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Rapid economic development has led to massive fossil energy consumption and
emissions of air pollutants such as PM2.5, which have severely impacted human
health and the environment. By uncovering the primary regions and pivotal
sectors of PM2.5-related human health impacts (PM2.5-HHI) and evaluating the
influence of economic structural factors on them, we can facilitate a more
targeted strategy for managing PM2.5 pollution sources. This study employs a
structural decomposition analysis method based on input–output analysis to
evaluate the impact of China’s provincial economic structural transformation and
changes in final demand on PM2.5-HHI in the years 2012, 2015, and 2017. Results
indicated that PM2.5-HHI is primarily concentrated in economically developed
provinces (e.g., Shandong and Guangdong), which is compared to Shanghai,
Heilongjiang, Liaoning, and Hebei experienced negative growth in PM2.5-HHI
during 2007–2017. The production-based PM2.5-HHI is primarily driven by
energy-intensive sectors such as the production and distribution of electric
power and heat power. By contrast, the building sector is key to driving
consumption-based PM2.5-HHI. An increasing number of regions are reducing
PM2.5-HHI by implementing production structure changes. Moreover, the driving
effect of production structure changes on PM2.5-HHI growth is strengthening in
Beijing and Tianjin. Changes in the final demand structure mainly led to the
growth of PM2.5-HHI in areas with higher economic development levels, such as
Beijing and Shandong, but this driving effect is weakening. The final
demand–driven PM2.5-HHI shows an evolutionary trend of an increasing share
driven by fixed capital formation and exports and a decreasing share driven by
household consumption. Changes in emission intensity play a key role in
decreasing PM2.5-HHI in each region. Alternatively, changes in the structure of
emission sources have a relativelyminor impact on PM2.5-HHI. Tomitigate PM2.5-
HHI, regional economic and resource endowment advantages should be used to
promote regional coordinated development and strengthen green production-
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process innovation in energy-intensive industries. Meanwhcile, it is necessary to
optimize urban construction planning and improve the energy efficiency of
buildings.

KEYWORDS

economic structural transformation, PM2.5-HHI, final demand evolution, structural
decomposition analysis, input-output analysis, regional heterogeneity

1 Introduction

China’s rapid economic growth and urbanization have boosted
the demand for fossil energy such as coal and oil (Zhao et al., 2023;
Zhao et al., 2024; Sun et al., 2024a) This demand has led to severe air
pollution (Feng et al., 2022; Sun et al., 2024b), especially the emission
of PM2.5, which is far beyond the limits of the environment (Li et al.,
2021), resulting in more than a million premature deaths per year
(Liu et al., 2020). Since China promulgated a series of clean air
policies, including the Action Plan for the Prevention and Control of
Air Pollution in 2013 (Geng et al., 2021), end-of-pipe measures have
been effective and have significantly improved China’s atmospheric
environmental quality (Zhang et al., 2020). However, with
continuous innovation and optimization in the field of
technology, the marginal benefits of reducing PM2.5 emissions
through end-of-pipe treatment gradually weaken (Zhang et al.,
2020). More importantly, the significant im-balance in regional
economic distribution in China exacerbates disparities in
environ-mental pollution and associated health risks (Yang et al.,
2024). In addition, research based on environ-mental economic
systems has begun to propose emission reduction strategies from the
perspective of consumption (Liang et al., 2017; Wu et al., 2021),
which suggests that relying on end-of-pipe management alone is no
longer enough to address air quality issues and that considerable
attention needs to be paid to overall adjustments at the industry and
consumption ends.

China actively promotes economic structural reform, fully
exploits the potential of energy and mineral resources in the
central and western regions, and builds re-source-importing
industrial bases in the coastal and border regions. Meanwhile,
China promotes the relocation of manufacturing industries from
economically developed regions in the east to the central and
western provinces to meet the resource, environmental, and
market demands of different regions and promote the
coordinated development of regional industries (Li et al., 2019).
China’s economic structure is gradually evolving from a
manufacturing to a service industry (Wu et al., 2021). However,
this economic transformation may prevent regional economies from
catch-up and overtaking and is not positive for narrowing the gap
between the central-western regions and the economically
developed regions in the east (Liu et al., 2023b). Furthermore,
China’s economy is developing toward another stage led by
domestic circulation and complemented by international
circulation, with the domestic market as the mainstay (Zhang
et al., 2023b). This new development pattern emphasizes the
restructuring of the regional economy to promote dual-
circulation economic growth. The further deepening of the “du-
al-circulation” development model will lead to a widening of the
difference in economic factors and structural transformation of the

economy across regions, with different im-pacts on pollutant
emissions such as PM2.5 and related health burdens in
different regions.

PM2.5 pollution is recognized as a major environmental health
risk factor (Southerland et al., 2022), and the increasing burden of
disease associated with air pollution has sparked widespread
attention to the PM2.5-related human health impacts (PM2.5-
HHI). PM2.5-HHI primarily mani-fests as increased emissions of
PM2.5, which increases the risk of diseases such as cardio-vascular
disease, chronic obstructive pulmonary disease, and lower
respiratory infections (Forouzanfar et al., 2016). This further
leads to premature deaths among exposed populations, making it
the primary culprit endangering human health (Guan et al., 2023).
Current research utilizes Disability-Adjusted Life Years (DALY) to
quantify PM2.5-HHI from the perspectives of short-term and long-
term impacts and predictions of future concentration exposures
(Cony Renaud Salis et al., 2017; Mueller et al., 2021; Zou et al., 2023).
In terms of socioeconomic influences, many scholars have explored
the contribution to PM2.5 emissions and PM2.5 concentrations from
technical and economic perspectives (Song et al., 2020), but research
on influences on PM2.5-HHI is relatively limited.

The impact of spatial variations in economic structure and
economic growth on PM2.5-HHI exhibits diverse characteristics (Li
et al., 2023). China has a huge spatial difference in its geography and
socioeconomic characteristics, which are more pronounced than in
most developed countries (He et al., 2019). Such highly unbalanced
resource endowments and economic development can lead to a
mismatch between the health losses caused by trade and the gains
from trade (Feng et al., 2022). Focusing on interprovincial differences
may produce more valuable and significant findings than national-level
studies, whereas treating China as a wholemay belie internal differences
and lead to misleading conclusions (Zhai et al., 2022). In addition, the
drivers of PM2.5-HHI inChina at the provincial level, especially in terms
of economic structural factors, remain incompletely quantified and
compared. Input–Output Structural Decomposition Analysis (SDA) is
known for its ability to accurately quantify the contribution of each
independent factor in an economic system to changes in a specific
indicator (Liang et al., 2015). Therefore, SDA is widely used when
assessing the socioeconomic drivers of re-source consumption (Sun
et al., 2023) and pollutant emissions [e.g., PM2.5 (Liu et al., 2023a), NOx
(Zhang et al., 2023a), SO2 (Wang et al., 2022a), CO2 (Wang S. et al.,
2023b)].When studying economic structural elements related to PM2.5-
HHI, the SDAmethod similarly demonstrates its merits in an in-depth
understanding of the contribution of eco-nomic structural factors to
PM2.5-HHI.

