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Summary
Background Over 3 million people die every year from diseases caused by exposure to outdoor PM2·5 air pollution, and 
more than a quarter of these premature deaths occur in China. In addition to clean-air policies that target pollution 
emissions, climate policies aimed at reducing fossil-fuel CO2 emissions (eg, to avoid 1·5°C of warming) might also 
greatly improve air quality and public health. However, no comprehensive accounting of public health outcomes has 
been done under different energy pathways and local clean-air management decisions in China. We aimed to develop 
an integrated method for quantifying the health co-benefits from different climate, energy, and clean-air policy 
scenarios and to assess the relationship between climate and clean-air policies and future health burdens in China, 
where an ageing population will further exacerbate the effects of air pollution.

Methods For this modelling study, we used a China-focused integrated assessment model and a dynamic emission 
projection model to project future Chinese air quality in scenarios spanning a range of global climate targets 
(1·5°C, 2°C, national determined contributions [NDC], unambitious, baseline, and 4·5°C) and national clean-air 
actions (termed 2015-pollution, current-pollution, and ambitious-pollution). We then evaluated the health effects of 
PM2·5 air pollution in the scenario matrix using the air quality model and the latest epidemiological concentration–
response functions from the 2019 Global Burden of Diseases, Injuries, and Risk Factors Study.

Findings We found that, without ambitious climate mitigation (eg, under current NDC pledge), Chinese deaths 
related to PM2·5 air pollution might not always decrease—and might often grow—by 2050 compared with the base 
year of 2015, regardless of clean-air policies and air quality improvements. For example, in the scenario that tracks 
China’s current NDC pledge and uses the best available pollution control technologies (the ambitious-pollution 
and NDC goals scenario), PM2·5-related deaths in China would decrease slightly by 2030 to 1·23 million per year 
(95% CI 0·95–1·51) from 1·25 million (1·04–1·46) in 2015, but would not decrease further by 2050 (1·21 million, 
0·86–1·60) despite substantial and continuous improvements in population-weighted air quality (from 27·2 μg/m³ 
in 2030 to 16·0 μg/m³ in 2050). The contrary trends of improving air quality and increasing PM2·5-related deaths in 
many of our scenarios revealed the extent to which extra efforts are needed to compensate for the increasing age 
of China’s population in the future. With the scenarios that included ambitious clean-air policies and met 
international climate goals to avoid 1·5°C and 2°C of warming (the ambitious-pollution-2°C goals scenario and the 
ambitious-pollution-1·5°C goals scenario), we observed substantial decreases in China’s PM2·5-related deaths of 
0·32–0·55 million deaths compared with NDC goals in 2050, and age-standardised death rates decreased by 
10·2–14·2 deaths per 100 000 population per year.

Interpretation Our results show that ambitious climate policies (ie, limiting global average temperature rise to well 
below 2°C) and low-carbon energy transitions coupled with stringent clean-air policies are necessary to substantially 
reduce the human health effects from air pollution in China, regardless of socioeconomic assumptions. Our findings 
could help policy makers understand the crucial links between climate policy and public health.
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Copyright © 2022 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND 
4.0 license.

Introduction
Outdoor air pollution is currently one of the greatest 
environmental and public health threats in China, with 
an estimated 1·42 million deaths in 2019.1 Although strict 
emission standards and clean air policies focused on end-
of-pipe pollution abatement have substantially reduced 
the health risks over the past decade, the country’s fossil-
fuel-dominated energy structure is a barrier to deeper 

reductions in pollution emissions and further decreases 
of the related health burdens.2–6 However, it has been 
shown that the sweeping energy transitions and 
reductions in fossil fuel entailed by international goals to 
limit the increase in global mean temperature to well 
below 2°C, and to pursue efforts to avoid a 1·5°C increase, 
would also deliver large health co-benefits.7–12 In China, 
such health co-benefits have been estimated under some 
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climate-energy pathways (eg, national determined contri
butions [NDC] or avoiding 2°C increase) and pollution 
control assumptions derived from global databases,9,13–18 
but a detailed and comprehensive assessment of future 
public health outcomes (ie, mortality) that includes 
localised clean-air policies and the full range of plausible 
energy–emissions trajectories is still needed for China. 
As China’s national and local clean air policies are 
constantly being updated, such a comprehensive 
evaluation could greatly help policy makers to design and 
implement effective and efficient climate and energy 
clean-air policies in the context of the country’s steadily 
ageing and still growing population.19

