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ABSTRACT: Serious ambient PM2.5 and O3 pollution is one of the
most important environmental challenges of China, necessitating an
urgent cost-effective cocontrol strategy. Herein, we introduced a novel
integrated assessment system to optimize a NOx and volatile organic
compound (VOC) control strategy for the synergistic reduction of
ambient PM2.5 and O3 pollution. Focusing on the Beijing−Tianjin−
Hebei cities and their surrounding regions, which are experiencing the
most serious PM2.5 and O3 pollution in China, we found that NOx
emission reduction (64−81%) is essential to attain the air quality
standard no matter how much VOC emission is reduced. However, the
synergistic VOC control is strongly recommended considering its
substantially human health and crop production benefits, which are
estimated up to 163 (PM2.5-related) and 101 (O3-related) billion CHY
during the reduction of considerable emissions. Notably, such benefits will be greatly reduced if the synergistic VOC reduction is
delayed. This study also highlights the necessity of simultaneous VOC and NOx emission control in winter while enhancing the NOx
control in the summer, which is contrary to the current control strategy adopted in China. These findings point out the right
pathways for future policy making on comitigating PM2.5 and O3 pollution in China and other countries.
KEYWORDS: PM2.5, O3, synergistic control pathway, response surface model, integrated assessment

■ INTRODUCTION

Attaining the air quality specified by the “Beautiful China”
strategy1 has become the most urgent and important task for
air management in China. Although the air quality in China
has significantly improved since the implementation of the Air
Pollution Prevention and Control Action Plan from 2013 to
2017,2 the concentration specified by the National Ambient
Air Quality Standard (NAAQS) for annual fine particulate
matter with an aerodynamic diameter ≤2.5 μm (PM2.5) of 35
μg/m3 (GB 3095-2012) is still distant,3 especially in the
Beijing−Tianjin−Hebei (BTH) region (64 μg/m3 in 2017).4

Furthermore, ozone (O3) pollution has become increasingly
prominent in 338 Chinese cities, 32.3% of which exceeded the
national standard (>160 μg/m3) in 2017. Additionally, the
average 90th percentiles of the daily maximum 8 h average
(MDA8) O3 concentration increased by 24.5% in BTH from
2013 to 2017.1 Therefore, an integrated control strategy needs
to be urgently optimized to achieve both O3 and PM2.5 air
quality improvements in China.
Previous studies have mostly focused on revealing the

complex photochemical interactions5−8 between PM2.5 and O3,
which raised concerns about the simultaneous reduction of
both pollutants. From the environmental management aspect,
the crucial question about how to present the collaborative
control measures for addressing the couplings between PM2.5

and O3 is still unanswered. The emission of precursors is surely
the most significant factor affecting PM2.5 and O3 concen-
trations, as demonstrated by the long-term trend of O3 in
Beijing,9 which is completely attributed to the changes in NOx
and volatile organic compound (VOC) emissions. Another
challenge comprises the optimization of NOx and VOC
precursor emissions to effectively reduce PM2.5 and O3
concentrations, particularly for O3 as it strongly depends on
the relative changes of NOx and VOC in addition to the
absolute changes.10 Some studies have emphasized the
importance of VOC reduction in urban areas, which usually
exhibit strong VOC sensitivity.11−13 Additionally, another
study determined that NOx reduction can also decrease the
peak O3 levels due to the NOx-sensitive regime during peak O3
hours in the metropolitan region.14,15 The short-term control
strategy can be analyzed based on the current O3 formation
sensitivity in the region. However, to substantially reduce O3
concentrations, the NOx emissions as well as, or instead of,
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VOCs need to be controlled,16 which was also verified by the
O3 pollution control in the United States. This implies that the
short-term optimal control strategy is likely to be inconsistent
with the long-term control demand. Further, although they
may be effective in reducing O3 in short-term, the unified and
fixed emission control ratios of VOCs and NOx with a wide
range that have been proposed by many studies13,17−19 are
unrealistic and neglect the discrepancies across the regions and
seasons as well as the future dynamic changes in atmospheric
chemistry with emission control. Thus, the design of a
reasonable control pathway by combining the control require-
ments of different time periods is problematic. Only a few
studies have analyzed the control path combined with the cost
optimization.20 However, due to the limitations of existing
methods, optimizing the control strategy directly based on the
pollutant’s concentration changes is difficult. This may be the
reason why few previous studies have considered air quality
attainment and environmental benefits, especially health
benefits. To address the abovementioned limitations, this
study aimed to answer the crucial question of how to wisely
optimize NOx and VOC controls to attain the air quality
standards and maximize the associated health and ecological
benefits in China.
Herein, we developed a novel integrated assessment system

