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Pathways toward PM2.5 air quality attainment and its CO2 1 

mitigation co-benefits in China’s northern cities by 2030 2 

Abstract 3 

Rapid economic development and urbanization have left millions of people in urban 4 

areas vulnerable to the adverse effects of air pollution. Reducing serious PM2.5 pollution 5 

remains a major policy challenge for Chinese cities, such as the “2+26” Cities in the 6 

most polluted region of China, despite adopting various air pollution-control measures 7 

since 2017. In this study, we use a Greenhouse Gas and Air Pollution Interactions and 8 

Synergies model for the “2+26” Cities to explore feasible pathways for achieving the 9 

PM2.5 air quality annual standard (35 μg/m3) until 2030 by developing four future 10 

scenarios based on a 2017 emission inventory. The results show that by continuing the 11 

control policies from before 2020, including the Air Pollution Prevention and Control 12 

Action Plan from 2013 and the Three-Year Action Plan for Wining the Blue Sky 13 

Defense Battle from 2018, and implementing the policies likely to be proposed after 14 

2020, the “2+26” Cities will not succeed in achieving the standard by 2030; furthermore, 15 

the amount of the population living below 35 μg/m3 will not exceed 12%. Nevertheless, 16 

by combining the best available technologies, the regional average PM2.5 concentration 17 

in the “2+26” Cities is 34 μg/m3 by 2030, attaining the target; moreover, more than half 18 

of the population will experience air quality that conforms to the standard. Under this 19 

scenario, emissions of primary PM2.5, SO2, NOx, NH3 and NMVOCs are estimated to 20 

decrease by 75%, 69%, 76%, 32% and 52%, respectively, in 2017-2030. The emission 21 

reductions under alternative scenarios vary widely across cities, indicating the need for 22 
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differentiated control strategies among cities. Considering the predominant 23 

contributions to emissions and the lack of effective control measures, fuel conversion, 24 

off-road, agricultural and solvent use sectors should be paid more attention to enable 25 

further emission reductions in future. In addition, CO2 emission reduction co-benefits 26 

of implemented clean air action measures have been identified; however, the negative 27 

reduction effects of these measures should be given more attention (e.g., increased 28 

carbon emissions in the power sector from electrification of end-users). 29 
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 31 

1. Introduction 32 

China’s rapid economic development and urbanization have substantially relied 33 

on fossil fuels, resulting in severe environmental pollution, particularly air pollution 34 

and carbon emissions. A total of 83% of the population in China faces an exposure to 35 

more than the National Ambient Air Quality Standard (NAAQS) of 35 μg/m3 annual 36 

mean PM2.5 (Wang et al., 2019; Wu et al., 2017a), not to mention exceedance of the 37 

World Health Organization (WHO) Guidelines of 5 μg/m3. 38 

To protect public health, several air pollution control policies aiming to reduce the 39 

annual mean PM2.5 have been implemented in China, such as the Air Pollution 40 

Prevention and Control Action Plan (Action Plan) in 2013 (State Council of the People's 41 

Republic of China, 2013) and the Three-Year Action Plan for Wining the Blue Sky 42 

Defense Battle (Three-Year Action Plan) in 2018 (State Council of the People's 43 

Republic of China, 2018). Consequently, national mean PM2.5 has decreased by 32% 44 
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from 2013 to 2017 through substantial decreases in emissions of primary pollutants (21-45 

59%) (Zhang et al., 2019; Zheng et al., 2018). Moreover, implementing energy-related 46 

measures from these clean air policies can also reduce 0.1-1.8 Gt anthropogenic CO2 47 

emissions each year (Shi et al., 2022; Tibrewal and Venkataraman, 2020), as a co-48 

benefit of the clean air policies. Simultaneously, cities in China account for over 70% 49 

of national energy use and energy-related emissions (Wang and Zheng, 2013), and play 50 

an increasingly important role in air pollution control and CO2 emission mitigation. 51 

How the clean air actions reshape emissions in cities largely determine the national 52 

pollution mitigation pathway. 53 

The “2+26” Cities in northern China (encompassing Beijing, Tianjin and 26 other 54 

prefectures in the Jing-Jin-Ji and surrounding areas, shown in Figure 1) are the most 55 

polluted areas in the country due to their large energy use, dense populations and long 56 

heating season (National Bureau of Statistics, 2018b). In 2017, the “2+26” Cities were 57 

the first to implement a clean household fuel substitution policy on a large scale 58 

(Ministry of Ecology and Environment of the People's Republic of China, 2017b). 59 

Furthermore, the Three-Year Action Plan issued in 2018 required that the “2+26” Cities 60 

reduced emissions of atmospheric pollutants by optimizing the structures of industry, 61 

energy, transportation, and land use and by strengthening regional cooperation on 62 

controlling heavy air pollution. These measures are anticipated to reshape the patterns 63 

of sectoral fuel use and emissions of air pollutants and CO2, and consequently affect 64 

future regional air quality. Exploring future mitigation pathways for achieving the 65 