We developed an integrated method for quantifying the 
health co-benefits from different levels of climate and 
energy ambitions and clean-air policies for China, 
estimating and resolving scenarios under each specific 
clean-air and climate policy. In summary, we first build 
up a scenario matrix across different levels of climate 
ambition and stringencies of clean-air policies across 
China (appendix pp 22–24), defining three levels of 
pollution control technologies: one that would maintain 
air pollution controls at 2015 levels (the 2015-pollution 
scenario), one that would continue current clean-air 
policies (the current-pollution scenario), and one that 
would deploy the best available technologies (the 
ambitious-pollution scenario). In turn, these different 
stringencies of clean-air policy, which focused on end-of-
pipe measures to control air pollution emissions alone, 
were coupled with a range of climate mitigation scenarios 
that span six levels of economic and climate ambitions 
created by the integrated global change assessment model 

of China (GCAM-China): 1·5°C, 2°C, NDC, unambitious, 
baseline, and 4·5°C targets. We then modelled future 
anthropogenic emissions for air pollution by using the 
dynamic emission projection (DPEC) model and, finally, 
we evaluated the health impacts of PM2·5 air pollution of 
our scenarios using the weather research and forecasting 
(WRF) model and the models-3 community multiscale 
air quality (CMAQ) model and the latest concentration–
response functions developed in the Global Burden of 
Diseases, Injuries, and Risk Factors Study (GBD) 2019.1

Methods
Scenario design
We designed scenarios to consider multiple permutations 
of future socioeconomic development, climate ambition, 
and clean-air policies, and we used an integrated 
modelling approach to analyse the health benefits of air 
quality improvements across all scenarios in both 
2030 and 2050 (appendix p 11). In terms of scenario 
design, we first constructed the different levels of climate 
ambition by combining shared socioeconomic pathways 
(SSPs, SSP1 to SSP5) with the representative concen
tration pathways (RCPs, RCP1·9 to RCP8·5) to represent 
the climate goal scenarios 1·5°C, 2°C, NDC, unambitious, 
baseline, and 4·5°C, which are combined in a way that 
is consistent with the scenarios used in the Scenario 
Model Intercomparison Project for the Coupled 
Model Intercomparison Project 6.20–22 Noting that SSPs 
embodied in climate policy scenarios are different, the 
climate scenarios thus included the driving forces and 
impacts from different socioeconomical characteristics. 
We then designed three national clean-air policy scenarios 

Research in context

Evidence before this study
We searched Web of Science, Google Scholar, and China 
National Knowledge Infrastructure for articles in English and 
Chinese using Chinese and English terms such as “air quality co-
benefits”, “air quality improvement”, “health co-benefits”, 
“PM2·5 pollution-related health”, and “China”. The search was 
done between Oct 1 and 19, 2021. Although previous studies 
have evaluated the health benefits of China’s adoption of 
different climate policies to improve air quality, most of these 
studies have focused on a global scale. Some studies that 
contained detailed descriptions of China were often based on 
China’s previous air control policy modelling (before 2013), 
which are inconsistent with China’s rapid air quality 
improvements in recent years. The few studies that considered 
China’s short-term air pollution control policies tended to focus 
on the health benefit assessment of national determined 
contributions climate target in the short term (2015–30) and 
lacked a detailed analysis of different long-term climate targets.

Added value of this study
To the best of our knowledge, this is the first comprehensive 
assessment of China’s future air pollution-related disease 

burden combined with climate policy and local clean-air policy. 
We have found that adopting strict climate policies or 
strengthening clean-air policies could achieve tremendous 
improvements in air quality. However, due to the ageing of 
China’s population, even with the strongest clean-air policy, 
PM2·5-related deaths might increase during 2030–50. In this 
case, only the strongest clean-air policy coupled with ambitious 
climate targets (the 1·5°C and 2°C targets) were able to always 
offset an increasing trend of air pollution-related premature 
deaths driven by an ageing population.

Implications of all the available evidence
As the world’s largest carbon emitter, China’s actions to 
mitigate climate change affect the achievement of the global 
climate mitigation target. This study found that the 
implementation of the 1·5°C and 2°C targets coupled with 
ambitious pollution controls in China could also substantially 
improve air quality and offset the negative health benefits of 
population ageing. The results of this study could help policy 
makers understand the importance of ambitious climate 
targets from a health perspective.

See Online for appendix
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targeting end-of-pipe controls: 2015-pollution, current-
pollution, and ambitious-pollution (more detailed 
description in the appendix, pp 4–6). The 2015-pollution 
scenario explores the effect of maintaining air pollution 
control at 2015 levels; the current-pollution scenario is the 
current policy and its continuation, to meet the national 
ambient air quality standards (35 μg/m³) by 2030, with no 
new policies implemented after 2030; the ambitious-
pollution scenario is based on the implementation of 
current policies, reflecting the additional promotion of 
the best available pollution control technologies after 2030 
to maximise public health benefits by 2050.

