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A B S T R A C T   

China implemented a stringent Air Clean Plan (ACP) since 2013 to address environmental and health risks caused 
by ambient fine particulate matter (PM2.5). However, the policy effectiveness of ACP and co-benefits of carbon 
mitigation measures to environment and health are still largely unknown. Using satellite-based PM2.5 products 
produced in our previous study, concentration–response functions, and the logarithmic mean Divisia index 
(LMDI) method, we analyzed the spatiotemporal dynamics of premature deaths attributable to PM2.5 exposure, 
and quantitatively estimated the policy benefits of ACP and carbon mitigation measures. We found the annual 
PM2.5 concentrations in China decreased by 33.65 % (13.41 μg m− 3) from 2014 to 2020, accompanied by a 
decrease in PM2.5-attributable premature deaths of 0.23 million (95 % confidence interval (CI): 0.22–0.27), 
indicating the huge benefits of China ACP for human health and environment. However, there were still 1.12 
million (95 % CI: 0.79–1.56) premature deaths caused by the exposure of PM2.5 in mainland China in 2020. 
Among all ACP measures, clean production (contributed 55.98 % and 51.14 % to decrease in PM2.5 and pre-
mature deaths attributable to PM2.5) and energy consumption control (contributed 32.58 % and 29.54 % to 
decrease in PM2.5 and premature deaths attributable to PM2.5) made the largest contribution during the past 
seven years. Nevertheless, the environmental and health benefits of ACP are not fully synergistic in different 
regions, and the effectiveness of ACP measures reduced from 2018 to 2020. The co-effects of CO2 and PM2.5 has 
become one of the major drivers for PM2.5 and premature deaths reduction since 2018, confirming the clear 
environment and health co-benefits of carbon mitigation measures. Our study suggests, with the saturation of 
clean production and source control, more targeted region-specific strategies and synergistic air pollution-carbon 
mitigation measures are critical to achieving the WHO’s Air Quality Guideline target and the UN’s Sustainable 
Development Goal Target in China.   

1. Introduction 

Exposure to ambient PM2.5 (fine particulate matter with an aero-
dynamic diameter ≤ 2.5 μm) increases the likelihood of premature death 
from cause-specific diseases such as ischemic heart disease (IHD), 

cerebrovascular disease (stroke), chronic obstructive pulmonary disease 
(COPD), lower respiratory infections (LRI), type II diabetes (DM) and 
lung cancer (LC) according to epidemiological cohort studies (Cohen 
et al., 2017; Burnett et al., 2018; Murray et al., 2020), and caused over 
four million death around the world in 2019 (Stanaway et al., 2018). To 
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protect public health, the World Health Organization (WHO) updated 
the global Air Quality Guideline (AQG) (WHO, 2021) and further 
tightened the annual mean PM2.5 concentration limits from 10 μg m− 3 to 
5 μg m− 3 in 2021. The United Nation also proposed the Sustainable 
Development Goals (SDGs) with target 3.9 aiming to reduce substan-
tially the number of deaths and illnesses from air, water and soil 
pollution and contamination (United Nations, 2015). In the past three 
decades, China, as one of the fastest developing countries in the world, 
has experienced unprecedented challenges of severe air pollution due to 
the consumption of fossil fuels generally, industrial emissions (Mcduffie 
et al., 2021), vehicle ownership, urban construction and ever-growing 
population, which poses enormous threats to human health (Huang 
et al., 2014; Yue et al., 2020). 

Therefore, the Chinese government launched the strict Air Clean 
Plan (ACP) in 2013, aiming to address the above problem of severe air 
pollution. The ACP was divided into two phases: a five-year Air Pollution 
Prevention and Control Action Plan (APPCAP, 2013–2017) as well as a 
three-year Action Plan to Win Blue-Sky Defense (APWBSD, 2018–2020) 
(The State Council of China, 2013; 2018). The APPCAP was targeted to 
decrease PM2.5 concentrations by over 25 %, 20 %, and 15 % by 2017 in 
the Beijing-Tianjin-Hebei (BTH), Yangtze River Delta (YRD) and Pearl 
River Delta (PRD) regions, respectively (Fig. S1 and Table S1). The 
APWBSD, launched in 2018, set more comprehensive air quality re-
quirements, such as the requirement that PM2.5 concentrations needed 
to be reduced by over 18 % compared to 2015 in all cities at prefecture- 
level where the standard was not met. In this context, a series of effective 
air pollution control measures were proposed on energy consumption 
control, clean production and energy structure adjustment (Zhang et al., 
2019a; Zheng et al., 2018). However, greater effort remains necessary 
and urgent to reduce the PM2.5 concentrations to the WHO level and the 
standard of “Beautiful China” vision (annual mean PM2.5 concentrations 
≤ 35 μg m− 3 in all cities by 2035). 

Meanwhile, to mitigate the global climate change and increasing 
greenhouse gas (GHG) emission, the Chinese government signed the 
Nationally Determined Contribution (NDC) pledge to cap CO2 emissions 
at a peak in 2030 and achieve carbon neutrality by 2060. Due to the 
analogous sources (e.g., coal combustion) of CO2 and PM2.5 (Dimitrova 
et al., 2021), the CO2 mitigation measures can bring health and envi-
ronment co-benefits from abating air pollution. Facing dual pressures 
from air clean and GHG mitigation, evaluating the co-benefits of air 
clean plan and carbon mitigation policies, as well as clarifying the im-
provements of air quality and public health, are critical to achieve the 
“Beautiful China” vision, SDG target, and NDC goal, simultaneously. 

