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PUBLIC SUMMARY

= Achieving carbon neutrality could reduce PM, s-related mortality by about 84% among those aged <65 years.
= By 2050, older adults are expected to account for more than 69% of PM, s-related economic losses.

= Rapid aging will offset health gains from carbon neutrality in older adults.
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Despite considerable regulatory interventions to mitigate air pollution, fine
particulate matter (PM,;) remains a critical health threat across China.
Carbon neutrality strategies, though primarily aimed at mitigating climate
change, may also yield substantial co-benefits for air quality and public
health. However, the scale of these benefits may be undermined by rapid
population aging. Here, we used a two-stage time-series analysis to quan-
tify the exposure-response relationship between short-term PM, 5 expo-
sure and mortality, using 50.9 million non-accidental deaths in mainland
China. We then applied an air quality model to project future PM, 5 concen-
trations and estimate the associated disease burden under three carbon
emissions scenarios. From 2013 to 2020, short-term PM, s exposure was
attributable to 2.38% of all-cause mortality. By 2060, PM, 5 concentrations
are projected to decline by 75.8%, 67.8%, and 40.1%, respectively, under
three emission pathways: SSP119 (carbon neutrality), SSP126 (carbon
peaking), and SSP245 (business as usual), compared with the baseline
period. Consequently, excess mortality among individuals under 65 years of
age is expected to decrease by 83.9%, 78.6%, and 60.1%, respectively.
However, among adults aged 85 and over, PM, s-attributable mortality is
projected to increase by 15.6%, 53.5%, and 182.6%, respectively. By 2050,
older adults are expected to account for more than 69% of PM, s-related
economic costs under the SSP119 scenario, reflecting the growing age-
related burden in all scenarios. These findings underscore the health and
financial benefits of achieving carbon neutrality and highlight the need to
integrate demographic change into future climate and air quality policy
frameworks.

INTRODUCTION

China has implemented stringent air pollution control policies, most
notably the Air Pollution Prevention and Control Action Plan (2013), which
reduced national fine particulate matter (PM,5) concentrations by over 30%
within five years and substantially lowered air pollution-related morbidity.'”
Despite this progress, nearly all regions in China still exceed the WHO Air
Quality Guidelines (AQG) for PM,5.* The public health and economic burdens
associated with PM, 5 are still expected to intensify due to population aging
and growth in China.”*® Evidence suggests that the economic costs of air
pollution for elderly populations doubled between 2000 and 2016.” However,
due to rapid population aging and ongoing population growth, the public
health and financial burdens associated with PM, 5 are projected to persist or
even worsen, despite cleaner air.”

Carbon emissions are closely linked to air pollution, as carbon dioxide (CO,)-
emitting processes typically co-emit hazardous pollutants, including PM, 5
and ozone (04).”” Substantial evidence indicates that decarbonization strate-
gies, particularly reductions in fossil fuel combustion, can simultaneously
reduce greenhouse gas emissions and air pollutants, and potentially prevent

millions of premature deaths globally through the associated decline in PM, 5
exposure.'”"” As the world's leading carbon emitter, China has adopted
comprehensive carbon-reduction policies that not only align with global miti-
gation trends but also address its domestic air pollution challenges. In
September 2020, the Chinese government unveiled its carbon neutrality
strategy, committing to achieving a peak in carbon emissions before 2030
and achieving carbon neutrality by 2060." Given the dual benefits of carbon
neutrality policies for both climate and air quality, it is essential to further
quantify their potential health impacts from improved air quality, particularly
on PM,s-related burdens, to inform the evaluation of current mitigation
measures and guide future policy development.

Some existing studies have projected PM, s-related mortality under vari-
ous climate and air pollution control scenarios.'** For example, one study
used climate projections from the Coupled Model Intercomparison Project
Phase 6 and national-level mortality rates from the Global Burden of Disease
Study to estimate long-term PM, s-related deaths worldwide.* Another study
applied a regional air quality model to project PM, 5 levels in China in 2030
and calculated mortality based on national statistics and long-term exposure-
response functions from previous studies.'® However, many challenges
remain.”’ First, few have focused on the short-term health burden attributable
to PM, 5 within the policy of carbon neutrality.”' In addition, estimates of PM, -
reduction benefits predominantly rely on exposure—response relationships
derived from prior studies, often involving non-local populations, which may
introduce systematic biases and compromise the validity of both policy deci-
sions and public health interventions.''"*> Moreover, few studies have inte-
grated future demographic transitions, especially population aging, into
scenario-based projections of PM,s-related health burdens.'** Failure to
incorporate demographic transitions, especially population aging, may result
in systematic overestimation of the health co-benefits of emission reduc-
tions, particularly among vulnerable age groups.

