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Abstract: China’s atmosphere is experiencing severe ozone (O3) pollution and 
carbon dioxide (CO2) emissions, posing persistent threats to public health and 
sustainable development. Previous research has confirmed a synergistic coupling 
between O3 pollution and CO2 emissions, driven by mutual feedback mechanisms 
associated with climate warming. To gain a deeper understanding of the 
contribution of socioeconomic activities, we conducted a multi-parameter analysis 
of driving forces. In this study, we employed a Structural Equation Model (SEM) 
to quantify the synergistic control mechanisms for urban O3 pollution and CO2 
emissions. The findings revealed that compared to 2014, urban atmospheric O3 
concentrations in China significantly increased by 2022, and CO2 emissions 
mirrored this upward trend. Assessment of health effects showed that the number 
of all-cause deaths related to O3 pollution was approximately 198 × 103 in 2022. 
The SEM results indicated that the tertiary industry GDP and secondary industry 
GDP contribute most substantially to atmospheric O3 pollution and CO2 emissions. 
This underscored the importance of optimizing industrial structure to reduce 
environmental impacts. Building upon the exploration of current abatement 
technologies, we proposed seven recommendations for synergistic control. Our 
research provides a scientific foundation for the implementation of “Synergistic 
Pollution Reduction and Carbon Mitigation” in China. 

 Keywords: socioeconomic factor; carbon dioxide emission; ozone pollution; driving 
force; national scale 

1. Introduction 

The World Meteorological Organization’s State of the Global Climate 2024 report documents a critical 
atmospheric threshold, with carbon dioxide (CO2) concentrations surging to an unprecedented 420 ppm. This level 
represents a 151% increase over pre-industrial, driving the 2024 global mean temperature to 1.55 °C above 1850–
1900 baselines. The main reason for the massive emissions of CO2 is that modern anthropogenic activities have 
reintroduced geologically sequestered carbon (originally fixed through photosynthesis over thousands of years) 
into the atmosphere by coal and oil consumption [1]. China emerges as a main contributor to the CO2 emissions 
with rapid urban and economic development [2]. In general, this thermal anomaly poses serious threats to the 
stability and health of the global ecosystem. 
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While China has achieved notable reductions in PM2.5 concentrations following the implementation of the 
2013 Clean Air Act, concurrent increases in tropospheric ozone (O3) levels reveal critical limitations in current 
pollution mitigation strategies [3]. In recent years, photochemical smog dominated by O3 has posed a critical 
environmental threat to public health [4]. Substantial evidence links O3 exposure to adverse effects on human 
cardiovascular and respiratory systems [5], vegetation productivity [6–8] and soil microbial communities [9]. The 
escalating severity of O3 pollution underscores the urgent need for targeted, science-driven interventions to address 
this multifaceted environmental challenge [10,11]. 

Emerging evidence reveals a synergistic coupling between O3 pollution and CO2 emissions, driven by mutual 
feedback mechanisms in warming climates [12]. On the one hand, global warming and extreme climatic events 
significantly enhance O3 formation. An analysis of eastern China’s summertime O3 episodes demonstrates that 
heatwaves exceeding 10-day duration significantly exacerbate O3 pollution [13]. Drought-stressed vegetation 
exhibits significantly reduced O3 uptake, driving 10–20 ppbv increases in daily maximum 8-h average O3 

concentrations [14]. Notably, the temporal scope of O3 pollution has expanded beyond summer months, with the 
baseline temperature rising by 0.03 °C annually [15]. On the other hand, O3 enters plant leaves via stomatal uptake, 
triggering excessive reactive oxygen species, which accumulates disrupt chloroplast ultrastructure and impair 
photosynthetic electron transport [16]. Concurrently, O3-induced stomatal closure reduces stomatal conductance, 
thereby suppressing CO2 assimilation efficiency [17]. Implementation of synergistic mitigation strategies can 
concurrently reduce O3 pollution and attenuate radiative forcing contributions to global warming [18]. 