NAAQS in the “2+26” Cities and investigating the indirect impacts of clean air actions 66 
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on CO2 reductions, are therefore valuable for policymaking. 67 

 68 

Figure 1 The “2+26” Cities, including Beijing, Tianjin, and 26 other municipalities 69 

Early studies have evaluated and predicted future emissions and air quality trends 70 

at the national (Cai et al., 2018; Cheng et al., 2021a; Tong et al., 2020; Xing et al., 2011; 71 

Zhao et al., 2014), provincial (Chang et al., 2022; Madaniyazi et al., 2015; Tong et al., 72 

2019) and city levels (Ling et al., 2021). Xing et al. (2011), Wang et al. (2014) and 73 

Tong et al. (2019) projected emissions of PM2.5, SO2, NOx, NH3 and nonmethane 74 

volatile organic compounds (NMVOC) up to 2020/2030 based on policies from before 75 

2013. Future emissions such as NOx and NMVOC are projected to increase by 24-49% 76 

under the current policies compared to their base levels. After 2013, a series of stringent 77 

clean air actions (e.g., Action Plan) was implemented including strengthening industrial 78 

and vehicle emission standards, phasing out small and polluting factories and upgrades 79 

on industrial boilers, which may alter the future emission pathways. Thus, 80 

underestimations may be found in the ambitious air pollution control policies 81 

implemented since the Action Plan. The most recent projections (Chang et al., 2022; 82 

Cheng et al., 2021a; Tong et al., 2020) have developed future emission scenarios based 83 
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on a 2015 emission inventory, but they were mostly conducted at national or sub-84 

national levels, which cannot identify the differences between cities and make region-85 

specific local policies. In addition, a few studies examined CO2 emission reduction co-86 

benefits of implemented clean air policies. 87 

In this work, based on new information about local emission factors in the “2+26” 88 

Cities in 2017 and on the constantly updated air pollution control policies, we present 89 

possible emission scenarios for primary PM2.5, SO2, NOx, NH3, nonmethane volatile 90 

organic compounds (NMVOC) and CO2 and the potential impacts of emission changes 91 

on the regional PM2.5 concentration and population exposure in the “2+26” Cities for 92 

2030. A base case emission inventory is developed for 2017 using the Greenhouse Gas 93 

and Air Pollution Interactions and Synergies model adapted to the “2+26” Cities 94 

(GAINS–JJJ) (Yun et al., 2022). Emissions under four future scenarios are developed 95 

considering the Three-Year Action Plan and progressive emission control policies. 96 

More specifically, three research questions are addressed: (1) Are the current policy 97 

measures in the “2+26” Cities adequate to reduce air pollution to the NAAQS by 2030? 98 

(2) What is the direction for prioritized control strategies considering the future 99 

evolution of sectoral emissions under policies? (3) How do air pollution control 100 

measures affect the CO2 emissions at the city level?   101 

The paper is structured as follows. In Section 2, the GAINS–JJJ model is described 102 

for the “2+26” Cities, followed by key assumptions behind the alternative policy 103 

scenarios and the resulting energy consumption and penetration levels of end-of-pipe 104 

control technologies. Section 3 summarizes the modelling results in terms of sector- 105 
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and prefectural-specific changes in the emission levels. Thereafter, the likely impacts 106 

on air quality and population exposure from the alternative policy interventions are 107 

analyzed. The discussion and conclusion sections summarize the modelling insights 108 

and policy ideas derived from this study. 109 

2. Methods 110 

2.1. GAINS–JJJ model 111 

The GAINS–JJJ model was developed in collaboration with the International 112 

Institute for Applied System Analysis (IIASA) as a regional version of the GAINS 113 

model (Amann et al., 2011; Zheng et al., 2016). As a 2+26 city-based version of the 114 

GAINS model, the GAINS–JJJ model contained a disaggregated representation of the 115 

Jing-Jin-Ji region and surrounding areas in 28 subregions. The model was used to 116 

calculate the emissions of air pollutants and CO2 through a technology-based 117 

methodology following Equation (1). Details of the GAINS model are provided in the 118 

literature (Amann et al., 2011). 119 

𝐸𝑝 = ∑ ∑ 𝐴𝑘𝑚𝑘 𝑒𝑓𝑘,𝑚,𝑝𝜒𝑘,𝑚,𝑝   (1) 120 

where k, m, and p denote the activity type, abatement measure, and pollutant, 121 

respectively; Ep denotes the emissions of pollutant p; Ak denotes the activity data of 122 

type k; efk,m,p is the emission factor of pollutant p for activity k after the application of 123 

control measure m; and χk,m,p denotes the penetration of control measure m targeting 124 

pollutant p of activity k. 125 

The estimated emissions in 2017 for each of the prefectures considered in the 126 