To address these knowledge gaps, we comprehensively assessed excess
mortality and the associated economic burden resulting from short-term
PM, 5 exposure across all-cause, cardiovascular, and respiratory mortality,
spanning both historical and projected future periods. First, age-specific
exposure-response relationships were derived using a two-stage time-series
model. Second, future PM,s concentrations were projected under three
carbon-emission scenarios: SSP119 (carbon neutrality), SSP126 (carbon
peaking), and SSP245 (business-as-usual), while demographic changes were
considered independently. Third, integrating pollution levels, population struc-
tures, and exposure—response functions, we estimated future excess mortal-
ity and corresponding economic costs. Particular attention was given to the
potential influence of population aging on excess mortality risks and their
financial burdens.
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MATERIALS AND METHODS
Study and population

This study included 50.9 million non-accidental deaths recorded in 351
cities across 31 provinces, autonomous regions, and municipalities in main-
land China, spanning January 2013 to December 2020 (Figure ST). Among
these, 25.3 million deaths were attributed to cardiovascular diseases and 5.8
million to respiratory diseases. Mortality data were obtained from the cause-
of-death surveillance system managed by the Chinese Center for Disease
Control and Prevention (CDC), which recorded the underlying cause of death,
date of death, usual residential address, and socio-demographic details of the
deceased. Causes of death were coded according to the 10th revision of the
International Classification of Diseases (ICD-10): non-accidental deaths (AOO-
R99), cardiovascular diseases (100-199), and respiratory diseases (J00O-J98).
This study followed the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) reporting guideline.

PM, 5 and meteorological data

Daily PM,5 concentrations from 2013 to 2020 were retrieved from the
China High Air Pollutant (CHAP) dataset, which provides high-resolution data
ata 1 km x 1 km grid.” Daily sulfur dioxide (SO,) and nitrogen dioxide (NO,)
concentrations were also obtained from the CHAP dataset, with a spatial
resolution of 10 km x 10 km for 2013-2018 and 1 km x 1 km for 2019-
2020.”** Daily ozone (03) concentrations were obtained from the Tracking Air
Pollution in China (TAP) dataset at a 10 km x 10 km spatial resolution.”
Temperature and humidity data for the same period were drawn from the
ECMWF ReAnalysis 5th generation-Land dataset.”’ City-level daily PM,s,
temperature, and humidity were computed to match the mortality data.

Prediction of future PM, ; concentrations

We used CO, emission scenarios from the Dynamic Projection Model for
Emissions in China (DPEC) to drive simulations of future PM, g concentra-
tions.” The DPEC model provides emission projections from 2010 to 2060
based on varying socio-economic conditions, climate strategies, and pollu-
tion control policies. Three scenarios were selected: SSP119, reflecting
China's carbon-neutral policy path; SSP126, representing peak carbon policy
targets; and SSP245, a business-as-usual trajectory. We applied the offline-
coupled Weather Research and Forecasting (WRF; version 3.9.1)-Community
Multiscale Air Quality (CMAQ; version 5.2) modeling system to simulate future
PM, 5 levels through 2060 for each scenario. The simulations covered main-
land China at a horizontal resolution of 36 km; WRF used 28 vertical layers for
meteorological fields, while CMAQ used 14 vertical layers for chemical trans-
port.

Prediction of population

Future population data were obtained from a previous study that reana-
lyzed China's projected annual population using global population forecasts
and incorporated the potential impact of recent fertility-promoting policies.”
Three scenarios were considered: SSP1 (low fertility), reflecting a sustainable
development pathway; SSP2 (medium fertility), representing a continuation of
historical trends; and SSP3 (high fertility), a scenario driven by regional
competition. Population projections were aggregated for each province and
age group, with additional breakdowns by sex and education level.

Exposure-response relationship between short-term exposure to PM, 5
and mortality, and its excess mortality risk

We assessed the relationship between short-term PM,s exposure and
mortality using a two-stage analytical approach commonly employed in multi-
regional epidemiological studies, which accounts for both within-region
statistical error and between-region variability.”” In the first stage, we used
a generalized linear model with quasi-Poisson regression to estimate the city-
specific linear association between PM, s exposure and mortality. The opti-
mal exposure window was selected using the Quasi-Akaike Information
Criterion (QAIC). Covariates in the model included long-term trends (adjusted
using a natural cubic spline with 7 degrees of freedom [df] per year), day-of-
week, 4-day average temperature (lag 0-3 days, natural cubic spline with 6
df), and 4-day average humidity (lag 0-3 days, natural cubic spline with 3 df),
based on parameters informed by prior studies.”'* The 2-day average
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exposure (lag 0-1), representing PM, 5 levels on the day of death and the
preceding day, was identified as the optimal exposure window by QAIC and
supported by earlier research. We also conducted sensitivity analyses using
two-pollutant models with additional adjustment for the 2-day moving-aver-
age concentrations (lags 0-1) of SO,, O3, and NO,, respectively.