Although some pioneering research has explored improvements in 
air quality and health impacts due to the ACP (Yue et al., 2020; Geng 
et al., 2021; Zhang et al., 2019a; Liu et al., 2021; Feng et al., 2017; Li 
et al., 2019; Zhu et al., 2019), these studies suffered from several limi-
tations. First, current estimates of PM2.5-attributable premature deaths 
are limited in both spatial resolution and temporal scale. For example, 
Zhang et al. (2019a) estimated the change in PM2.5-attributable pre-
mature deaths in China from 2013 to 2017, but their analysis was 
limited to the national level. Yue et al. (2020) estimated pixel level 
premature deaths attributable to PM2.5 exposure. However, the relative 
coarse spatial resolution (10 km) made it difficult to discern detailed 
information clearly such as hot spots of severe regions. Second, few 
previous studies focused on the environment and health benefits of 
specific measures for PM2.5 pollution control in the ACP in China (Cai 
et al., 2017; Huang et al., 2018; Ma et al., 2019; Ding et al., 2019). Zheng 
et al. (2018) estimated the effectiveness of ACP by measuring the related 
induced decrease of emitted pollutants (e.g., SO2, NOx and NH3). Geng 
et al. (2021) considered the effectiveness of end-of-pipe treatment in 
ACP, while ignoring the effect of other specific measures in ACP. Finally, 
carbon mitigation and PM2.5 control have significant synergies (Li et al., 
2019; Cheng et al., 2021; Xing et al., 2020; Tong et al., 2021). However, 
currently only a few studies considered or quantified the co-benefits of 
CO2 mitigation and reducing PM2.5 so far. Some other studies projected 

the PM2.5 reductions under future carbon mitigation pathways, but 
without quantifying the specific contribution of CO2 mitigation (Li et al., 
2019; Cheng et al., 2021). 

To overcome the above drawbacks, the objective of this study is to 
assess the environmental and health benefits of China ACP by capturing 
the spatiotemporal dynamics of PM2.5 and PM2.5-attributable premature 
deaths at finer spatial resolution, and to evaluate quantitatively the 
effectiveness of specific ACP measures and carbon mitigation with re-
spects to these improvements. Three research questions are to be 
addressed in this study: 

1. How have PM2.5 concentrations and PM2.5-attributable premature 
deaths been changed during the two phases of ACP in China? 

2. What was the most effective ACP abatement measures in China, 
and what was its contribution rate? 

3. What role did in CO2 emissions of China play in PM2.5 abatement? 

2. Materials and methods 

2.1. Satellite-based PM2.5 data 

Annual satellite-based PM2.5 products covering mainland China from 
2014 to 2020 (Fig. S2) were used to investigate the spatiotemporal 
variation in PM2.5 and to estimate PM2.5-attributable deaths. This 
dataset was produced by our previous studies (Wang et al., 2021; 2022) 
through the combination of satellite-based remote sensing data, site- 
based PM2.5 observation data, and an improved deep learning model. 
It has the finest spatial resolution (1 km) and accuracy (determination 
coefficient (R2) of 0.90, root mean square error (RMSE) of 4.82 μg m− 3) 
(Fig. S3), compared with other publicly available PM2.5 datasets for 
assessing PM2.5 change and PM2.5-attributable deaths in detail. 

2.2. PM2.5-attributable premature deaths estimation 

The total number of PM2.5-attributable premature deaths was 
calculated from the six specific diseases (i.e., IHD, stroke, COPD, LRI, 
DM and LC) associated with the exposure to PM2.5, using a similar 
method following Global Burden Disease (GBD) and WHO (WHO, 2016; 
Stanaway et al., 2018). According to the method, the population 
attributable fractions (PAFs) of six diseases, which represents the pro-
portion of premature deaths specific disease attributable to PM2.5 
exposure, is calculated using Eq. (1). 

PAFage,disease = 1 −
1

RRage,disease,PM2.5
(1)  

where RRage,disease,PM2.5 is the relative risk (also known as CRFs), calcu-
lated using a Meta Regression-Bayesian, Trimmed (MR-BRT) spline 
updated in the GBD 2019 (Text S1 and Fig. S5 for detail). The RR de-
scribes the excess risk of non-accidental mortality from different age of 
disease IHD, stroke, COPD, LC, DM, and LRI at different PM2.5 concen-
trations. Among six specific diseases, IHD and stroke have the age- 
specific RRs stratified by five year of age (i.e., 25–30, 30–35…90–95, 
and 95+), while other diseases use the same RR for all age groups. In 
addition, for LRI, the children under the age of five and adults over the 
age of 25 are considered, and for the other five diseases, only adults over 
the age of 25 are considered. 

PADt =
∑n

disease

∑m

age
(PAFage,disease × POPt × Rateage,disease,t × Page,t) (2)  

where PADt is the deaths attributed to PM2.5 pollution for year t, 
PAFage,disease denotes the population attributable fraction of specific age 
groups and diseases, POPt refers to the population in year t. Rateage,disease,t 

refers to the death rate of different diseases for people of different ages. 
Page,t is the percentage of the population with different ages in year t. The 
POP and PAF are at 1-km pixel level, while the Page and Rateage,disease are 
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only available at the national level. Therefore, we assumed that the 
death rates and age structure is homogeneous in mainland China refers 
to previous studies (Anenberg, 2010; Stanaway, 2018). Finally, we used 
a country-scale adjustment factor (McDuffie et al., 2021; Stanaway 
et al., 2018) to separate the deaths attributable to ambient PM2.5 from 
the total deaths attributable to ambient and household PM2.5 according 
to the study of McDuffie et al (2021). The adjustment factor (Table S2) is 
calculated by comparing the national-scale deaths derived for all par-
ticulate matter pollution to deaths related to ambient particulate matter 
pollution only in GBD 2019. 

