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Construction activities drive half of China's ambient PM 2.5 health 
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a b s t r a c t

Construction activities generate substantial air pollutants and greenhouse gas emissions, contributing 
heavily to ambient PM 2.5 exposure and associated mortality worldwide. In China, rapid urbanization has 
driven a massive expansion of the construction sector, with emissions arising from building material 
production, onsite operations, upstream supply chains, and operational energy use in buildings. 
Although end-of-pipe controls have markedly lowered pollutant emissions since 2013, further re-
ductions are increasingly costly, and air quality and climate policies remain poorly integrated. The full 
lifecycle health burden imposed by construction-related air pollution, its temporal evolution, and the 
scope for health co-benefits from decarbonization—particularly across urban and rural divides—have 
been incompletely characterized. Here we integrate a detailed construction emission inventory, 
input–output analysis, inverse atmospheric modelling, and health impact assessment to quantify these 
impacts in China from 2000 to 2019. We show that construction-related emissions, including upstream 

power and industrial sources, caused 1.10 million (95% CI: 0.83–1.37 million) premature deaths in 2019, 
accounting for 50% (95% CI: 38–62%) of national ambient PM 2.5 -attributed mortality. Health burdens 
evolved through three phases: rapid increase with 130% CO 2 growth during intense urbanization 
(2000–2008), decoupling via pollution controls that averted 0.36 million deaths despite rising CO 2 
(2008–2015), and synergistic declines from energy-mix optimization and technology upgrades 
(2015–2019). Urban mortality stems predominantly from upstream industrial emissions, whereas rural 
mortality is driven by residential heating; decarbonizing power and heavy industry offers the largest 
urban co-benefits, while rural clean-electricity heating requires concurrent power-sector greening to 
prevent CO 2 penalties. These results position the construction sector as a pivotal target for integrated 
policies that jointly advance air quality, public health, and climate objectives.
© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, 
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open 

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

China's rapid urbanization, driven by industrialization and 
economic growth, has precipitated a construction boom charac-
terized by skyscrapers, extensive residential complexes, and 
comprehensive infrastructure networks [1,2]. Activities under-
pinning the construction sector, such as the production of building
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materials and the consumption of operational energy, accounted 
for approximately 20% of the nation's total energy use in 2001, and 
this percentage had risen sharply to 46% by 2020 [3,4]. This growth 
has significantly increased emissions of air pollutants and green-
house gases, such as fine particles (PM 2.5 ), nitrogen oxides (NO x ), 
sulfur dioxide (SO 2 ), Ammonia (NH 3 ), and carbon dioxide (CO 2 ), 
with adverse impacts on human health and the climate [5,6]. 
From a lifecycle perspective, construction-related emissions 

arise from several key stages. First, diesel-fired machinery used in 
onsite construction and demolition emits NO x and PM 2.5 during 
operations [7]. Second, upstream processes, including power 
generation, material production, and transportation, generate 
substantial emissions, specifically in sectors such as clinker, 
cement, steel, and other non-metallic minerals. These processes 
release CO 2 , SO 2 , NO x , and primary particulate matter (PM) 
through both fossil-fuel combustion and industrial processes 
[8–10]. Moreover, during the operational phase of buildings and 
infrastructure, electricity and heating demand indirectly drive 
emissions from the power and district-heating sectors [11,12], with 
rural heating being a major contributor to PM, particularly organic 
carbon (OC) and black carbon (BC) [13,14]. While construction-
related CO 2 emissions have been reported to account for 34–45% 
of China's total CO 2 emissions [3,15], comprehensive quantification 
of associated air pollutant emissions remains limited. This gap 
hinders understanding of the associated health burden, particu-
larly given the construction sector's substantial role in shaping 
both climate impacts and public health outcomes.
As urban expansion and rural revitalization progress, address-

ing ambient air pollution and achieving low-carbon development 
in China's construction sector becomes increasingly challenging. 
Since 2013, China has made significant strides in controlling air 
pollution through targeted measures targeting construction-
related emission sources, such as power generation [16,17], iron 
and steel production [10,18], cement manufacture [9,19], and res-
idential energy use [14,20]. As a result, emissions of key pollutants, 
such as PM 2.5 , SO 2 , and NO x , from these sources have declined 
[9,17,18]. However, as many of the most cost-effective measures 
have already been implemented, further reductions in emissions 
are becoming increasingly challenging and expensive [10,16,21]. 
The current policy framework in China's construction sector re-
mains fragmented, with separate approaches to climate change 
and air pollution [6,22–24]. Moreover, the framework tends to 
focus on CO 2 mitigation in isolation, neglecting the health impacts 
of construction-related air pollutant emissions and urban–rural 
disparities.
In parallel, China has implemented low-carbon development 

strategies in the construction sector to achieve the nation's dual 
carbon goals [25], namely, peaking carbon emissions by 2030 and 
attaining carbon neutrality by 2060 [26]. These strategies include 
adopting low-carbon materials, transitioning to clean energy, and 
improving energy efficiency [25,27]. While these measures can 
effectively reduce carbon emissions, they also present new op-
portunities to further reduce air pollutant emissions [28–30]. 
However, most existing studies have focused solely on energy 
savings or carbon mitigation; few quantify the additional health 
benefits that can be unlocked when low-carbon actions are aligned 
with air-quality goals. Additionally, few studies have systemati-
cally compared urban and rural construction patterns. This gap in 
our understanding of the health co-benefits hinders the develop-
ment of integrated policies for both pollution reduction and car-
bon mitigation in China [31,32].
To address this gap, we use an integrated modeling framework 

combining emission estimation, input–output (IO) analysis, in-
verse atmospheric modeling, and health risk assessment to 
quantify the health impacts of construction-related air pollution in

China (Supplementary Fig. S1). This framework provides a detailed 
understanding of the spatiotemporal characteristics of 
construction-related health burdens while evaluating the co-
benefits in terms of premature deaths avoided and CO 2 mitiga-
tion. The goal is to provide insights into urban–rural disparities in 
health burdens linked to construction-related emissions and to 
quantify the synergies between CO 2 reductions and health bene-
fits. This approach aims to support the development of integrated 
policies that address both climate change and public health, 
maximizing the societal and environmental outcomes of mitiga-
tion efforts.