Air quality modelling
On the basis of six climate mitigation scenarios and three 
clean air scenarios, we established a matrix that included 
18 scenarios with full ranges of future energy–emission 
trajectories (appendix pp 22–24). We then used GCAM-
China to simulate future energy consumption under the 
climate ambition scenarios, and we applied the DPEC 
model in China to project future anthropogenic 
emissions. GCAM-China is a China-focused version of 
the GCAM, which can project China’s future energy 
demand and supply under different SSP-RCP scenarios 
at the provincial level.23–25 The DPEC, developed in a 
previous study, contains sector-based emission projection 
modules that can simulate the evolution of production 
technologies and emission control measures under 
different clean-air policies.26 Using output from DPEC, 
we simulated PM2·5 concentrations using the WRF-
CMAQ models.2 More detailed configurations of the 
simulation can be found in the appendix (pp 2–3).

PM2·5-attributable deaths
We used the concentration–response functions developed 
by GBD 2019 to estimate age-specific premature deaths 
attributable to PM2·5 exposure. These functions were 
developed to quantify the association between PM2·5 
exposure and non-accidental mortality by use of cohort 
data from different PM2·5 exposures.1 As GBD 2019 
includes several high-level PM2·5 exposure studies from 
China and India, it is suitable for studies focusing on 
China.

In this study, we calculated the age-specific PM2·5-
attributable deaths caused by ischaemic heart disease, 
stroke, chronic obstructive pulmonary disease, lung 
cancer, and lower respiratory infection. For each disease, 
we obtained the age-stratified baseline incidence at the 
national level in 2015 from GBD 2019 and we projected 
the future baseline incidence by adapting the trends 
from the World Population Prospects 2019 report (more 
details in the appendix, pp 3–4).27 We also present the 
95% CIs of attributable mortality estimation (more 
details in the appendix, p 8). Because population, PM2·5 
concentration, and baseline incidence will all change in 
the future, we further assessed the effects of four factors: 
population size and distribution, population ageing, 

improved air quality, and baseline incidence decline. 
Additionally, by using the proportion of the population in 
the age bins used in GBD 2019 as a weight, we also 
estimated the age-standardised PM2·5-attributable death 
rates as another indicator of health independent from 
future age distribution change. Furthermore, because 
the estimates of PM2·5-related deaths will change with the 
demographic assumptions embodied in different 
socioeconomic polices under the same climate ambition, 
we did a series of sensitivity analyses across all SSPs to 
validate the reliability of the crucial conclusions. We used 
Python, version 3.8.8, for our analyses.

Role of the funding source
The funder had no role in study design, data collection, 
data analysis, data interpretation, or writing of the 
manuscript and the decision to submit for publication.

Results
We plotted China’s future air quality and PM2·5-related 
deaths as a result of climate mitigation scenarios and 
different national clean air policies in 2030 and 2050 
(figure 1). Compared with 2015 (53·1 μg/m³ of population-
weighted PM2·5 concentration and 1·25 million PM2·5-
related deaths [95% CI 1·04–1·46]), current clean-air 
actions targeting end-of-pipe controls would improve 
China’s future air quality for all climate targets, especially 
during 2015–30 (ie, the current-pollution scenarios; 
figure 1A, C). For example, in the current most likely 
scenario that tracks China’s NDC pledge and uses the 
current clean-air policies (ie, the current-pollution and 
NDC goals scenario), China’s air quality would meet the 
national standard (35 μg/m³) by 2030, with 27·6 μg/m³ 
of population-weighted PM2·5 concentration. The short-
term improvement in air quality (during 2015–30) was 
estimated to be much larger than the long-term 
improvement (ie, during 2030–50), due to the continuous 
but insufficient clean-air actions during 2015–30 and no 
new policies being implemented after 2030 in this 
scenario. Incorporating best-available pollution control 
technologies (ie, the ambitious-pollution scenarios) would 
further improve air quality improvement in 2050 by 
5·2 μg/m³, an additional 24·5% decrease from the current-
pollution and NDC goals scenario to the ambitious-
pollution and NDC goals scenario (figure 1). Air quality 
improvements also responded to climate mitigation and 
associated reductions in fossil fuels use; minimising air 
pollution thus also depends on climate mitigation targets. 
For example, we estimated that increasingly stringent 
climate mitigation efforts, from the 4·5°C warming goal to 
the 1·5°C warming goal, would lead to additional 
reductions in population-weighted PM2·5 concentrations 
of 10·2–16·3 μg/m³ in 2030 and 12·5–25·4 μg/m³ in 2050 
across all clean-air actions. As a result, if China were to 
limit warming to 1·5°C, PM2·5 concentrations could be as 
low as 9·0 μg/m³ by 2050 (ie, the ambitious-pollution 
and 1·5°C goals scenario). This is the only one of the 