Population distribution data (POPt) at 1 km spatial resolution were 
obtained from the WorldPop dataset (https://www.worldpop.org/) 
(Fig. S6). The national age structure data (Page) were obtained from 
official national statistical yearbooks and datasets (https://www.stats. 
gov.cn/tjsj/ndsj/). The national age-specific death rates (Rateage,disease)

for six diseases (i.e., IHD, stroke, COPD, LRI, DM II, and LC), from 2014 
to 2019, were updated in GBD 2019 (Murray et al., 2020). Death rates in 
2020 are the linear derivation of the death rate for historical years 
(1990–2019), with the average R2 of the fit over 0.8. 

2.3. Decomposing changes in PM2.5 and premature death attributable to 
PM2.5 

In this study, we considered three main drivers in relation to the 
changes in PM2.5 concentrations, including (1) the co-effect of CO2 and 
PM2.5, (2) air clean plan measures, (3) socio-economic factors. The first 
driver consists of the homology of CO2 and PM2.5 (H), and the synergistic 
emission control in CO2 and PM2.5 (C). The second main driver consists 
of three sub-drivers, including (1) process control measures (P), (2) 
source control measures (So), and (3) structure control measure (St). 
The last driver consists of the economic development (E), and the de-
mographic growth (D). Noted that we did not consider the impact of 
meteorological change in this study, since previous research has found 
that the PM2.5 pollution reduction in China is dominated by anthropo-
genic impact rather than meteorological conditions (Xiao et al., 2021; 
Zhang et al., 2019c). 

An index decomposition approach, the logarithmic mean Divisia 
index (LMDI), was adopted to decompose the effect of the above drivers 
in this research. The LMDI method can decompose the change of the 
objective variable into several predefined drivers related to the objective 
variables (Ang et al., 2005 and 2015). The LMDI decomposition is 
consistent in aggregation from each component without unexplained 
residual errors, which increases the interpretability of the method. Such 
method has been widely applied in pollution (Geng et al., 2021; Zhang 
et al., 2019b), emission and crop production related studies (Guan et al., 
2018; Xu et al., 2021) (see Text S2 for details). 

Considering the application of LMDI method in previous studies 
(Dong et al., 2019; Li et al., 2021), the PM2.5 concentrations are 
expressed as the products of several factors as shown in Eq. (3): 

PM =
PM

UCO2
×

UCO2

UPM
×

UPM

Ecoal
×

Ecoal

Etot
×

Etot

G
×

G
Pop

× Pop (3)  

= H × C × P × St × So × E × D (4) 

PM, UCO2, UPM, Ecoal, Etot, G, and P represent PM2.5 concentration, 
CO2 emission, PM2.5 emission, coal consumption, total energy con-
sumption, GDP and population, respectively. 

H = PM
UCO2 

is the PM2.5 concentration per unit of CO2 emission, which 
indicates the contribution of CO2 emissions to PM2.5 concentrations (i.e., 
homology of CO2 and PM2.5). 

C = UCO2
UPM 

is the CO2 emissions per unit of PM2.5 emission, which are 
used to quantify the synergistic mitigation of CO2 and PM2.5 (i.e., 
cooperativity of control in CO2 and PM2.5). 

H and C are regarded as the co-effect of CO2 and PM2.5 collectively in 
our research. 

P = UPM
Ecoal 

is the PM2.5 emission per unit of coal, which indicates the 
emission intensity, corresponding to clean production, the main mea-
sure of process control in ACP. 

St = Ecoal
Etot 

is the percentage of coal consumption in total energy con-
sumption, which indicates the fuel structure, corresponding to optimize 
the fuel structure measure in structure control in ACP. 

So = Etot
G is the energy consumption per unit of GDP, which denotes 

the energy consumption intensity, corresponding to the source control 
measure in ACP. 

P, St, and So are regarded as the effects of process control measure, 
structure control measure, and source control measure in ACP. 

E = G
Pop is the GDP per capita, representing the development of the 

economy (i.e., economic development). 
Pop is the population, representing the effect of demographic change 

(i.e., demographic growth). 
In this research, according to LMDI, the change in PM2.5 concen-

trations (ΔPM) in different periods can be calculated as: 

ΔPMt = PMt − PM0 (5)  

= ΔH +ΔC +ΔP+ΔSo+ΔSt+ΔE +ΔD (6)  

=
PMt − PM0

lnPMt − lnPM0 × ln
(

Ht

H0

)

+
PMt − PM0

lnPMt − lnPM0 × ln
(

Ct

C0

)

(7)  

+
PMt − PM0

lnPMt − lnPM0 × ln
(

Pt

P0

)

+
PMt − PM0

lnPMt − lnPM0 × ln
(

Sot

So0

)

+
PMt − PM0

lnPMt − lnPM0 × ln
(

Stt

St0

)

+
PMt − PM0

lnPMt − lnPM0 × ln
(

Et

E0

)

+
PMt − PM0

lnPMt − lnPM0 × ln
(

Dt

D0

)

Here, ΔH, ΔC, ΔP, ΔSo, ΔSt, ΔE and ΔD represent the changes in the 
seven drivers. The sum of ΔH and ΔC are regarded as the co-effect of CO2 
and PM2.5. Influences of each driver are decomposed over two phases of 
ACP (i.e., APPCAP and APWBSD). Therefore, the 0-t is set as 2014–2017, 
and 2017–2020. 