2. Methods

2.1. Development of the construction-related emission inventory 
database

There has been increasing academic scrutiny of emissions from 

the construction sector and their environmental impacts. Current 
assessment methods can be broadly categorized into three ap-
proaches: (1) life cycle assessment (LCA), which quantifies 
embodied carbon emissions based on buildings and infrastructure 
stocks [24,33]; (2) IO models, which examine indirect emissions 
from construction activities and associated supply chains and are 
commonly applied in national and regional studies [34,35]; and (3) 
emission factor methods, which estimate emissions at various 
stages of construction based on macro-level statistical data [15]. 
While these methods provide valuable insights, they are con-
strained by uncertainties arising from incomplete activity data and 
emission factors, particularly for air pollutants. To mitigate these 
limitations, our analytical framework integrates IO model with 
emission factor methods and a detailed database of urban and 
rural construction activities to quantify construction-related 
emissions in China. This hybrid approach reduces uncertainties 
by cross-referencing two complementary approaches: first, IO 
models that refine the assessment of construction-indirect emis-
sions through top–down constraints from national emission in-
ventories; and second, emission factor methods that incorporate 
more detailed data on energy consumption in urban and rural 
construction. This approach establishes a comprehensive database 
of CO 2 and air pollutant emissions that spans onsite construction, 
the supply and demand of construction materials, and energy use 
in building operations. This database will provide critical data to 
inform policy development and support emission reduction 
strategies.
This study builds three sub-perspective emission databases for 

construction-related systems in urban and rural areas across 
China. We consider CO 2 and seven air pollutant (PM 2.5 , CO, NO x , 
SO 2 , OC, BC, and NH 3 ) emissions, focusing on three main emission 
scopes: (1) the direct emissions from fossil fuel consumption of 
onsite construction activities, including construction, demolition, 
and renovation; (2) the indirect emissions from upstream supply 
chains linked to building construction activities, including power 
generation, machinery and equipment manufacturing, and the 
production, packaging, and transportation of building materials; 
and (3) the operational emissions from electricity and fuel con-
sumption for heating, cooling, ventilation, lighting, and hot water 
supply in buildings. The overall methodological framework is 
presented in Supplementary Fig. S1.
First, we developed a production-based emission inventory for 

all the economic sectors in China from 2000 to 2019. This in-
ventory was derived from the global emission modeling system 

(GEMS), a comprehensive high-resolution global emission data-
base covering 149 fuel sub-types in five categories and eight sec-
tors [36–38]. The GEMS provides CO 2 and air pollutant emissions
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data across multiple sectors, including power generation, industry, 
transportation, commercial, and agriculture, as well as for various 
fuel types, such as coal, oil, natural gas, and biomass 
(Supplementary Table S1).
Second, the CO 2 and air pollutant emissions from the building 

operational phase were calculated by the following formula 
[37,38]:

E t = 
∑ 

i;j

( 
A t;i;j × EF t;i;j 

) 
(1)

where E represents the CO 2 or air pollutant emissions from the 
building operational phase; A is the activity level; EF denotes the 
emission factor; a represents an urban and rural setting; i denotes 
the energy category (fuel and electricity consumption for building 
heating, cooling, ventilation, lighting, and hot water supply); and t 
denotes the year.
Finally, we evaluated the indirect emissions associated with the 

construction sector using an IO model based on a production-
based emission inventory. Provincial construction-indirect CO 2 
and air pollutant emissions were constructed using a multi-
regional IO (MRIO) table, a widely used approach for tracking 
emission transfers through goods and services across regional 
production sectors and final consumption sectors [34,39]. The 
environmental extended MRIO model can be expressed by intro-
ducing emission intensity as follows:

E = F(I − A) − 1 Y (2)

where E denotes the matrix of CO 2 or air pollutant emission 
transfers; (I− A) − 1 represents the Leontief inverse matrix, with A 
being the technical coefficient matrix, which reflects the input 
requirement for producing one unit of output, and I being the 
identity matrix; F represent the diagonalization matrix of the 
emission intensity vector for all economic sectors in all provinces; 
and Y is the final demand matrix. The emission intensity vector F 
covers 31 provincial-level divisions in China (excluding Taiwan, 
Hong Kong, and Macao) and includes 42 production sectors 
(Supplementary Table S2). The final demand matrix Y is catego-
rized into seven components: rural residential consumption, ur-
ban residential consumption, government consumption, fixed 
capital formation, urban construction fixed capital formation, rural 
construction fixed capital formation, and inventory increase. 
Detailed, provincial-specific CO 2 and air pollutant emissions 

associated with the final construction demand in given urban and 
rural settings can be calculated using equation (3):

E con = F(I − A) − 1 H (3)

where E con represents construction-indirect CO 2 and air pollutant 
emissions; H is the final construction demand, including urban 
and rural construction activity demand, quantified as the 
completed construction fixed capital formation. Capital invest-
ment data derived from official expenditure statistics [40] were 
utilized to distinguish between urban and rural construction de-
mand. These data, including investment in residential buildings, 
public facilities, and other construction types, enabled analysis of 
the distinct impacts of urban versus rural construction activities 
on electricity consumption and building material use. Historical 
trajectories of urban and rural construction-indirect emissions 
across China were estimated using the national IO tables. To 
integrate production-based emissions into the IO framework 
(Supplementary Table S2), emissions were reallocated to specific 
sectors based on energy consumption data from the China Energy 
Statistical Yearbook [41] and the China Energy Inventory [42].