to optimize the NOx and VOC control strategies for the
synergistic reduction of ambient PM2.5 and O3 pollution. The
BTH and surrounding regions are currently experiencing the
most serious PM2.5 and O3 pollution in China. Therefore, the
target region of this study comprises the 2+26 cities in the
BTH and surrounding regions (the 2+26 cities were first
mentioned in the 2017 Air Pollution Prevention and
Management Plan, which was released by the China Ministry
of Environmental Protection, including Beijing, Tianjin, and 26
surrounding cities; details can be found in Table S1 and Figure
S1). The novel integrated assessment system combines a
detailed bottom-up emission inventory, an emission-concen-
tration response surface model (RSM), a least-cost optimiza-
tion model, and an associated benefit assessment model. This
system affords high efficiency in predicting the real-time
response of air quality to emission changes, and the
simultaneous estimation of the associated cost and benefit
enables the selection of an optimized control strategy from
numerous options. Details of the methods and data are
provided in the following sections.

■ METHODS
Model Simulation Setups. This study adopted the

Community Multiscale Air Quality (CMAQ) model v5.221

to simulate the PM2.5 and O3 concentrations. One-way and
double-nesting simulation domains were employed (Figure
S1). The parent domain covers mainland China and the
portions of the surrounding countries with a grid resolution of
27 km × 27 km. The nested domain covers the BTH and
surrounding regions with a grid resolution of 9 km × 9 km.
Furthermore, we employed Carbon Bond 622 gas-phase
chemistry and the AERO6 aerosol module.23 The anthro-
pogenic emission data of BTH and surrounding regions were
obtained from the 2016 Multiresolution emission inventory for
China with 0.1° × 0.1° resolution24 (data from 2017 were
unavailable at the beginning of the simulation). Figure S2
shows the major air pollutant emissions of the 2+26 cities.
Biogenic emissions were generated using the Model for
Emissions of Gases and Aerosols from Nature version 2.04.25

A 5 day spin-up was performed to reduce the influence of
initial conditions. The meteorology fields for CMAQ were
generated using the Weather Research and Forecasting model
(WRF) version 3.8.26 The detailed configuration is present in a
previous study.2

The simulation period was the entire year of 2017. We
compared the meteorological parameters simulated by the
WRF model to the observational data downloaded from the
National Climatic Data Center and compared the hourly PM2.5
and O3 concentrations simulated by CMAQ with the
observational data obtained from the China National Environ-
mental Monitoring Centre (http://106.37.208.233:20035/).
Figure S3 shows the locations of the state-controlled air quality
observational sites in the 2+26 cities. Generally, the model well
reproduced the meteorological conditions and air pollutant
concentrations in 2017. Details of the model evaluation results
are provided in Supporting Information Note 1 (Tables S2−S6
and Figures S4 and S5).

Development of the Emission-Concentration Re-
sponse Models. RSM technology affords an efficient way
to quantify the response of the concentration to emission
changes by forming a “real-time” relationship between air
pollution and precursor emissions based on the large amounts’
simulation of chemical transport models.27,28 To extend the
applicability of estimating the response of the concentration to
emission changes in city clusters, the extended RSM (ERSM)
was applied. In ERSM, the response of PM2.5 and O3
concentrations is divided into local chemical generation and
regional transportation and is subsequently integrated to derive
the total PM2.5 concentration in the target region.29,30

Additionally, this model simultaneously addresses the indirect
effects of interaction among regions according to regional
emission changes.31 However, extremely high computational
costs limit the application of the ERSM. In this study, to
establish a multiregional prediction system for multiple cities,
we developed pf-ERSM by combining RSM with polynomial
functions (pf-RSM)16 and ERSM. A detailed description of the
polynomial functions is provided in Supporting Information
Note 2.
Overall, 28 target regions in the inner modeling domain

were defined (Figure S1b), i.e., the 2+26 cities. Then, 686
emission control scenarios (Table S7) were simulated to
establish the pf-ERSM prediction system according to the
polynomial function form, including (1) 1 CMAQ base case;
(2) 21 emission control scenarios for sequentially controlling
NOx, SO2, NH3, and VOCs in each region (588 scenarios in
total); (3) two emission control scenarios to sequentially
control the primary PM2.5 emission ratio in each region, 56
scenarios in total; and (4) 41 emission control scenarios for
the total emission of NOx, SO2, NH3, and VOCs over the
entire region. The first three sets of scenarios (645 in total)
were used to establish the response surfaces of local chemical
generation of single-region and multiregional transportations.
The overall regional control scenarios combined with the base
case (42 in total) were considered to supplement the
calculation of indirect effects. The prediction performance
with different training samples for predicting PM2.5 and O3 has
been previously discussed.32 Samples were generated using a
Hammersley quasi-random sequence sample with additional
marginal processing,28 sampling emission ratios between 0 and
2 (baseline = 1). Totally, 140 control variables were included
in the predicted system, including five precursors in the 2+26
cities. According to the technical regulation for ambient air
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quality assessment in China (HJ663-2013), the air quality of a
city meets the air quality standard or not is judged based on
the average of the national-controlled air quality observational
sites. Thus, the response variables comprised the average PM2.5
and O3 concentrations of the grid cells, which contain
monitoring sites (Figure S3).
Validation of the Model’s Prediction Performance.