The annual provincial PM2.5 emission data (UPM) were obtained from 
Zheng et al. (2021) and the Multi-resolution Emission Inventory of 
China (MEIC, https://www.meicmodel.org) model, which is a bottom- 
up emission inventory model with detailed estimates of anthropogenic 
emissions of major air pollutants (e.g., PM2.5, SO2 and NH3) from more 
than 700 sources, covering both energy consumption and non-energy 
processes in Mainland China. The annual provincial CO2 emission data 
(UCO2) from 2014 to 2019 (Shan et al., 2018; 2020; Guan et al., 2021) 
were downloaded from the Carbon Emission Accounts and Datasets 
(CEADs, https://www.ceads.net/) which leveraged the efforts of a group 
of experts from the UK, USA and China to work on China and other 
emerging economies’ emission accounting methods and applications. 
The national CO2 emission (UCO2) in mainland China during 2020 was 
obtained from the Carbon Monitor (https://carbonmonitor.org.cn/). 
The Carbon Monitor is an international initiative to provide for the first 
time regularly updated, science-based estimates of daily CO2 emissions 
in different countries (Liu et al., 2020). The energy consumption (Etot), 
coal consumption (Ecoal), GDP (G) were obtained from China official 
national statistical yearbooks and datasets (https://www.stats.gov.cn/t 
jsj/ndsj/). Among them, Etot and Ecoal were at the national scale while 
GDP was at a provincial scale. The spatial distribution of annual PM2.5 
emission and GDP were shown in Fig. S7 and Fig. S8. 

We also decomposed the changes in PM2.5-attributable premature 
deaths into influences from two main drivers, including (1) PM2.5 
exposure factors (PM), and (2) vulnerability factors. The first driver 
consists of three sub-drivers (i.e., the drivers of change in PM2.5), 
including; (1) the co-effect of CO2 and PM2.5, (2) air clean plan 
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measures, (3) socio-economic factors. The second driver consists of two 
sub-drivers, including (1) age structure of population (A) and (2) health 
care level (He). 

According to Eq. (2) and the LMDI method, the change in PM2.5- 
attributable premature deaths in different periods can be calculated as: 

ΔPADt = PADt − PAD0 (8)  

=
∑n

disease

∑m

age
(ΔPMage,disease + ΔHeage,disease + ΔAage) (9)  

=
∑n

disease

∑m

age
(

PADt − PAD0

lnPADt − lnPAD0 × ln
(

PMage,disease
t

PMage,disease
0

)

(10)  

+
PADt − PAD0

lnPADt − lnPAD0 × ln
(

Heage,disease
t

Heage,disease
0

)

+
PADt − PAD0

lnPADt − lnPAD0 × ln
(

Aage
t

Aage
0

)

Here, PM denotes the PM2.5 exposure factors, which consists of three 
sub-drivers (i.e., the drivers of change in PM2.5). He is the death rates of 

specific diseases associated with PM2.5, which denote health care level. 
Aage is the age structure of the population. ΔPM, ΔHe and ΔAage are the 
changes in the three drivers. Influences of each driver are decomposed 
over two phases of ACP (i.e., APPCAP and APWBSD), and the 0-t is set as 
2014–2017, and 2017–2020. 

3. Results 

3.1. Change in PM2.5 concentrations 

After seven-year implementing of Air Clean Plan, the mean PM2.5 
concentrations clearly decreased (13.41 μg m− 3, 33.65 %) in China. The 
average PM2.5 concentrations in the first phase (2014–2017) were 35.97 
± 15.11 μg m− 3, which decreased to 28.92 ± 12.76 μg m− 3 in the latter 
phase (2018–2020) of the China ACP. In both phases, high concentra-
tions were observed mainly in northwest China, northern China, and a 
small proportion of central China (i.e., Henan and Hubei provinces) 
(Fig. 1). The PM2.5 concentrations decreased in over 68.09 % of the area 
in mainland China during the period of APPCAP (Fig. 1b). A clear 
reduction was detected in BTH (decreased by 17.33 μg m− 3; 25.81 %), 
followed by YRD (decreased by 12.79 μg m− 3; 24.07 %) and parts of 
central China (decreased by 14.66 μg m− 3; 22.93 %) during the APPCAP 

Fig. 1. The averaged PM2.5 concentrations during APPCAP (a) and APWBSD (c), and their change in APPCAP (b), and APWBSD (d).  
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phase (Table 1). However, in southwest China, the PM2.5 concentrations 
increased slightly with a difference of less than 10 μg m− 3. During the 
APWBSD phase, the PM2.5 concentrations decreased in most of mainland 
China (90.19 % of areas). However, the average decrease in the latter 
phase was less than the former, with the decreases of 11.86 μg m− 3, 
11.81 μg m− 3 and 10.14 μg m− 3 in BTH, Fenwei Plain (FWP) and parts of 
central China, respectively. By contrast, the mean PM2.5 concentrations 
increased in Xinjiang province in northwest China in both phases 
(Fig. 1b, Fig. 1d). 

In 2014, only 26.63 % cities in mainland China met the WHO Interim 
target (IT)-1 standard, which is also the Chinese National Ambient Air 
Quality Standard level 2 (CNAAQS II, annual mean PM2.5 of 35 μg m− 3) 
(Fig. 2). By contrast, 44.83 % cities met the IT-1 standard at the end of 
APPCAP. However, few cities (~0.05 %) met the IT-3 standard (also the 
CNAAQS level 1, annual mean PM2.5 of 15 μg m− 3) in APPCAP. In 2020, 
the air quality was further improved, with nearly 3/4 (~71.82 %) cities 
meeting the IT-1 standard and 4.07 % cities meeting the IT-3 standard. 
However, few cities met the WHO IT-4 level (annual mean PM2.5 of 10 
μg m− 3) and no city met the updated WHO AQG (annual mean PM2.5 of 
5 μg m− 3) in 2020, suggesting that the threat of PM2.5 pollution is still 
prevalent in China, despite the remarkable achievements have been 
made through the implementation of ACP. 