In the second stage, we performed a random-effects meta-analysis to pool
the city-specific estimates; the corresponding heterogeneity statistics are
shown in Table S1. Additionally, we applied the same two-stage framework to
derive a nonlinear exposure-response curve by replacing the linear pollutant
term with a natural spline function (3 knots at the 25" 50" and 75"
percentiles of PM, 5 exposure) in the first-stage model.

Future excess mortality associated with short-term PM,s; exposure
under different carbon emission scenarios and population growth
patterns

We estimated future excess mortality associated with short-term PM, 5
exposure using a two-stage analytical protocol based on cumulative relative
risk (RR) over a lag of 0-1days. The number of excess deaths was calcu-
lated using the following equation:

ED, = (1 —exp—B,(x, —©),)) x d; M

where ED, denotes the attributable excess deaths in city j on day t B,
denotes the log relative risk (log RR) per 1 ug/m?® increase in PM, 5, defined as
the best linear unbiased prediction for city j; d, and x, denote the number of
daily mortalities on day t, and the average PM, 5 concentration on that day
and the previous day, respectively. (x, —c), denotes the PM,5 concentration
that exceeds the limit value ¢.”** In this study, we set the thresholds at 0
pg/m? and 37.5 ug/m?® corresponding to WHO Interim Target-3 (WHO IT-3),
because IT-3 is the WHO-recommended and most realistic threshold for
PM, s health impact assessment.

We first calculated baseline mortality rates for each age group at both the
national and provincial levels using 2020 data, by dividing the number of
deaths in each age group by the corresponding age-specific population
across the 31 provinces. These 2020 baseline mortality rates were then used
to estimate national and province-specific PM, s-related excess mortality for
2020 and to project excess mortality from 2025 to 2060 at five-year intervals
(2025, 2030, 2035, 2040, 2045, 2050, 2055, and 2060). These projections
incorporated PM,s concentrations derived from three emission scenarios
(SSP119, SSP126, and SSP245) and three population growth trajectories
(SSP1, SSP2, and SSP3). To further examine how population aging and
regional pollution levels might influence future excess mortality, we
compared mortality trends across age groups and regions under each
scenario. Uncertainty intervals (Ul) for the projected excess mortality were
estimated using a Monte Carlo simulation based on the uncertainty of the
exposure-response coefficients.

Economic costs associated with short-term PM, s-attributable mortality

We estimated the economic costs of mortality from short-term PM,5
exposure using an age-adjusted value for a statistical life-year (VSLY). First,
we obtained the age-adjusted VSLY for China from 2011 to 2016, as reported
in a previous study.” The baseline VSL was derived from the average value
used in OECD countries (US$3.54 million) and adjusted for each country's per
capita GDP. This value was then further refined by applying age-specific
wealth weights and remaining life expectancy, yielding the final age-adjusted
VSLY. Second, per capita GDP data for 2011-2020 were collected from China'
s national and provincial statistical yearbooks, while projected GDP per capita
values for future years (2025, 2035, and 2050) were taken from the China
Energy Foundation.® Life expectancy figures were obtained from the life table
database in the GBD 2021 study.*’

To estimate economic losses, we first projected the national age-adjusted
VSLY using 2011 GDP per capita as the baseline (Equation 2), then calcu-
lated province-specific VSLY values for 2013-2020 based on national VSLY
and regional GDP data (Equation 3). Mortality counts, life expectancy, and age-
adjusted VSLY were combined by age group and year at both national and
provincial levels. Final economic costs were computed by multiplying
attributable deaths by the age-adjusted VSLY, expressed in 2011 purchasing
power parity (PPP) dollars (Equation 4).
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Table 1. Percentage change in all-cause, cardiovascular, and respiratory mortality per 10 pg/m? increase in 2-day moving average PM, 5 concentrations at the national level.

Pooled estimate (95% confidence interval), %

Age group

All-cause mortality

Cardiovascular mortality

Respiratory mortality

All participants 0.55 (0.37,0.74)

<65 years 0.36 (0.25, 0.46)
65-75 years 0.48 (0.31, 0.65)
75-85 years 0.61 (0.41,0.81)
>85 years 0.75 (0.53,0.97)

0.63 (0.42,0.83)
0.34 (0.22, 0.45)
0.47 (0.32,0.63)
0.64 (0.42,0.87)
0.78 (0.56, 1.00)

0.52 (0.34,0.71)
0.17 (-0.02, 0.35)
0.46 (0.29, 0.63)
0.47 (0.30, 0.64)
0.69 (0.46, 0.92)

Age_VSLY,

jac

:Age—VSLyzowa.c X < GDPw >

GDPos @

where, Age_VSLY,,, is the age-adjusted value of a statistical life year for
China, GDP,, is the GDP per capita for China in year j. e is the elasticity of
income in VSL.