2.2. Estimates of CO 2 and air pollutant emissions from specific-
measure

This study conducts an ex post evaluation of changes in CO 2 and 
air pollutant emissions resulting from mitigation measures 
implemented in China's construction sector between 2000 and 
2019. The assessment is grounded in empirical implementation 
rates for individual mitigation measures, as documented in official 
government reports and academic reports. To isolate and quantify 
the health co-benefits of CO 2 mitigation, we employed a coun-
terfactual scenario approach [43,44] within the GEMS, enabling us 
to attribute emission changes to specific policy interventions. 
Baseline emissions for the period 2000–2020 were established 

using the GEMS framework, which integrates national statistical 
data, construction-related activity data, and rural residential en-
ergy survey data. For each mitigation strategy, emissions were 
recalculated under a counterfactual scenario in which the target 
variable (e.g., fuel mix, boiler consumption, building materials 
production, industrial technology) was held constant at its 2000 
level, while all the other drivers evolved as observed. The differ-
ence between baseline and counterfactual emissions was inter-
preted as the net impact of the targeted measures. The emission 
changes for targeted measures were estimated with equation (4):

ΔE t;i = 
∑ 

j

( 
ΔA i;j × EF t;i;j × 

( 
1 − Q t;i;j 

)) 
(4)

where ΔE t,i represents the reduction in CO 2 and air pollutant 
emissions from sector i attributable to a change in the activity data 
(energy/industrial products); the index j denotes a specific fuel 
type (such as, coal, oil, and gas) or industrial products; t denotes 
the year; ΔA reflects the changes in energy consumption or in-
dustrial production volume relative to the 2000 baseline; EF refers 
to the emission factors for boiler consumption or industrial pro-
cesses; and Q refers to the removal efficiency for the air pollutants 
of end-of-pipe control technologies. Similarly, the emissions 
reduction from other specific measures can be estimated by 
changes in EF or Q alone, depending on the nature of the 
intervention.
Finally, we examined four major decarbonization strategies 

implemented across the construction lifecycle: (1) energy mix 
transition, involving the substitution of coal with lower-carbon 
energy sources, such as natural gas and renewables, in both up-
stream industrial sectors and onsite construction activities; (2) 
updates to combustion boilers, including the transition from 

traditional stoves to improved and high-efficiency stoves, aimed at 
enhancing energy efficiency and pollutant control performance; (3) 
building material production adjustments, with demand-side stra-
tegies aimed at reducing the output of carbon-intensive materials 
(e.g., cement, iron–steel) through material substitution and low-
carbon design; and (4) industrial technology upgrades, involving 
the adoption of advanced manufacturing processes in building 
material industries to lower emission intensity per unit of output.

2.3. Health risk assessment using the community multiscale air 
quality modeling system-adjoint model

In this study, we first estimated the national total of PM 2.5 - 
attributable premature deaths using satellite-derived ground-
level PM 2.5 concentrations combined with the global exposure 
mortality model (GEMM) [44]. The GEMM applies a 
concentration–response function stratified by sex and 12 adult age 
groups (Supplementary Table S3), applying the theoretical mini-
mum risk exposure level adopted from Burnett et al. [44] and 
baseline mortality rates sourced from the global burden of disease
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(GBD) study [45]. The GBD baseline mortality database encom-
passes non-accidental premature deaths from non-communicable 
diseases (NCDs) and lower respiratory infections (LRIs), which 
together account for almost all (>99%) non-accidental deaths in 
the 41 cohorts [44]. The NCD category includes ischemic heart 
disease, cerebrovascular disease (ischemic stroke and hemor-
rhagic stroke), lung cancer, and chronic obstructive pulmonary 
disease, while LRI mortality represents deaths caused by acute 
infectious pulmonary diseases [45,46]. Detailed computational 
procedures are provided in Supplementary Text S1.
We then applied an adjoint sensitivity analysis to attribute 

PM 2.5 -related premature deaths to construction-related air 
pollutant emissions. Adjoint sensitivity analysis has been widely 
used to calculate the sensitivities of air quality, environmental 
metrics, and premature deaths with respect to pollutant emissions 
[47–49]. The inverse atmospheric model consists of a forward 
component based on the standard atmospheric model and a 
backward (adjoint) component that propagates sensitivities from a 
receptor (e.g., premature deaths) back to the emissions sources. 
This backward module efficiently computes the partial derivatives 
of the objective function with respect to the input conditions. 
Previous studies have applied this model to quantify the envi-
ronmental impacts of emission sources on PM 2.5 concentrations 
and air pollution-related mortality [48–51].
In this study, we applied the community multiscale air quality 

modeling system coupled with adjoint (CMAQ-adjoint v.5.0) to 
quantify the contribution of construction-related emissions to 
premature deaths associated with ambient PM 2.5 exposure. The 
CMAQ-adjoint model covers East Asia using a 124 × 184 grid at a 
36-km resolution. The objective function in the adjoint simulation 
is defined as the anthropogenic PM 2.5 -related premature deaths 
associated with long-term PM 2.5 exposure (detailed calculations in 
Supplementary Text S2). Model performance and validation pro-
cedures have been comprehensively documented in prior work 
[50]. Anthropogenic emissions were sourced from the GEMS in-
ventory, with the species analyzed including PM 2.5 , CO, NO x , SO 2 , 
OC, BC, and NH 3 . The CMAQ-adjoint outputs the partial derivatives 
of premature deaths with respect to anthropogenic emissions 
across the domain, representing the sensitivities of PM 2.5 -related 
premature deaths in the receptor region to emissions from various 
species, locations, and times.
The semi-normalized sensitivity (SS i,j,k ) is obtained by 

combining the sensitivity simulated by the CMAQ-adjoint model 
with the gridded air pollutant emission [48,49]:

SS i;j;k = S i;j;k × E i;j;k (5)

where SS i,j,k represents the relative contribution rate of the emis-
sion of species k at model grid cell (i, j) to the total premature 
deaths attributed to ambient PM 2.5 exposure. S i,j,k is the sensitivity 
output from the CMAQ-adjoint model (detailed in Supplementary 
Text S2), and E i,j,k is the total emission of substance k at (i, j). 
Normalizing SS yields the percentage contribution (P i,j,k ) of a 
particular emission source to the total number of premature 
deaths in the target area:

P i;j;k = 
SS i;j;k

∑ 
i 
∑ 

j 
∑ 

kSS i;j;k 
× 100% (6)

The number of premature deaths (M c ) caused by construction-
related air pollutant emissions in China, is obtained as follows:

M c = 
∑ 

i 

∑ 

j

∑

k

( 
P i;j;k × ER i;j;k 

) 
× M T (7)

where ER i,j,k is the emission rate of species k from specific emission

sources at grid cell (i, j), representing the share of construction-
related emissions in total emissions. M T is the national total of 
premature deaths in China.