Fig. 3 shows the population exposed to ambient PM2.5 in pollution 
control priority regions and in the whole nation in specific years at the 
beginning and end of the two phases of ACP (2014, 2017, and 2020). In 
2014, over 80 % of Chinese people lived in areas with PM2.5 over 35 μg 
m− 3 (WHO IT-1). In 2020, the corresponding proportion decreased to 
40 %. BTH had the most severe PM2.5 exposure, even with the most 
prominent air quality improvement amongst four priority regions. In 
2014, almost all populations in BTH lived in areas where PM2.5 con-
centrations exceeded the WHO IT-1 threshold and this population pro-
portion decreased to 90 % in 2020. The FWP was not considered as a 
priority region for air pollution control in APPCAP, and pollution status 
was more serious during APPCAP as a result of crude industrial pro-
duction and its gully terrain that was not conducive to the diffusion of 
pollutants. By contrast, the effect of ACP measures was profound in FWP 
region under APWBSD with a 10 % reduction in the population exposed 
to PM2.5 > 35 μg m− 3 in 2020 compared to 2017. The exposed popu-
lation in PRD is relatively low compared to other priority regions, with 
24 % meeting the WHO IT-1 in 2014 and 100 % meeting the WHO IT-1 
in 2020, which also achieved the “Beautiful China” vision. However, 
almost all populations (~98 % in the whole nation) still lived under the 
PM2.5 concentrations exceeding the WHO IT-3 in 2020, not to mention 
the WHO AQG standard. 

3.2. Change in PM2.5-attributable premature death 

The number of premature deaths attributable to ambient PM2.5 
decreased by ~ 0.07 million (5.00 %), from 1.35 million (95 % Confi-
dence Interval (CI): 1.06–1.78) to 1.28 million (95 % CI: 0.97–1.73) in 
the APPCAP (2014 to 2017) (Fig. 6a and Fig. S9) and showed a 
continuous declining trend, decreasing to 1.12 million (95 % CI: 
0.79–1.56) by 2020 (Fig. 4 and Fig. 6a). The number of attributable 
premature deaths in most areas (~99.5 %) of China is less than four 
cases per 1 km2 in 2020 (Fig. 4). Large numbers of premature deaths 

were identified in dense populations and advanced industrial areas in 
the BTH, YRD, PRD and FWP regions (Fig. 4 and Table 1), despite the 
PM2.5 concentrations in these regions decreased over time. The high- 
density premature death values are mostly found in metropolitan cit-
ies such as Beijing, Shanghai and Guangzhou. The largest number of 
PM2.5-attributable premature deaths per unit area (1 km) occurred in the 
FWP region. The 4.72 % region of PRD had more than four cases of 
premature death per km2, which is higher than other three priority 
control regions (1.76 %, 2.47 %, and 0.99 % in BTH, YRD, and FWP, 
respectively) and the national average (0.35 %), indicating that the high 
population density also exacerbates PM2.5-attributable premature 
deaths. 

The PM2.5-attributable premature deaths was reduced in 68.38 % 
areas of mainland China over 2014 to 2020 (Fig. 5). The most effectively 
controlled region was BTH, where over 74 % of the area showed a 
decline in the number premature deaths attributable to PM2.5 exposure. 
The FWP produced the smallest decrease amongst the four priority 
control regions, with the number of PM2.5-attributable premature deaths 
reducing in only 26.95 % of the area. Regarding the decrease number of 
PM2.5-attributable premature deaths, unlike the largest decrease in 
PM2.5 concentration occurred in BTH region, the largest decrease in the 
number of PM2.5-attributable premature death occurred in YRD region, 
with a decrease number of 0.037 million (17.00 %) in 2020 compared to 
2014 (Table 1), followed by the PRD (decrease 16.45 %), BTH (decrease 
10.51 %) and FWP (decrease 8.99 %) regions. 

The PM2.5-attributable premature deaths were primarily caused by 
stroke (cerebrovascular disease) and lung cancer (LC) in China, ac-
counting for 41.12 % and 30.55 % of the total number of premature 
deaths, respectively (Fig. 6a). This was followed by chronic obstructive 
pulmonary disease (COPD) and ischemic heart disease (IHD), which 
accounted for 14.4 % and 9.6 % of premature deaths, accordingly. The 
proportion of deaths from each disease was fairly stable between 2014 
and 2020. The proportion of deaths due to ischemic heart disease (IHD), 
lung cancer (LC) and lower respiratory infections (LRI) increased 
slightly by 1.41 %, 2.81 %, and 0.58 %, while the proportion of deaths 
caused by stroke, DM and COPD decreased slightly by 2.35 %, 0.27 % 
and 2.19 %. 

Additionally, the number of PM2.5-attributable premature deaths in 
different age groups also varies. The number of premature deaths 
increased remarkably with age (Fig. 6b). However, about 3340 children 
under the age of 5 died prematurely from lower respiratory infections 
(LRI) attributable to PM2.5 each year. For people over 80 years old, the 
number of premature deaths due to PM2.5 exposure reached 0.51 million 
every year, accounting for 15.1 % of the total deaths for those aged over 
80. 

3.3. Analysis of trends in the drivers 

We considered the influences of six drivers on PM2.5 change over 
2014 to 2020: (1) co-effect of CO2 and PM2.5 (change in PM2.5 concen-
tration per unit of CO2 emitted, i.e., effect of homology of CO2 and 
PM2.5; change in emission of CO2 per unit of PM2.5 emitted, i.e., effect of 
synergistic emission control of CO2 and PM2.5) (2) process control 
measure (change in PM2.5 emission per unit of coal, i.e., effect of clean 
production), (3) source control measure (change in energy consumption 

Table 1 
Regional changes of PM2.5 concentrations and premature deaths attributable to ambient PM2.5.   