®)

Age_VSLY,, =Age_VSLY,, % ( GDP, )

GDP,.

where, Age_VSLY,,, is the age-adjusted value of a statistical life year for each
province in China, GDP,, is the GDP per capita for province /in year J. e is the
elasticity of income in VSL. Following previous studies, we assigned an
income elasticity of e = 0.8 to provinces with per-capita GDP above the
national average, and e = 1.4 to those with per-capita GDP below the national
average.
e, Age_VSLY, ..,
Age_VSLY_EC,,, =D, Y. QUT 4)
where, Age_VSLY_EC,,, represents the economic cost of attributable
mortality due to cause k on the population age a in province or national /, year
J using the age-adjusted VSLY measure (Age_VSLY,,. ), and LE,, is life
expectancy at age ain year j, and China (c), t refers to t" year after the age of
attributable death a, and ris the discount rate. Following previous studies, we
applied a differential r based on provincial economic conditions: 0.04 to
provinces with per-capita GDP at or above the national average, and 0.06 to
those below.”

RESULTS
Association between short-term exposure to PM, s and mortality

This study analysed 50.9 million non-accidental deaths. Findings from the
two-stage analytical protocol (Table 1 and Figure TA) showed that, for the
overall population, each 10 ug/m?® increase in the 2-day moving average
concentration of PM, 5 (identified as the most suitable exposure window) was
linked to a 0.55% increase in all-cause mortality risk (35% confidence interval
[CI): 0.37-0.74%), a 0.63% increase in cardiovascular mortality risk (35% Cl:
0.42-0.83%), and a 0.52% increase in respiratory mortality risk (95% ClI: 0.34-
0.71%). The associations of PM, s with all-cause, cardiovascular, and respira-
tory mortality were robust to additional adjustment for SO,, O5;, and NO, in the
two-pollutant models (Table S2). The exposure-response curve revealed no
clear threshold (Figure 1B). Mortality risk associated with PM,s exposure
increased with age (Table T and Figure 2A). For all-cause non-accidental
deaths, each 10 ug/m?® increase in the 2-day average PM,s concentration
was associated with a 0.36% increase in mortality risk (95% Cl: 0.25-0.46%)
for individuals under 65, a 0.48% increase (95% Cl: 0.31-0.65%) for those aged
65~75, a 0.61% increase (95% Cl: 0.41-0.81%) for those aged 75~85, and a
0.75% increase (95% Cl: 0.53-0.97%) in those aged 85 and older.

Pooled estimates represent the percentage changes in daily all-cause,
cardiovascular, and respiratory mortality per 10 pg/m?® increase in particulate
matter concentrations with an aerodynamic diameter of 2.5 ym or less
(PMys).

PM, ; exposure-related excess mortality from 2013 to 2020
In the overall population, short-term exposure to PM, 5 accounted for 2.38%
(95% empirical confidence interval [eCl]: 2.28-2.48%) of all-cause excess

mortality, 2.58% (95% eCl: 2.46-2.69%) of cardiovascular mortality, and 2.46%
(95% eCl: 2.28-2.62%) of respiratory mortality. The proportion of excess
mortality attributed to PM, 5 levels above 37.5 pg/m?® (WHO IT-3) is presented
in Table S3, with estimates of 1.63% (35% eCl: 1.55-1.69%) for all-cause
mortality, 1.73% (95% eCl: 1.66-1.80%) for cardiovascular mortality, and
1.68% (95% eCl: 1.56-1.80%) for respiratory mortality. These results indicate
that, a substantial proportion of PM,s-related excess mortality occurred at
exposure levels below the WHO IT-3 threshold during the study period. The
excess mortality fraction increased with age (Table S3). For individuals aged
85 years or older, the excess mortality fractions for all-cause, cardiovascular,
and respiratory mortality were 2.1-, 2.3-, and 4.3-fold higher, respectively,
than for individuals under 65 years (Table S4). Across all age groups and
causes, the excess mortality fraction declined over time (Figure 2B). At the
provincial level, Chongging, Ningxia, and Guangdong had the highest excess
all-cause mortality fractions, with estimates of 5.88% (95% eCl: 3.80-7.96%),
5.85% (95% eCl: 5.12-6.60%), and 5.06% (95% eCl: 4.89-5.25%), respectively
(Table S4). In all provinces, excess mortality fractions from short-term
PM, 5 exposure also rose with age (Figures 2C & S2). Over time, a general
decline in excess mortality fractions was observed at the provincial level
(Figures S3 & S4).

