deaths annu-
ally. This implies the important cobenefits of low-carbon energy
policies in improving air quality and protecting human health in
the future. About 77% of total PM, s-related health benefits
come from the reduction of household PM, s exposure (SI Ap-
pendix, Fig. S34), indicating the great benefit of low-carbon en-
ergy policies (e.g., cleaner energy for cooking and heating) in
reducing the indoor exposure in addition to the ambient PM; 5
exposure (21, 29). Implementation of low-carbon energy policies
also allows other provinces to simultaneously avoid air pollution-
related premature deaths and reduce CO, (Fig. 5C). In total, the
implementation of low-carbon energy policies (CBE) could lead
to a human health benefit equivalent to ~890 billion Chinese
Yuan (CNY), assuming a value of statistical life (VSL) of 5.24
million CNY. Such monetized benefit exceeds by 8§ times the
costs associated with the policy implementation (Fig. 5D), not
considering additional climate benefits. The air pollution-related
premature death rate is still significant even after achieving the
current air quality standard in China (35 pg/m® for PM, 5 annual
average). Under the CBE—MFR in 2035, the premature mor-
talities attributed to PM, 5 and O3 are estimated to be 584,000
and 74,000, respectively. To further improve the air quality to the
WHO guidance (10 pg/m3 for PM, 5 annual average), more
strengthened energy policies by promoting renewable energy will
be required.

Developing countries such as China and India face challenges
from both air pollution and climate change. Low-carbon energy
policies will play an important role in addressing both challenges.
The current state of the Paris Treaty is subject to uncertainty due
to weak international cooperation and US withdrawal. However,
an air quality target such as the “Beautiful China” strategy is a
national goal that is very likely to be met. Our results demonstrate
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that, along with the increasing requirements on air quality in
China, low-carbon energy policies are necessary to further reduce
air pollutant emissions, considering the narrowing reduction po-
tential from end-of-pipe technology applications. The national
cost—benefit analysis suggests that such low-carbon energy policies
can have great potential in reducing PM, s-related health benefits,
particularly from the reduction of household PM, 5 exposure with
relatively low cost. This study reveals that the implementation of
air quality attainment plans would result in greater CO, reduc-
tions than China’s NDC scenario. The results also provide an
important reference for other emerging countries such as India to
deal with their dual challenges of climate mitigation and air quality
improvement.

Methods

Emission Projection. We used the GCAM-China model to project the future
CO, and air pollutant emissions under different energy scenarios coupled
with end-of-pipe control levels. GCAM-China is a version of GCAM with
detailed representation of China including 31 provinces, allowing estimation
of economic, energy, and emissions impacts at the provincial resolution (30).
The GCAM model (20) has been widely applied for projections of future
energy and climate (2, 31-34). The emission factors used for estimating CO,
emissions are obtained from the Carbon Dioxide Information Analysis Cen-
ter. The base year of the GCAM-China model is 2010. We calibrated the
GCAM-China estimated energy consumption for the years of 2010 and 2015.
We ran the model through 2035, using 5-y time steps.

The original air pollutant emissions representations in GCAM-China are
relatively coarse, with limited differentiation at the technological level. This
study coupled GCAM-China with emission estimations based on a detailed
bottom-up emission inventory developed at Tsinghua University (ABaCAS-EI)
(21), with detailed representations of the air pollutant-related sectors and
technologies, localized emission factors, and end-of-pipe control technolo-
gies. We mapped the sectors and technologies in GCAM-China with those in
ABaCAS-El to estimate the air pollutant emissions for SO,, NOx, NMVOC,
NHs, PM, 5 and BC.

Air Quality Assessment. This study used the CMAQ model (version 5.2) de-
veloped by US Environmental Protection Agency (EPA) (22) to simulate the
hourly concentrations of PM, 5 and O3 in 2015 and 2035 for the three sce-
narios defined in Table 1. The CMAQ simulations were conducted over China
domain with 27 x 27 km grid cells, using a 2015 meteorology field driven by
the Weather Research and Forecasting Model (version 3.7). The model’s
performance in reproducing the PM,s and O3 concentrations has been
evaluated in Ding et al. (5, 35) in comparison with ground-observed con-
centrations. Both the mean fractional biases (MFB; —14.2% for PM,s
and —-11.1% for O3) and the mean fractional errors (MFE, 21.6% for PM, 5
and 17.0% for Os) meet the US EPA recommended benchmark (MFB
within +60% and MFE within 75%) (36).