Articles

e95	 www.thelancet.com/planetary-health   Vol 6   February 2022

18 scenarios that could successfully reach the fourth WHO 
interim target of 10 μg/m³ on average across China.28

Air pollution leads to health burdens, such as PM2·5-
related deaths (figure 1B, D). With the current clean-air 
policies and 4·5°C climate goal (ie, the current-pollution 
and 4·5°C goals scenario), PM2·5-related deaths would 
increase to 1·45 million (95% CI 1·14–1·76) in 2030 and 
2·51 million (1·95–3·08) in 2050 (appendix p 35). 
Ambitious clean-air controls would further decrease 
PM2·5-related deaths. For instance, with strict end-of-pipe 
pollution controls, 0·55 million PM2·5-related deaths 
could be avoided in 2050, 22·0% fewer PM2·5-related 
deaths in 2050 with the current-pollution and 4·5°C 
goals scenario compared with the ambitious-pollution 
and 4·5°C goals scenario (figure 1B). Ambitious climate 
goals also reduced PM2·5-related deaths. With the roll-out 
of current clean-air policies, 0·21 million PM2·5-related 
deaths in 2030 and 0·88 million PM2·5-related deaths 
in 2050 would be avoided (0·12 million in 2030 and 
0·57 million in 2050 if we applied the same SSP1 

population and age structure; appendix p 12) by moving 
from the 4·5°C climate goal to China’s NDC pledge (from 
the current-pollution and 4·5°C goals scenario to the 
current-pollution and NDC goals scenario).

However, by contrast with 1·25 million PM2·5-related 
deaths (95% CI 1·04–1·46) in 2015 (appendix p 13), even 
when implementing the ambitious clean-air policies, these 
loose climate targets (NDC, unambitious, baseline, and 
4·5°C climate goals) would still result in 1·23–1·42 million 
PM2·5-related deaths in 2030 and 1·21–1·96 million PM2·5-
related deaths in 2050 (figure 1B), with a slight decrease or 
great increases occurring despite substantial air quality 
improvements (from –2·2% to 13·0% of changes during 
2015–30 and from –1·6% to 38·1% during 2030–50; 
figure 1D). In these findings, only the combination of 
ambitious climate goals and clean-air policies would 
substantially alleviate the health burden during the 
2030–50 period, mainly due to future demographic 
changes (ie, population ageing; appendix p 14) associated 
with the higher emissions scenarios. This hypothesis was 
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Figure 1: PM2·5 exposure and changes in PM2·5-related deaths across all ranges of climate targets and stringency of pollution controls
(A) Population-weighted PM2·5 concentrations in 2030 and 2050. (B) PM2·5-related deaths in 2030 and 2050. (C) PM2·5 concentration changes during 2015–30 and 
2030–50 compared with 53·1 μg/m³ population-weighted PM2·5 concentrations in 2015. (D) PM2·5-related death changes during 2015–30 and 2030–50 compared 
with 1·25 million PM2·5-related deaths (95% CI 1·04–1·46) in 2015. The populations used in climate target scenarios follow different socioeconomical pathways 
(ie, shared socioeconomic pathways). NDC=national determined contributions.
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supported by considering the changes of age-standardised 
PM2·5-related death rates, which were based on the 2015 
population age distribution and were not affected by 
differences in future age distributions. With the ambitious 

clean-air policies and NDC goals scenario, the age-
standardised PM2·5-related death rates would decrease 
from 92·1 per 100 000 population (95% CI 76·6–107·6) 
in 2015 to 25·9 per 100 000 population (18·4–34·3), a 
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Articles