GAINS–JJJ model were updated for the power, industrial, domestic, transport 127 
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agricultural and solvent sectors. More specifically, various parameters (e.g., energy 128 

consumption levels by fuel type and sector, industrial process activities, utilization rates 129 

of air pollution control technologies, and emission factors) were calibrated through key 130 

assumptions and various data sources (e.g., statistical reports, local surveys and field 131 

investigations); a more detailed description is provided in Supplementary Section 1. 132 

The annual average PM2.5 concentration in the “2+26” Cities was estimated with 133 

the GAINS–JJJ model, employing reduced-form source–receptor relationships derived 134 

from a European Monitoring and Evaluation Programme (EMEP) model with a spatial 135 

resolution of 0.5°×0.5° (Simpson et al., 2012) and a Community Multiscale Air Quality 136 

(CMAQ) model with a 12×12 km grid within the region (Environmental Protection 137 

Agency). Calculation merging on the 0.5° grid and 12×12 km grids was accomplished 138 

via spatial interpolation of 0.5° transfer coefficients into the fine grid for smoothing. 139 

The PM2.5 concentration at the receptor point was calculated by Equation (2) 140 

(Kiesewetter et al., 2015). Modeled PM2.5 concentrations were validated against 141 

ground-based observations in 28 cities (Figure S1). In general, reasonable agreement 142 

was achieved, with a correlation coefficient of 0.83, normalized mean bias of -4.27%, 143 

and root mean squared error of 6.63. The grid-specific PM2.5 concentration was 144 

converted into a population-weighted average PM2.5 concentration via Equation (3). In 145 

this study, we used gridded population data (National Aeronautics and Space 146 

Administration, 2018; WorldPop) in the calculation. 147 

𝑃𝑀2.5(𝑗) = 𝛿𝑃𝑀2.5
(𝑗) + ∑ 𝜋𝑖

𝑗
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𝑖
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𝜌𝑘(𝑃𝑀2.5) = ∑
𝑝𝑜𝑝𝑗

𝑝𝑜𝑝𝑘
𝑗∈𝑘 𝑃𝑀2.5(𝑗)   (3) 149 



8 

 

where 𝜋𝑖
𝑗
, 𝛼𝑖

𝑗
, 𝜐𝑖

𝑗
, and 𝜎𝑖

𝑗
 are the linear PM2.5 transfer coefficients for primary PM2.5, 150 

NH3, NOx, and SO2, respectively, from source grid i to receptor point j; 𝐸𝑃𝑀2.5

𝑖 , 𝐸𝑁𝐻3
𝑖 , 151 

𝐸𝑁𝑂𝑥
𝑖  , and 𝐸𝑆𝑂2

𝑖   are the total primary PM2.5, NH3, NOx, and SO2 emissions, 152 

respectively, in source grid i; δPM2.5(j) is the PM2.5 constant in receptor point j based on 153 

source-receptor calculations representing both boundary conditions and nonlinear 154 

contributions in the EMEP simulations (Simpson et al., 2012); ρk(PM2.5) is the 155 

population-weighted average PM2.5 concentration in city k; popj is the population of 156 

receptor point j living in city k; and popk is the total population of city k. 157 

2.2. Development of future emission scenarios 158 

The year 2017, for which the authors previously developed an emissions inventory 159 

(Yun et al., 2022), was set as the base year. The year 2030 was selected as the target 160 

year, representing the medium-term future. In 2017, it was determined that 28 161 

prefectures emitted 959–3050 kt air pollutants, which agreed reasonably well with the 162 

values reported in previous studies (Cai et al., 2017; Li et al., 2017; Zheng et al., 2018); 163 

more details are presented in Section 1 and Table S1 in the Supplementary Information. 164 

Four future scenarios were developed for the “2+26” Cities based on the 2017 165 

emissions inventory that considered requirements for air pollution prevention in the 166 

policies at the provincial and national levels. These four scenarios were projected under 167 

the same future socioeconomic assumptions (Table S2). Table 1 lists the key 168 

assumptions of these scenarios. The current legislation (CLE) scenario only considered 169 

the existing control policies by the of 2017, including the 12th Five-Year Plan for 170 

Environmental Protection during 2010–2015 (State Council of the People's Republic of 171 
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China, 2011) and the Action Plan from 2013 to 2017 (State Council of the People's 172 