Prediction of population growth patterns and PM, s levels under differ-
ent carbon emission scenarios

China's aging trend is projected to continue, with individuals aged 65 and
older expected to make up 31.9% of the total population by 2060 (Figure 3A).
The bias-corrected PM, 5 simulations showed good agreement with observa-
tions, with r = 0.897, R? = 0.805, RMSE = 7.793 pg/m®, MAE = 4.940 ug/m?,
MB = -1.551 pg/m® and NMB = -3.89%. These results indicate that the bias-
corrected model reasonably reproduced the observed PM, 5 concentrations.
Based on this validated modeling framework, national average PM, 5 concen-
trations are projected to decline under all emission scenarios. By 2060, aver-
age concentrations are expected to decline to 7.16 pg/m® under SSP119, 9.5
pg/m?® under SSP126, and 17.7 pg/m® under SSP245, corresponding to
reductions of 75.8%, 67.8%, and 40.1%, respectively, from baseline levels
(Figure 3B). At the provincial level, PM,s concentrations are projected to
decline across all regions, with the most significant improvements under the
SSP119 scenario (Figure Sb).

Prediction of PM,; exposure-related excess mortality under different
carbon emission scenarios and population growth patterns

We projected temporal trends in excess mortality associated with short-
term PM,5 exposure across various emission scenarios, showing lower
excess all-cause mortality under SSP119 and markedly higher excess
mortality under SSP245, with the burden increasing with age, particularly
among older adults (Figure 4, Tables S3-S5, Figures S6 & S7). Specifically,
under the SSP119 scenario, by 2060, excess all-cause mortality attributable
to PM, 5 exposure among individuals aged <65 years is projected to decline
by 83.9%, from 19,941.7 (95% Ul: 18976.2 to 20,885.8) to 3,213.8 (95% Ul
2,231.7 to 4,244.5). Mortality is also projected to decrease by 62.0% among
those aged 65-75 years and by 40.4% among those aged 75-85 years. In
contrast, among individuals aged =85 years, excess all-cause mortality is
projected to increase by 15.6%, from 44,824.1 (95% Ul: 43,012.3 to 46,508.8)
to 51,8235 (95% Ul: 36,601.8 to 67,217.0). Under the SSP245 scenario,
excess all-cause mortality attributable to PM, 5 exposure among individuals
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(D) Linear association between short-term PM. s exposure and mortality by cause
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Figure 1. Association between short-term PM, 5 exposure and all-cause, cardiovascular, and respiratory mortality (A) Percentage change and 95% confidence interval in all-
cause mortality, cardiovascular mortality, and respiratory mortality per 10 pg/m? increase in the n-day moving average of PM, s concentrations at the national level. Points repre-
sent the estimated percentage changes, and error bars indicate 95% confidence intervals. (B) Pooled exposure-response curves for the associations between 2-day moving aver-
age PM, 5 concentrations and daily mortality. Solid lines represent the pooled estimates, and black dashed lines indicate the corresponding 95% confidence intervals. Colored
vertical dashed lines indicate the World Health Organization (WHO) Air Quality Guideline and the four WHO interim targets (IT-1, IT-2, IT-3, and IT-4).

aged <65 years is projected to decrease by 60.1%, to 7,955.6 (95% Ul: 5,439.8
to 10,283.9). By contrast, mortality is projected to decrease by 6.0% among
those aged 65-75 years and increase by 45.4% among those aged 75-85
years. Among individuals aged =85 years, excess all-cause mortality is
projected to rise by 182.6%, reaching 126,666.3 (35% Ul: 85700.7 to
166,300.0) (Table Sb). The results for excess circulatory-cause and respira-
tory-cause mortality were consistent with those for excess all-cause mortal-
ity (Table S5, Figures S6 & S7). Figure 4B and Table S6 also present provincial-
level changes in PM,s-related excess mortality across different emission
scenarios.

Economic costs associated with short-term PM, s-attributable mortality
in 2020 and under different emission scenarios

We estimated the age-adjusted VSLY at the national level for 2011-2016
and projected these through 2050, along with province-specific age-adjusted
VSLY values for 2013-2020 (Figures 5A & S8). In 2020, the economic cost of
all-cause mortality attributable to short-term PM, s exposure reached $873.1
billion, a 23.4% increase from $707.6 billion in 2013. Costs increased across
all age groups, rising by 6.7% among individuals aged <65 years, from $505.7
billion (95% UI: 473.9-535.0) to $539.8 billion (95% Ul: 513.7-565.4), with
progressively larger increases observed with age. The largest increase
occurred among those aged =85 years, for whom the cost rose from $13.7
billion (85% UI: 13.0-14.4) to $28.1 hillion (35% UI: 27.0-29.2), representing a
104.7% increase (Figure 5B and Table S7). Economic costs varied substan-
tially across provinces, with Guangdong, Shandong, and Jiangsu experienc-
ing the highest burdens in 2020 (Figure 5C and Table S7). At lower PM,s
concentrations (WHO IT-3), the relative economic costs of excess mortality
increased (Figure S9). By 2050, under the SSP119 scenario, the national