e97	 www.thelancet.com/planetary-health   Vol 6   February 2022

71·9% decrease during 2015–50, whereas PM2·5-related 
deaths only decrease 1·6% (appendix p 15). In the 
ambitious-pollution scenario, with the help of the 
ambitious climate goals of 2°C and 1·5°C (the ambitious-
pollution and 2°C goals scenario and the ambitious-
pollution and 1·5°C goals scenario), the improvement in 
air quality would offset the impact of ageing to some 
extent, with the PM2·5-related deaths decreasing well below 
the 2015 1·25 million PM2·5-related deaths by 2050. For 
example, the climate goal of 1·5°C would help to reduce 
age-standardised PM2·5-related death rates from 25·9 
per 100 000 population (95% CI 18·4–34·3) in the NDC 
scenario to 11·7 per 100 000 population (7·0–17·7), a 54·9% 
reduction (appendix p 36); PM2·5-related deaths would also 
lower from 1·21 million (0·86–1·60) in the NDC scenario 
to 0·66 million (0·40–1·00) in the 1·5°C scenario, a 
striking 45·2% reduction in 2050. It is important to note 
that the reduction in PM2·5-related deaths from NDC 
pledges to 1·5°C depended not only on the increased 
climate mitigation, but also on the socioeconomic 
differences between the 1·5°C scenarios (SSP1) and the 
NDC scenarios (SSP2). If we follow the same 
socioeconomic pathway as the 1·5°C scenario (ie, SSP1) 
due to the relatively young population structure embodied 
in the NDC scenarios (SSP2), the PM2·5-related deaths in 
the NDC scenario with SSP1 would increase to 1·48 million 
(1·05–1·92) in 2050, an increase of 0·28 million compared 
with SSP2 (appendix p 12). In other words, the difference 
would be even larger (0·65 million with SSP2 vs 
0·82 million with SSP1 between NDC and 1·5°C) when 
controlling for the socioeconomic changes in the 
mitigation scenarios, which in turn emphasises the crucial 
role of climate mitigation coupled with ambitious pollution 
controls in reducing future PM2·5-related pollution deaths 

in China (appendix p 13). Differences in socioeconomic 
assumptions also explain why, for example, PM2·5-related 
deaths under the baseline climate goal (SSP3) would be 
fewer than those under the unambitious goal (SSP4): 
1·50 million deaths (1·11–1·92) under the ambitious-
pollution and unambitious goal scenario versus 
1·39 million (1·05–1·76) under the ambitious-pollution 
and baseline goal scenario in 2050.

We disaggregated the drivers of changes in premature 
mortality associated with PM2·5 exposure from 2015 to 2050 
(figure 2): population size and distribution, population 
ageing, improved air quality, and baseline incidence 
decline. Population size and distribution and baseline 
incidence decline tended to decrease annual PM2·5-related 
deaths across different SSPs during 2015–50 (appendix 
p 16). Ageing and improved air quality dominated the 
overall changes, and ageing became increasingly important 
beyond 2030. In the 4·5°C climate scenario with 2015-level 
pollution control (ie, 2015-pollution and 4·5°C goal 
scenario; figure 2A), the health benefits from air quality 
improvement and baseline incidence decline were unable 
to offset the attributable mortality from ageing from 
2015 to 2030, leading to an overall increase in PM2·5-related 
deaths. By contrast, with current clean-air policies and the 
2°C climate mitigation target (ie, the current-pollution and 
2°C goals scenario; figure 2D), avoided PM2·5-related deaths 
from improved air quality (0·6 million) and baseline 
incidence decline (0·1 million) in 2015–30 could 
successfully offset increased PM2·5-related deaths from 
population ageing (0·6 million).

Compared with 2015–30, ageing during 2030–50 posed 
great challenges for alleviating PM2·5-related health 
burdens. In many of the scenarios, during 2030–50, the 
positive effects from all other factors (ie, population size 
and distribution, improved air quality, and baseline 
incidence decline) could not effectively offset the 
influence of an ageing population. Additionally, health 
benefits from improved air quality alone in all combined 
18 scenarios—except strengthening the clean-air policies 
under the 1·5°C climate target (ie, the ambitious-
pollution and 1·5°C goals scenario; figure 2F)—were 
not able to offset the negative effects from population 
ageing. Meanwhile, only the ambitious climate targets 
(ie, limiting warming to 2°C and 1·5°C) coupled with the 
most stringent clean-air policies (ie, the ambitious-
pollution and 2°C goals scenario and the ambitious-
pollution and 1·5°C goals scenario) could improve air 
quality sufficiently and, along with a decline in population 
size and distribution and baseline incidence decline, 
offset the effects of an ageing population and substantially 
reduce PM2·5-related deaths in 2015–50.

As population ageing was the dominant driver of 
increasing PM2·5-attributable deaths in all scenarios, we 
assessed the PM2·5-related death changes among different 
age groups (figure 3). For all scenarios, people older than 
55 years in 2030 and older than 70 years in 2050 accounted 
for most of the increase in PM2·5-related deaths in those 
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Figure 3: Changes in PM2·5-related deaths by age group during 2015–30 and 2030–50
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periods. By 2050, more than 40% of the population would 
be older than 55 years in all socioeconomic pathways 
(ie, SSP1 to SSP5), compared with only 21% in 2015 
(appendix p 14).