The data were analyzed based on the 90th percentile of daily 8-h maxima
for Oz and annual mean of 24-h average for PM, 5, to be consistent with the
index used in air quality standard in China. Following the method reported
in earlier studies (5, 37), the simulated baseline concentrations in 2015 were
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Fig. 5. Benefits of low-carbon energy policies in reducing air pollution-related premature death and CO, emissions in 2035. (A and B) PM, s-related pre-
mature death in 2035 under CBE-MFR (A) and its change due to the low-carbon energy policies (NDC—MFR minus CBE-MFR) (B); (C) comparison of the
avoided PM, s-related premature death and CO, reduction in 31 provinces; the top five provinces with highest PM, s concentrations in 2015 are shown in
orange (NDC—MFR minus CBE—MFR); (D) the monetized health benefits and associated cost of low-carbon energy policies (NDC—MFR minus CBE—~MFR). The
error bar in air quality represents the 95% Cl. The associated costs represent the social costs of implementing low-carbon energy policies of CBE relative to
NDC. On a per ton of CO; basis, the associated cost is estimated at 15 US dollars (USD), which is comparable but slightly lower than that reported in other
studies (52, 53), due to different low-carbon energy policies applied in this study. The transition rate of USD to CNY is based on an exchange rate of 1:7.

fused with the observation data of each site obtained from the China Na-
tional Environmental Monitoring Center (106.37.208.233:20035/) using the
gradient-adjusted Voronoi neighbor averaging method. The change in PM, 5
and O3 concentrations in future years (e.g., 2035) was calculated based on
the change ratios resulting from simulation and the data-fused baseline
concentrations.

Health Effect Estimate and Valuation. In this study, we evaluated the health
effects due to long-term O3 exposure as well as both ambient and household
PM, s exposure. Derived by epidemiological studies, the excess mortality
related to air pollution can be calculated by using the relative risk model
method (38-42), as follows:

AY = Yy x AF x Pop, [1]

where AY is an attributable case of health endpoint related to PM, s or O3
exposure; Yy is the baseline incidence rate; Pop is the population; and AF =
1 - 1/RR is the attributable fraction, where RR is the relative risk for specific
health endpoint.

For estimating health effects due to PM, s exposure, we used an IER model
that covers the global range of exposure (43) and updated it with recent
epidemiological studies and statistical techniques (3). The IER model has
been adopted by the 2015 Global Burden of Disease (GBD) study to estimate
global PM,s-related mortality. The RR in the IER model was calculated
through

RR@Z)=1+a x <1 - e/”(z’z‘f)'). [21

where z is the PM, 5 concentration; zcf is the theoretical minimum risk expo-
sure level; and o, B, and y are the parameters that refer to the US EPA’s
Benefits Mapping and Analysis Program - Community Edition (BenMAP-CE)
v1.4 (44). The zcf is in a uniform distribution with lower/upper bounds of 2.4
and 5.9 pg/m>. With the IER model, we calculate and add up the mortality for
five causes of death: ischemic heart disease, cardiovascular disease, lung can-
cer, chronic obstructive pulmonary disease, and lower respiratory infections.
The PM, 5 exposure is estimated in the following ways. The integrated
population-weighted exposure (IPWE) (45) was used to evaluate the total

Xing et al.

exposure to PM, 5. IPWE is the sum of population-weighted exposure (PWE)
to both AAP (ambient air pollution) and HAP (household air pollution).
PWE s4p and PWE4p are calculated as follows:

1
PWE4ap = ,—,Z(Pi x G) [31
7
1
PWEnap = P Z (Pijk X HAP; k) [4]
igk

where P; is population in the grid i, j refers to the urban or rural area, and k
is the household fuel category (coal or biomass). We combined the LandScan
dataset and county-level urban/rural populations from Chinese statistics (46)
to get the distribution of population of each category. We use the same
HAP;, values for year 2015 and 2035 as our previous studies (21). The HAP of
coal and biomass are 38 and 223 pg/m? for urban population, while they are
117 and 250 pg/m? for rural population.

For estimating health effects due to Os exposure, we refer to the research of
Turner et al. (47). It suggested that significant positive associations remained
between Os and all-cause mortality (hazard ratio per 10 ppb, 1.02; 95% Cl,
1.01 to 1.04). We calculated daily 8-h maximum O3 and appropriately averaged
it to match the metric used in the study. All-cause mortality exposure to O3
was estimated. The threshold is assumed to be 35 ppb.