In summary, how to reduce anthropogenic emissions of PM2.5

and the resulting PM2.5-HHI is a focal issue of concern for the
academic community as well as society. Systematic tracking of
PM2.5-HHI drivers at the overall level, at the final demand level,
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and at the sectoral level is still lacking, especially at the provincial
level in China, where resource endowments and economic structures
vary significantly. To address the gap in this area, this study employs
an environmentally extended input–output model (EEIO) and SDA
methodology based on utilizing the most recent data available for
China to reveal the drivers and heterogeneity of PM2.5-HHI at the
provincial level in China, as well as to assess the contribution of
structural transformation of the economy and the evolution of final
demand. This study helps delve deeper into the potential for
reducing PM2.5-HHI through economic structural transformation
in different regions, providing valuable insights for formulating
effective policy strategies. Due to the scope of our study being
limited to the economic system, this study focuses only on
PM2.5-HHI in the context of primary PM2.5 emissions associated
with industrial processes (i.e., PM2.5 emissions directly from
production activities).

The innovations and contributions of this study, compared with
previous studies, consist of two main aspects. First, based on the latest
data, we measured PM2.5-HHI in China’s provinces from the
production and consumption sides using the EEIO model and
analyzed the spatial and temporal distribution of PM2.5-HHI from
regional and industrial perspectives, which provided strong policy
implications for the formulation of industry-based and region-based
policies to reduce the PM2.5-HHI. Second, we employed the SDAmodel
to systematically decompose PM2.5-HHI, investigating the
contributions of economic structural transformation and changes in
final demand. This analysis provides policy-making support for
provinces to adjust economic structures and optimize industrial
layouts to reduce PM2.5-HHI.

The content is structured as follow: Section 2 describes the research
methodology and data. Section 3 presents the results. The results of the
study are discussed and a sensitivity analysis is presented in Section 4.
Section 5 concludes the study and provides the policy
recommendations, as well as discussing research limitations.

2 Methods and data

2.1 Production-based PM2.5-HHI

Production-based PM2.5-HHI signifies the health effects of
PM2.5 emitted directly during production processes. Without
considering the impacts of changes in PM2.5-related elements
such as population exposure and meteorology, we mainly focus
on analyzing the effects of final demand variations and economic
structural changes on PM2.5-HHI. The study utilizes the research by
Liang et al. (2017) and Wu et al. (2021) to compute PM2.5-HHI by
employing transformation parameters obtained from PM2.5

emission data specific to different industries. Production-based
PM2.5 emissions are determined by multiplying PM10 emissions
by a coefficient reflecting the proportion of China’s PM2.5 emissions
as a percentage of PM10 emissions, as shown in Equation 1.

EPM2.5 � ffraction × EPM10 (1)

EPM10 is a 50 × 28 matrix representing the PM10 emissions for
28 industries and 50 processes. The scalar ffraction is a
proportionality factor representing the ratio of PM2.5 emissions
to PM10 emissions across provinces. EPM2.5 is a 50 × 28 matrix

representing the direct emissions of PM2.5 from 28 sectors, with each
sector having 50 processes (i.e., emission sources) across provinces.
The computation of PM2.5-HHI is calculated in Equation 2.

eH � a × if × EPM2.5 (2)

The 1 × 28 row vector eH represents the production-based
PM2.5-HHI for 28 sectors across each province in China. The 1 ×
50 row vector if is the fraction of PM2.5 emissions from the
50 processes that are ingested by humans. The dose–severity
factor is scalar a, signifying the effect on human health per
PM2.5 inhaled.

2.2 Consumption-based PM2.5-HHI

Input–output models can be used to characterize the structure of
economic systems, reflecting the interdependence between
industries in economic activities (Munday and Beynon, 2011).
Equation 3 reflects the balance relationship of the
input–output table.

x � I − A( )−1y (3)
Vector y represents final demand; A is the matrix of direct

consumption coefficients; I is the same-order identity matrix as A;
(I − A)−1 is the matrix of total consumption coefficients, i.e., the
Leontief inverse matrix; vector x represents total output.

The EEIO model is built, treating production-based PM2.5-HHI
as a satellite account of the IO model and evaluating each sector’s
contribution to PM2.5-HHI from final demand (Equation 4). This
approach can provide a more comprehensive view of the health im-
pacts of PM2.5 pollution from a consumption perspective.

cH � lintensity × I − A( )−1 ×ŷ (4)
lintensity � eH × x̂( ) (5)

Vector cH, with dimensions of 1 × 28, represents the
consumption-based PM2.5-HHI across 28 sectors. Vector lintensity,
a 1 × 28-row vector, denotes PM2.5-HHI per unit of output for each
sector, computed according to Equation 5. The vector y, with
dimensions of 28 × 1, denotes the final demand for products
across 28 sectors.^ indicates the diagonalization of the vector. The
28 × 1 column vector x represents the total output of the 28 sectors.

2.3 Structural decomposition analysis

Studies have shown that coal combustion, diesel vehicles and
industrial processes are the main sources of PM2.5 emissions (Guan
et al., 2014). Promoting energy transition in various industrial
sectors can effectively improve the source structure of
PM2.5 emissions and thus reduce PM2.5-HHI (Wu et al., 2021).
Notably, the effect of population growth on PM2.5-HHI is
significantly higher than its direct effect on PM2.5 concentration
(Zhang et al., 2019). In addition, the transformation of economic
structure, such as changes in the production structure and changes
in final demand (including the composition and total amount of
demand), will also have a profound impact on socioeconomic
development and PM2.5-HHI (Wen et al., 2024). Combining the
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SDA and EEIO models enables the quantification of the extent to
which changes in economic structural factors contribute to PM2.5-
HHI. Therefore, to deeply explore the drivers of PM2.5-HHI in each
province of China, we decompose the PM2.5-HHI changes into
emission source structure, emission intensity, production structure,
final demand structure, per capita final demand, and population
changes. The following is the specific process of decomposition:

h � lintensity × I − A( )−1 × ys × yv × p (6)

In Equation 6, ys denotes the structure of final demand,
suggesting the proportion of various products within final
demand. yv and p denote the level of final demand per capita
and population size, respectively.

To explore the relative contribution of changes in emission
source structure and PM2.5 emission intensity to changes in PM2.5-
HHI, we split lintensity as shown in Equation 7.

h � a × if × M × ffraction × b̂ × I − A( )−1 × ys × yv × p (7)

where the M (50 × 28) matrix represents the emission source
structure, specifically reflecting the PM10 emission fractions
specific to each of the 50 processes in each sector. Given the
consistent proportion of PM2.5 emissions relative to PM10

emissions in each industry, M equivalently denotes the fraction
of specific PM2.5 emissions from the 50 processes within each
industry. PM10 emission intensity is represented by the row
vector b (1 × 28), which represents the PM10 emissions per unit
output of each department.