As a secondary pollutant, ground-level O3 forms through photochemical reactions between nitrogen oxides 
(NOX) and volatile organic compounds (VOCs) under ultraviolet radiation [19,20]. Rapid urbanization and 
industrialization in China have driven sustained increases in anthropogenic emissions of VOCs and NOX, a trend 
compounded by urban heat island effects that further enhance the conversion of precursors [21–23]. Empirical 
analyses of regulatory monitoring data reveal that most Chinese cities currently exhibit a VOC-limited O3 
formation regime, suggesting VOC reduction should be prioritized in control policies [24]. Nevertheless, 
continuous reduction of NOX emission remains critical in O3 pollution mitigation strategies. 

Among various anthropogenic emission sources, industrial production, paint and solvent applications, and 
mobile sources have been identified as major contributors to urban VOC emissions [25,26]. Also, the influence of 
biogenic VOC emissions cannot be overlooked [25,27]. Regarding NOX emissions, fossil fuel combustion, 
particularly from power generation and vehicles, constitutes the predominant origin [28]. The emission sources of 
CO2 are similar to those of O3 precursors. Global carbon emissions demonstrate strong sectoral concentration, with 
the electric power sector accounting for approximately 40% of total emissions through both direct production (e.g., 
power and heat generation) and indirect consumption pathways [29]. The residential sector contributes 
significantly through indirect consumption pathways, generating nearly 10% of global CO2 emissions via 
electricity consumption for lighting and appliances [2,30]. Notably, the transportation sector contributes 24% to 
direct energy-related emissions through petroleum fuel combustion [31,32]. In China’s industrial sector, 
manufacturing industry present particularly notable carbon emissions. Cement production emits 0.83–0.91 tons of 
CO2 per ton of clinker through calcination and fuel combustion processes [33]. Steel manufacturing demonstrates 
substantially higher carbon intensity at 2.33 tons CO2 per ton steel, with over 90% of lifecycle emissions occurring 
during production phases [34]. These findings emphasize the critical need for developing cross-sectoral emission 
mitigation strategies. To inform such policy development, systematic quantification of sector-specific 
contributions to both O3 pollution and CO2 emissions becomes imperative. 

In this study, we compiled comprehensive data on air pollutant concentrations, CO2 emissions, and various 
socioeconomic drivers across 290 prefecture-level administrative regions in China for 2022, representing 87% of 
the nation’s total. Additionally, we obtained comparable air pollutant concentrations and CO2 emissions data for 
162 regions in 2014. This research pursued three primary objectives: (1) to analyze decadal trends (2014–2022) in 
PM2.5 and O3 pollution, identifying current dominant air pollutants in China; (2) to evaluate associated health impacts 
and economic burdens from air pollution; and (3) to quantify the relative contributions of specific socioeconomic 
factors driving air pollution and CO2 emissions. Our findings establish a theoretical foundation for formulating 
integrated policies addressing both atmospheric pollution mitigation and climate change adaptation strategies. 

2. Material and Methods 

2.1. Air Pollution and Carbon Dioxide Emissions Data 

To continuously monitor urban air pollutant characteristics, China established the National Air Monitoring 
Network. This network comprises 1537 monitoring sites across 339 cities. Since 2014, it has been tasked primarily 
with monitoring air pollution and providing hourly data feedback. We derived 24-h average PM2.5 concentrations 
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and average daily maximum 8-h O3 concentrations for China’s prefecture-level cities in 2014 and 2022 from this 
network. In accordance with China Ambient Air Quality Standards (GB 3095-2012, https://www.mee.gov.cn/ 
ywgz/fgbz/bz/bzwb/dqhjbh/dqhjzlbz/201203/W020250407403788086276.pdf, accessed on 1 June 2025), PM2.5 
pollution levels were measured at all sites using the β-ray method and micro-oscillation balance method, while O3 
pollution levels were measured using ultraviolet fluorescence method and differential absorption spectroscopy 
method. Emissions Database for Global Atmospheric Research is an open-source database providing greenhouse 
gas emission data for all countries/regions on a 0.1° × 0.1° grid. Using this inventory, we also extracted total CO2 
emission data on urban scale in 2014 and 2022. 