PM2.5 concentrations change (μg m− 3) Death change (thousand) 

Year 2014–2017 2017–2020 2014–2020 2014–2017 2017–2020 2014–2020 

China  − 4.09  − 8.25  − 13.41  − 18.91  − 210.45  − 229.35 
BTH  − 17.33  − 11.86  − 30.24  − 4.63  − 9.10  − 13.73 
YRD  − 12.79  − 5.61  − 20.19  − 14.29  − 19.45  –33.74 
PRD  − 6.19  − 3.42  − 13.71  − 3.03  − 5.33  − 8.36 
FWP  − 7.97  − 11.81  − 19.68  − 0.33  − 4.65  − 4.98  
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per unit of GDP, i.e., effect of energy consumption control), (4) structure 
control measure (change in percentage of coal in total energy con-
sumption, i.e., the effect of fuel structure optimization), (5) economic 
development (change in GDP), and (6) demographic growth (change in 
population). The (2) - (5) are used to represent the effectiveness of ACP 
in China. 

The influences of eight drivers on the change in the number of PM2.5- 
attributable deaths over 2014 to 2020 were considered. The first six 
drivers are the same as the drivers of PM2.5 change, and the other two 
are vulnerability factors including age structure of the population, and 

health care level (the baseline death rate of related diseases). 
The control goals, policies, and specific measures in China during 

ACP are characterized in Fig. 7. Specifically, for the source control, a 
series of stringent industry emission standards were enacted to limit 
energy and industrial emissions (e.g., thermal power, iron and steel, and 
cement) for controlling energy consumption. Regarding the process 
control, clean production (e.g., using end-of-pipe devices in coal-fired 
power plants) was the major measure. In addition, implementation of 
ultra-low emission transformation of steel and other industries was 
advocated in APWBSD. The PM2.5 emissions per coal and energy 

Fig. 2. PM2.5 distribution at city-level in 2014 to 2020. The frequency histograms in (a)-(g) denote the frequency distribution of PM2.5 in 368 cities across mainland 
China. The dot lines denote the air quality targets of WHO (i.e., IT-1, IT-2, IT-3, IT-4 and AQG of annual mean concentrations of 35, 25, 15, 10, and 5 μg m− 3). 

Fig. 3. The proportion of people exposed to PM2.5 in BTH, PRD, YRD, FWP region and the whole nation at different years (i.e., 2014, 2017, and 2020). The dot 
vertical lines denote the air quality targets of WHO (i.e., IT-1, IT-2, IT-3, IT-4 and AQG of annual mean concentrations of 35, 25, 15, 10, and 5 μg m− 3). 
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Fig. 4. Spatial distribution (at 1 km resolution) of the PM2.5-attributable premature death in mainland China (a), BTH (b), YRD (c), FWP (d), and PRD region (e) 
in 2020. 
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Fig. 5. Spatial distribution of changes in PM2.5-attributable premature death in mainland China (a), BTH (b), YRD (c), FWP (d), PRD region (e) between 2014 and 
2020 (where the numbers of premature deaths in 2014 and 2020 are both zero this is represented by a white background). 
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consumption intensity decreased by ~ 41.6 % and ~ 26.4 % in 2020 
compared to 2014 (Fig. S10a) respectively, indicating the efficiency of 
clean production and energy consumption control according to the de-
mand of ACP. As for structure control, the measures are implemented in 
the dimensions of industry, living and transportation (e.g., remediation 
of “small, scattered and polluted” enterprises, replacing residential coal 
with electricity and natural gas). The proportion of coal in total energy 
consumption was reduced from 65.8 % in 2014 to 60.6 % in 2017. In 

2020, this proportion further declined to 56.8 %. However, coal still 
dominates the energy structure in China, and non-fossil energy accounts 
for 15.9 % of the total energy in 2020 (Fig. S10b). 

A set of CO2 emission mitigation measures (e.g., develop non-fossil 
energy, establish and operate carbon market, develop circular econ-
omy and afforestation) were implemented after signing the NDC target 
in 2016. Meanwhile, the Department of Climate Change is set up in 
China to mitigate climate change caused by GHGs emissions. The CO2 

Fig. 6. An overview of PM2.5-attributable disease burden conditions. (a) the proportion of six diseases in total deaths, and (b) the number of deaths in different ages 
(stroke: cerebrovascular disease; DM: type II diabetes; IHD: ischemic heart disease; LC: lung cancer; LRI: lower respiratory infections; COPD: chronic obstructive 
pulmonary disease). 

Fig. 7. Major air pollution control goals, policies and specific control measures in China from the end of 2013 to 2020.  
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emissions remained relatively steady over seven years, with a modest 
increase (~6.54 %). However, the increase slowed down gradually after 
signing the NDC pledge. The proportion of coal in total energy con-
sumption was reduced from 65.8 % in 2014 to 60.6 % in 2017. In 2020, 
the proportion declined monotonically to 56.8 % (Fig. S10a). 

Regarding the vulnerability factors for PM2.5 exposure, in 2014 to 
2020 the death rate of related diseases showed declining trends, except 
for lung cancer (LC), with the death rate of COPD and LRI decreasing by 
over 15 % in 2020, demonstrating the improvement in health care level. 
In terms of population age structure, the population of age over 60 in 
China continued to grow and reached a proportion of 18.26 % in 2020, 
which is likely to exacerbate the numbers of premature deaths attrib-
utable to PM2.5 (Fig. S10c). 