We denote the full consumption coefficient matrix (I − A)−1 by
L. We multiply a, if, and ffraction to obtain a 1 × 50-row vector w,
which is constant across time and across regions of China. During
the decomposition process, we obtain different forms. We average
all 6! � 720 decompositions to obtain the final result (Wu et al.,
2021). Subsequently, as shown in Equation 8, the PM2.5-HHI
changes in various provinces in China can be decomposed into
the following:

Δh � w •ΔM • b̂ •L •ys •yv •p
+w •M •Δb̂ • L •ys •yv •p
+w •M • b̂ •ΔL •ys •yv •p
+w •M • b̂ •L •Δys •yv •p
+w •M • b̂ •L •ys •Δyv •p
+w •M • b̂ •L •ys •yv •Δp

(8)

2.4 Uncertainties and sensitivities

The main sources of uncertainty in PM2.5-HHI stem from the
Chinese Monetary In-put–Output Table (MIOT) data and
PM10 emission data from the Eora database. Deter-mining the
extent of PM2.5-HHI uncertainty is challenging since there is limited
information on uncertainty in the input–output tables and certain
parameters. The calculation of sensitivity coefficients is an effective
method to quantify the extent to which marginal changes in each
parameter affect PM2.5-HHI. Hence, we utilized a matrix-based
method to analyze the model’s sensitivity to all parameters (Wu
et al., 2021).

Specifically, regarding PM2.5-HHI, sensitivity coefficients for
various factors, including population p, sensitivity coefficients for
per capita final demand level yv, final demand structure ys, each
element Tkj of the intermediate transaction matrix T in the MIOTs,
PM10 emission intensity for each sector j, proportion factor ffraction

of PM2.5 emissions in PM10 emissions, elementsMij in the emission
source structure matrix M, human intake fraction scores for each
emission source i, and the dose–severity factor a, are calculated with
Equations 9–17, respectively.

∂h
∂p

� a × if × M × ffraction × b̂ × L × ys × yv (9)
∂h
∂yv

� a × if × M × ffraction × b̂ × L × ys × p (10)
∂h
∂ysj

� a × if × M × ffraction × b̂ × L( )
j
× yv × p (11)

∂h
∂Tkj

� a × if × M × ffraction × b̂ × L( )
k
× L × ys × yv × p( )j

Xj

(12)
∂h
∂b̂ij

� a × if × M × ffraction( )
j
× L × ys × yv × p( )j (13)

∂h
∂ffraction

� a × if × M × b̂ × L × ys × yv × p (14)

∂h
∂Mij

� a × ifi × ffraction × b̂ × L × ys × yv × p( )
j

(15)

∂h
∂ifi

� a × M × ffraction × b̂ × L × ys × yv × p( )
i

(16)
∂h
∂a

� if × M × ffraction × b̂ × L × ys × yv × p (17)

To further mitigate the potential impact of the statistical units of
the parameter units on the results, we used Equations 18–26 to
compute the dimensionless elasticities for parameters. These
elasticities express the relationship between the rate of change of
PM2.5-HHI and the rate of change of the parameter. This helps
diminish the effect of inconsistency in units on the analysis. The
ELp, ELyv, ELysj

, ELTkj, ELb̂ij, ELffraction, ELMij, ELifi, and ELa denote
the elasticities for PM2.5-HHI to the population, the per capita
demand level, the final demand structure, the intermediate
transaction matrix element, the PM10 emission intensity, the
fraction of PM2.5 emissions in the PM10 emissions factor, the
emissions source structure matrix element, the fraction of human
intake of the emissions source, and the pairwise dose–severity factor,
respectively.

ELp � a × if × M × ffraction × b̂ × L × ys × yv ×
p

h
(18)

ELyv � a × if × M × ffraction × b̂ × L × ys × p ×
yv

h
(19)

ELysj
� a × if × M × ffraction × b̂ × L( )

j
× yv × p ×

ysj

h
(20)

ELTkj
� a × if × M × ffraction × b̂ × L( )

k
× L × ys × yv × p( )j

Xj
×
Tkj

h

(21)

ELb̂ij
� a × if × M × ffraction( )

j
× L × ys × yv × p( )j ×

b̂ij
h

(22)
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ELffraction
� a × if × M × b̂ × L × ys × yv × p ×

ffraction

h
(23)

ELMij � a × ifi × ffraction × b̂ × L × ys × yv × p( )
j
×
Mij

h
(24)

ELifi � a × M × ffraction × b̂ × L × ys × yv × p( )
i
×
ifi

h
(25)

ELa � f × M × ffraction × b̂ × L × ys × yv × p ×
a

h
(26)

2.5 Data sources

This study utilized single-region input–output tables for each
province, producer price indices (PPIs), population data for each

province in China, and sectoral PM10 emissions for specific
processes in China. Data from 30 provinces in China (excluding
Taiwan, Macau, Hong Kong, and Tibet) were utilized for this study.
Regional MIOT and population data for 2007, 2012, and 2017 were
sourced from the National Bureau of Statistics of China. To eliminate
the effects of price volatility, we use the double deflator method
advocated by the United Nations to adjust the input–output tables
for 2017 and 2007 to constant 2012 prices (United, 1999), with PPIs for
each sector obtained from the China Statistical Yearbook. To eliminate
the effect of imports on the competitive input–output tables (Wang
et al., 2022), the competitive input–output tables of Chinese provinces
were transformed into noncompetitive in-put–output tables (Wang
et al., 2022b). For consistency with MIOT, process-specific PM10

emission data are utilized for various industries in China from the

TABLE 1 Sector codes and their corresponding sectoral information.

Code Sector category Abbreviation

S1 Agriculture, forestry, animal husbandry and fishery Agr.

S2 Mining and washing of coal Coal

S3 Extraction of petroleum and natural gas Extra.

S4 Mining and processing of metal ores MinMetal

S5 Mining and processing of nonmetal and other ores MinNonmet.

S6 Food and tobacco processing Food

S7 Textile industry Textile

S8 Manufacture of leather, fur, feather and related products Leather

S9 Processing of timber and furniture Timber

S10 Manufacture of paper, printing and articles for culture, education and sport activity Paper

S11 Processing of petroleum, coking, processing of nuclear fuel Petro.

S12 Manufacture of chemical products Chem.

S13 Manufacture of non -metallic mineral products ManNonmet.

S14 Smelting and processing of metals Metal

S15 Manufacture of metal products MetPro.

S16 Manufacture of general and special purpose machinery Mach.

S17 Manufacture of transport equipment TransEqu

S18 Manufacture of electrical machinery and equipment ElecMach.

S19 Manufacture of communication equipment, computers and other electronic equipment Computer

S20 Manufacture of measuring instruments Instru.

S21 Other manufacturing and waste resources OthManu.&Waste

S22 Production and distribution of electric power and heat power Power

S23 Production and distribution of gas Gas

S24 Production and distribution of tap water Water

S25 Construction Constr.

S26 Transport, storage, and postal services Transport

S27 Wholesale, Retail Trade and Catering Service Who.&Cat.