2.2. Health and Socioeconomic Data 

Baseline data on residents’ all-cause mortality were sourced from the China City Statistical Yearbook 
(www.stats.gov.cn) and the National Population Health Science Data Center (https://www.ncmi.cn/). We also 
selected four explanatory variables from the City Statistical Yearbook and China’s National Bureau of Statistics 
(www.stats.gov.cn) to assess economic burden, including the consumer price index (CPI), per capita Gross 
Domestic Product (GDP), purchasing power parity (PPP, adjusted by GDP per capita), and permanent resident 
population size. 

According to relevant literature, we selected 14 socioeconomic driving forces contributing to pollution in 2022, 
which were categorized as follows: industrial scale, city size, and residents’ activities (Table 1). Statistical analysis 
revealed significant associations (p < 0.05) between these socioeconomic indicators and pollution/emission data. 

Table 1. Selected driving forces and their corresponding references. 

Driving Forces Reference Sources 
Industrial scale  

Primary industry GDP [35,36] 
Secondary industry GDP [25,33,34,37–39] 
Tertiary industry GDP [40] 
Power generation [27,29,31] 
Natural gas consumption [29] 
Electricity consumption for industry [29,39] 

City size  
Urban built-up area [27,30,33,34] 
Resident population [2,27,41] 

Residents’ activities  
Total retail sales of consumer goods [38] 
Volume of road haulage [31,38] 
Household electricity consumption [2,29] 
Civilian vehicles [25,26,28,32,37,41,42] 
Heating area [31] 

Green area [25,27,37] 

2.3. Statistical Analysis 

Using air pollution and CO2 emissions data, we first analyzed trends in air pollutants across urban China from 
2014 to 2022. Next, we calculated the health impacts associated with the air pollutants. Finally, we employed 
structural equation model (SEM) to examine how socioeconomic factors affect air pollution and CO2 emissions. 
The schematic diagram of the study framework was shown in Figure 1. 

We used an internationally accepted method, exposure-response function, to estimate all-cause deaths of 
residents due to air pollution [43]. The formula is as follows: 

RR = eβ(Ca−C0) (1)

E = B0 × Epop × (RR − 1)/RR (2)

In this formula, E represents the number of residents mortality, B0 represents the rate of the baseline mortality, 
Epop represents the number of exposure residents, Ca and C0 represent the concentration and threshold value of O3, 
respectively. The World Health Organization (WHO) considered the threshold value of O3 was 100 μg/m3 in 2006. 
According to the latest research on the health effects of O3 at low concentrations, 75.2 μg/m3 was more suitable as 
the threshold value [44]. β is the concentration-response factor, which can be obtained through epidemiological 

https://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/dqhjbh/dqhjzlbz/201203/W020250407403788086276.pdf
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cohort studies [45]. In addition, we employed the value of statistical life methods to quantify the economic burden. 
For more information, please refer to our previous study [46]. 

 
Figure 1. Schematic diagram of the study framework. 

SEM is a key multivariate analysis tool that analyzes variable relationships through covariance matrices. In 
this model, observed variables represent directly measurable data collected during observation or experimentation. 
Latent variables capture abstract concepts, such as immeasurable causal factors, that are estimated through 
observed variables. In this study, we developed an SEM framework to examine linkages between socioeconomic 
data, CO2 emissions, and O3 pollution (Figure 2). We operatively implemented three latent variables: industrial 
scale, city size, and resident’s activities. These were indirectly measured using fourteen observed socioeconomic 
variables (Table 1). In the initial model, residents’ activities directly influenced pollutants (CO2 emissions and O3 
pollution), while city size exerted indirect effects. Also, industrial scale not only directly influences pollutants but 
also indirectly affects them by impacting city size and residents’ activities. Model reliability was assessed using 
the Akaike Information Criterion (AIC) and Comparative Fit Index (CFI), with pathways refined iteratively during 
model selection. The optimal model required that both the lowest AIC value and the CFI value be greater than 
0.90. All SEM analyses were conducted in R 3.4.2 (Vienna, Austria) [47]. 