The annual Chinese national cause-specified mortality rates were
obtained from the GBD results tool (ghdx.healthdata.org/gbd-results-tool).
The future baseline mortality rates in 2035 were based on the projections
from the International Futures model version 7.45 base scenario (https:/
pardee.du.edu/access-ifs). The city-level population was obtained from the
1 km x 1 km LandScan population dataset (48) adjusted by the population
from the China statistical yearbook (49). The prediction of future total
population in 2035 is discussed in S/ Appendix, Text S1, and the population
structure (the sex and age distribution) was projected to 2035 based on the
cohort component method applying the PADIS-INT (International edition of
Population Administration and Decision Information System) software de-
veloped by China Population and Development Research Center (www.
padis-int.org/). We apply the monetary value of a VSL to quantify the eco-
nomic benefits related to air quality improvement (50). The VSL of 5.24 (95%
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Cl,

3.51 to 6.98) million CNY estimated through a choice experiment survey

with willingness-to-pay method (51) is used to monetize the health benefits.

Data Availability. All study data are included in the article and S/ Appendix.

ACKNOWLEDGMENTS. This work was supported, in part, by National Key R
& D program of China (Grant 2018YFC0213805), National Natural Science
Foundation of China (Grants 21625701, 41907190, 51861135102, 71722003,

1.

N

5]

o

20.

2

=

22.

23.

24.

25.

26.

M. H. Forouzanfar et al.; GBD 2013 Risk Factors Collaborators, Global, regional, and
national comparative risk assessment of 79 behavioural, environmental and occupa-
tional, and metabolic risks or clusters of risks in 188 countries, 1990-2013: A systematic
analysis for the Global Burden of Disease Study 2013. Lancet 386, 2287-2323 (2015).

. J. Lelieveld, J. S. Evans, M. Fnais, D. Giannadaki, A. Pozzer, The contribution of out-

door air pollution sources to premature mortality on a global scale. Nature 525,
367-371 (2015).

. A. J. Cohen et al., Estimates and 25-year trends of the global burden of disease at-

tributable to ambient air pollution: An analysis of data from the Global Burden of
Diseases Study 2015. Lancet 389, 1907-1918 (2017).

. X. Lu et al., Progress of air pollution control in China and its challenges and oppor-

tunities in the ecological civilization era. Engineering, 10.1016/j.eng.2020.03.014
(2020).

. D.Ding, J. Xing, S. Wang, K. Liu, J. Hao, Estimated contributions of emissions controls,

meteorological factors, population growth, and changes in baseline mortality to re-
ductions in ambient PM 2.5 and PM 2.5-related mortality in China, 2013-2017. Envi-
ron. Health Perspect. 127, 067009 (2019).

. Q. Zhang et al., Drivers of improved PM, s air quality in China from 2013 to 2017. Proc.

Natl. Acad. Sci. U.S.A. 116, 24463-24469 (2019).

. B. Zheng et al., Trends in China’s anthropogenic emissions since 2010 as the conse-

quence of clean air actions. Atmos. Chem. Phys. 18, 14095-14111 (2018).

. China Electricity Council (CEC), China Power Industry Annual Development Report

2019. www.cec.org.cnfyaowenkuaidi/2019-06-14/191782.html. Accessed 15 October
2019.

. S.Wang, B. Zhao, Y. Wu, J. Hao, Target and measures to prevent and control ambient

fine particle pollution in China. China Environmental Management 7, 37-43 (2015).

. K. R. Smith et al., “Human health: Impacts, adaptation, and co-benefits” in Climate

Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral
Aspects. Contribution of Working Group Il to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, C. B. Field, et al., Eds. (Cambridge
University Press, 2014), pp. 709-754.

. J. J. West et al., Co-benefits of mitigating global greenhouse gas emissions for future

air quality and human health. Nat. Clim. Chang. 3, 885 (2013).

. H. Dong et al., Pursuing air pollutant co-benefits of CO2 mitigation in China: A

provincial leveled analysis. Appl. Energy 144, 165-174 (2015).

. M. Li et al., Air quality co- benefits of carbon pricing in China. Nat. Clim. Chang. 8, 398

(2018).

. X. Yang, F. Teng, The air quality co-benefit of coal control strategy in China. Resour.