economic costs attributable to PM, s-related all-cause, cardiovascular, and
respiratory mortality are projected to reach $920.2 billion, $462.0 billion, and
$61.0 billion, respectively, reflecting increases of 5.4%, 20.3%, and 53.5% rela-
tive to 2020 levels. In contrast, under the SSP126 and SSP245 scenarios,
economic burdens are expected to increase significantly (Figures 5 & S10-
S11, Table S8). When broken down by age group, the economic burden of
PM, s-related mortality is projected to decline by more than 47.3% for individ-
uals under 65. However, for those aged 65 and older, the burden is expected
to rise sharply, with increases reaching up to 248.3%. By 2050, people under
65 will account for just 30.9%, 22.5%, and 8.5% of total economic costs for all-
cause, cardiovascular, and respiratory mortality, respectively. In contrast,
individuals aged 65 and above will bear 69.1%, 77.5%, and 91.5% of the
economic burden from all-cause, cardiovascular, and respiratory mortality,
respectively (Figures 5 & S10-S11, Table S8).

DISCUSSION

In this nationwide study, we employed a two-stage analysis involving 50.9
million deaths to assess the risks of excess mortality and the economic costs
associated with short-term PM, 5 exposure, both during the historical period
and under projected carbon-emission scenarios. The results indicated that
PM, 5 exposure was associated with increased risks of all-cause, cardiovas-
cular, and respiratory mortality, with no clear exposure threshold. The magni-
tude of this association grew with age. By 2060, under the SSP119 scenario,
excess all-cause mortality is projected to decline by 83.9%, 62.0%, and 40.4%
among individuals aged <65, 65-75, and 75-85 years, respectively, but to
increase by 15.6% among those aged =85 years. Between 2013 and 2020, the
economic burden of all-cause mortality attributable to short-term PM,
exposure increased by 23.4%. Relative to 2020 levels, these costs are
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Figure 2. Association between short-term PM, 5 exposure and mortality, and excess fraction attributable to PM, 5 exposure by age and cause (A) Percentage change in all-
cause, cardiovascular, and respiratory mortality per 10 pg/m?® increase in the n-day moving average of PM, s concentrations by age at the national level. Points represent the esti-
mated percentage changes, and error bars indicate 95% confidence intervals. (B) Excess fraction attributable to PM, 5 exposure by age, year, and cause from 2013 to 2020 at the
national level, with “Full" indicating the cumulative excess fraction across the entire study period. Bars represent the estimated excess fractions, and error bars indicate 95%
empirical confidence interval. “Full" denotes the estimate for the entire study period. (C) Excess all-cause mortality fraction attributable to PM, 5 exposure by age throughout the

observation period (2013-2020) at the provincial level.

projected to decrease by 47.3% among individuals aged <65 years by 2050
under the SSP119 scenario, but to increase by 16.4%, 161.1%, and 248.3%
among those aged 65-75, 75-85, and =85 years, respectively. From 2013 to
2020, individuals aged 65 and older accounted for 28.5-38.2% of the total
economic burden. This share is projected to rise to around 69% by 2050
under the SSP119 scenario. These findings highlight the combined benefits
of improved air quality and reduced health impacts achievable through
carbon-neutral policies. However, the growing share of older adults may limit
these health gains and reduce the expected economic benefits from lower
PM, s exposure.

Although the two-stage analytical approach is widely used in multi-regional
epidemiological studies, our pooled estimates still exhibited moderate to
substantial between-region heterogeneity, particularly for all-cause and
cardiovascular mortality. In contrast, the heterogeneity in respiratory mortal-
ity was relatively low across several age groups. The attenuation of hetero-
geneity after age stratification suggests that regional differences in popula-
tion age structure may partly account for the observed heterogeneity in the
associations between short-term PM, 5 exposure and mortality. The remain-
ing heterogeneity may be explained by regional variation in PM, 5 composi-
tion, meteorological conditions, baseline disease burden, exposure patterns,
and healthcare resources.”*