Republic of China, 2013). On top of the CLE scenario, the other three future emission 173 

scenarios—air pollution legislation implemented before 2020 (Pre-2020), legislation 174 

that was anticipated to be implemented after 2020 (Post-2020), and the maximum 175 

technically feasible reduction (MTFR), represent low-, middle- and high-pollution-176 

control ambitions, respectively. 177 

Table 1. Definition of scenarios 178 

Scenario Description 

CLE Existing legislation implemented until 2017, i.e., the Action Plan 

Pre-2020 

Existing legislation implemented until 2017, after which 

implementation of measures in the Three-Year Action Plan 

Post-2020 

Existing legislation implemented until 2017, after which 

implementation of measures in the Three-Year Action Plan and 

the foreseeable emission control policies applied from 2020 

onward 

MTFR 

Implementation of the best available technologies based on the 

Post-2020 scenario 

 179 

The Pre-2020 scenario reflected the air pollution control policies and measures 180 

that were in place before 2020, such as the Action Plan and the Three-Year Action Plan 181 

(State Council of the People's Republic of China, 2018). Table S3 presents a list of the 182 

city-specific policies implemented by sectors for the Pre-2020 scenario. These 183 
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measures included phasing out outdated technologies and capacities in various 184 

industries, such as iron, steel, cement, and plate glass, substituting household coal with 185 

electricity and natural gas, increasing the numbers of electric vehicles (EVs) and 186 

strengthening industrial and vehicle emissions standards. As a logical extension of the 187 

Pre-2020 scenario, the Post-2020 scenario further assumed that foreseeable emission 188 

control policies would gradually be applied from 2020 until 2030. Table S4 shows 189 

additional air pollution control policies implemented in the Post-2020 scenario relative 190 

to the Pre-2020 scenario. As indicated in the table, the extra policies implemented after 191 

2020 mainly employed measures concerning four aspects: 1) decreasing the share of 192 

coal use while increasing that of clean and renewable energy (e.g., solar and wind) in 193 

power plants; 2) further eliminating outdated industrial capacities and banning new 194 

production capacity in industrial sectors; 3) implementing ultra-low emission 195 

retrofitting for key industries, such as iron, steel, cement and plate glass; and 4) 196 

implementing substitutions with low solvent products and installations of add-on 197 

removal technologies in solvent use. Based on the Post-2020 scenario, the MTFR 198 

scenario assumed the maximum application of technically feasible emissions reduction 199 

technologies. This scenario represented the highest levels of emissions control 200 

measures from the power, industrial, fuel conversion, transportation, residential, 201 

agricultural and solvent sectors. Details on policy evaluations and approaches for 202 

modifying technology penetration and activity data are provided in Section 3 in the 203 

Supplementary Information. 204 

Figure S2 shows the energy consumption in the “2+26” Cities in 2017 and under 205 
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four future scenarios in 2030. As shown in Figure S2A, coal (57%) and liquid fuels 206 

(22%) remained the main primary energy sources in 2017. For other energy sources 207 

such as gas, biomass, renewables and electricity, contributed 8%, 2%, 1% and 10%, 208 

respectively, to the total consumption. Under the CLE scenario, the total energy use was 209 

projected to grow from 23912 PJ in 2017 to 29643 PJ in 2030, which is mainly 210 

attributed to the increase in liquid fuels, gas and electricity. Correspondingly, the coal 211 

fraction to the total consumption decreased to 44% by 2030 in the CLE scenario, while 212 

the fractions of liquid fuels, gas and electricity increased to 25%, 12% and 15%, 213 

respectively. Implementation of legislation already in place in 2020, i.e., Pre-2020 214 

scenario, would slightly increase the total energy use compared to the CLE scenario, 215 

and the energy structure exhibited little change. Under the Post-2020 scenario, there 216 

was a decline in total energy use relative to the Pre-2020 scenario (reduced by 9%), 217 

mainly due to the reduction in coal use. The coal proportion in this scenario only 218 

accounted for 39% of the total consumption, and the shares of liquid fuels, gas, biomass, 219 

renewable and electricity use were estimated to be 25%, 13%, 2%, 3% and 18%, 220 

respectively. Since the MTFR scenario only considered the end-of-pipe control 221 

technology, its energy consumption patterns were the same as those of the Post-2020 222 

scenario. In total, there are obvious decreases in coal use through 2030 under the 223 

alternative scenarios, and varying increases in the use of liquid fuels, gas, electricity 224 

and renewables. 225 

The changes in sectoral energy consumption are presented in Figure S2B-F. It can 226 

be seen that power and industrial combustion sectors are two main energy consumers 227 
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in the “2+26” Cities, and the energy consumption structures among sectors are different.  228 

Coal was the predominant fuel used in the power and industrial combustion sectors. 229 