The pf-RSM system for simultaneous emission changes in the
entire region was verified using the leave-one-out method.
Table S8 shows the normalized bias of the pf-RSM predicted
PM2.5 and O3 compared to the simulated result by CMAQ.
The correlation coefficients were larger than 0.99. For the
predicted PM2.5 response, the mean normalized bias (MNB)
was between −2.3 and 2.7%, and the normalized mean bias
(NMB) was between −3.2 and 3.9%. For the predicted O3
response, the MNB and NMB were between −0.5 and 0.4%.
This implies that the pf-RSM prediction and the simulation
well agree.
Then, the performance of the pf-ERSM prediction system

for multiple regions was examined using out-of-sample
validation. Overall, 18 independent scenarios were generated
wherein the 140 control variables were simultaneously
changing, including nine cases generated with average emission
ratios of 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.85, and 0.95
and variance of 0.05 using Latin hypercube sampling (LHS) to
evaluate the prediction accuracy of large-range emission
changes and nine cases randomly generated by LHS with
emission ratios from 0 to 1. Figure S6 shows the emission
ratios for the 18 out-of-sample validations. Figure S7 shows the
scatter plot of PM2.5 and O3 concentrations predicted by pf-
ERSM and simulated by CMAQ. The PM2.5 verification results
for each city showed that MNB was −0.3 to 2.8%, NMB was
0.1−2.7%, mean normalized error (MNE) was 0.7−3.1%,
normalized mean error (NME) was 0.7−2.9%, and the
correlation coefficient was larger than 0.99. The O3 verification
results for each city showed that MNB was −1.1 to 1.3%, NMB
was −1.1 to 1.3%, MNE was 0.3−1.6%, NME was 0.3−1.6%,
and the correlation coefficient was >0.90. The verification
results denoted that the pf-ERSM predicted system is reliable.
We further tested whether the predicted two-dimensional

(2-D) isopleth obtained using the pf-ERSM well matches the
pf-RSM prediction when the overall regional precursor
emission ratio continuously changes from 0 to 1. Figures S8
and S9 show the comparison of the 2-D isopleths of PM2.5 and
O3 concentrations in Beijing according to the simultaneous
changes in precursor emissions in 2+26 cities derived using the
pf-RSM and pf-ERSM techniques. The results indicate the
reliability of pf-ERSM during the continuous variation of the
precursor emissions, and it can be used to evaluate the change
in the pollutant concentration under different control
scenarios.
Furthermore, we performed data fusion by combining the

simulation and observation data to reduce the uncertainty
introduced by the simulation. The prediction concentrations
adjusted by applying the relative changes in simulation to the
observations in the base year were used in the following
analysis.
Estimation of Costs and Benefits. The control costs

were estimated using marginal abatement cost curves. The
marginal abatement cost curves of NOx and VOCs in the target
region were obtained from Xing et al.33 The cost is highly
related to the emission reduction ratio of precursors. Thus, the
discussion of emission reduction ratios represents the

comparison of costs. Moreover, the optimization herein was
not based on the cost estimation of specific control measures.
Benefits assessment comprised the impact analysis of human

health and crop yields. Derived from epidemiological studies,
the excess mortality related to air pollution can be calculated
using the hazard risk model method34

= × × −M P I (1 1/HR) (1)

where M is the mortality that is attributable to ambient air
pollution, I is the average annual mortality rate, P is the
population, and HR is the hazard risk.
Furthermore, the health effects due to PM2.5 exposure were

estimated by adopting a global exposure mortality model
(GEMM).35 The HR in the GEMM model was calculated
using eq 2

θ α

μ

= { +

+ {− − } }

z z

z v

GEMM( ) exp log( / 1)

/(1 exp ( )/ ) (2)

where z = max(0, PM2.5-2.4 μg/m3), and θ, α, μ, and ν are
unknown parameters introduced in the previous study.35

GEMM parameters including the Chinese Male Cohort
study36 were selected. Using the GEMM model, we calculated
the mortality due to noncommunicable diseases and lower
respiratory infection causes. The annual Chinese national
cause-specified mortality rates in 2017 were obtained from the
GBD results tool.37 Additionally, the city-level population in
2017 was obtained from China’s statistical yearbooks.38 To
estimate the health effects due to O3 exposure, we referred to
Turner et al.39 They suggested the positive associations
between summer O3 and all-cause mortality [HR per 10
ppb, 1.02; 95% confidence interval (CI), 1.01−1.03]. Then, we
monetized the health effects to afford economic benefits by
multiplying by the value of statistical life (VSL). A VSL of 5.24
(95% CI, 3.51−6.98) million CNY was estimated through a
choice experiment survey using the willingness-to-pay
method.40