2.4. Data availability

All input datasets used in this study are publicly available. Es-
timates of China's CO 2 and air pollutant emissions from primary 
anthropogenic sources were obtained from the GEMS (https:// 
gems.sustech.edu.cn). National IO tables published by the Na-
tional Bureau of Statistics were used to estimate construction-
related indirect emissions and are available for the years 2000, 
2005, 2007, 2010, 2012, 2015, 2017, and 2020. Geographic dispar-
ities in construction-related emissions across regions and sectors 
were assessed by combining the GEMS emission inventory with 
China's MRIO table, sourced from the CEADs database (https:// 
www.ceads.net.cn/data/input_output_tables/). The gridded de-
mographic data used for health impact assessments were obtained 
from the LandScan Global Population Database (https://landscan. 
ornl.gov/).

3. Results

3.1. Spatial heterogeneity of construction-related premature deaths

The construction-related premature deaths in our study are 
primarily attributed to air pollutant emissions associated with 
construction-related systems in China, as outlined in the Method 
section. Specifically, we categorized construction-related emis-
sions into three stages: (1) direct emissions from onsite con-
struction activities; (2) indirect emissions from power generation 
and goods and services supporting construction activities; and (3) 
operational emissions from building heating and electricity sup-
plies. According to the conventional definition, cooking is excluded 
from construction emission sources [3].
In 2019, construction-induced air pollution was associated with 

approximately 1.10 million (95% confidence interval [CI]: 0.83–1.37 
million) premature deaths in China (M c ), representing 50% (95% CI: 
38–62%) of all deaths linked to ambient PM 2.5 exposure in the 
country. The contributions of direct, indirect, and operational 
emissions to overall M c were 1%, 46%, and 53%, respectively (Fig. 1 
and Supplementary Fig. S2). From the perspective of sources, 
metal production (e.g., steel and metal products) in indirect 
sources accounted for the largest share of M c (22%), followed by 
non-metal materials and petrochemical industries, each contrib-
uting 7%. In the operational phase, heating and electricity con-
sumption contributed 31% and 22% to overall M c , respectively 
(Fig. 1a). Regarding pollutants, primary PM, mainly from solid fuel 
use in heating (contributing 23%), along with emissions from 

metal production (18%), power generation (13%), non-metal ma-
terial production (6%), and petrochemical industries (6%), 
accounted for 67% of the overall health burden. Secondary PM 

precursors, including SO 2 from power generation and heating 
(16%), NO x from metal production and power plants (5%), and NH 3 
from agriculture and forestry (2%), collectively accounted for 32% 
of the total (Supplementary Figs. S2–S3).
The premature deaths in this study are attributed to the 

geographic origins of construction-related emissions, namely, 
demand-induced mortality. By distinguishing urban and rural 
construction emissions, we found that urban areas were respon-
sible for 0.81 million premature deaths (95% CI: 0.61–1.00 million), 
representing 74% of the total M c (Supplementary Figs. S2–S3), 
whereas rural regions accounted for 0.29 million deaths (95% CI: 
0.22–0.36 million) or 26% of the M c (Supplementary Fig. S3). 
Consequently, M c intensities (MI c ), defined as the number of
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annual premature deaths per unit building area, were estimated at 
19 and 13 deaths km − 2 in urban and rural areas, respectively, 
indicating comparable health impacts across the two settings 
(Supplementary Fig. S4).
However, the spatial distributions of MI c presented notable 

disparities between the two settings. Across China, rural MI c 
showed a pronounced north-to-south gradient, in contrast to the 
more uniform distribution observed in urban MI c (Supplementary 
Fig. S4). In the rural Northeast, the average MI c reached 58 deaths 
km − 2 —4.5 times the rural average (13 deaths km − 2 ) and approx-
imately 7.3- and 13.5-fold higher than on the rural Southwest (7 
deaths km − 2 ) and Southeast coasts (4 deaths km − 2 ), respectively 
(Supplementary Fig. S5). Elevated MI c was also observed on the 
rural Northern coast (26 deaths km − 2 ) and in the Northwest (23 
deaths km − 2 ). The higher MI c in northern regions primarily stems 
from the extensive use of solid fuels for residential heating in 
winter, leading to substantial air pollutant emissions and ac-
counting for 0.18 million premature deaths annually or 84% of the

total M c in northern rural areas (Supplementary Figs. S6–S7). 
Conversely, the adoption of central heating systems has mark-

edly mitigated the disparities in urban MI c between the Northern 
and Southern regions (Supplementary Fig. S4). The north-to-south 
MI c ratio in urban areas was 1.8, which was much lower than that 
in rural areas (4.7). Although the Chinese government has imple-
mented central heating systems in northern provinces, the wide-
spread reliance on inefficient solid-fuel combustion for heating 
caused serious health-damaging air pollution [13,52,53]. In 2017,
the government launched a comprehensive initiative to replace
solid fuel use in the Beijing–Tianjin region, later extending these 
measures to surrounding areas through coal-to-electricity and 
coal-to-clean-fuel programs [20]. We estimated that a counter-
factual scenario in which urban heating systems relied on the 
same energy mix as in rural areas could lead to an additional 0.20 
million premature deaths annually, with the north-to-south MI c 
ratio in urban settings rising to 2.2. These findings underscore the 
efficiency of clean heating policies in mitigating air quality-related 
health impacts and reducing regional inequalities.