Conserv. Recycling 129, 373-382 (2018).

. A. Woodward et al., Population health impacts of China’s climate change policies.

Environ. Res. 175, 178-185 (2019).

. K. He et al., Co-benefits from energy policies in China. Energy 35, 4265-4272 (2010).
. W. Peng, J. Yang, F. Wagner, D. L. Mauzerall, Substantial air quality and climate co-

benefits achievable now with sectoral mitigation strategies in China. Sci. Total Envi-
ron. 598, 1076-1084 (2017).

. Z. Lu et al., Carbon dioxide mitigation co-benefit analysis of energy-related measures

in the air pollution prevention and control action plan in the Jing-Jin-Ji region of
China. Resour. Conserv. Recycl. 1, 100006 (2019).

. N. Petrovic, J. Madrigano, L. Zaval, Motivating mitigation: When health matters more

than climate change. Clim. Change 126, 245-254 (2014).
K. Calvin et al,, GCAM v5.1: Representing the linkages between energy, water, land,
climate, and economic systems. Geosci. Model Dev. 12, 677-698 (2019).

. B. Zhao et al., Change in household fuels dominates the decrease in PM, s exposure

and premature mortality in China in 2005-2015. Proc. Natl. Acad. Sci. U.S.A. 115,
12401-12406 (2018).

K. W. Appel et al, “Overview and evaluation of the community multiscale air quality
(cmaq) modeling system version 5.2. Air pollution modeling and its application.” in
Air Pollution Modeling and Its Application XXV, C. Mensink, G. Kallos, eds. (Springer,
2018), pp. 69-73.

A. A. Fawcett et al., CLIMATE POLICY. Can Paris pledges avert severe climate change?
Science 350, 1168-1169 (2015).

International Energy Agency, “Energy and Air Pollution: World Energy Outlook
Special Report 2016” (Rep. WEO-2016, International Energy Agency, 2016).

S. Liu et al., Understanding of aerosol—climate interactions in China: Aerosol impacts
on solar radiation, temperature, cloud, and precipitation and its changes under fu-
ture climate and emission scenarios. Curr. Pollut. Rep. 5, 36-51 (2019).

G. He et al, Rapid cost decrease of renewables and storage accelerates the de-
carbonization of China’s power system. Nat. Commun. 11, 1-9 (2020).

8 of 8 | www.pnas.org/cgi/doi/10.1073/pnas.2013297117

71974108, and 71690244), the Energy Foundation, and the Samsung Ad-
vanced Institute of Technology. S.W. acknowledges support from the Ten-
cent Foundation through the XPLORER PRIZE. This work was completed on
the “Explorer 100" cluster system of Tsinghua National Laboratory for Infor-
mation Science and Technology. Discussions within the Big Questions pro-
gram of the Australia-China Centre for Air Quality Science and Management
helped to develop a vision for this work. The views and opinions expressed in
this paper are those of the authors alone.

27.

28.

29.

30.

3

=

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

K. Seltzer, D. Shindell, C. Malley, Measurement-based assessment of health burdens
from long-term ozone exposure in the United States, Europe, and China. Environ. Res.
Lett. 13, 104018 (2018).

H. MdJeon et al, Limited impact on decadal-scale climate change from increased use
of natural gas. Nature 514, 482-485 (2014).

W. Meng et al., Energy and air pollution benefits of household fuel policies in
northern China. Proc. Natl. Acad. Sci. U.S.A. 116, 16773-16780 (2019).

S. Yu et al., CCUS in China’s mitigation strategy: Insights from integrated assessment
modeling. Int. J. Greenh. Gas Control 84, 204-218 (2019).

. V. Chaturvedi, J. Eom, L. E. Clarke, P. R. Shukla, Long term building energy demand

for India: Disaggregating end use energy services in an integrated assessment mod-
eling framework. Energy Policy 64, 226-242 (2014).

L. Wang et al., Win-win strategies to promote air pollutant control policies and non-
fossil energy target regulation in China. Appl. Energy 163, 244-253 (2016).

W. Shi et al., Projecting state-level air pollutant emissions using an integrated as-
sessment model: GCAM-USA. Appl. Energy 208, 511-521 (2017).

Y. Ou et al., Estimating environmental co-benefits of U.S. low-carbon pathways using
an integrated assessment model with state-level resolution. Appl. Energy 216,
482-493 (2018).