Despite this heterogeneity, our study found that short-term exposure to
PM, 5 was associated with a 0.55% increase in the risk of all-cause mortality,
a 0.63% increase in the risk of cardiovascular mortality, and a 0.52% increase
in the risk of respiratory mortality during the period from 2013 to 2020,
consistent with previous findings.****'*** A time-series analysis conducted in
96 counties in Jiangsu Province, China, reported that a 10 pg/m? increase in
PM, 5 was associated with a 0.60% (35% Cl: 0.52-0.67%) rise in all-cause
mortality.” Similarly, a study covering 372 cities across 19 countries and
regions estimated a 0.47% (95% ClI: 0.26-0.67%) increase in all-cause mortal-
ity per 10 ug/m® increase in PM,5 at a lag of 0-1 day.”* A meta-analysis of
652 cities reported an excess mortality risk of 0.68% (35% Cl: 0.59-0.77%) per
10 pg/m? increase in PM, s with the same lag structure.” We also observed
marked age-related variation in the association between short-term PM,5
exposure and mortality risk, with stronger associations found in older adults.
This aligns with prior research showing greater susceptibility in older popula-
tions compared to younger ones, for example, 0.69% (35% Cl: 0.60-0.78%)
versus 0.45% (95% Cl: 0.32-0.57%), respectively.”” Our results suggest that
older adults bear a relatively higher burden of excess mortality from short-
term PM, 5 exposure; however, this burden has declined in recent years, coin-
ciding with improved air quality in China. Additionally, we quantified excess
mortality using exposure-response functions at both national and provincial
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Trends in the composition of the population by age group under the SSP2 scenario
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Figure 3. Trends in national population composition by age group (A) and provincial distribution of annual average PM, ; concentrations (B) from 2013 to 2060 (A) National
population composition by age group under the SSP2 scenario. (B) Provincial distributions of annual mean PM, s concentrations under historical and future scenarios. Boxes
show the median and interquartile range. SSP119, SSP126, and SSP245 represent China's carbon-neutral policy pathway, peak-carbon policy target pathway, and business-as-

usual trajectory, respectively.
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Figure 5. Economic costs of all-cause mortality attributable to short-term PM, 5 exposure during the historical and future periods (A) Age-adjusted value of a statistical life
year (VSLY) on a national scale from 2011 to 2050. (B) National economic costs associated with mortality from short-term PM, 5 exposure during the historical period (2013-
2020). Bars represent estimated economic costs, and error bars indicate 95% uncertainty intervals. (C) Provincial-level economic costs associated with mortality from short-term
PM, 5 exposure in the historical period. (D) Comparison of economic costs attributed to mortality from short-term PM, 5 exposure in 2020 and future periods. (E) Age-specific
proportion of economic costs attributable to mortality from short-term PM, s exposure in 2020 and future periods. SSP119, SSP126, and SSP245 represent China's carbon-
neutral policy pathway, peak-carbon policy target pathway, and business-as-usual trajectory, respectively.
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levels, providing a more geographically specific analysis than most prior
studies.”” The mortality burden remains concentrated in areas with high
pollution, including the Pearl River Delta, the Beijing-Tianjin-Hebei region, and
the Sichuan Basin, which continue to require focused prevention and control
efforts.

Our projections indicate a substantial decline in future excess mortality
associated with short-term PM, s exposure, with the most significant reduc-
tions anticipated under the near-carbon-neutral SSP119 scenario. By 2060,
excess all-cause mortality is projected to drop by 32.5% under SSP119 and
by 10.3% under SSP126. In contrast, under the SSP245 scenario, which
reflects a business-as-usual pathway, excess all-cause mortality is projected
to rise by 65.1%. These trends are consistent with previous studies, which
report the largest decreases in PM, s-related excess incidence under SSP119,
followed by SSP126, with minimal reductions under SSP245.'”" These
results suggest that China's carbon-neutral strategy could bring consider-
able health benefits. Age-specific projections indicate that under SSP119,
excess mortality among individuals under 65 years is expected to fall by
approximately 84% by 2060 compared to 2020 levels. However, the magni-
tude of this reduction decreases with age and eventually reverses, with
excess mortality among individuals aged 85 years and older projected to
increase by 13.1-15.6% under different projection assumptions. This pattern
suggests that population aging may undermine the health benefits of carbon-
neutral policies, underscoring the importance of tailored preventive strategies
for older adults. Regionally, the Beijing-Tianjin-Hebei area, the Sichuan Basin,
and the Pearl River Delta are expected to remain key areas for air pollution
control in the future.