Discussion
By comprehensively assessing future mortality attrib
utable to PM2·5 in China across a broad range of climate 
and clean-air scenarios, our results show that current 
clean-air policies and NDC pledges provide only modest 
reductions in midterm PM2·5-related deaths (ie, the 
current-pollution and NDC goals scenario in 2030), with 
deaths continuing to increase in the long term unless 
stringent clean-air policies are paired with more 
ambitious climate targets. Specifically, our findings 
highlight the crucial role of adopting ambitious climate 
targets together with stringent clean-air policies for 
protecting China’s public health in 2050, and especially 
the health of an increasing number of older people. 
A previous study19 found that the energy-saving policies 
and maximum feasible control strategies might not be 
enough to protect health in 2030 under the population 
ageing background, whereas our study revealed that the 
local strongest clean-air policies combined with global 
2°C or 1·5°C climate targets could offset the effects of 
ageing to a greater extent and, more importantly, only the 
energy transitions driven by ambitious climate targets 
could fundamentally reduce the PM2·5-related deaths for 
a long-term future (ie, 2050).19 For China’s local climate 
mitigation effort with NDC pledges, curbing the increase 
of CO2 emissions after 2030 alone (ie, carbon peak 
before 2030) cannot help reduce PM2·5-related deaths by 
mid-century through air quality improvement. On 
Sept 22, 2020, China announced its ambitious climate 
intention to become carbon neutral by 2060, filling the 
blank space of local long-term (ie, 2030–60) climate 
mitigation polices. Compared with global ambitious 
climate goals of 2°C or 1·5°C, it has been shown that 
China’s carbon neutrality goals lie between the 
1·5°C-consistent and 2°C-consistent climate policies and 
closer to the 1·5°C climate goal.17 Therefore, carbon 
neutrality goals could successfully offset the negative 
effects of population ageing and lead to an overall 
decrease of PM2·5-related deaths from 2015 to 2050.

Because demographic trends (ie, ageing) are so 
important for future PM2·5-related deaths, we also did 
sensitivity tests using a wide range of socioeconomic 
pathways (SSP1 to SSP5) under different climate, energy, 
and clean-air policy scenarios. These sensitivity analyses 
show the importance of future socioeconomic pathways 
for human health, regardless of climate and environ
mental policies (appendix p 13). For example, if we follow 
either SSP1 (sustainability) or SSP5 (fossil-fuelled 
development) and the NDC climate target with best-
available pollution control technologies (eg, the ambitious-
pollution and NDC goals scenario), PM2·5-related deaths 
might not decrease in 2030–50. In turn, under these 

socioeconomic pathways, more ambitious climate 
targets (eg, 2°C and 1·5°C climate target) are the better 
choices to protect public health. Therefore, although the 
aggregate population levels and age distributions are not 
easily manipulated by policy makers, adopting more 
ambitious climate targets avoided health risks regardless 
of socioeconomic assumptions in all modelled scenarios.

Additionally, we found that the decline of baseline 
incidence also contributed to a reduction of PM2·5-
attributable deaths, especially during the later period of 
2030–50. We used future changes of baseline incidence 
from the World Population Prospects 2019 report (more 
details in the appendix, pp 3–4). Because the future 
baseline incidence is affected by many factors such as 
income level, education level, health-care quality, and so 
on, there are usually differences between different 
projections.29 We did sensitivity tests on different 
projections of future baseline incidence, and we showed 
that the more aggressive improvement of baseline 
incidence reduces PM2·5-related deaths (eg, using the 
baseline incidence projected by the International Futures 
model) but much less so than it would be necessary to 
offset the negative effect of population ageing (appendix 
p 17). Therefore, although a decline of baseline incidence 
would always decrease PM2·5-related deaths, such 
improvements would not obviate the health benefits of 
ambitious climate, energy, and clean-air policies. Another 
limitation of the study could be that future air quality 
improvement is also considered as one of the factors 
driving future baseline incidence decline,1,30 the 
contributions of which would be partly attributed to the 
factor of improved air quality. Because of the small 
contribution of baseline incidence decline to the changes 
of premature deaths (figure 2), we believe that future air 
quality improvements embodied in future baseline 
incidence decline would have little effect on the results of 
the decomposition, which in turn highlights the 
importance of air quality improvement from the 
ambitious climate, energy, and clean-air policies in 
reducing the health burden.