Regarding the power sector, there were general decreases in the use of coal under 230 

various scenarios, except for a slight increase when comparing the CLE and Pre-2020 231 

scenarios. The renewable fraction increased from 2% under the Pre-2020 scenario to 8% 232 

under the Post-2020 scenario, which could be attributed to the implementation of low-233 

carbon energy transitions. Regarding the industrial combustion sector, due to the 234 

elimination of outdated industrial capacities, continuous decreases in the coal shares 235 

occurred under all four scenarios in 2030, relative to 2017 level. As for the 236 

transportation sector (including light- and heavy-duty vehicles and nonroad machines), 237 

about 90% of the total energy consumption stemmed from liquid fuel use, and the 238 

energy consumption structure was relatively stable for all emission scenarios. Driven 239 

by promotion of EVs, a decrease in liquid fuel use from CLE to Pre-2020 scenarios was 240 

observed along with an increase in electricity use. 241 

Figures S3–S7 show the penetration levels of end-of-pipe control technologies for 242 

different air pollutants. Technology differentiations were comprehensively considered 243 

among the scenarios and subsectors. Taking ultra-low emission standard as an example, 244 

under the CLE and Pre-2020 scenarios strict emission control technologies realizing the 245 

requirement of the ultra-low standard, such as high-efficiency dust removal 246 

technologies (HED) for particulate matter (removal efficiencies of 98.9-99.8% (Chen, 247 

2015; Wang et al., 2016)), wet flue gas desulfurization (WFGD) for SO2 (removal 248 

efficiencies of 97.5-99.5% (Shuai et al., 2015; Xing et al., 2020)) and selective catalytic 249 
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reduction (SCR) for NOx (removal efficiencies of 86.5-93.1% (Jin and Pan, 2016; Shuai 250 

et al., 2015)), were only applied to coal-fired power plants by 2030, while under the 251 

Post-2020 scenario, the ultra-low emission technologies were used in all industries, 252 

including power, steel and iron, cement and glass. In the MTFR scenario, the 253 

penetration levels of the best available technologies from developed countries were 254 

assumed to reach 100% for all industry sectors. For NH3 and NMVOC, we assumed no 255 

specific technologies in the CLE scenario, and moderate control applications in the Pre-256 

2020 and Post-2020 scenarios. Under the MTFR scenario, more effective technologies, 257 

such as low nitrogen/ammonia feed and covered outdoor storage of manure in the 258 

livestock, urea substitution and organic fertilizer use in fertilizer application, as well as 259 

application of low solvent products (e.g., water-soluble solvents) and add-on control 260 

technologies (e.g., adsorption and incineration), were further considered.  261 

Table S5 shows a list of the emission standards for on-road vehicles (including 262 

light- and heavy-duty vehicles) and nonroad machines for 2017 and four scenarios in 263 

2030. Under the CLE scenario, there were no more stringent standards implemented 264 

after the China V and China IV emission standards for light-duty vehicles and heavy-265 

duty vehicles, respectively. The China III emission standards for nonroad machines 266 

were implemented. In the Pre-2020 and Post-2020 scenarios, more strengthened 267 

emission standards, such as China VI for on-road vehicles and China IV for nonroad 268 

machines, were expected to be implemented by 2030. Under the MTFR scenario, China 269 

VIb emission standards for all on-road vehicles were implemented. 270 

3. Results 271 
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3.1. Future emission trends 272 

Figures 2 and 3 present the sectoral trends of the emissions in the “2+26” Cities in 273 

2017 and the four scenarios in 2030, respectively. In 2017, the “2+26” Cities emitted a 274 

total of 959 kt of primary PM2.5, 1037 kt of SO2, 2921 kt of NOx, 1290 kt of NH3, 3050 275 

kt of NMVOC and 1874 Mt of CO2. Residential combustion (34%) is an important 276 

source of primary PM2.5 due to its relatively low combustion efficiency (Duan et al., 277 

2014; Zheng et al., 2018). Industrial combustion (29%), residential combustion (28%) 278 

and industrial processes (24%) were the top three contributors to SO2 emissions. 279 

Transportation sector (40%), i.e., light-duty vehicles (5%), heavy-duty vehicles (26%) 280 

and nonroad machines (9%), contributed the most to NOx emissions. Agricultural (85%) 281 

and solvent use (62%) sectors were the largest sources of NH3 and NMVOC emissions, 282 

respectively. Due to the bulk coal consumptions (Figure S2), industrial combustion 283 

(35%) and power plants (30%) dominated CO2 emissions.  284 

Under the CLE scenario, regional primary PM2.5, SO2 and NOx emissions in 2030 285 

were expected to be reduced by 9–16% from their 2017 levels, which was inconsistent 286 

with previous studies reporting that the emissions of these pollutants would increase 287 

under business-as-usual scenario by 2030 (Ling et al., 2021; Tong et al., 2020). A 288 

possible reason for this discrepancy was that the updated emission inventory for the 289 

“2+26” Cities in 2017 took full account of the positive effects of the policies already 290 

implemented in 2017 on future emission reductions. In contrast, the emissions of NH3, 291 