 
Figure 2. The initial frame for structural equation model. δ are measurement errors. 
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3. Results and Discussion 

3.1. Temporal Variation of Air Pollution and CO2 Emissions 

In 2022, 238 Chinese cities up to national air quality standards, with annual mean PM2.5 concentrations below 
35 μg/m3 (Figure 3A). Compared to 2014, PM2.5 levels decreased across all Chinese cities in 2022 (Figure 3B). 
Especially in the Beijing-Tianjin-Hebei urban agglomeration, one of China’s most important regions, seeing 
reductions of approximately 40 μg/m3. These improvements demonstrate the exceptional effectiveness of China’s 
urban air pollution controls following the 2013 Clean Air Act. However, despite the implementation of various 
emission reduction measures in urban areas, effective control of ground-level O3 pollution remains inadequate. 
Most cities recorded higher O3 concentrations in 2022 compared to 2014 (Figure 3D). The majority of polluted 
cities were concentrated on urban agglomeration, particularly the Central Plains and Yangtze River Delta 
agglomerations (Figure 3C). Consistent with O3 pollution, urban CO2 emissions also show rapid growth (Figure 3F). 
Higher-emitting cities are predominantly located in the Beijing-Tianjin-Hebei urban agglomeration, Central Plains 
urban agglomeration, and Yangtze River Delta urban agglomerations (Figure 3E). In conclusion, Chinese cities 
present a phenomenon where high O3 pollution and high CO2 emissions coexist, underscore the need for targeted 
control measures. 
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Figure 3. Interannual variations of urban air pollution and carbon dioxide emissions in China. (A,C,E) represent 
PM2.5 concentrations, O3 concentrations, and CO2 emissions in different cities in 2022, respectively. (B,D,F) 
represent the interannual variations of PM2.5 concentrations, O3 concentrations, and CO2 emissions in different 
cities from 2014 to 2022, respectively. 

Meteorological parameters, such as sunshine duration, are critical drivers of O3 formation, yet they are 
inherently uncontrollable through human intervention [48]. Adverse meteorological conditions may mask the 
potential benefits of emission reductions [49]. During the peak O3 pollution period (April to September), 
continuous precipitation in southern China reduces sunshine duration and increases air humidity. These conditions 
suppress the photochemical conversion of precursors into O3. Consequently, O3 pollution levels are substantially 
higher in northern Chinese cities compared to southern cities, as illustrated by the national distribution pattern 
(Figure 3C). The timing and duration of O3 pollution also vary significantly across major urban agglomerations 
due to distinct climatic regimes. Regions such as the Yangtze River Delta and the Central Plains urban 
agglomerations typically experience sufficient sunshine earlier, leading to an earlier onset and longer duration of 
elevated O3 pollution. Conversely, the rainy seasons characteristic of the Pearl River Delta and Chengdu-
Chongqing urban agglomerations delay the onset of significant O3 pollution episodes. 

While meteorological parameters are uncontrollable, reducing anthropogenic precursors (primarily NOX and 
VOCs) is an effective strategy for mitigating O3 pollution [11]. Existing research indicates that VOCs, including 
carbonyl compounds and monoterpenes, play critical roles in O3 formation in China and other regions with high 
NOX levels [50,51]. Positive matrix factorization analysis identified mobile and industrial emissions dominate in 
urban areas, whereas combustion-related emissions are more significant in rural areas [25,26]. 

Non-methane volatile organic compounds (NMVOCs) are the main indicators of urban VOCs emissions, and 
the establishment of corresponding emission inventories is the basis for controlling their total emissions. Chinese 
scholars have established detailed NMVOCs emission inventories based on the Multi-resolution Emission 
Inventory for China (http://meicmodel.org.cn/). The inventories mainly include the emission data of NMVOCs in 
the power, industrial, civil and transportation sectors. 