O3 pollution can significantly affect the crop yield. In China,
wheat, maize, and rice are major crops. In 2+26 cities, the total
yields of wheat, maize, and rice in 2017 were 42 933, 45 492,
and 1604 kt, respectively (Table S9). AOT40 is an index that is
widely used to protect vegetation against O3;

41 it is the sum of
hourly O3 concentrations higher than 40 ppb over 12 h (8:00−
19:59) during the crop growing season. The accumulation time
window of winter wheat, maize, and rice is April 1−June 15,41
June 22−September 23,42 and July 1−September 30.43 We
adopted the recent exposure response functions43 of relative
yield (RY) and AOT40 for winter wheat, maize, and rice
(Table S10). Crop production losses (CPLs) were calculated
as follows

= × −CPL CP RYL/(1 RYL) (3)

where CP is the crop production and RYL is the RY loss. For a
crop corresponding to multiple exposure response functions,
we calculated the average. The economic losses were calculated
based on market prices in China, which were obtained from
the Food and Agriculture Organization of the United Nations
(https://fpma.apps.fao.org/giews/food-prices/tool/public/
#/dataset/domestic). The average costs of wheat, maize, and
rice in China were ∼2528, 1676, and 4331 CHY/t in 2017,
respectively.
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■ RESULTS

Achieving Air Quality Standards Requires Stricter
Control of NOx than VOCs. The observed annual
concentrations of PM2.5 and O3 in the 2+26 cities ranged
from 57 to 86 and 178 to 216 μg/m3, respectively, in 2017.
The concentrations of both pollutants far exceed the NAAQS
of China (GB 3095-2012, wherein the annual PM2.5
concentration is 35 μg/m3 and the annual 90th percentile
MDA8 O3 concentration is 160 μg/m3 for Grade II regions),
which implies that near-maximum controls are required for all
of the precursors. This is demonstrated in our previous study3,
which suggests that the aggressive implementation of low
carbon energy policies with end-of-pipe control at the
maximum feasible reduction level (noted as the CBE, cobenefit
energy scenario) is necessary to meet the air quality standard
in the 2+26 cities (detailed in Table S11). However, the
nonlinear PM2.5 and O3 responses to NOx and VOC emissions
cause significant variation in the control efficiency of NOx and
VOCs for air pollution reduction. Here, we compared the
requirements of NOx and VOC controls that can make both
PM2.5 and O3 meet the standards in the 2+26 cities (except O3
in Taiyuan, Zibo, Zhengzhou, and Tangshan, which required
outside emissions control; this is explained in Supporting
Information Note 3 and shown in Figure S10). We changed
the combination of NOx and VOC emission reduction ratios in
the 2+26 cities and applied the same reductions for other
pollutants (i.e., primary PM2.5 was reduced by 65−87%, SO2
was reduced by 49−85%, and NH3 was reduced by up to 29%)
and outer regions as those in the CBE scenario (Figure S11
shows the concentration reductions in the 2+26 cities due to
outer-regional control). The results suggest that the NAAQS
can be attained if the NOx emissions are reduced by ∼81%
relative to 2017, even without VOC control (Figure 1a). If the
VOC controls are increased from 26 to 80% (Figure 1a), the
required minimum NOx emission reduction ratio ensuring
PM2.5 and O3 concentration attainment (Figure 1b) in the
2+26 cities can decrease from 79 to 64%. However, the
associated cost also significantly increases from 66 to 130
billion CHY along with the growth of VOC/NOx ratios from
0:1 (no VOC control) to 1.25:1 (VOC control is 1.25 times
the NOx control). In other words, the increase in VOC
reductions of 80% can slightly reduce the requirement of NOx
reductions of 17% but with an extra 96% associated cost (63

billion CHY). In reality, however, the adoption of a specific
control strategy needs to comprehensively consider the
technical feasibility, economic rationality, regional adaptability,
and implementation possibilities; therefore, achieving max-
imum NOx controls will take a sufficiently long time.
Therefore, the optimization of NOx and VOC controls needs
to be dynamically considered in the future.

Prompt Synergistic Control of NOx and VOCs Has
Great Benefits. Since a large proportion of precursor
emissions need to be reduced, it may take more than 10
years to attain the NAAQS.1 If VOC emissions are not
controlled, the limited NOx control in the first few years might
enhance the O3 pollution,