NMVOC and CO2 were estimated to increase by 2–10%, reflecting the limited control 292 

measures on NH3 and NMVOCs (Cheng et al., 2021b; Zhang et al., 2019) and 293 
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increasing the energy use derived from coal (National Bureau of Statistics, 2018a) over 294 

the past few years. Under the Pre-2020 and Post-2020 scenarios, all pollutants in 2030 295 

would be further reduced compared to the CLE scenario indicating the effectiveness of 296 

air pollution legislation implemented before and after 2020. Applying the best available 297 

technologies in the MTFR scenario would lead to decreases of 75%, 69%, 76%, 32% 298 

and 52% for primary PM2.5, SO2, NOx, NH3 and NMVOC emissions, respectively, 299 

relative to the 2017 levels. It should be noted that there was no change in CO2 emissions 300 

when comparing the Post-2020 and MTFR scenarios due to their same structures and 301 

volumes of energy consumption. 302 

Different sectors have different emission reduction potentials under various 303 

scenarios. Under the CLE scenario, the residential combustion sector was the largest 304 

contributor to the primary PM2.5 and SO2 reductions in 2017-2030 due to rapid 305 

urbanization (Zhao et al., 2018) and the clean fuel substitution policy (Duan et al., 306 

2014). With the implementation of outdated industrial capacity elimination and ultra-307 

low emission retrofit, industrial combustion and process sectors contributed more and 308 

more to the emission reductions under the Pre-2020, Post-2020 and MTFR scenarios. 309 

The fuel conversion sector contributed to most of the primary PM2.5 reductions when 310 

comparing the Post-2020 and MTFR scenarios. This phenomenon occurred because the 311 

progress in ultra-low emission retrofits of the fuel conversion sector (e.g., refinery and 312 

coke making) often lagged behind the required schedule, resulting in relatively large 313 

reduction potentials of this sector (Bo et al., 2021). Application of increasingly stringent 314 

vehicle standards to heavy-duty vehicles drove down transport NOx emissions, which 315 
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was the dominant driving force of the decrease in NOx emissions under the CLE 316 

scenario in 2017-2030. Similar to primary PM2.5 and SO2, gradually increasing 317 

contributions of industrial combustion and process sectors to NOx reductions were also 318 

observed under the alternative policy scenarios. At the same time, the NOx emissions 319 

from nonroad machines increased due to the relatively less effective measures on 320 

nonroad engines (Wu et al., 2017b). Owing to the implementation of the China IV 321 

standard under the MTFR scenario, nonroad machinery sector became the major driver 322 

of the reductions in NOx emissions. 323 

The agricultural sector was the dominant driver of changes in NH3 emissions, and 324 

it contributed the most to the emission reductions in the alternative scenarios. In the 325 

MTFR scenario, applying nitrification and urease inhibitors in fertilizer and enhanced 326 

manure management in livestock operations would cut 366 kt NH3 emissions. Driven 327 

by activity growth and limited control measures, NMVOC emissions in solvent use and 328 

fuel production & distribution sectors increased obviously under CLE and Pre-2020 329 

scenarios despite some decreases in residential sector due to clean household fuel policy. 330 

Under the Post-2020 scenario, the solvent use sector drove NMVOC emissions down 331 

owing to the substitution with low solvents and installation of add-on removal facilities. 332 

In addition to the main contributions to the reductions from the solvent use sector, the 333 

fuel production and distribution sector reduced NMVOC emissions by 22% under the 334 

MTFR scenario. With an ever-increasing demand for vehicle and power generation, 335 

transportation and power plant sectors contributed to the increase of CO2 under the CLE 336 

scenario in 2017-2030. Phasing out outdated industrial capacity in industrial sector and 337 
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deploying EVs in transportation sector under the Pre-2020 scenario were excepted to 338 

reduce CO2 emissions compared to the CLE scenario. However, the emissions were 339 

obviously increased in power plants due to the increase in the coal-electric loads. This 340 

is consistent with those in earlier literature whereby the dominant coal-fired electricity 341 

of the total generation mix could generate negative benefits in reductions of fuel-cycle 342 

CO2 emission for electrification policies relative to the original policy (Huo et al., 2010; 343 

Wang et al., 2020; Wu et al., 2012). Besides the main contributions to the reductions 344 

from the industrial sectors, power plant sector drove CO2 emissions down under Post-345 

2020 scenario driven by the low-carbon energy transitions in power plants. 346 

 347 

Figure 2. Sectoral emissions of major air pollutants and CO2 for the base year 2017 and 348 

the four scenarios in 2030: (A) primary PM2.5, (B) SO2, (C) NOx, (D) NH3, (E) 349 

NMVOCs and (F) CO2. 350 
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 351 

Figure 3. Changes in the emissions of major air pollutants and CO2 under the four future 352 

scenarios compared to the base year 2017: (A) primary PM2.5, (B) SO2, (C) NOx, (D) 353 