Biogenic volatile organic compounds (BVOCs) from plants also contribute substantially to urban VOCs. 
Although green spaces are generally considered beneficial for urban air quality, their capacity to remove NO2 and 
anthropogenic VOCs may be limited in northern cities [52]. BVOCs act as both precursors to O3 and consumers 
of O3 through oxidation reactions [21]. However, plant emissions of BVOCs in response to O3 exposure remain 
poorly understood. Selecting appropriate plant species is therefore crucial for improving air quality while 
minimizing the harmful effects of BVOCs on human health [53]. 

Evidence also shows that O3 in urban areas (e.g., Singapore, Jakarta, Kuala Lumpur, Bangkok, and Ho Chi 
Minh City) is sensitive to both NOx and VOC emissions, making synergistic control of both pollutants essential [54]. 
We suggest the regulatory policies should highlight the synergistic control of key precursors including NOX and 
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VOCs to counteract the photochemical production of O3 [55]. Reducing VOCs and NOx at a ratio of 0.5–1.2 could 
effectively curb O3 increases [56]. 

3.2. Assessment of Health Loss and Economic Burden 

Using the exposure-response function, we calculated the all-cause mortality attributable to O3 pollution. The 
results indicate that approximately 198 × 103 all-cause deaths were linked to O3 pollution in 2022 (Figure 4). 
Shanghai recorded the highest death toll (5548), followed by Wuhan (3920), Chengdu (3826), and Jinan (3546). 
The annual average O3 concentration in 12 cities remained below the health impact threshold, resulting in zero O3-
related all-cause deaths. Based on O3-related all-cause mortality, the estimated economic burden in China for 2022 
reached US$15.48 billion, accounting for 0.09% of that year’s GDP. Shanghai incurred the highest losses 
(US$1.21 billion), followed by Beijing (US$0.59 billion), Tianjin (US$0.39 billion), Jinan (US$0.31 billion), Linyi 
(US$0.27 billion), and Suzhou (US$0.27 billion). Collectively, these six cities accounted for 20% of the total 
economic burden. 

  

Figure 4. The distribution of all-cause mortality (A) and economic burden (B) related to ozone pollution. 

Researchers find that the health and economic impacts of O3 pollution are significantly lower than PM2.5 [57]. 
However, O3 is a kind of gas, and it is difficult for residents to have effective protection methods [58]. Notably, 
existing global assessments may understate O3-related health impacts. Mid-latitude Asia (e.g., Shanghai and 
Wuhan) and the western United States exhibit high mortality burdens, contributing significantly to global O3-
attributable deaths [59]. Furthermore, substantial CO2 emissions driving global climate change increase health 
risks. Extreme conditions like heatwaves are projected to exacerbate O3 pollution threats to human health [21]. 

3.3. The Results of SEM 

We used AIC and CFI indices to determine the stability of the model. The optimal model achieved the lowest 
AIC value, and the CFI reached 0.91 after removing the interference parameter (natural gas consumption) (Table 2). 

The optimal SEM results are presented in Figure 5. Among the latent variables, both industrial scale and 
resident’s activities showed a stronger influence on pollutants (total influence = 0.45) than city size (total influence 
= 0.1). For observed variables, tertiary industry GDP (total influence = 0.12) and secondary industry GDP (total 
influence = 0.11) had the highest impact on pollutants, while heating area (total influence = 0.03) had the lowest. 
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Table 2. Analysis of model stability. 

Remove AIC CFI Remove AIC CFI 
Natural gas consumption 1227 0.91 Total retail sales of consumer goods 1395 0.84 
Primary industry GDP 1277 0.9 Household electricity consumption 1403 0.83 
Tertiary industry GDP 1285 0.87 Volume of road haulage  1415 0.83 
Secondary industry GDP 1323 0.87 Heating area 1440 0.82 
Electricity consumption for industry 1367 0.85 Power generation 1487 0.81 
Green area 1372 0.84 Civilian vehicles 1510 0.79 

 

 

 

Figure 5. Results of optimal model and contributions of multiple driving forces on O3 pollution and CO2 emissions. 
The numbers in (A) represent path coefficients. (B) shows the standardized values of multiple driving forces. 