S28 Others Others
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Eora database (Lenzen et al., 2013). In addition, this studymeasured the
emission intensity of PM10 in China based on the PM10 emissions from
various industry-specific processes at the national level in China,
published by Eora. Assuming that the emission intensity of PM10 in
each province of China is the same at the national level, we focus on the
relative contributions of the final demand evolution and three structural
factors (production structure, emission source structure, and final
demand structure) to PM2.5-HHI between 2007 and 2017. After
data adjustment and refinement, the input–output tables and PM10

emission datasets for the years 2007, 2012, and 2017 were finally
aggregated into 28 industrial sectors (see Table 1) (Feng et al.,
2023). Referring to Wen et al.’s study (Wen et al., 2024), we selected
50 types of emission sources from 55 types of processes that directly
emit PM10 in the Eora database for this study. Notably, we did not
include five natural sources of PM10 emissions in our study, including
grassland fires, wetland/marsh decomposition, forest fires followed by

decomposition, forest fires, and other vegetation fires, as they are not
directly related to economic activities. In computing PM2.5-HHI, we
applied the fraction factor of PM2.5 emissions to total PM10 emissions,
sourced from the World Health Organization (Ostro, 2004), and
consulted Wu et al.’s study for the dose–severity factor and PM2.5

intake fraction across 50 emission processes (Wu et al., 2021; Gronlund
et al., 2015).

3 Results

3.1 Characteristics of the spatial and
temporal distribution of PM2.5-HHI

PM2.5-HHI shows significant spatial and temporal differences
(Figure 1), which are mainly concentrated in the eastern provinces,

FIGURE 1
PM2.5-HHI changes in each region in 2012–2015 and 2015–2017.
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such as Shandong, Guangdong, and Jiangsu. These three provinces
accounted for approximately 30% of the national PM2.5-HHI during
2007–2017. Hainan, Qinghai, and Ningxia had the smallest PM2.5-
HHI, less than 2% of the national total. On one hand, between
2007 and 2012, all 30 provinces in China experienced an increase in
PM2.5-HHI. On the other hand, during 2012–2017, there were
significant differences in PM2.5-HHI changes among provinces,
with half of the provinces still experiencing an increasing trend.
Large energy–consuming provinces such as Jiangsu, Shanxi, Hebei,
and Guangdong have achieved negative PM2.5-HHI growth and
decoupled energy consumption from PM2.5-HHI through green
technology innovations and optimization of energy structures,
despite growing energy consumption (Guan et al., 2021).

The difference in PM2.5-HHI between the production and
consumption sides is shown in Figures 2A–C. Most of PM2.5-
HHI at the production end is concentrated in energy-intensive
heavy industries, mainly Power (S22) (32.53%), ManNonmet.
(S13) (9.92%), and Petro. (S11) (9.15%). These three industries
are energy-intensive, and they emit the most pollutants (including
PM2.5) as well as the most harm to human health, together
contributing 56% of China’s PM2.5-HHI. As can be seen from
Figures 2D, E, among these sectors, the PM2.5-HHI share of
ManNonmet. (S13) showed a gradual decrease from 2007 to
2017. By contrast, the PM2.5-HHI share of the Petro. (S11)
sector gradually increased. Among the provinces, Guangdong,
Jiangsu, and Zhejiang had the highest proportion of PM2.5-HHI
in the Power (S22) sector. Meanwhile, Henan, Shandong, and
Guangdong provinces had the highest share of PM2.5-HHI in the
ManNonmet. (S13) sector, and Shandong, Liaoning, and
Guangdong had the highest proportion of PM2.5-HHI in the
Petro. (S11) sector. Notably, MinNonmet. (S5) (0.16%) and
Extra. (S3) (0.18%) were the least damaging to human health,
with a combined contribution of less than 0.4% of PM2.5-HHI in
China. This suggests that the damage to human health from
resources and energy is mainly in the combustion use chain.

The sectors of Constr. (S25) and Others (S28) are the largest
contributors to consumption-based PM2.5-HHI, collectively
accounting for 30% of China’s PM2.5-HHI. Among the sectors, in
Beijing, the proportion of PM2.5-HHI driven by the Others (S28)
sector shows a decreasing trend. By contrast, in Shandong and
Jiangsu, the proportion of PM2.5-HHI driven by the Others (S28)
sector continues to grow. With the acceleration of urbanization,
Guangdong, Shandong, and Jiangsu provinces became the largest
contributors of PM2.5-HHI in the Constr. (S25) sector, with the most
significant growth in human health damage in the Constr. (S25)
sector in Shandong, Hubei, and Sichuan. Furthermore, the
consumption-based PM2.5-HHI attributed to the Power (S22)
sector has approached 9% of the total, and the share of PM2.5-
HHI driven by Power (S22) has shown an increasing trend as
China’s demand for electricity and heat continues to grow. In
particular, Beijing, Sichuan, and Guangdong have the most
apparent increasing trend of Power (S22)-driven PM2.5-HHI.
MinNonmet. (S5) and Extra. (S3) also contribute the least to the
consumption-based PM2.5-HHI, together contributing less than
0.5% of China’s PM2.5-HHI. Although the consumption-based
PM2.5-HHI driven by the Power (S22), ManNonmet. (S13), and
Petro. (S11) industries should not be ignored, PM2.5-HHI driven by
these three industries on the consumption side combined has been

FIGURE 2
(A) Distribution of PM2.5-HHI in different sectors at production
and consumption ends by province in 2007. (B) Distribution of PM2.5-
HHI in different sectors at production and consumption ends by
province in 2012. (C) Distribution of PM2.5-HHI in different
sectors at production and consumption ends by province in 2017. (D)
Changes in PM2.5-HHI at the production and consumption ends for
different industries in each province from 2007 to 2012. (E)Changes in
PM2.5-HHI at the production and consumption ends for different
industries in each province from 2012 to 2017.
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less than 18% of China’s PM2.5-HHI compared with the production
side. In summary, there are significant spatial and temporal
differences in PM2.5-HHI among different provinces and
industries, which are not only affected by the natural
environment and geographic location, but are also closely related
to the intrinsic transformation of economic structure. In order to
boost the understanding behind these differences, the impact of
economic structural transformation on PM2.5-HHI needs to be
further explored.

3.2 Impact of economic structural
transformation on PM2.5-HHI

Changes in emission intensity are the primary driver of PM2.5-
HHI reduction across all provinces, particularly noticeable during
2012–2017 (Figure 3). Notably, changes in emission intensity in
Beijing were the sole factor driving the PM2.5-HHI reduction during
this period. Notably, during the period 2007–2017, more regions
have reduced PM2.5-HHI through structural changes in production.
However, the driving effect of production structure changes on
PM2.5-HHI growth is strengthening in Beijing, Tianjin, Inner
Mongolia, Anhui, and Qinghai provinces. In addition, changes in
the production structure in Fujian, Shandong, Yunnan, and Gansu

have been positively affecting the enhancement of PM2.5-HHI, but
this positive effect is weakening.