30,44 which occurred in some Chinese
cities during 2013−2019.13,45 Therefore, different NOx and
VOC control pathways could afford different benefits even if
the final air quality targets are the same, i.e., attaining NAAQS.
To attain the NAAQS for both PM2.5 and O3, the emission

reduction ratios of NOx and VOCs need to reach 75 and 50%,
respectively, in 2035 (close to the CBE prediction with a
VOC/NOx reduction ratio of ∼0.51). Accordingly, NOx
emissions were assumed to annually decrease by 7.4%. Primary
PM2.5, SO2, and NH3 emissions annually decreased by 5.6−
10.7, 3.7−9.9, and −0.3 to 1.9%, respectively, for the 2+26
cities according to the CBE scenario. Under this assumption,
we compared the associated benefits under different VOC
emission reduction rates, that is, VOC emissions were reduced
in different periods. As shown in Figure 2a, we designed 14
control scenarios with different VOC control paces, which
subsequently afforded a 50% reduction in VOC emissions
during different periods (i.e., 5−18 years). For each scenario,
the annual emission reduction rate was the same during the
emission control period. Furthermore, since the final emission
reduction of VOC in each scenario was the same, we assumed
that the economic costs of different paths do not significantly
differ. Note that the emergence of new control techniques and
the control cost may differ in the future. Most likely, the
control cost will reduce with technology innovation in the
future.
All scenarios afforded the same air quality target in the last

year; however, the air quality and related benefits were
considerably different during the previous years. Compared to
the attainment of 50% VOC reduction over 18 years, the
prompt synergistic control of NOx and VOCs has great

Figure 1. Cost and air quality impacts of various VOC/NOx control ratios. (a) Emission reduction requirements of NOx and VOCs to ensure that
PM2.5 and O3 concentrations in 2+26 cities meet the air quality standards under the restrictions of different VOC/NOx reduction ratios. The blue
dotted line is the upper limit of the NOx reduction ratio in 2035. The orange dotted line is the upper limit of the VOC reduction ratio in 2035. The
maximum reduction ratio of NOx and VOCs was set as ∼85 and 65%, respectively, after considering all potential controls.33 The green line denotes
the cost of NOx and VOC control. (b) Predicted PM2.5 and O3 concentrations of the 2+26 cities under different VOC/NOx reduction ratios (error
bars represent the concentrations range in the 2+26 cities).
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benefits. Extra air quality benefits are afforded with more
aggressive and faster VOC emission control. Figure 2b,c shows
the additional reduction of the annual PM2.5 and 90th MDA8
O3 concentrations in the entire control period with faster VOC
emission control to those under uniform VOC reduction over
18 years. Taking the VOC reduction achieved within 5, 10, and
15 years as an example, the extra reduction of ambient PM2.5

and O3 was up to 2.8 and 13.8, 1.1 and 5.9, and 0.3 and 1.6 μg/
m3, respectively, compared to the VOC reduction achieved in
18 years. Apparently, largely controlling VOCs in the early
stage can ensure the effectiveness of NOx control in reducing
PM2.5 and O3. Such reduced PM2.5 and O3 concentrations
stemming from aggressive VOC control strategies can afford
additional benefits by mitigating their adverse influences on

Figure 2. Pollutant concentration under different emission reduction paths and related benefit estimation of cooperative VOC emission reduction.
(a) Different designed emission control paths of VOCs with a certain reduction amount (50%) but will be completed within 5−18 years (denoted
as y5, y6, ..., and y18). (b) Impact of VOC emission reduction completed in the 5, 10, and 15 years on the annual PM2.5 concentration compared to
the emission reduction completed in 18 years. The solid line and shadow represent the median concentration change and its ranges in the 2+26
cities. (c) Same as (b) but for the 90th MDA8 O3 concentration. (d) Additional PM2.5- and O3-related health benefits, and O3-related crop yield
benefits of control path y5−y17 relative to that of y18. (e) Total avoided PM2.5-related deaths due to the completion of VOC reduction in 5 years
than in 18 years throughout the entire pathway. (f) Total avoided wheat yield losses due to the completion of VOC reduction in 5 years than in 18
years throughout the entire pathway.
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human health and ecosystems (Figure 2d). The total estimated
PM2.5-related deaths under 13 different paths of faster VOC
control were lower by 1836−31 095 cases than those under
uniform VOC reduction over 18 years. The largest benefit was
the scenario where VOC emission reductions could be
achieved within 5 years, which yielded 99−4020 cases/year
and 31 095 avoided deaths (95% CI, 28.9−33.2), particularly
in the northern 2+26 cities (Figure 2e). These avoidable
PM2.5-related deaths are large enough to be considered when
designing the control pathway in the future. The total
estimated O3-related deaths under 13 different paths of faster
VOC control were lower by 362−5879 cases than those under
uniform VOC reduction over 18 years. Additionally, reduced
O3 will prevent yield losses of 1566−24 342 kt of wheat, 271−
4349 kt of maize, and 19−291 kt of rice. Wheat is more
sensitive to O3 than other crops, and it accounts for a large
proportion of North China’s grain output. Taking the
reduction in wheat yield loss as an example, a 50% VOC
emission reduction within 5 years may prevent losses of 102−
3021 kt/year, increasing the total wheat yield by 24342 kt,
particularly in the southern part of the 2+26 cities (Figure 2f).
This indicates that VOC reduction is beneficial for O3 control
during the crop growing season, which is mostly in the VOC-
sensitive regime, and affords additional benefits for reducing
additional O3 during the pathway.