3.4. Contribution of different drivers 

During the period of APPCAP, the control policies essentially 
contributed to the decrease of PM2.5 concentrations (Fig. 8a). The PM2.5 
reduction was sourced primarily from the clean production policy (net 
decrease contribution of 10.53 μg m− 3), followed by the energy con-
sumption control measure (net decrease contribution of 7.28 μg m− 3) 
and fuel structure optimization (net decrease contribution of 3.08 μg 
m− 3). Economic growth was the primary driver for increasing PM2.5 
pollution from 2014 to 2017, with a net contribution of 9.00 μg m− 3. The 
co-effect of CO2 and PM2.5 in this period also intensified PM2.5 pollution. 
During the APWBSD, the contribution of clean production, energy 
consumption control and fuel structure optimization to PM2.5 decrease 
were 85 %, 37 % and 21 %, respectively. Compared with the period of 
ACPCAP, the effectiveness of all measures decreases in APWBSD, espe-
cially the clean production measures (from − 257 % to − 85 %) and 

Fig. 8. Contribution of different factors to the change of PM2.5 concentrations (a) and PM2.5-attributable premature deaths (b) in 2014 to 2020 (“Clean production” 
denotes process control measures, “Optimize fuel structure” denotes structure control measures, “Energy consumption control” denotes source control measures, “Co- 
effect of C and PM” denotes the co-effect of CO2 and PM2.5, “Death rate” denotes health care level). 
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energy consumption control measures (from − 177 % to − 37 %). 
Furthermore, the co-effect of CO2 and PM2.5 became one of the main 
drivers for PM2.5 decreasing during this period, with the net contribution 
of 2.09 μg m− 3, exceeding the effect of fuel structure optimization (net 
contribution of 1.98 μg m− 3). Economic and population growth were 
still the major drivers of PM2.5 pollution. 

The PM2.5 exposure-related drivers (i.e., the drivers of PM2.5) avoi-
ded 0.10 million net premature deaths in the first phase (2014 to 2017) 
(Fig. 8b). The measures in ACP fully offset the increase in the number of 
premature deaths caused by the co-effect of CO2 and PM2.5 as well as the 
population growth effect, indicating the explicit positive health effect of 
air quality improvements. The vulnerability factors (i.e., health care 
level and age structure) contributed to 0.03 million net premature 
deaths during 2014 to 2017. Amongst them, the improvement in health 
care level (decrease of baseline death rate) cannot fully offset the net 
deaths caused by the aging population in China, meaning that the health 
care level in China needs to be enhanced further. During the APWBSD, 
improvement in health care became a more effective driver than energy 
consumption control for PM2.5 emission to avoid PM2.5-attributable 
deaths, and can, thus, fully offset the effect of population aging. The 
population aging caused more premature deaths than economic growth, 
in the phase of APWBSD, which was distinct from APPCAP. 

4. Discussion 

We provide a comprehensive estimation of the PM2.5 concentrations 
and the number of PM2.5-attributable premature deaths, as well as 
spatiotemporal changes in these, and a quantitative assessment of the 
effectiveness of ACP methods in mainland China during 2014 to 2020. 
The two key contributions are: (1) We estimated the spatiotemporal 
variation in the number of deaths attributable to PM2.5 exposure in 
mainland China during ACP based on the PM2.5 product with the finest 
spatial resolution available to date, and elucidated the spatial discrep-
ancies in policy implementation across China. China’s recent clean air 
actions have achieved great benefits for human health and the envi-
ronment. However, over 98 % of the population still lived under the risk 
of PM2.5 pollution (PM2.5 concentrations over 15 μg m− 3), with 1.12 
million (95 % CI: 0.79–1.56) premature deaths caused by PM2.5 pollu-
tion in mainland China in 2020, accounting for ~ 27.05 % of global 
ambient PM2.5-attributable premature deaths. In addition, the environ-
mental and health benefits of China ACP are not fully synergistic in 
spatial pattern, with the greatest health benefits detected in the YRD 
region and the best environment benefits identified in the BTH region. 
To achieve the co-benefits of environment and health, specific policies 
need to be adopted under different conditions. (2) We quantified the 
environment and health co-benefits of ACP measures and carbon miti-
gation from 2014 to 2020. Clean production was the most effective 
abatement measure in China ACP, reducing net PM2.5 concentrations 
and net premature deaths by 18.35 μg m− 3 and 0.45 million, respec-
tively. The co-effects of CO2 and PM2.5 contributed to a 23 % and 26 % 
decrease in the number of PM2.5 and premature deaths and became one 
of the major drivers for PM2.5 and premature deaths reduction in the 
APWBSD phase. This confirms the clear environment and health co- 
benefits of carbon mitigation measures. Meanwhile, the effectiveness 
of process and source control measures reduced during 2018 to 2020. 
With the exhaustion of end-of-pipe and energy consumption control 
measures, the future air clean actions should focus more on carbon 
abatement and energy structure optimization, especially under the 
background of global climate change mitigation. In addition to mitiga-
tion in industrial and energy sectors, it is also critical to explore more 
cost-effective approaches (e.g., agricultural ammonia mitigation) (Zhou 
et al., 2021; Gu et al., 2021) for pollution control in other sectors. 

Population and economic growth are major obstacles for controlling 
PM2.5 and PM2.5-attributable premature deaths. Their negative impacts 
are unavoidable when societies expand, but were largely offset by the 
ACP control policies and improvements in health care. Additionally, 

although GDP is increasing continuously, the negative impact of eco-
nomic growth decreased during the APWBSD compared with the APP-
CAP. That is, a decoupling between economic growth and air pollution is 
emerging, indicating that China is transitioning from an extensive to-
wards an intense economy. From 2017 to 2020, population aging 
replaced economic growth as the priority driver of PM2.5-attributable 
premature deaths, and this is expected to exacerbate with socioeco-
nomic development (Hong et al., 2019). The negative impacts of pop-
ulation aging can be offset by the constantly decreasing death rate of 
specific diseases in 2017 to 2020. Therefore, health care ability need to 
be improved further to alleviate the risk of population aging in China in 
the future. 