Industrial scale emerges as the primary contributor to both O3 pollution and CO2 emissions in China (Figure 5). 
Tertiary and secondary industry GDP represent the largest socioeconomic drivers, which indicate the urgency of 
industrial optimization in China. Fossil fuel use and material consumption (e.g., solvents) during production and 
transportation, which release substantial CO2 and O3 precursors [28,60]. Globally, fossil fuel combustion accounts 
for over 75% of greenhouse gas emissions and nearly 90% of total CO2 emissions [1]. The construction sector is 
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a major consumer of non-renewable energy and a significant source of greenhouse gases, necessitating a transition 
to net-zero carbon emissions by 2050. Construction activities currently represent 36% of global energy 
consumption and 39% of global CO2 emissions [30]. Similarly, the steel industry, cement industry and urea 
industry are the key emitters of CO2 and air pollutants [33,34,61]. However, these contributions will be reduced 
because of international cooperation and technological advances. In China, thermal power generation dominates 
electricity production and constitutes the highest proportion of industrial CO2 emissions. Consequently, accurate 
carbon accounting for this sector is critical for national emissions inventories [29]. Electricity-related carbon 
emissions include both direct emissions from power generation and indirect emissions from consumption. Driven 
by environmental imperatives, thermal power is gradually being replaced by clean energy. 

City size exerts a significant indirect influence on pollutants. Large populations and extensive urban built-up 
areas, key characteristics of city size, typically contribute to increased precursor and CO2 emissions [2,27]. Our 
findings indicate that resident population and urban built-up areas exert comparable indirect effects on pollutants. In 
China, urbanization rate and resident population are the principal drivers of carbon emissions and air pollution [2]. 

As economies develop, residents increasingly use natural gas, electricity, and vehicles, further affecting air 
quality [42]. Cities, as primary hubs of economic activity and endpoints for goods/services consumption, account 
for most global greenhouse gas and pollutant emissions. Rising global temperatures and growing health awareness 
have substantially increased air conditioning usage. Vapor compression systems, significant CO2 emitters, also 
impact stratospheric O3 depletion through refrigerant leakage. Similarly, cooking with electricity or natural gas 
generates substantial precursors and CO2 [37]. Recent studies show that food consumption represents the largest 
carbon footprint component in household behaviors across 11 major Japanese metropolitan areas [62]. Vehicle 
exhaust remains another major emission source in cities [42]. Modeling indicates that widespread zero-emission 
vehicle adoption in Los Angeles could simultaneously reduce summer NOX emissions by 28% and CO2 emissions 
by 41%, resulting in moderate, non-linear O3 mitigation benefits [28]. Consumer goods contribute to precursors 
throughout their lifecycle, including production and consumption stages [63]. Precursors and CO2 emissions from 
the transportation and consumption stages are mainly local [37]. 

It is important to note that while industrial GDP demonstrated the strongest impact on O3 pollution and CO2 
emissions in China, this does not imply industrial scale is the primary source in every prefecture-level city. All thirteen 
observed variables in our analysis contribute to pollutants either directly or indirectly. Rather than emphasizing the 
relative contribution of specific drivers in our SEM results, our intent is for policymakers to holistically evaluate all 
factors when designing legislation and strategies to fundamentally curb rising urban O3 pollution and CO2 emissions. 
Accordingly, we propose comprehensive control measures in the following discussion. 

3.4. Policy Recommendations 

To achieve sustainable development, the Chinese government issued “Air Pollution Prevention Action Plan” 
in 2013, “Peak Carbon Dioxide Emissions and Carbon Neutrality” in 2020, and “Synergistic Pollution Reduction 
and Carbon Mitigation Implementation Plan” in 2022. These mitigation efforts are expected to concurrently reduce 
co-emitted air pollutants and carbon. 