To support air pollution control policy, previous studies have sought to
quantify the economic burden of air pollution-related health effects. However,
most of these assessments have relied on an age-invariant VSL multiplied by
attributable mortality, or an age-invariant VSLY multiplied by years of life
lost."**** These approaches assume the same VSL or VSLY across all age
groups and do not account for differences in remaining life expectancy, qual-
ity of life, or socioeconomic status by age.”**’ In this study, we applied an age-
adjusted VSLY framework to estimate the economic burden of mortality
attributable to short-term PM, 5 exposure, accounting for population aging
and China's carbon neutrality policy. We estimated that the economic cost of
all-cause mortality linked to short-term PM, g exposure reached USS873.1
billion in 2020, marking a 23.4% increase from US$707.6 billion in 2013. Indi-
viduals aged 65 and older accounted for 28.5-38.2% of this cost, a share that
may be slightly below global estimates.” The increase in expenses observed
between 2013 and 2016 was mainly driven by increasing GDP per capita,
population growth, and aging. Our findings also suggest that even under
SSP119, the economic burden of PM,s-related mortality will continue to
increase by 2050, albeit modestly. Under SSP126 and SSP245, however, the
economic burden is projected to rise substantially more, highlighting the
importance of stronger mitigation efforts. Therefore, population aging is
expected to become the primary factor driving the growing economic burden,
with older adults projected to account for approximately 70% of total costs, a
proportion similar to that observed in high-income regions.” This dispropor-
tionate burden in older age groups likely results from the rapid increase in the
older population, higher baseline mortality rates by age and disease category,
and sharper declines in mortality and, therefore, economic losses among
younger groups. These findings underscore the importance of prioritizing
interventions for older adults to mitigate the economic burden of air pollution-
related mortality.

By 2060, under the SSP119 scenario, most regions in China are projected
to experience substantial reductions in PM, 5 concentrations compared to the
baseline period. However, several provinces, including Xinjiang, Tibet, Inner
Mongolia, Northeast China, and the Beijing-Tianjin-Hebei region, are expected
to maintain annual average PM, s levels above the WHO guideline of 5 ug/m?®,
This highlights the continued need for focused efforts to address the health
burden of PM,g exposure in these high-risk areas.”** Our findings also
confirm the absence of a significant threshold for PM,s-related mortality.
Prior research has shown that even at low concentrations, PM, 5 is associ-
ated with an increased risk of mortality.”” Moreover, studies have reported
that the exposure-response relationship between short-term PM2.5 expo-
sure and mortality tends to show a steeper slope at lower concentrations and
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a flatter slope at higher concentrations.” Consistent with these observations,
we found that a considerable share of excess mortality was associated with
exposure levels below the WHO IT-3 threshold from 2013 to 2020. These
results emphasize the ongoing mortality risk associated with PM, 5 exposure,
even in areas with relatively low concentrations, and suggest that incremen-
tal improvements in air quality could yield meaningful health benefits.

This study systematically assessed excess mortality associated with short-
term PM, s exposure under carbon-neutrality policy scenarios, offering criti-
cal insights into the potential health benefits of achieving carbon neutrality.
Compared with previous studies, our analysis, based on both national and
provincial data, provides a more detailed quantification of how China's carbon-
neutrality targets and population aging may influence excess mortality and
the economic burden associated with short-term PM, 5 exposure. We also
employed age-adjusted VSLY estimates that account for three key life-span
factors: remaining life expectancy, quality of life, and wealth weighting.*"*
This approach more accurately reflects the distribution of health-related
economic costs across age groups. It provides a rational foundation for
pollution control and health system planning, balancing the needs of older
adults with the societal value placed on younger populations.

However, the findings should be interpreted with certain limitations in mind.
First, limited case counts in some provinces may introduce uncertainty in the
regional estimates of excess mortality and economic costs. Second, while
estimating age-adjusted VSLY, potential variation in quality of life and wealth
across provinces and future periods may affect cost estimates. Third,
although age groups were categorized, more granular subdivisions were not
applied to preserve model stability. Fourth, because observational data are
unavailable for future periods, the projected future PM, 5 concentrations could
not be directly validated. Moreover, the bias-correction approach was devel-
oped using historical simulations and observations, and its application to
future scenarios assumes a relatively stable model bias over time, which may
introduce uncertainty into the projections. Finally, in the future burden projec-
tions, we accounted for changes in population structure but did not incorpo-
rate potential temporal changes in baseline mortality. In addition, future
improvements in healthcare, disease prevention, and population susceptibil-
ity were not explicitly considered, which may have introduced some uncer-
tainty into the estimated PM, s-attributable mortality burden. Importantly, the
95% uncertainty intervals reported for the future projections mainly reflected
the statistical uncertainty in the exposure—response coefficients. Other
sources of uncertainty, including future PM, s simulations, population projec-
tions, baseline mortality, and economic parameters, were not fully propa-
gated into the interval estimates; therefore, the reported uncertainty intervals
should not be interpreted as capturing the full range of uncertainty in the
future projections.

CONCLUSION

In summary, achieving carbon neutrality presents a dual opportunity to
improve both air quality and public health. China's carbon-neutrality policies
could substantially reduce mortality from short-term PM, 5 exposure, deliver-
ing wide-ranging health benefits. However, rapid population aging may offset
some of these gains and intensify the economic burden. As a result, in
regions with a legacy of high pollution and a large elderly population, it is
essential to implement strategies that not only reduce air pollution but also
strengthen healthcare services for older adults, thereby lowering the health
costs associated with environmental air pollution.
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