NH3, (E) NMVOCs and (F) CO2. The emission changes are shown by sector (bar chart) 354 

and as regional totals (black curve). 355 

 356 

Figure 4 presents air pollutants and CO2 emissions by prefecture for 2017 and 357 

under four scenarios in 2030. In this figure, the 2017 value is marked by black dots; the 358 

upper end of each color range indicates the emission level reached in that scenario; for 359 

example, the size of the yellow bar reveals emissions reduction from the MTFR to Post-360 

2020 scenarios. It was observed that the emissions of air pollutants and CO2 varied 361 

widely across cities owing to differences in industrial and energy structures (Luo et al., 362 

2021). The cities with large fossil fuel consumption amounts, such as Tangshan, 363 

Binzhou, Tianjin, Handan and Shijiazhuang (Figure S8), emitted more energy-related 364 
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pollutants (e.g., primary PM2.5, SO2, NOx and CO2). As for NH3 emissions, Jining, Heze 365 

and Cangzhou were high-emitting ones. Beijing and Tianjin contributed the largest 366 

share of total emissions for NMVOC, which was attributed to the large amount of 367 

solvent use (Li et al., 2019). Given the differences in the emission patterns, the faction 368 

of emission reduction under alternative intervention scenarios revealed spatial disparity. 369 

Considering SO2, the best available technologies from the MTFR scenario contributed 370 

to most of the emission reductions for Binzhou and Liaocheng cities; for the cities of 371 

Tangshan and Handan, additional policies in the Post-2020 scenario played pivotal roles 372 

in emission reductions. Thus, emission control strategies of cities need to be designed 373 

individually considering the local realities. 374 

 375 

Figure 4. Prefectural emissions of the major air pollutants and CO2 for 2017 and four 376 

scenarios in 2030: (A) primary PM2.5; (B) SO2; (C) NOx; (D) NH3; (E) NMVOC; and 377 
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(F) CO2. 378 

 379 

3.2. Future air quality improvements 380 

Figure 5 shows the simulated PM2.5 concentrations in the “2+26” Cities for 2017 381 

and four scenarios in 2030. In 2017, the high PM2.5 concentrations were observed in the 382 

central region due to the higher local emissions (Figure 4) and reduced ventilation 383 

caused by obstructions from the Yanshan and Taihang Mountains (Qu et al., 2020). 384 

Elsewhere in the region, high levels coincided with cities with conglomerated industries 385 

(e.g., Tangshan and Binzhou) or areas with dense population (e.g., Zhengzhou). The 386 

regional annual mean concentration of PM2.5 in 2017 was 57 μg/m3, which was 1.6 387 

times of the NAAQS grade II (i.e., 35 μg/m3). With the implementation of recent 388 

legislation, the average PM2.5 concentration over the “2+26” Cities decreased to 53 389 

μg/m3 in 2030 under the CLE scenario, which might be attributable to the emission 390 

reductions of primary PM2.5, SO2 and NOx despite some increases in NH3 and NMVOC 391 

emissions. As more stringent regulations and policies were applied under the Pre-2020 392 

and Post-2020 scenarios, obvious improvements in air quality were made throughout 393 

the “2+26” Cities, following similar spatial patterns. On average, ambient PM2.5 394 

concentration decreased to 45 μg/m3 under the Pre-2020 scenario and to 42 μg/m3 under 395 

the Post-2020 scenario; however, this value remained above the national standard. 396 

When the best available technologies were fully implemented, emission reductions 397 

offered by the MTFR scenario would cause large parts of the region to comply with the 398 

national standard. The annual mean PM2.5 concentrations in the “2+26” Cities could 399 
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decline to 34 μg/m3, thus achieving the target concentration by 2030. 400 

 401 

Figure 5. Spatial distributions of simulated PM2.5 concentrations in the “2+26” Cities 402 

for 2017 (A) and four scenarios in 2030 (B–E), as well as corresponding annual mean 403 

PM2.5 values (F). 404 

 405 

Figure 6 exhibits the population exposure distribution in the “2+26” Cities for 406 

2017 and the four scenarios in 2030. In 2017, the majority of the regional population 407 

(~98%) faced PM2.5 pollution levels that exceeded NAAQS grade II. Almost 25% of 408 

the total population was exposed to air that exceeded the standard by a magnitude of 409 

over two times (>70 μg/m3). Under the CLE scenario, the group with the highest 410 

exposure (i.e., >70 μg/m3) would decrease to 19% in 2030, while 96% of the population 411 

would still be exposed to ambient concentrations above the standard. The stringent 412 

implementation of the Pre- and Post-2020 scenario legislation would bring 413 

approximately 9%–12% of the population within the exposure level under the 414 
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secondary standard of 35 μg/m3 annual mean PM2.5; however, 4%–5% of people would 415 

still experience a PM2.5 exposure above 70 μg/m3. The full and effective 416 

implementation of advanced measures in the MTFR scenario could ensure that more 417 

than half of the population (53%) would be exposed to PM2.5 concentrations below 35 418 