During the period 2007–2017, the impact of changes in the
structure of final demand on PM2.5-HHI growth was mainly
concentrated in provinces with more developed and larger
provinces, such as Beijing, Henan, Shandong, Guangdong, and
Sichuan. In Beijing, the changes in the final demand structure had a
particularly notable impact on the in-crease in PM2.5-HHI, reaching
134,352.73 DALY. However, the changes in final demand structure in
provinces such as Tianjin, Hebei, Shanxi, Shanghai, Anhui, Hubei,
Hainan, Chongqing, Guizhou, and Yunnan have contributed to a
decrease in PM2.5-HHI. Specifically, between 2007 and 2012, only
Tianjin, Hebei, Shanxi, Shanghai, Inner Mongolia, Liaoning, Hubei,
Guizhou, and Xinjiang had structural changes in final demand that
drove reductions in PM2.5-HHI. By contrast, final demand in other
provinces drove in-creases in PM2.5-HHI to varying degrees. With the
continuous adjustment and optimization of the final demand structure
of each province,more provinces have a green and healthy development
of their final demand structure. During the 2012–2017 period, changes
in the structure of final demand only drove the growth of PM2.5-HHI in
Beijing, Jilin, Inner Mongolia, Liaoning, Shandong, Heilongjiang,
Zhejiang, Shaanxi, Henan, Hubei, Sichuan, Xinjiang, and Ningxia,
and the strength of this driving force weakened markedly compared
with the 2007–2012 period.

FIGURE 3
Relative contribution of socioeconomic factors to PM2.5-HHI changes. The top half of the figure is for 2007–2012, and the bottom half of the figure
is for 2012–2017.
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FIGURE 4
(A) PM2.5-HHI drivenby different types of final demandby region in China during 2007–2017. Note: Figures 4A–D are abbreviated as follows: BJ-Beijing,
TJ-Tianjin, HeB-Hebei, SX-Shanxi, IM- Mongolia, LN-Liaoning, JL-Jilin, HLJ-Heilongjiang, SH-Shanghai, JS -Jiangsu, ZJ-Zhejiang, AH-Anhui, FJ-Fujian, JX-
Jiangxi, SD-Shandong, HeN-Henan, HuB-Hubei, HuN-Hunan, GD-Guangdong, GX-Guangxi, HaN-Hainan, CQ -Chongqing, SC-Sichuan, GZ-Guizhou, YN-
Yunnan, SaX-Shaanxi, GS-Gansu, QH-Qinghai, NX-Ningxia, XJ-Xinjiang. (B) Changes in household consumption-driven PM2.5-HHI across different
regions and sectors from 2007 to 2017. (C) Changes in PM2.5-HHI Driven by Investment in Different Sectors Across Various Re-gions from 2007 to 2017.
(Note: only sectors with nonzero values of investment-driven PM2.5-HHI are shown in the figure; the rest of the sectors have zero-value investment changes
and are therefore not shown in the figure). (D) Changes in PM2.5-HHI driven by exports in different regions and sectors during 2007–2017.
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Changes in per capita demand had a significant impact on
PM2.5-HHI during the 2007–2017 periods, becoming the main
driver of its growth. This growth was mainly concentrated in the
central and eastern provinces of Jiangsu, Henan, and Shandong,
which have better economic performance. Only the provinces of
Inner Mongolia, Liaoning, Shandong, and Gansu saw changes in per
capita demand drive reductions in PM2.5-HHI over the
2012–2017 period. Population change-driven PM2.5-HHI growth
is mainly concentrated in the eastern coastal provinces. During
2007–2017, PM2.5-HHI, driven by population growth in the eastern
provinces, accounted for 86.22% of the population change-driven
growth in China. Henan is a large population province, and
although its population change drove a marginal rise in PM2.5-
HHI, the increase was not severe com-pared with the more
developed provinces on the eastern coast. In contrast, population
changes in Jilin, Heilongjiang, Anhui, and Gansu drove a decrease in
PM2.5-HHI.

Changes in the structure of emission sources had a relatively
small impact on PM2.5-HHI. During the period 2007–2012,
although changes in the structure of emission sources reduced
PM2.5-HHI to some extent in most provinces, none of the
contributions exceeded 100 DALY. While the emission source
structure of Tianjin, Shanghai, Jiangsu, Zhejiang, Shandong, and
Guangdong has a positive contribution to PM2.5-HHI, it is also
within 100 DALY. During 2012–2017, the contribution of changes
in emission source structure to PM2.5-HHI in each region was nearly
negligible.

3.3 Effects of final demand evolution on
PM2.5-HHI

During the period 2007–2017, the largest final demand driver for
PM2.5-HHI stemmed from exports (47.77% of all), followed by gross
fixed capital formation (investment) and household consumption
(Figure 4A). China’s provincial household consumption,
investment, and export-driven PM2.5-HHI dominate the final
demand–driven PM2.5-HHI, and more than half of the provinces
have experienced a shift in final demand from household
consumption to investment and exports. During the period
2007–2017, the average share of PM2.5-HHI driven by investment
and exports increased by 2.71% and 2.54%, respectively. By contrast,
PM2.5-HHI, driven by household consumption, average decreased
by 1.88% in each province. Notably, the share of total output
accounted for by fixed investment demand grew in Jilin,
Heilongjiang, Jiangxi, and Henan. By contrast, the share of PM2.5

driven by fixed investment declined in these provinces. In contrast,
the proportion of total output attributed to consumption demand
has decreased in provinces such as Inner Mongolia, Shanxi,
Shanghai, and Guangdong, whereas the share of PM2.5-HHI
driven by household consumption demand has increased.
Overall, export-driven factors dominate in driving PM2.5-HHI.
By contrast, the influence of household consumption is
weakening, and investment is becoming increasingly significant
in driving PM2.5-HHI. Furthermore, from the perspective of final
demand driving PM2.5-HHI, eastern provinces such as Tianjin,
Guangdong, Jiangsu, Shanghai, and Hebei show a trend where
the proportion of PM2.5-HHI driven by final demand has an

increasing share attributed to household consumption and a
decreasing share attributed to exports. In contrast, resource-rich
provinces in central and western China, such as Inner Mongolia,
Shanxi, Jilin, Heilongjiang, Jiangxi, Henan, Chongqing, Shaanxi, and
Ningxia, show a trend where the proportion of PM2.5-HHI driven by
final demand attributed to exports is continuously increasing, with
the share of PM2.5-HHI driven by exports approaching or exceeding
half of the total.