We compared the monetized health and ecological benefits
associated with the extra air quality improvements in Figure
2d. Even when the emission reductions are completed 1 year
ahead of schedule, large benefits can be obtained, including 9.6
billion CHY for PM2.5-related health benefits, 1.9 billion CHY
for O3-related health benefits, and 4.5 billion CHY for
ecological benefits. The benefits will increase with the faster
implementation of the VOC emission reductions. If a radical
control strategy is achieved within 5 years, additional benefits
can be obtained, including health benefits of 163 billion CHY
related to PM2.5 concentration reduction, health benefits of 31
billion CHY related to O3 concentration reduction, and 61.5,
7.3, and 1.3 billion CHY benefits due to the prevention of
wheat, maize, and rice production losses related to O3
exposure, respectively. Different VOC control paths (VOC/
NOx ratio ranging from 0.5 to 1.7) have more significant
impacts on O3 pollution; however, the associated reduction in
the PM2.5 concentration affords large unexpected health
benefits. Furthermore, we performed a similar comparison
between synergistic controls and only the NOx control (81%).
Precursor emissions are assumed to decrease in equal
proportions over 18 years. The extra benefits of synergistic
NOx and VOC control are estimated to be 107 billion CHY,
including health benefits of 29.7 (95% CI, 21.2−38.1) billion
CHY attributed to PM2.5 reduction, 22.7 (95% CI, 11.5−32.3)
billion CHY attributed to O3 reduction, and 72.0, 4.4, and 1.2

Figure 3. Isopleths of pollutant concentrations in Beijing according to the emission changes of NOx and VOCs in the 2+26 cities. (a) O3 and (b)
PM2.5 concentration changes according to the NOx and VOC emission changes in January. (c) O3 and (d) PM2.5 concentration changes according
to the NOx and VOC emission changes in July. The color represents the percentage change in the concentration relative to the baseline. The O3
concentration is the monthly average MDA8 O3 concentration in Beijing; the PM2.5 concentration is the monthly average of the 24 h average in
Beijing. Note that the concentrations are averages of all monitor stations in Beijing including both urban and suburban stations (Figure S20).
Urban sites with higher NOx emission intensities usually exhibit higher sensitivity to VOC reduction than suburbs.54,55
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billion CHY due to the prevention of wheat, maize, and rice
production losses, respectively. The benefits are significantly
higher than the cost of VOC control (16.1 billion CHY). That
is, the synergistic NOx and VOC control will provide more
substantial benefits than only NOx control.
Optimal NOx and VOC Control Strategies Vary with

Season. Previous studies have focused on NOx and VOC
control targeting O3 reduction. High O3 concentrations are
present in the summer in North China. In the winter in North
China, however, the O3 concentration is generally far below
the NAAQS, while the PM2.5 concentrations frequently exceed
the NAAQS. Moreover, the PM2.5 concentration is significantly
influenced by the NOx and VOC control ratio, as
demonstrated by the monthly variations of PM2.5 and O3
concentrations in the 2+26 cities to changes in NOx and VOC
emissions across a year. Note that the basic assumption of the
study is joint control over 2+26 cities; thus, the discussion on
O3 formation sensitivity is based on the emission changes over
the entire region (detailed explanation is provided in
Supporting Information Note 4, Figures S12−S14).
First, we describe the typical response characteristics in the

winter and summer. Although the response characteristics of
each city are different, here, we aim to highlight the differences
between seasons. Since all cities exhibited similar seasonal
differences, here, we considered Beijing’s results as an example.
Figure 3 shows the isopleths of the monthly average PM2.5 and
monthly average MDA8 O3 according to the NOx and VOC
emission changes in January and July. In the winter (i.e.,
January), O3 formation is in a strong VOC-sensitive regime, as
NOx emission reduction increases O3 by up to 77% when NOx
is reduced by 85% (see Figure 3a). This VOC-sensitive regime
was proven by the COVID-19 lockdown during January−
March in 2020.46−48 Fortunately, the O3 concentration is very
low in winter. For example, the monthly average MDA8 O3 in
Beijing was 43 μg/m3 in January 2017. Regardless of the VOC
and NOx combination chosen, the MDA8 O3 did not exceed
the WHO guidelines (100 μg/m3 for the daily value).
Therefore, the control measures in the winter should focus
on PM2.5 control. If only NOx is controlled and VOCs are not
controlled, the emission change may increase the atmospheric
oxidation and considerably affect the formation of secondary
PM2.5, such as secondary organic matter (OM).49−52 Because

of the strong VOC-sensitive regime in winter, PM2.5 will
increase by up to 6% when only NOx is reduced by 50%, and
this adverse effect will continue until NOx reduction reaches
80% (Figure 3b). Such nonlinearities are mostly derived from
the changes in NO3