D. Ding, J. Xing, S. Wang, X. Chang, J. Hao, Impacts of emissions and meteorological
changes on China’s ozone pollution in the warm seasons of 2013 and 2017. Front.
Environ. Sci. Eng. 13, 76 (2019).

H. Simon, K. R. Baker, S. Phillips, Compilation and interpretation of photochemical
model performance statistics published between 2006 and 2012. Atmos. Environ. 61,
124-139 (2012).

J. T. Kelly et al., A system for developing and projecting PM2.5 spatial fields to cor-
respond to just meeting National Ambient Air Quality Standards. Atmos. Environ. X 2,
100019 (2019).

F. Dominici, A. McDermott, S. L. Zeger, J. M. Samet, On the use of generalized ad-
ditive models in time-series studies of air pollution and health. Am. J. Epidemiol. 156,
193-203 (2002).

N. Fann, C. M. Fulcher, K. Baker, The recent and future health burden of air pollution
apportioned across U.S. sectors. Environ. Sci. Technol. 47, 3580-3589 (2013).

H. Kan, B. Chen, Particulate air pollution in urban areas of Shanghai, China: Health-
based economic assessment. Sci. Total Environ. 322, 71-79 (2004).

H. Kan et al., Season, sex, age, and education as modifiers of the effects of outdoor
air pollution on daily mortality in Shanghai, China: The Public Health and Air Pollu-
tion in Asia (PAPA) Study. Environ. Health Perspect. 116, 1183-1188 (2008).

Y. Shang et al., Systematic review of Chinese studies of short-term exposure to air
pollution and daily mortality. Environ. Int. 54, 100-111 (2013).

R. T. Burnett et al., An integrated risk function for estimating the global burden of
disease attributable to ambient fine particulate matter exposure. Environ. Health
Perspect. 122, 397-403 (2014).

J. D. Sacks et al, The Environmental Benefits Mapping and Analysis Program -
Community Edition (BenMAP-CE): A tool to estimate the health and economic ben-
efits of reducing air pollution. Environ. Model. Softw. 104, 118-129 (2018).

K. Aunan, Q. Ma, M. T. Lund, S. Wang, Population-weighted exposure to PM, s pol-
lution in China: An integrated approach. Environ. Int. 120, 111-120 (2018).

National Bureau of Statistics, National Sample Survey of 1% of the Population in 2015
(China Statistics Press, Beijing, China, 2016).

M. C. Turner et al., Long-term ozone exposure and mortality in a large prospective
study. Am. J. Respir. Crit. Care Med. 193, 1134-1142 (2016).

E. A. Bright, A. N. Rose, M. L. Urban, Landscan 2015. Part2015. https:/landscan.ornl.
gov/landscan-datasets. Accessed 13 October 2020.

National Bureau of Statistics of China, China Statistical Yearbook 2015 (China Sta-
tistics Press, Beijing, China, 2015) (in Chinese).

WHO Regional Office for Europe, Economic Cost of the Health Impact of Air Pollution
in Europe: Clean Air, Health and Wealth (WHO Regional Office for Europe, 2015).
D. Huang, H. Andersson, S. Zhang, Willingness to pay to reduce health risks related to
air quality: Evidence from a choice experiment survey in Beijing. J. Environ. Plann.
Manage. 61, 2207-2229 (2017).

Liang et al., Air quality and health benefits from fleet electrification in China. Nat.
Sustain. 2, 962-971 (2019).

R. Revesz et al., Best cost estimate of greenhouse gases. Science 357, 655 (2017).
Intergovernmental Panel on Climate Change, Climate Change Synthesis Report (In-
tergovernmental Panel on Climate Change, 2014).

Xing et al.


https://remoteworkplacedr.epa.gov/lookup/suppl/doi:10.1073/pnas.2013297117/-/,DanaInfo=www.pnas.org,SSL+DCSupplemental
https://remoteworkplacedr.epa.gov/yaowenkuaidi/2019-06-14/,DanaInfo=www.cec.org.cn+191782.html
https://remoteworkplacedr.epa.gov/,DanaInfo=landscan.ornl.gov,SSL+landscan-datasets
https://remoteworkplacedr.epa.gov/,DanaInfo=landscan.ornl.gov,SSL+landscan-datasets
https://remoteworkplacedr.epa.gov/cgi/doi/10.1073/,DanaInfo=www.pnas.org,SSL+pnas.2013297117