Influenced by the level of regional economic development and
consumption level, there are significant differences in the dominant
industry in household consumption driving PM2.5-HHI in different
regions (Figure 4B). Overall, the Power (S22), Petro. (S11), and
Others (S28) sectors are the key industries driving household
consumption-driven PM2.5-HHI growth. This driving effect is
particularly pronounced in Shandong, Guangdong, and Jiangsu
provinces, which are economically developed. The Petro. (S11)
and Power (S22) sectors are key sectors driving household
consumption-driven PM2.5-HHI growth in Liaoning, Jilin, and
Heilongjiang, but the Others (S28) sectors emerge as key sectors
driving household consumption-driven PM2.5 reductions in these
provinces. Furthermore, the Petro. (S11) and Power (S22) sectors are
key sectors driving household consumption-driven PM2.5-HHI
growth in Liaoning, Jilin, and Heilongjiang, but the Others (S28)
sectors emerge as key sectors driving household consumption-
driven PM2.5 reductions in these provinces. Furthermore, the
ManNonmet. (S13), Agr. (S1), and Gas (S23) sectors are the core
sectors for reducing PM2.5-HHI. Notably, ManNonmet. (S13) is the
dominant sector driving the reduction of PM2.5-HHI in large light
manufacturing provinces such as Inner Mongolia, Hebei, and
Shanxi. Meanwhile, the Agr. (S1) sector is the primary sector
driving the reduction of PM2.5-HHI in Henan, Liaoning, Jilin,
Heilongjiang, and other agricultural provinces, as well as in
economically developed provinces such as Beijing, Shanghai,
and Guangdong.

The investment structures of different regions have a significant
impact on PM2.5-HHI formed by investment-driven factors
(Figure 4C). Overall, with the advancement of region-al
urbanization, Constr. (S25), Others (S28), and Mach. (S16) have
become the leading sec-tors driving the growth of investment-driven
PM2.5-HHI. Conversely, ElecMach. (S18) and Computer (S19) are
the leading sectors driving the reduction of PM2.5-HHI, driven by
fixed capital formation. However, the impact of these sectors on the
fixed capital–driven formation of PM2.5-HHI in different regions
has substantially different results. The construction sector in
provinces with rapid urbanization, such as Shandong, Jiangsu,
Sichuan, and Hubei, contributes to the main fixed capital–driven
formation of PM2.5-HHI. In regions where urbanization has
stabilized, such as Beijing, Shanghai, and Hainan, and in areas
experiencing significant population outflows, such as Liaoning,
Jilin, and Heilongjiang, Constr. (S25) is the leading sector driving
the reduction of PM2.5-HHI driven by fixed capital formation.
During 2007–2017, investment in Others (S28) sectors drove the
growth of fixed asset formation–driven PM2.5-HHI in most regions.
By contrast, driving down fixed capital formation–driven PM2.5-
HHI in Qinghai, Ningxia, and Xinjiang. Investment in the Mach.
(S16) sector has driven a reduction in fixed capital formation–driven
PM2.5-HHI in developed regions that focus on environmental
protection and the adoption of cleaner technologies, such as
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Beijing, Shanxi, Shanghai, Zhejiang, and Chongqing. By contrast,
some large manufacturing provinces (e.g., Tianjin, Guangdong, and
Anhui) may have been more focused on industrial growth in the
course of their rapid development, thereby increasing the fixed
capital formation–driven PM2.5-HHI. Most provinces, such as
Hebei, Liaoning, Jilin, Jiangxi, Shandong, and Henan, showed an
increase during 2007–2012 and a decrease during 2012–2017,
suggesting that investment in the machinery industry in most
provinces tends to be cleaner and greener.

Overall, Power (S22), Others (S28), and Who.&Cat. (S27) were
the dominant sectors driving the export-driven increase in PM2.5-
HHI. By contrast, Metal (S14), Petro. (S12), and MinNonmet. (S7)
were the crucial sectors primarily contributing to the export-driven
de-crease in PM2.5-HHI (Figure 4D). Specifically, Power (S22) plays
a key role in export-driven PM2.5-HHI reductions in provinces that
are relatively backward in terms of economic and industrial
development, such as Guizhou, Yunnan, Guangxi, and Hainan.
On the contrary, in energy resource-rich provinces such as Inner
Mongolia, Shaanxi, and Xinjiang, their export-driven PM2.5-HHI
growth stemsmainly from the extraction and processing of energy as
a major export product, which leads to more emissions of pollutants
such as PM2.5 and pushes up the export-driven PM2.5-HHI growth.
Notably, Power (S22) emerged as the dominant sector driving
PM2.5-HHI growth in Beijing’s exports. In addition, the
Who.&Cat. (S27) and Others (S28) sectors primarily drove the
rise in export-driven PM2.5-HHI in the economically developed
provinces of Beijing, Henan, Jiangsu, and Zhejiang. By contrast, the
Who.&Cat. (S27) and Others (S28) sectors contributed to the
decrease in export-driven PM2.5-HHI in the developed and
industrialized provinces such as Shandong and Hebei.

4 Discussion

Previous studies have focused on the human health impacts of
PM2.5 emissions in China (Wu et al., 2021; Wang et al., 2021; Hu
et al., 2024), but relatively few studies have estimated the differences
in human health impacts due to PM2.5 emissions at the
disaggregated industry level and the regional level. In our study,
based on the latest data, we used the EEIOmodel to measure China’s
provincial PM2.5-HHI from two perspectives, the production side
and the consumption side, by industry. Based on the research
findings, the total PM2.5-HHI of the 30 provinces closely aligns
with Wu et al.’s national-level study (Wu et al., 2021), suggesting
good comparability, and shows a consistent increasing trend from
2007 to 2012. During 2012–2017, more than half of the provinces in
China experienced a significant PM2.5-HHI decreasing trend,
consistent with the findings of Dong et al. (2022). The observed
trend can be largely attributed to the implementation of China’s Air
Pollution Prevention and Control Action Plan in 2013 (Wang et al.,
2023a), which has effectively curbed PM2.5 emissions. To provide a
more nuanced analysis of PM2.5-HHI heterogeneity, we conducted a
comprehensive test of its spatial and temporal distribution across
both regional and industrial dimensions. Our findings reveal
significant spatial disparities in PM2.5-HHI (Liu et al., 2023c),
with prominent concentrations observed in eastern provinces
such as Jiangsu, Guangdong, and Shandong. This difference
mainly stems from the fact that these provinces are large

manufacturing and industrial provinces, and the development of
their light industry, energy and chemical industry, automobile
industry, and other secondary industries has increased resource
and energy consumption, leading to an in-crease in the emission of
pollutants, which has serious negative impacts on the quality of the
atmosphere and human health. Specifically, like Shandong
provinces has characteristics of energy and raw material industry
basement, the development of its coal chemical industry, iron and
steel industry, chemical industry, and other high-pollution and
high-consumption industries has increased the consumption of
resources and energy, resulting it the most energy-consuming
province in China (Guan et al., 2021). Concurrently, petroleum
processing, coking, and nuclear fuel processing belong to the heavy
industry sector, whose production processes are usually more
complex, the cost of updating equipment and environmental
protection technologies is relatively high, the implementation of
environmental protection technologies and measures may be more
difficult, and the lag in the development of green and clean
technologies may also lead to an increase in the emission of air
pollutants, which will maintain the growth of PM2.5-HHI over the
period 2007–2017. In addition, analyzing from both production-
and consumption-side perspectives, most of the production-based
PM2.5-HHI is concentrated in energy-intensive heavy industries,
with Power (S22), ManNonmet. (S13), and Petro. (S11) alone
collectively contributing 56% of China’s PM2.5-HHI. The Constr.
(S25) and Others (S28) sectors are the largest contributors to
consumption-based PM2.5-HHI, together contributing 30% of
China’s PM2.5-HHI. Therefore, the potential for reducing
PM2.5 emissions and lowering PM2.5-HHI lies mainly in the
industrial and residential sectors, especially in the economically
developed provinces in eastern China.