Our analysis of PM2.5 attributed deaths in China was compared with 
several recent studies (Table S3). Great progresses was made in previous 
studies (Zhang et al., 2019a; Li et al., 2019; Ding et al., 2019; McDuffie 
et al., 2021; Liu et al., 2017; Zou et al., 2019; Apte et al., 2015), albeit 
with several limitations in common: (1) previous studies focused mainly 
on the APPCAP (2013–2017) and lack the updated results of the 
APWBSD (2018–2020); (2) the chemical transport model was used 
widely in previous research, which showed advantages for predicting 
the PM2.5 concentrations without ground measurement, but also has 
limitations in terms of prediction accuracy (Ma et al., 2022); (3) the 
Integrated Exposure Response (IER) model used for premature death 
estimation in previous studies lacked sufficient information on deaths at 
high PM2.5 exposure, and failed to separate exposure from ambient 
PM2.5 and secondhand smoke, which could potentially introduce un-
certainties (Burnett et al., 2014). Our research provides several advances 
compared to previous studies. First, we quantified the co-benefit of the 
Air Clean Plan and carbon mitigation measures in China for the envi-
ronment and health from 2014 to 2020. Second, we used state-of-the-art 
PM2.5 products with the highest accuracy (Wang et al., 2021; 2022) 
(Fig. S3 and Fig. S4 for detail) and the finest resolution (spatial resolu-
tion of 1 km, Fig. S2) at the national scale to offer a full-coverage esti-
mation of PM2.5-attributable premature deaths. With these innovations, 
we not only provided a more accurate estimation of the risk due to 
exposure to PM2.5, but also to analyzed the great spatially heterogeneity 
of policy effectiveness. Third, we adopted the updated MR-BRT spline 
method, which fits the risk with a more flexible shape for more reliable 
estimation of PM2.5-attributable premature deaths (Hystad et al., 2020). 
The MR-BRT includes more exposure scenarios at high PM2.5 levels 
during fitting compared with other models such as the IER model (Yusuf 
et al., 2020; Chowdhury et al., 2022). It also excludes active smoking to 
control for and reduce potential bias due to this effect (Pope et al., 
2018). Finally, our study estimated the co-benefit from CO2 and PM2.5 to 
the environment and health under the background of the ACP and NDC 
pledges for the first time. 

Nevertheless, several issues remain to be addressed. Although the 
feasibility of the MR-BRT provided by GBD 2019 is currently confirmed 
for estimating premature deaths attributed to PM2.5, the different PM 
source, size and chemical composition may cause different health im-
pacts (Philip et al., 2014; Ostro et al., 2015). For example, some studies 
demonstrated that coal combustion-related sources and components of 
PM2.5 had the greater mortality hazard ratios than PM2.5 from other 
sources (Chen et al., 2022; Kazemiparkouhi et al., 2022). This would 
undervalue the ACP measurement benefits of reducing fossil fuel com-
bustion while adding uncertainty to estimates of deaths attributed to 
PM2.5. Introducing more epidemiological cohort studies focusing on 
specific PM2.5 sources and components, and further develop source- 
specific PM2.5 exposure–response functions might help. In addition, 
despite the high accuracy and spatial resolution of the satellite-derived 
PM2.5 products we utilized, a few bias was still shown in the northwest 
China (Fig. S4), which could potentially bring errors to our estimates of 
premature death there. Meanwhile, the lag in updating the death rate 
data may cause bias in our results. The death rate data provided by GBD 
2019 was updated to 2019 only. We utilized the linear derivation of the 
death rates for historical years (1990 to 2019) to produce the 2020 death 
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rates with an average R2 over 0.8 for the fit. Finally, the age structure 
and death rate data we used are captured at the national scale similar to 
previous studies (Liu, 2017; Xue, 2019; Yue, 2020; Silva et al., 2013). 
Influenced by the urban development level, the two variables present 
some spatial heterogeneity in China. The PM2.5-attributbale premature 
death may be lower than our estimates in metropolitan areas with better 
healthcare level. Finer scale data (e.g., provincial or county data) will 
further increase the accuracy of the estimates (Yue et al., 2020). How-
ever, the age structure and death rate data, we intent to utilize, that 
spanned long periods of time over such broad ranges of province or city 
are currently not available in China. 

5. Conclusion 

Our study estimated the changes in PM2.5 concentration and pre-
mature deaths attributable to PM2.5 in China at a fine-resolution (1 km) 
during 2014–2020, identifying the measure with greatest environmental 
and health co-benefits in ACP, and demonstrating the potential of car-
bon mitigation measures for air quality improvement and public health 
enhancement. Results showed that (1) the average PM2.5 concentrations 
in China decreased by 33.65 % (13.41 μg m− 3) from 2014 to 2020, 
accompanied by a decrease in total attributed deaths of 0.23 million (95 
% CI: 0.22–0.27), indicating the great benefits of China ACP for human 
health and environment. However, the premature deaths caused by 
PM2.5 pollution in mainland China still reached 1.12 million (95 % CI: 
0.79–1.56) in 2020. (2) Among China ACP measures, clean production 
and energy consumption control made the largest contribution to air 
quality improvements and health burden mitigation during the past 
seven years. However, the effectiveness of the two ACP measures 
reduced during 2018 to 2020. Meanwhile, the environmental and health 
benefits of China ACP are not fully synergistic spatially. (3) The co- 
effects of CO2 and PM2.5 has become one of the major drivers for 
PM2.5 and PM2.5-attributable premature deaths reduction in the 
APWBSD phase, confirming the clear environment and health co- 
benefits of carbon mitigation measures. 

In summary, to improve air quality and human health further under 
the context of climate change mitigation in the future, more attention 
needs to be paid to the following aspects: 1) refined strategies consid-
ering geographical variation can bring more synergistic co-benefits in 
environment and health; 2) climate and carbon mitigation policies have 
substantial environment and health co-benefits; 3) with the advent of an 
aging society, it is necessary to enhance health care level in China 
continuously to protect public health. 
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