3.2. Historical trends of construction-related health impacts

The differences in the spatial patterns of the urban and rural 
MI c underscore distinct driving forces behind construction emis-
sions and related health outcomes in these settings. In rural areas,
operational emissions, especially heating, predominantly drive
construction emissions, constituting 72% of the total rural M c 
(Fig. 2c). Conversely, indirect emissions from the production of 
building materials, including petrochemicals, non-metals, and
metals, serve as the primary contributors to urban construction 
emissions, representing 60% of the total urban M c (Fig. 2a and b). 
These divergent emission drivers between urban and rural M c have 
important health implications, given China's swift urbanization. In 
2000, the national total M c was valued at 1.21 million (95% CI: 
0.94–1.46), with urban areas contributing 55% and rural areas 45% 
to this total (Supplementary Fig. S3). From 2000 to 2008, rural M c 
saw a modest increase (13%), while urban M c surged by 95%, fueled 
by extensive urban expansion (Fig. 2a). This urbanization led to an 
increased urban share of 68% of the national M c by 2008 and an 
overall rise of 59% in national M c , which peaked at 1.92 million 
(95% CI: 1.48–2.37) in 2008.
Between 2008 and 2019, China's M c experienced a significant 

decline (43%), with reductions in both urban (38%) and rural (52%) 
areas (Fig. 2a–c). In urban areas, the initial decline in M c was 
mainly attributed to the widespread installation of flue gas 
desulfurization (FGD) systems in coal-fired power plants and other 
major industrial sectors [17,54], which curtailed construction-
related SO 2 emissions by 42% between 2008 and 2013 
(Supplementary Fig. S8). This decline in SO 2 emissions resulted in a 
decrease of 97,000 (95% CI: 91,600–102,100) premature deaths, 
equivalent to 64% of the total reduction (Supplementary Fig. S2). 
Among these health benefits, power plants registered 72,000 (95% 
CI: 67,200–77,700) avoided premature deaths, while the figures for 
non-metallic material production and petrochemical industries 
were 11,000 (95% CI: 5960–16,500) and 4200 (95% CI: 1590–6870), 
respectively (Supplementary Fig. S9).
From 2013, a second phase of urban M c reduction took place, 

driven by the implementation of China's Air Pollution Action Plan 
[55], which imposed stricter emission standards on energy-
intensive sectors. Key measures included deploying end-of-pipe 
control technologies in iron and steel production [10,18], tran-
sitioning to dry-process cement manufacturing [27], enforcing 
ultra-low emissions standards in coal-fired power plants [16], and 
decommissioning outdated industrial facilities [56]. These in-
terventions drove substantial declines in construction-related

Fig. 1. Sectoral breakdown of construction-related premature deaths and CO 2 
emissions in China for 2019. a, Premature deaths. b, CO 2 emissions. Results are 
disaggregated into embodied (direct and indirect) and operational (heating and 
operation) stages. Energy: production of electricity, heat, gas, and water; Metal: metal 
smelting and production; Non-metal: production of cement, brick, plaster, ceramics, 
etc.; Petrochemical: processing of petroleum, coking, and chemical products; Others: 
other industrial sectors excluding metal, non-metal, and petrochemical as well as 
agriculture and services; T&S: transportation and storage. Operational energy use is 
further separated into urban heating (UH) and urban electricity (UE), and rural 
heating (RH) and rural electricity (RE). The grey segment of the inner ring represents 
the contribution of non-construction-related sectors to China's total anthropogenic 
source.
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indirect emissions between 2013 and 2019: SO 2 (− 54%), NO x 
(− 33%), BC (− 29%), OC (− 33%), and other PM components (− 44%) 
(Supplementary Fig. S10). Correspondingly, urban M c decreased by 
48%, equivalent to 0.44 million (0.33–0.54 million) avoided pre-
mature deaths annually, accounting for 65% of the total M c 
reduction during this period (Supplementary Fig. S2).
The decline in rural M c was predominantly driven by the 

transition toward cleaner residential heating energy (Fig. 2c). Be-
tween 2008 and 2017, rural households progressively shifted from 

solid fuel combustion to electric heating (Fig. 2d), a trend enabled 
by improved economic conditions and rising living standards that 
expanded access to clean energy alternatives [57,58]. Post-2017, 
the Clean Winter Heating Plan in northern China further acceler-
ated this shift through targeted government subsidies and infra-
structure investments [14]. Collectively, these measures reduced 
the rural heating-related emissions of BC (− 42%), OC (− 43%), NO x 
(41%), and SO 2 (− 18%) between 2008 and 2019 (Supplementary 
Figs. S7–S8). This change resulted in a 54% reduction in M c linked 
to rural residential heating, or approximately 0.25 million deaths 
avoided annually (95% CI: 0.20–0.30 million), underscoring the 
health dividends of modernizing the energy mix in rural regions.

3.3. Drivers of CO 2 reduction co-benefits in the construction sector

We evaluated the health co-benefits (premature death avoid-
ance) of targeted CO 2 mitigation measures in China's construction 
sector, including modernizing the energy mix, advancing com-
bustion technology, adjusting building material production, and

upgrading production processes. Between 2000 and 2019, 
construction-related CO 2 emissions increased 2.4-fold, reaching 
6.5 Pg (95% CI: 4.6–8.7 Pg) in 2019 and accounting for 59.4% of 
China's anthropogenic total. Using the GEMS [36,37,59], we 
quantified changes in CO 2 emissions and mortality attributable to 
each intervention relative to a 2000 baseline. Accordingly, the 
avoided premature deaths and CO 2 reductions associated with 
construction reported in this section represent changes relative to 
the baseline year. The analysis depicted outcomes across three 
phases: rapid urbanization (2000–2008), decoupling (2008–2015), 
and early low-carbon transition (2015–2019).
During China's rapid urbanization phase (2000–2008), 

construction-related CO 2 emissions increased by 130% compared 
to 2000, and there was a 45% rise in premature deaths, equating to 
0.56 million deaths (95% CI: 0.23–0.89 million; Fig. 3a and 
Supplementary Fig. S11) annually. Industrial production expan-
sion alone, fueled by rising building material outputs, resulted in a 
71% growth in CO 2 emissions and a 44% surge in deaths (0.55 
million, 95% CI: 0.23–0.87 million). Among these industrial pro-
cesses, non-metal and metal-related material production 
contributed significantly, triggering 17% and 14% growth in CO 2 
emissions and 19% (0.23 million; 95% CI: 0.10–0.37 million) and 
11% (0.14 million; deaths 95% CI: 0.06–0.22 million) increments in 
premature deaths, respectively (Supplementary Fig. S12). Fossil 
fuel dependency followed, driving a 58% increase in CO 2 emissions 
and a 16% rise in mortality (0.20 million, 95% CI: 0.08–0.31 million; 
Fig. 3b) that is primarily attributable to rising coal usage, which 
alone caused a 55% growth in CO 2 emissions and a 21% rise in