Some important uncertainties also apply to our 
findings. For example, the evaluation of air quality and 
PM2·5-related deaths are based on the integrated models 
including the emission projection model DPEC, the 
atmospheric chemical model WRF-CMAQ, and the 
concentration–response functions, all of which would 
introduce uncertainties. Additionally, these models 
incorporate limitations such as incomplete knowledge of 
base-year emissions, innovation of end-of-pipe control 
technologies, chemical and physical process of the WRF-
CMAQ model, constant meteorological conditions, and 
the health risk curves based on the low number of 
studies.30 We present more detailed analyses of these 
uncertainties in the appendix (pp 8–10). Another 
limitation is that this study only estimates the deaths 
attributed to PM2·5 ambient exposure, and deaths 
attributed to household air pollution from solid fuels are 
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not included, which would underestimate the health 
burden in rural China, as well as highlight the importance 
of ambitious climate targets. However, regardless of the 
various sensitivities and uncertainties, our modelling of 
a broad range of climate, energy, and clean-air scenarios 
shows the crucial role of 1·5°C and 2°C climate targets 
together with ambitious pollution controls for protecting 
air pollution-related human health in China.

In conclusion, using the integrated method for 
quantifying future health outcomes under the scenario 
matrix, we found that PM2·5 health risk from ambient 
PM2·5 pollution will greatly increase in the future in the 
context of population ageing, even with mild air quality 
improvement. However, the future air quality improve
ment from the most advanced end-of-pipe pollution 
controls or ambitious climate actions alone might not 
always support the continuous and substantial decline of 
PM2·5-related deaths in some scenarios (eg, under the 
SSP1 scenario; appendix p 13), which underscores the 
need for ambitious climate action (eg, 2°C and 1·5°C 
climate target) together with the strongest clean-air 
policies to substantially reduce the future health burden 
across wide ranges of SSP assumptions.
Contributors
QZ and DT conceived the study. YL, DT, JC, SY, and BY developed the 
integrated model and provided input to the analysis. YL, DT, JC, and QZ 
analysed and interpreted the results. DT, YL, and SJD wrote the first draft 
of the manuscript. QZ, LEC, MB, AJC, HK, and TX reviewed the 
manuscript. All authors contributed to the development of the manuscript 
and approved the final version for publication. YL and JC have verified the 
underlying data and have full access to all the data in the study. All authors 
had final responsibility for the decision to submit for publication.

Declaration of interests
We declare no competing interests.

Data sharing
All data used in this work are available on request from the authors.

Acknowledgments
We would like to thank the National Natural Science Foundation of 
China (41921005 and 41625020) for their support of this work.

Editorial note: the Lancet Group takes a neutral position with respect to 
territorial claims in published maps and institutional affiliations.

References
1	 Murray CJL, Aravkin AY, Zheng P, et al. Global burden of 87 risk 

factors in 204 countries and territories, 1990–2019: a systematic 
analysis for the Global Burden of Disease Study 2019. Lancet 2020; 
396: 1223–49.

2	 Zhang Q, Zheng Y, Tong D, et al. Drivers of improved PM2·5 air 
quality in China from 2013 to 2017. Proc Natl Acad Sci USA 2019; 
116: 24463–69.

3	 Zheng B, Tong D, Li M, et al. Trends in China’s anthropogenic 
emissions since 2010 as the consequence of clean air actions. 
Atmos Chem Phys 2018; 18: 14095–111.

4	 Li M, Zhang D, Li C-T, Mulvaney KM, Selin NE, Karplus VJ. 
Air quality co-benefits of carbon pricing in China. Nat Clim Chang 
2018; 8: 398–403.

5	 Xie Y, Wu Y, Xie M, et al. Health and economic benefit of China’s 
greenhouse gas mitigation by 2050. Environ Res Lett 2020; 15: 104042.

6	 Xing J, Lu X, Wang S, et al. The quest for improved air quality may 
push China to continue its CO2 reduction beyond the Paris 
Commitment. Proc Natl Acad Sci USA 2020; 117: 29535–42.

7	 Vandyck T, Keramidas K, Kitous A, et al. Air quality co-benefits for 
human health and agriculture counterbalance costs to meet Paris 
Agreement pledges. Nat Commun 2018; 9: 4939.

8	 Shindell D, Smith CJ. Climate and air-quality benefits of a realistic 
phase-out of fossil fuels. Nature 2019; 573: 408–11.

9	 Markandya A, Sampedro J, Smith SJ, et al. Health co-benefits from 
air pollution and mitigation costs of the Paris Agreement: 
a modelling study. Lancet Planet Health 2018; 2: e126–33.