From the perspective of the influence of socioeconomic factors
on PM2.5-HHI, changes in the structure of emission sources have a
relatively small impact on PM2.5-HHI. By contrast, emission
intensity plays a dominant role in reducing PM2.5-HHI in all
regions. This is mainly due to the implementation of air
pollution control policies, with governments adopting stricter
environmental regulations and policies to limit and regulate the
emission of pollutants from different industries. With the
implementation of air pollution control policies, provinces have
actively promoted the optimization and reform of the production
structure, which has facilitated the development of a cleaner and
healthier production structure. In particular, Guangdong, Henan,
Zhejiang, Hebei, and other major industrial provinces have achieved
notable success in optimizing their production structures to reduce
PM2.5-HHI, especially during the period from 2012 to 2017.
However, in some regions, such as Beijing, Tianjin, Inner
Mongolia, and Anhui, the total input coefficients of Transport
(S26), Who.&Cat. (S27), and Others (S28) industries such as
services increased over the 2012–2017 period, driving more
PM2.5-HHI growth. This may be attributed to rapid urbanization
and population growth in these areas, leading to increased demand
for transportation, logistics, commerce, and services. The expansion
of these industries is accompanied by increased emissions from
energy-intensive equipment such as internal combustion engines,
diesel trucks, and diesel generators. Additionally, the rapid growth in
traffic congestion reduces the efficiency of vehicle emissions,
resulting in increased energy waste and emissions. Therefore,
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improving urban planning and promoting the use of cleaner
transportation are key steps toward sustainable urban
development and the reduction of PM2.5-HHI.

Changes in the final demand structure are driving the growth of
PM2.5-HHI mainly in regions with higher economic levels, and this
driving effect is diminishing. To avoid an increase in PM2.5-HHI, the
key to the future lies in reducing waste, especially in affluent areas,
and by optimizing the structure of final demand. Rising per capita
demand levels are the main driver of PM2.5-HHI growth, especially
in areas with higher levels of economic development. This indicates
that PM2.5-HHI is significantly correlated with urbanization, the
industrialization process, and economic performance (Lu et al.,
2019). Analyzed from the perspective of final demand
classifications, PM2.5-HHI, driven by household consumption,
investment, and exports, dominated the final demand in all
provinces of China. In addition, the final demand–driven PM2.5-
HHI shows an evolutionary trend of an increase in the share of fixed
capital formation and exports and a decrease in the share of
household consumption. Energy-intensive industries and other
sectors are key drivers of the growth of household consumption-
driven PM2.5-HHI, especially in economically developed regions.
Notably, the Power (S22) sector has become the leading driver of
export-driven PM2.5-HHI growth in Beijing. This phenomenon
may be attributed to Beijing’s exports being primarily focused on
high-tech industries such as electronics and financial services, which
rely heavily on energy sources such as electricity and heat to meet
their production needs. Thus, the Power (S22) sectors expand the
demand for energy consumption, especially for fuel-burning-based
electricity and heat production processes, leading to more emissions
of pollutants such as PM2.5 and further stimulating export-driven
PM2.5-HHI growth.

In 2013, China enacted the Action Plan for Prevention and
Control of Air Pollution, identifying Beijing, Shanghai, and
Jiangsu as pivotal regions for combating air pollution (Yue
et al., 2020). The plan aims to mitigate the environmental and
health impacts of PM2.5 emissions by optimizing industrial
layout, eliminating outdated technologies, promoting cleaner
production, and using other strict control strategies. However,
during the period 2007–2017, PM2.5-HHI in Beijing continued to
increase, despite the fact that the city is one of the key regions for
air pollution control. In contrast, Shanghai and Jiangsu, also key
regions, both showed decreases in PM2.5-HHI between 2012 and
2017, with Shanghai in particular showing negative growth
between 2007 and 2017. This trend validates, to some extent,
Whang et al.’s view that existing air pollution control measures
are mainly concentrated in developed coastal areas, whereas
environmental regulations in inland provinces are more
lenient (Wang et al., 2023a). Notably, the Action Plan for
Continuous Improvement of Air Quality, which will be
enacted and implemented in 2023, includes inland provinces
such as Henan and Shanxi as key prevention and control areas,
demonstrating the elevated attention to and treatment of inland
areas. Although a series of stringent air pollution control
measures implemented in the past decade have achieved
remarkable results, the east-ern region will remain a priority
area for future PM2.5 emission control. The prioritization of
future emission treatment directions can be determined based
on emission sources and regions. The shift in the contribution of

pollution sources calls for adjusting policy attention to the
emitting sectors (Liu et al., 2020). Industrial sectors such as
Power (S22), ManNonmet. (S13), and Petro. (S11) are the
largest sources of emissions. Although the Power (S22) sector
has achieved significant emission reductions (Zheng et al., 2018),
it still uses fossil fuels as its main energy source, and the damage
to human health is still preeminent. Therefore, relevant laws and
regulations should be implemented to accelerate the shift to a
renewable energy-based system, especially in the industrial
sector, where a cleaner energy shift is essential. In addition,
population growth and rising levels of consumer demand are
relevant factors contributing to the growth in PM2.5-HHI. SDAs
show that de-spite the health benefits of reducing PM2.5 emission
intensity through the implementation of mitigation measures
and policies, in 80% of the regions, these health benefits are offset
by changes in population demand and size.

The uncertainty in the results originates from the uncertainty in
the quality of the PM10 emissions data in the provincial MIOT tables
and the Eora database. The ideal assumption for estimating PM10

emissions across different regions is that the PM10 intensity of
emissions from the same sector’s production processes remains
constant within each region. This means that the PM10 emission
intensity of each region adopts the PM10 emission intensity of the
same industry at the overall national level in China. The focus of the
study primarily lies in the differences in economic structural
transformation and changes in final demand across various
provinces. However, this has also led to some degree of
uncertainty in the relative contributions of regional PM2.5-HHI
and socioeconomic factors. In the future, based on more
advanced measurement tools and methods, the accuracy of PM10

emission inventories and MIOT tables for each region may be
improved, and the un-certainty of the study results can be reduced.

We performed a sensitivity assessment of the findings by
calculating the elasticity of each parameter. The research results
indicate that, except for population, per capita final demand level,
the elasticity of the dose–response coefficient, and the proportion
coefficient of PM2.5 emissions to PM10 emissions, which are all
elasticities of 1, the elasticities of other parameters are extremely
small. This suggests that the sensitivity of the model results is low.
The highest PM10 emission intensity elasticity is found for the
Power (S22) sector in Qinghai province, which is 0.6253. This
means that a 10% change in PM10 emission intensity in this sector
would result in a 6.25% change in PM2.5-HHI. Apart from the
elasticity of PM10 emission intensity in the production sector of
electricity and heat, the elasticity of final demand structure in the
Constr. (S25) and Others (S28) sectors is also noteworthy
(Figures 5A, B).