Fig. 2. Trends in premature deaths attributable to construction-related air pollution and associated factors across China from 2000 to 2019. a,c, Premature deaths 
associated with the three scopes of the construction-related emissions, i.e., direct, indirect, and operational emissions, in urban (a) and rural (c) areas. b, Premature deaths 
attributable to indirect construction emissions (left axis) and the expansion of newly constructed urban areas (right axis) in urban regions. d, Percentage of energy consumption 
from residential heating (left axis) in rural areas and its share within overall construction-related premature deaths (right axis).
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mortality. However, reductions in biomass fuel use (− 9%) and 
improvements in production technologies (− 13%), such as the 
phase-out of open-hearth steelmaking in the iron–steel sector [60] 
and the elimination of small-capacity rotary kilns in the cement 
industry [9], partially offset these adverse health impacts 
(Supplementary Fig. S12).
The decoupling phase (2008–2015) witnessed a marked diver-

gence: CO 2 emissions surged by 108% relative to 2008, while 
premature deaths declined by 29% (equating to 0.36 million deaths 
averted, 95% CI: 0.15–0.56 million). This decoupling was due to 
carbon-intensive industries adopting stringent pollution control 
measures during this period (Fig. 3c). For instance, the adoption of 
selective catalytic reduction technologies and enhanced coal 
quality in coal-fired power plants reduced air pollutants, averting 
62,000 (95% CI: 26,000–98,000) deaths despite a 13% increase in 
CO 2 emissions (Supplementary Fig. S12). Similarly, metal and non-
metal production processes—both carbon-intensive, being 
dependent on coke consumption and limestone calcina-
tion—yielded moderate growth in CO 2 emissions (+5% and +4%, 
respectively) but reduced health impacts (3600 and 97,000 deaths

averted, respectively). This change can be attributed to processes 
that contribute significantly to CO 2 from the thermal decomposi-
tion of limestone and coke reduction of iron ore, but release 
relatively fewer pollutants. End-of-pipe controls (e.g., FGD and 
dust removal systems) further exacerbated CO 2 emissions by 
raising energy demand [61]. In addition to upstream industries, 
operational emissions from residential heating exhibited decou-
pling (CO 2 : +6%; deaths averted: 0.13 million, 95% CI: 0.05–0.20 
million), driven by the adoption of cleaner centralized heating 
systems in urban areas and energy mix transitions in rural areas 
(Supplementary Fig. S12).
Between 2015 and 2019, construction-related premature 

deaths declined by 29% (0.45 million deaths avoided, 95% CI: 
0.19–0.72 million) compared to 2015, while CO 2 emissions rose 
modestly (2%) (Supplementary Fig. S11). Indirect CO 2 emissions 
decreased by 2%, though rising electricity and heating demand 
partially counteracted this decline (Supplementary Fig. S11c). 
Sectoral co-benefits analysis identified energy mix optimization 
and industrial technology modernization as the most effective 
mitigation strategies (Fig. 3d), jointly reducing CO 2 emissions by

Fig. 3. Impacts of targeted measures on premature deaths and CO 2 emissions in China's construction sector. a, Annual relative changes (relative to 2000 baseline) in 
premature deaths and CO 2 emissions across mitigation measures. b, Stratified analysis of outcomes by fuel type and production processes (relative to 2000 baseline), dis-
tinguishing energy-related drivers (fuel consumption and combustion boiler upgrades) from process-related drivers (building materials production and industrial technologies). 
Shaded areas represent 95% confidence intervals. c–d, Changes in premature deaths and CO 2 emissions during 2008–2015 (c) and 2015–2019 (d). Key drivers are defined as 
follows: “Energy” corresponds to energy mix adjustments, “Boiler” denotes combustion boiler upgrades, “Production” denotes building material changes and substitution, 
“Technology” reflects manufacturing technology innovations, and “Process” represents the combined effects of “Production” and “Technology.” Annual premature deaths under 
different scenarios, along with their uncertainties, are shown in Supplementary Tables S4 and S5.
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6.1% and averting 0.40 million (95% CI: 0.16–0.63 million) deaths, 
equivalent to 6.2% and 36% of the total construction-related CO 2 
emissions and mortality in 2019. Within non-metallic material 
production, reduced coal dependency and the substitution of 
carbon-intensive materials with sustainable alternatives (e.g., 
high-strength steel, precast concrete, wood structures, and recy-
clable materials [25,61,62]), lowered CO 2 emissions by 1.6% and 
1.4%, respectively, preventing 25,200 (95% CI: 10,400–40,000) and 
38,800 (95% CI: 16,000–61,600) deaths, respectively. The metal 
sector exhibited similar synergies: energy mix improvements 
reduced emissions by 0.8% and averted 22,400 (95% CI: 
9200–35,600) deaths, despite production-driven CO 2 increases 
(+1.5%). Conversely, surging electricity demand for building op-
erations worsened both climate and health outcomes (+6.5% CO 2 ; 
33,100 deaths, 95% CI: 13,600–52,600), highlighting the imperative 
to decarbonize electricity generation—particularly coal-fired 
power—to advance low-carbon transitions in the construction 
sector.