10	 Scovronick N, Budolfson M, Dennig F, et al. The impact of human 
health co-benefits on evaluations of global climate policy. 
Nat Commun 2019; 10: 2095.

11	 Rauner S, Hilaire J, Klein D, Strefler J, Luderer G. Air quality 
co-benefits of ratcheting-up the NDCs. Clim Change 2020; 
163: 1481–500.

12	 International Energy Agency. An energy sector roadmap to carbon 
neutrality in China. 2021. https://www.iea.org/reports/an-energy-
sector-roadmap-to-carbon-neutrality-in-china (accessed 
Dec 16, 2021).

13	 Li N, Chen W, Rafaj P, et al. Air quality improvement co-benefits of 
low-carbon pathways toward well below the 2 °C climate target in 
China. Environ Sci Technol 2019; 53: 5576–84.

14	 Xie Y, Dai H, Xu X, et al. Co-benefits of climate mitigation on air 
quality and human health in Asian countries. Environ Int 2018; 
119: 309–18.

15	 Chang S, Yang X, Zheng H, Wang S, Zhang X. Air quality and 
health co-benefits of China’s national emission trading system. 
Appl Energy 2020; 261: 261.

16	 Yang J, Zhao Y, Cao J, Nielsen CP. Co-benefits of carbon and 
pollution control policies on air quality and health till 2030 in 
China. Environ Int 2021; 152: 106482.

17	 Cheng J, Tong D, Zhang Q, et al. Pathways of China’s PM2.5 air 
quality 2015–2060 in the context of carbon neutrality. Natl Sci Rev 
2021; 8: nwab078.

18	 Duan H, Zhou S, Jiang K, et al. Assessing China’s efforts to pursue 
the 1·5°C warming limit. Science 2021; 372: 378–85.

19	 GBD MAPS Working Group. Burden of disease attributable to coal-
burning and other air pollution sources in China. Special Report 20. 
2016. https://www.healtheffects.org/publication/burden-disease-
attributable-coal-burning-and-other-air-pollution-sources-china 
(accessed Dec 16, 2021).

20	 Kriegler E, Edmonds J, Hallegatte S, et al. A new scenario 
framework for climate change research: the concept of shared 
climate policy assumptions. Clim Change 2014; 122: 401–14.

21	 Rao S, Klimont Z, Smith SJ, et al. Future air pollution in the shared 
socio-economic pathways. Glob Environ Change 2017; 42: 346–58.

22	 O’Neill BC, Tebaldi C, van Vuuren DP, et al. The Scenario Model 
Intercomparison Project (ScenarioMIP) for CMIP6. 
Geosci Model Dev 2016; 9: 3461–82.

23	 Yu S, Horing J, Liu Q, et al. CCUS in China’s mitigation strategy: 
insights from integrated assessment modeling. 
Int J Greenh Gas Control 2019; 84: 204–18.

24	 Clarke L, Eom J, Marten EH, et al. Effects of long-term climate 
change on global building energy expenditures. Energy Econ 2018; 
72: 667–77.

25	 Clarke L, Kyle P, Wise M, et al. CO₂ emissions mitigation and 
technological advance: an updated analysis of advanced technology 
scenarios. 2008. US Department of Energy. http://www.
globalchange.umd.edu/data/gtsp/publications/2008/PNNL18075.
pdf (accessed Dec 16, 2021).

26	 Tong D, Cheng J, Liu Y, et al. Dynamic projection of anthropogenic 
emissions in China: methodology and 2015–2050 emission 
pathways under a range of socio-economic, climate policy, and 
pollution control scenarios. Atmos Chem Phys 2020; 20: 5729–57.

27	 UN. World population prospects 2019. New York, NY: United 
Nations, 2019.

28	 WHO. WHO global air quality guidelines: particulate matter 
(PM2·5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and 
carbon monoxide: executive summary. Geneva: World Health 
Organization, 2021.

29	 Hughes BB, Kuhn R, Peterson CM, et al. Projections of global 
health outcomes from 2005 to 2060 using the International Futures 
integrated forecasting model. Bull World Health Organ 2011; 
89: 478–86.

30	 Hystad P, Yusuf S, Brauer M. Air pollution health impacts: the 
knowns and unknowns for reliable global burden calculations. 
Cardiovasc Res 2020; 116: 1794–96.


	Role of climate goals and clean-air policies on reducing future air pollution deaths in China: a modelling study
	Introduction
	Methods
	Scenario design
	Air quality modelling
	PM2·5-attributable deaths
	Role of the funding source

	Results
	Discussion
	Acknowledgments
	References