5 Conclusion, policy implications and
limitations

5.1 Conclusion

This study utilized EEIO and SDA models to assess the
impacts of China’s regional economic structural transformation
and final demand evolution on PM2.5-HHI from 2007 to 2017.
The results of the study revealed significant differences in the
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regional and sec-toral sources of PM2.5-HHI in various regions of
China. During the study period, PM2.5-HHI in 30 regions across
the country generally increased to varying degrees between
2007 and 2012, but nearly half of the provinces experienced
negative PM2.5-HHI growth between 2012 and 2017, and
Shanghai, Heilongjiang, Liaoning, and Hebei had negative
PM2.5-HHI growth between 2007 and 2017. PM2.5-HHI is
mainly concentrated in the eastern provinces with
manufacturing and industry, which is related to the demand
for large amounts of fossil energy. The leading sectors driving
production-based PM2.5-HHI include energy-intensive Power

(S22), ManNonmet. (S13), and Petro. (S11), which collectively
contribute to 56% of China’s PM2.5-HHI. The notable
contribution stems from the fact that these sectors serve as the
backbone of energy and basic materials that extensively support
the operation and development of other industries. These energy-
intensive sectors not only provide the necessary energy and
material base for the economy and society, but are also major
contributors to PM2.5-HHI due to the emission characteristics of
their production processes. On the consumption-based PM2.5-
HHI, Constr. (S25) and Others (S28) sectors emerge as the
strongest driving forces for the growth of PM2.5-HHI, which is

FIGURE 5
(A) PM10 emission intensity elasticity. Note: The numbers “07,” “12,” and “17” above the horizontal axis in Figures 5A, B represent the years 2007, 2012,
and 2017, respectively. (B) Elasticity of final demand structure.
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closely linked to their rapid expansion and vibrant economic
activity. The rapid growth of the construction sector has not only
exacerbated the demand for materials and energy but has also led
directly to a significant increase in construction dust and
combustion emissions. At the same time, diversified
consumption and production patterns in other sectors also
contribute to PM2.5 emissions, which together raise overall
pollution levels. The wide range of activities in these sectors,
the high level of emissions and the difficulty of controlling them
are key factors in the growth of PM2.5-HHI on the consumption
side. Overall, the potential for reducing PM2.5 emissions and
lowering PM2.5-HHI exists mainly in the industrial and
residential sectors, especially in the economically developed
provinces in eastern China.

In the trend of PM2.5-HHI changes, changes in the structure
of emission sources have a relatively small impact on PM2.5-HHI.
By contrast, emission intensity plays a dominant role in reducing
PM2.5-HHI in all regions. This suggests that adjusting and
optimizing the structure of emission sources is essential for
long-term environmental quality improvement, but direct
reduction of the pollutant emission intensity of each source is
a more direct and effective means at the current stage. Due to
differences in resource endowment and level of economic
development in different provinces, the effect of changes in
production structure on driving PM2.5-HHI varies in different
regions. Among these, the optimization of production structures
in major industrial provinces such as Guangdong, Henan,
Zhejiang, and Hebei notably decreased PM2.5-HHI. Changes in
the final demand structure primarily drove PM2.5-HHI growth in
regions with higher economic levels, although this driving effect
is diminishing. This change stems mainly from the upgrading of
the industrial structure and the transformation of consumption
patterns in these regions. Although changes in the demand
structure still have a certain impact on PM2.5 emissions, with
the increasing awareness of environmental protection, the strict
implementation of environmental protection policies, the
widespread use of clean energy, and the upgrading of
pollution control technologies, the intensity of emissions in
these regions has gradually been reduced, thus weakening the
role of the final demand structure as a driving force for PM2.5-
HHI. This trend reflects the efforts and effectiveness of
economically developed regions in striking a balance between
economic development and environmental protection. Rising per
capita demand levels are a major driver of PM2.5-HHI growth,
especially in regions with higher levels of economic development.
As the population migrates from the less economically developed
central and western provinces to the economically developed
eastern coastal provinces, this trend of population migration
leads to differences in population size changes between
regions, which in turn have opposite effects on PM2.5-HHI. To
curb the growth of PM2.5-HHI, it is essential to formulate and
improve air pollution and energy policies, promote industrial
production optimization, and reduce PM2.5 emission intensity.
Additionally, optimizing the structure of final demand is crucial
to lowering PM2.5-HHI, such as by encouraging consumption
and export of products with low PM2.5-HHI and minimizing
waste, particularly in affluent areas.

5.2 Policy implications

Coordinating regional pollution control, strengthening the
level of pollution control in key industries, reducing particulate
matter emissions and effectively improving the health and
wellbeing of the population. With regard to key regions and
industries with high PM2.5-HHI, there is an urgent need to
strengthen synergistic management of regional pollution
control and precise control of key pollution sources. The
pollution monitoring system in key regions should be
strengthened, and management efforts should be intensified to
curb the surge in particulate matter emissions brought about by
blind investment expansion and disorderly growth in production
capacity. At the same time, we are actively promoting the
transformation and upgrading of enterprises in key industries
such as Power (S22), ManNonmet. (S13), and Petro. (S11), and
the wide application of cleaner production technologies, energy-
saving and consumption-reducing technologies, and
environmentally friendly equipment, so as to not only
strengthen the emission reduction measures at the end of the
production process, but also to promote the green transformation
of the entire production process, so as to achieve comprehensive
PM2.5-HHI control from the source to the end. In addition, the
regulation of structural emission reduction measures in the
eastern region should be strengthened, especially the
implementation of special regulation of highly pollution-
intensive industries to prevent the transfer of pollution to the
central and western regions.

Promote clean energy and efficient production technologies,
strengthen emission standards, change consumption patterns and
encourage green and low-carbon living. Reducing emissions intensity
has had a significant effect in reducing PM2.5-HHI, but changes in final
demand continue to drive PM2.5-HHI growth. Therefore, the
PM2.5 emission intensity of enterprises should be reduced through
the promotion of clean energy and efficient production technologies, as
well as the strengthening of emission standards. It also promotes
energy-saving and green consumption patterns and encourages
consumers to shift to low PM2.5-HHI products to meet the
challenges posed by growing consumer demand, especially in
regions with higher levels of economic development.

5.3 Limitations and future recommendations

The study is limited by the lack of PM10 emission data at the
regional level. We assume that the PM10 emission intensity in
each region remains consistent with the national level
throughout the same period. We measure changes in PM2.5-
HHI with total economic output over the study period and focus
on exploring the impact of economic structural transformation
and changes in final demand on PM2.5-HHI. As the data are
updated, we will continue to further refine the study.
Additionally, addressing the insufficient research on air
exposure and climate environmental impacts, we plan to
conduct a systematic assessment of the effects of PM2.5 on
human health based on atmospheric chemistry transport
models and exposure–response models.
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