3.4. Synergistic effect of low-carbon transitions in the construction 
sector

We employed scenario-based simulations to assess whether 
targeted intervention strategies designed to reduce CO 2 emissions

and related health impacts could yield synergistic benefits in 
China's construction sector. The scenarios encompassed measures 
targeting energy consumption (EC1–5) and industrial processes 
(IP1–3) across the construction lifecycle, including the iron–steel 
industry, cement production, coal-fired power plants, and rural 
heating (Table 1). Two levels of policy ambition, weak and strong 
interventions, were evaluated relative to a business-as-usual 
(BAU) baseline. The avoided premature deaths and CO 2 re-
ductions reported here represent changes relative to the BAU 
conditions in 2019. A detailed description of the intervention 
pathways is provided in Supplementary Text S3.
Our results reveal substantial co-benefits from decarbon-

ization: the total construction-related CO 2 emissions would be 
reduced by 9.4% and 20.7% under weak and strong interventions, 
respectively, while premature deaths would decrease by 0.08 
million (95% CI: 0.03–0.13 million) and 0.16 million (95% CI: 
0.07–0.26 million), respectively (Fig. 4). Among all sub-scenarios, 
strategies targeting energy consumption, particularly EC1 
(reducing the share of coal-fired power plants) and EC2 (cutting 
industrial coal use), would produce the most pronounced syn-
ergies. Under weak EC1 interventions, emissions would fall by 
5.6%, with 17,700 (95% CI: 7300–28,000) premature deaths avoi-
ded; under strong EC1 interventions, these values would increase 
to 13.7% and 39,700 (95% CI: 16,400–63,100), respectively (Fig. 4a 
and b). These benefits reflect the sector's continued dependence 
on coal-powered electricity and industrial energy (Fig. 3b and
Supplementary Fig. S12). By contrast, interventions targeting in-
dustrial processes (IP1–3) would yield modest synergies, particu-
larly under weak policies. In the cement industry, increasing 
substitution with low-carbon material (IP1) and promoting pre-
calciner technology (IP2) would together result in a 1.6% decrease
in CO 2 emissions and 7600 (95% CI: 3000–12,000) avoided deaths; 
these values would double under strong interventions (3.2%
reduction; 15,000 avoided deaths, 95% CI: 6200–23,800). In the 
steel sector, increasing electric arc furnace production under 
strong strategies would only lead to a 0.2% CO 2 reduction and 1400
(95% CI: 577–2200) avoided deaths. These findings suggest that 
further technological innovation, such as hydrogen-based direct-
reduction steelmaking, coupled with strong policy enforcement, is 
needed to unlock comparable benefits in material production. 
The EC5 scenario, which targets rural heating through changes 

in energy mix, reveals a notable decoupling between climate and 
health benefits. In rural settings, replacing coal and biomass with 
electricity or other cleaner energy sources significantly reduces 
premature deaths while leading to a modest increase in CO 2 
emissions. Under weak interventions entailing a 20% reduction in 
coal use and a 30% reduction in biomass, approximately 4800 (95% 
CI: 2000–7600) premature deaths can be avoided. Stronger in-
terventions, which eliminate biomass use and halve coal

Table 1
Description of designed intervention scenarios.

Scenario Sub-scenarios Description

Weak strategies Strong strategies

Baseline BAU Business as usual Business as usual
Energy
consumption

EC1 Coal-fired power plants: share decreases by 20% Coal-fired power plants: share decreases by 50%
EC2 Industrial coal use decreases by 15% Industrial coal use decreases by 40%
EC3 Ultra-low emission units: 90% PC, 10% CFB Ultra-low emission units: 80% PC, 20% CFB
EC4 CFB and PC units account for 15% of industrial boilers CFB and PC units account for 30% of industrial boilers
EC5 Rural heating: coal and biomass use reduced by 20% and 30%,

respectively; electricity use increases by 50%
Rural heating: coal use is halved, biomass is nearly eliminated,
and electricity consumption is doubled

Industrial
processes

IP1 Cement substitution rate with alternative materials reaches 25% Cement substitution rate with alternative materials reaches 50% 
IP2 Precalciner technology adopted in 100% of cement kilns Precalciner technology adopted in 100% of cement kilns 
IP3 Electric arc furnaces account for 40% of iron–steel production Electric arc furnaces account for 60% of iron–steel production

Fig. 4. Synergies between avoided deaths and CO 2 emissions reductions from the 
construction sector under different intervention strategies. a,b, Changes in pre-
mature deaths and CO 2 emissions under weak (a) and strong (b) intervention sce-
narios relative to business as usual. The analysis integrates the energy consumption 
(EC1–5) and industrial processes (IP1–3) associated with China's construction sector. 
Each scenario incorporates sub-scenarios that reflect the impacts of specific strategies 
on key emission-intensive sectors, including iron–steel, cement, coal-fired power 
plants, and heating (Table 1). Bubble color encodes CO 2 emission reductions, and 
bubble size indicates the number of premature deaths avoided. Estimates and asso-
ciated uncertainties are provided in Supplementary Table S6.
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consumption, yield health benefits up to fivefold greater, avoiding 
an estimated 24,000 (95% CI: 9900–38,000) deaths. However, 
escalating electricity demand associated with heating leads to a 
net rise in CO 2 emissions: 1.5% under weak interventions and 2.6% 
under strong ones. These results underscore the critical impor-
tance of identifying clean heating alternatives to enable a low-
carbon transition in rural construction. In contrast, urban opera-
tional electricity use continues to deliver synergistic benefits, 
driven by the declining share of coal in the electricity generation
mix. Under weak and strong interventions, CO 2 emissions are 
reduced by 0.9% and 1.8%, respectively, while 9500 (95% CI: 
3900–15,000) and 19,000 (95% CI: 7800–30,000) premature 
deaths are avoided.

4. Discussion

Our analysis quantifies CO 2 emissions and air quality-related 
health burdens associated with construction in China, providing 
new evidence on the health co-benefits of decarbonizing this 
sector. We demonstrate that the construction sector accounts for 
half of China's total annual ambient PM 2.5 -attributable mortality 
and three-fifths of its total anthropogenic CO 2 emissions (Fig. 1). 
Consequently, decarbonizing this sector represents a crucial op-
portunity to advance China's dual carbon goals while simulta-
neously improving public health outcomes.
China's construction sector, historically reliant on fossil fuels, 

has seen significant shifts, including a decoupling of CO 2 emissions 
and health burdens (2008–2015) and subsequent synergy 
(2015–2019). Early successes in reducing health burdens were 
driven by the boiler upgrades and implementation of end-of-pipe 
controls in the coal power, cement, and steel industries and the 
transition to cleaner rural heating (Fig. 2). Low-carbon transitions 
in recent years have conferred notable health co-benefits, chiefly 
via changes in the energy mix and production technologies within 
the industrial and power sectors (Fig. 3d). These findings delineate 
priorities for China's subsequent efforts to achieve a carbon-
neutral construction sector.
In rural China, construction-related mortality is dominated by 