− and OM, which are the two main
components in PM2.5 (Supporting Information Note 5, Figure
S15a,b). The increase of the PM2.5 concentration can be
prevented when the VOC/NOx reduction ratio is 0.87. In July,
both PM2.5 and O3 need to be simultaneously controlled since
both PM2.5 and MDA8 O3 are considerably high (e.g., 52 and
170 μg/m3 in Beijing, respectively, which are higher than the
standards). The NOx-sensitive regime affords a positive
sensitivity of O3 to NOx (Figure 3c); thus, the zero-out
regional NOx emissions can reduce the O3 concentration by
51%. In comparison, zero-out VOC emissions only reduce the
O3 concentration by 26%. Apparently, the substantially
reduction of NOx emissions in the summer is more effective
for the future control of O3 than that of VOCs, partly due to
the uncontrollably high biogenic VOC emissions (Figure S16).
PM2.5 also exhibits positive sensitivity to NOx emissions
(Figure 3d) due to the increased sensitivity of NO3

− and OM
to NOx reduction (Supporting Information Note 5, Figure
S15c,d) because the PM2.5 concentration can decrease up to
31% by zeroing out NOx, and this value is considerably higher
than that under the zero-out VOC emissions (8%). The
effectiveness of controlling NOx in the summer agrees with a
recent study.53 The isopleths of PM2.5 and O3 concentrations
in other cities are shown in Figures S17−S19.
Here, we define the simultaneous VOC/NOx reduction ratio

as the minimal VOC/NOx ratio that can prevent the increase
in PM2.5 and O3 due to the NOx reduction under a VOC-
sensitive regime (Figure 3b). We performed the same analysis
for all of the cities and obtained the following results. The
value significantly varies across a year (Figure 4a), with high
values in cold seasons and low values in warm seasons. The
synergistic control of PM2.5 and O3 reduces the annual average
PM2.5 and the 90th MDA8 O3 concentrations and reduces the
nonattainment days for both PM2.5 and O3 (i.e., reducing the
short-term peak values of PM2.5 and O3). In terms of the
monthly concentration variation of the two pollutants (Figure
S21a,b), VOC does not need to be excessively controlled to
lower the O3 in the winter. The VOC/NOx reduction ratios

Figure 4. Monthly NOx and VOC emission reduction requirements. (a) VOC/NOx reduction ratio to prevent increases in PM2.5 and O3
concentrations. The black dots represent the suggested ratio (with the ratio for May−September from O3, ratios for January−February and
November−December from PM2.5, and ratios for the transition months of April and October from the average of both). (b) Variation of peak ratios
(NOx emission ratio at the peak pollutant concentrations under the baseline VOC emissions) indicates the degree of NOx emission reduction
required to transform from VOC- to NOx-sensitive. The black dots represent the suggested ratio (with the ratio for May−September from O3,
ratios for January−February and November−December from PM2.5, and ratios for the transition months of April and October from the average of
both).
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targeting the PM2.5 decrease are 0.88 (min−max value of the
2+26 cities, 0.67−1.1), 0.71 (0.46−0.96), 0.71 (0.36−1.04),
and 0.95 (0.74−1.19) in January, February, November, and
December, respectively. The warm season (i.e., May−
September) is the key season for the simultaneous control of
O3 and PM2.5; therefore, adopting the VOC/NOx reduction
ratio targeting the lower O3 peak is essential. The VOC/NOx
reduction ratios were 0.86 (0−3.54), 0.05 (0−1.79), 0.02 (0−
1.65), 0.50 (0−2.15), and 1.03 (0.23−2.20) for May−
September, respectively. In addition to the large demand for
VOC emission reduction in cities close to the border of the
region (Figures S13b and S14c), Tianjin, Shijiazhuang, Xingtai,
Handan, Anyang, and Hebi require significant VOC emission
reductions. The value we recommended, here, is the median
value of the 2+26 cities (black dots in Figure 4), and the ratio
for few cities with higher control requirements will decrease as
the joint air pollution control area is likely to expand in the
future. Such results imply the strong seasonality of the
optimized VOC/NOx ratio that needs to be considered during
policy making.
In the future, with decreasing precursor emissions, the VOC-