To mitigate climate change and achieve net-zero emissions, CO2 removal (CDR) pathways for capturing, 
storing, and conversion CO2 are rapidly developing. Direct air capture technologies include physical absorption (via 
ionic liquids), chemical looping, and cryogenic separation [31]. Crucially, low-cost sorbents regenerable at low 
temperatures could overcome current technological limitations [64]. Gigatonne-scale geological storage represents a 
cornerstone of carbon sequestration. However, effective implementation requires deeper understanding of subsurface 
storage mechanisms and trapping dynamics. Further research is essential to optimize these techniques and elucidate 
their fundamental processes [1]. Overcoming deployment barriers through enhanced financial incentives and public 
acceptance programs will enable climate-relevant CO2 storage volumes [65]. CO2 conversion serves as a 
complementary strategy to geological storage [1]. Emerging approaches include chemical methods (plasma 
catalysis, electrochemical, photochemical) and biological pathways (photosynthetic and non-photosynthetic) [31]. 
Electrochemical conversion shows particular promise for sustainable production of value-added chemicals [66,67], 
utilizing proton-exchange membrane systems, nanocrystalline cubic molybdenum carbide, and single-atom-based 
electrocatalysts to efficiently convert CO2 into formic acid, carbon monoxide, and ethanol respectively [68–70]. 

While CDR is essential for carbon neutrality, with projections indicating multi-gigatonne annual removal by 
2050, current technologies remain economically unviable [71,72]. Moreover, excessive reliance on future CDR 
carries significant risks, including delayed emissions reductions, fossil infrastructure lock-in, and sustainability 
threats from resource competition. Consequently, governments must maintain focus on proven non-CDR strategies 
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(e.g., continuous emissions reduction, renewable energy deployment, and electrification), rather than banking on 
uncertain future CDR scaling [73]. 

Based on our findings, we propose five targeted policy recommendations for coordinated control of CO2 
emissions and O3 pollution: (1) Adopt clean energy and low-pollution solvents. Traditional construction materials 
like cement release significant CO2 during production, while solvents generate substantial O3 precursors [33]. 
Geopolymer-based 3D printing offers a renewable, low-carbon alternative [74]; (2) Reduce transportation 
emissions. The fossil fuel-dependent transportation sector, particularly petroleum-based systems, poses major 
challenges for reducing CO2 and precursor emissions [32]. China’s forthcoming stringent National VII standards 
aim to achieve co-reduction of carbon and pollutants; (3) Mitigate residential consumption impacts. Daily use of 
volatile chemical products (printing inks, adhesives, personal care items) contributes significantly [75]. Current 
linear plastic production and consumption generate unsustainable waste, pollution, and CO2 emissions, 
undermining climate goals [76]. We recommend public environmental health education and corporate 
development of alternatives; (4) Optimize urban greening. We can use plants to absorb CO2 in the atmosphere and 
reduce O3 pollution in urban areas [77]. However, the latest research reminds us that we should pay attention to 
the biogenic emissions [78]. For example, forestation is widely proposed for CO2 removal, but forestation 
increased aerosol scattering, methane and O3 following increased biogenic organic emissions [79]. Additionally, 
forestation decreased surface albedo, which yielded a positive radiative forcing; and (5) Enhance regional 
coordination. Strengthen joint control on regional sources of urban agglomeration, implement coordinated 
reductions of precursor emissions, and establish O3 pollution early-warning system to issue O3 dynamics [37,80]. 

4. Conclusions 

We analyzed China’s current air pollution status, finding it characterized by high levels of O3 pollution and CO2 
emissions. All-cause mortality related to O3 pollution reached nearly 0.2 million deaths in 2022. Subsequently, we 
employed an SEM to analyze the synergistic control mechanisms for these two gases. The results indicated that the 
tertiary industry GDP and secondary industry GDP contribute more significantly than the other twelve socioeconomic 
parameters examined. The quantified formation mechanisms of O3 pollution and CO2 emissions can provide more 
integrated information for the reduction policy. Our research confirms the effectiveness of SEM in quantifying these 
mechanisms. In the future, we could incorporate more sector-specific information into the analysis. 
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