operational emissions from residential heating (Fig. 2c). In 
Northern coastal and Northeastern rural regions, heating alone 
accounts for 58 and 46 deaths per million people, respectively, far 
exceeding the impacts of indirect emissions (6 and 3 deaths per 
million; Supplementary Fig. S13). These figures reflect both the 
intensity of household solid fuel use and the vulnerability of rural 
residents to localized heating-related PM 2.5 exposure. Recent 
government-led clean heating initiatives in northern regions 
[14,20] have generated significant climate and health co-benefits 
by substituting coal and biomass with cleaner energy sources 
(Fig. 3d). However, while further modernization of the energy mix 
(Scenario EC5) could avert 4800–24,000 deaths annually under 
weak-to-strong intervention scenarios, its reliance on grid elec-
tricity risks exacerbating CO 2 emissions (Fig. 4). This underscores 
an unresolved tension between near-term health gains and long-
term decarbonization goals. Achieving a sustainable rural energy 
transition requires synergistic strategies beyond fuel-switching 
alone. These include (1) scaling highly efficient biomass pellet 
boilers, (2) deploying solar thermal systems and biogas systems, 
and (3) accelerating the uptake of air-to-air heat pumps, which are 
emerging as a key technology for low-carbon heating in cold re-
gions [63–65]. These measures simultaneously mitigate air pollu-
tion, reduce carbon footprints, and address spatial mismatches in 
energy access.
In contrast, urban construction-related mortality is predomi-

nantly driven by indirect emissions from upstream industrial 
processes. Petrochemicals, non-metallic minerals, metals, and

power generation together account for 60% of the sector's urban 
health burden (Fig. 2b). Mitigating these supply-chain-wide 
emissions remains a persistent challenge for sustainable urbani-
zation. Urban centers externalize environmental costs onto 
marginalized upstream regions that host energy generation and 
industrial activities. For example, in Northern coastal regions, ur-
ban construction-indirect emissions account for 78 deaths per 
million people, while the impacts from central heating and elec-
tricity use account for 66 and 29 deaths per million, respectively 
(Supplementary Fig. S13). This systemic spatial inequity un-
derscores the need to integrate justice frameworks into decar-
bonization strategies. Long-term solutions include (1) scaling 
green building materials (e.g., precast concrete components, steel 
structures, modular assemblies, and recyclable composites) to 
reduce lifecycle emissions [25,62]; (2) deploying distributed en-
ergy systems, such as rooftop photovoltaics, to decouple energy 
demand from centralized grids [66]; and (3) repurposing 
underutilized urban infrastructure and dwelling units to curb 
material-intensive new construction [67,68].
From a sectoral perspective, modernizing the energy mix in 

both the electricity and industrial sectors offers the most sub-
stantial climate and health co-benefits. Expanding renewable en-
ergy sources such as wind, solar, and hydro, alongside reducing 
reliance on coal-fired power plants, can achieve synergistic 
emission reductions (Fig. 4). Within steel production, which re-
mains predominantly reliant on blast furnace-basic oxygen 
furnace (90% of production in 2020) [69], significant mitigation 
could be achieved through a transition to electric arc furnaces and 
green hydrogen direct reduction technologies, which are currently 
responsible for less than 10% of production. Accelerating this 
transition would also incentivize the use of steel structures and 
prefabricated materials, curbing reliance on energy-intensive 
materials such as cement. Furthermore, deploying carbon cap-
ture and storage in heavy industries and scaling carbon-
sequestering building materials (e.g., biogenic carbon and car-
bonate mineral materials) would reduce both CO 2 and pollutant 
emissions [70,71]. Integrating these energy and industrial transi-
tions with public health priorities positions China's construction 
sector to deliver marked declines in both carbon footprints and 
public health burdens.
Health benefits associated with reductions in PM 2.5 exposure in 

our studies are estimated using the GEMM, which is based on 
long-term cohort studies and captures persistent chronic health 
effects. Short-term time-series and experimental studies have 
shown that increases in ambient PM 2.5 can cause measurable rises 
in cardiopulmonary events within days to months [72,73]. For 
instance, cardiovascular hospital admissions are typically associ-
ated with shorter pollutant lags, whereas respiratory admissions 
exhibit larger effects at longer lags [73]. In contrast, long-term 

cohort evidence indicates that a portion of avoided premature 
deaths arises from cumulative exposure reduction and slower 
disease progression, unfolding over multiple years [44,45]. 
Accordingly, our estimates represent steady-state annual health 
impacts under each emission scenario, with full health benefits 
likely to accrue gradually as cumulative exposure declines. This 
study does not explicitly model temporal adjustment dynamics, 
which may lead us to overlook near-term health gains. Future 
work incorporating dynamic exposure–response relationships 
would enhance the temporal accuracy and policy relevance of 
health impact assessments.

5. Conclusion

In this study, we developed an integrated framework to quan-
tify the CO 2 emissions and PM 2.5 -related mortality burdens
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associated with China's construction-related system and to eval-
uate the potential health co-benefits of sectoral decarbonization. 
Our analysis reveals that construction-related activities, spanning 
upstream industrial production, onsite operations, and building 
energy use, constitute a major driver of both national CO 2 emis-
sions and PM 2.5 -attributable premature deaths, with substantial 
spatial heterogeneity between urban and rural areas. Over the past 
two decades, policy measures have shifted the sector from 

pollution-intensive growth toward partial decoupling and early 
low-carbon transition, demonstrating that coordinated controls 
can simultaneously reduce health burdens and curb emissions. 
Scenario analysis further indicates that interventions targeting the 
energy mix and industrial technologies offer the greatest syner-
gistic mitigation potential in urban areas. Furthermore, rural 
clean-heating policies must be paired with power sector decar-
bonization to avoid counteracting CO 2 increases. These findings 
highlight the construction sector as a strategic leverage point for 
China's integrated “pollution reduction and carbon mitigation” 
agenda. Prioritizing structural changes in upstream industries, 
accelerating clean energy transitions, and designing differentiated 
urban–rural pathways will be essential to maximize public health 
gains while advancing the nation's dual-carbon goals.
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