sensitive regime, which requires synergistic VOC and NOx
controls, may transfer to a NOx-sensitive regime.56 Therefore,
we determined the peak ratio (PR),28,57 which is a robust
responsive indicator for O3 chemistry and is defined as the
NOx emission ratio at the peak pollutant concentrations under
baseline VOC emissions (Figure 3b). Figure 4b also presents
the PR values for the 2+26 cities for each month. The results
show that in the winter (January, February, November, and
December), when NOx emission reduction exceeds 36−53%
(median value of the 2+26 cities), the effect of VOC reduction
is less than that of NOx reduction. From May to September,
the largest PR value was 45%. With the NOx control, the
regime will quickly transform to a NOx-sensitive regime in the
summer. Figure 4 suggests that similar emission reduction
levels of VOCs and NOx could prevent the increase in both
PM2.5 and O3 concentrations, and simultaneous VOC controls
are only needed until NOx is reduced by less than 54% (the
maximum average value of 2+26 cities in 12 months). The
implementation of such an emission reduction path is more
flexible, and it reflects the importance of coordinated VOC
emission control in the short term and the necessity of large
NOx emission reduction in the long term. Compared to
previous studies that employed high VOC emission reduction
ratios to reduce O3, this study proposed a comitigation
pathway for PM2.5 and O3 by considering the dynamic changes
in the atmospheric chemistry, rather than focusing solely on
the immediate reduction.
Furthermore, note that it is hard to follow the exactly

designed control ratio and pathway in reality. Thus, we
suggested a priority control order of sectors based on the
emissions. In the 2+26 cities, the NOx and VOC emissions by
industries, power plants, domestic sources, and transportation
were 1.8 and 2.8, 0.6 and 0.0, 0.1 and 0.6, and 1.3 and 0.8 Mt,
respectively. According to the total emissions of the sectors
and the relative amounts of VOC and NOx, the industrial and
domestic sources can be controlled at the beginning stage to
meet the minimum requirements of the VOC/NOx ratio.

■ DISCUSSION
This study aimed to address the challenges facing China
regarding air quality improvement, namely, the simultaneous
reduction of PM2.5 and O3.

First, we assessed the reduction requirements for NOx and
VOCs to meet the air quality standard. Our results reveal that
although the reduction of the emissions of NOx by 81%,
primary PM2.5 by 65−87%, SO2 by 49−85%, and NH3 by 29%
may cause the PM2.5 and O3 levels in the 2+26 cities to meet
the NAAQS, such a strategy that does not control VOCs will
cause huge losses of clean air benefits. A synergistic strategy for
controlling VOCs and NOx will afford substantial benefits to
human health and crop production. Moreover, the benefits will
increase with quicker implementations of the VOC emission
reductions. The VOC emission reduction of 50% within 5
years, compared to the same reduction rate within 18 years,
will afford benefits of ∼233 billion CHY.
Additionally, we determined that a wiser dual-pollutant

control strategy is to strengthen VOCs and NOx controls in
the winter and summer, respectively. The current air pollution
control policy in China, which emphasizes NOx control in the
winter, has been proven to be inefficient in reducing PM2.5 and
O3 pollution in the last 5 years.5,50 Our results suggest that
similar VOC and NOx emission control levels (i.e., a VOC/
NOx control ratio of 0.95 in December) are more effective in
reducing the PM2.5 concentrations in the winter. In the
summer, the NOx-sensitive regime for O3 pollution requires
enhanced NOx emission control in addition to the current
seasonal VOC control measures. These findings highlight the
right pathways for future policy making to comitigate PM2.5
and O3 pollution in China and other countries.
This study has a few limitations. The uncertainty of the

formation mechanism of secondary species (e.g., nitrate,
sulfate, and OM) in the current model58,59 will inevitably be
introduced into the results. Similar to most previous modeling
studies,60 this study used the meteorological condition in a
typical year (i.e., 2017) and focused on the control
effectiveness under the fixed meteorological condition. The
control effectiveness may vary with the changes in meteoro-
logical conditions;61 however, studies have shown that the
impact of emissions is more important in long-term than short-
term variations,9,62,63 and the substantial emission reductions
could afford significantly improved air quality that could
overwhelm the influences of future meteorology changes in the
context of the carbon neutrality target.64 Moreover, the
meteorological condition in 2017 was considered as normal
without specific climate events.65 Further analysis on the
impacts of changes in meteorological conditions on the
relationship between emission and pollutant concentrations
is recommended. For simplification, we applied a uniform
reduction ratio for all VOC species, while priority was given to
VOC species or sectors with larger contributions to PM2.5 and
O3 pollution. Additionally, improved understanding of
biogenic sources66 will help improve the perception of
anthropogenic emissions control. Since both PM2.5 and O3
are regional pollutants experiencing large influences from long-
range transport,67,68 it is impossible to achieve air targets by
reducing the local emissions, particularly for cities in the
border control regions (i.e., Tangshan, Taiyuan, Zibo, and
Zhengzhou). Moreover, enlarging the coordinated areas to
control emissions outside the 2+26 cities is also necessary.
Here, we proposed the control strategy by considering air
quality improvement and related benefits. In the future, the
implementation feasibility of actual control measures should be
analyzed.
Nevertheless, the clean air strategy, novel methods, and

valuable insights proposed herein can be useful for China and
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all other countries facing air pollution issues for optimizing
PM2.5 and O3 controls.
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