μg/m3, and few people would be exposed to extreme levels. 419 

 420 

Figure 6. Distributions of population exposure in the “2+26” Cities for 2017 and under 421 

the four scenarios in 2030. 422 

 423 

4. Discussion 424 

4.1 Comparison with other studies 425 

Significant air quality improvement and population exposure reduction are 426 

achieved over the “2+26” Cities from a more comprehensive application of best 427 

available technologies under the MTFR scenario. This strategy is sufficient to achieve 428 
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the target of 35 μg/m3 regionwide by 2030 and to provide NAAQS-compliant air quality 429 

to more than half of the population in the “2+26” Cities. A few studies have also 430 

explored future emission mitigations in the Jing-Jin-Ji region (Cai et al., 2017; Lina et 431 

al., 2015; Tong et al., 2019). In those studies, emission reduction estimates are 31-69%, 432 

44-57%, 50-72% and -3-1% for primary PM2.5, SO2, NOx and NH3, respectively, based 433 

on a range of energy-saving and end-of pipe control policies. In this study, the 434 

corresponding fractional reductions of the air pollutants under MTFR were 75%, 69%, 435 

76% and 32%, respectively, relative to the 2017 levels. The comparison is only 436 

descriptive because of the different settings across studies regarding key parameters 437 

and temporal and spatial scales. Nevertheless, two things are clear from the comparison. 438 

First, emission reduction estimates from these studies are smaller than ours, because 439 

detailed local pollution control policies are considered in our work, as well as the 440 

different base year. Second, future actions focusing on NH3 abatements in the 441 

agriculture sector should be implemented. 442 

4.2. Policy implications 443 

Driven by the increase in environmental policy stringency, air pollutant emissions 444 

in China have substantially decreased, especially those of primary PM2.5, SO2 and NOx 445 

(Cheng et al., 2021a; Silver et al., 2018). Meanwhile, reduction potentials of sectors for 446 

these pollutants have also changed (Zheng et al., 2019), which was confirmed by our 447 

results. In this work, control of primary PM2.5, SO2 and NOx should be focused on fuel 448 

conversion and nonroad machinery sectors, while for NH3 and NMVOC that used to be 449 

less controlled, agricultural and solvent use sectors contribute a large fraction of 450 
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emission reductions in future. 451 

The fuel conversion sector is estimated to account for 25% of primary PM2.5 452 

emissions in the Post-2020 scenario by 2030, becoming the largest source. Therefore, 453 

meeting ultralow emission standards is urgently required in refining and coke-making 454 

plants by installing or updating emissions control equipment for PM, SO2 and NOx and 455 

improving the quality of fuels and raw materials. The contributions of nonroad 456 

machines to NOx emissions is estimated to increase from 9% in 2017 to 26% in 2030 457 

under the Post-2020 scenario. Thus, more strengthened emissions standards, such as 458 

China V for off-road transport, should be implemented in the future. Regarding the 459 

agricultural sector, NH3 emissions are predicted to grow in the future under the CLE 460 

scenario relative to 2017. Ambitious control policies must be enforced in the “2+26” 461 

Cities. On the one hand, applying slow-release fertilizers, nitrification and urease 462 

inhibitors in the crop production sector not only abates NH3 emissions but also reduces 463 

nitrogen fertilizer use, decreasing implementation costs (Zhang et al., 2015). On the 464 

other hand, manure management in livestock operations, such as deploying covered 465 

tanks for animal manure storage and transforming manure from a liquid form into a 466 

solid form prior to application on farmland, requires increased attention, affecting NH3 467 

emissions. Similar to the agricultural NH3, there are limited regulations to date for 468 

controlling NMVOC emissions from the solvent use sector. In this context, tailored 469 

control measures for solvent use sector should be developed; for example, high solids, 470 

waterborne paints and powder coatings, should be strongly suggested for the surface 471 

coating, packaging and printing industries. The fuel production and distribution sector 472 
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is another key contributor to reductions in NMVOC emissions. Recovery of gasoline 473 

vapor facility should be widely used in the petrochemical industry, especially for 474 

chemical terminals and oil depots. In addition to the above mentioned four sectors, the 475 

industrial combustion and process sectors still account for a large proportion of the 476 

emissions, although strict control measures, such as phasing out outdated capacities and 477 

strengthening emission standards, are being conducted. In future, quick upgrade to 478 

ultra-low emission standards in industrial sectors with relatively low emission standards, 479 

such as iron and steel, cement and plate glass sectors, is necessary. 480 

The ratio of the emission change in CO2 to that of a certain air pollutant (e.g., 481 

primary PM2.5, SO2, and NOx) under Post-2020 scenario compared to 2017 level is 482 

applied to evaluate the CO2 emission reduction co-benefits. Details on the 483 

quantification of the co-control effects are provided in section 4 of the Supplementary 484 

information. As shown in Figure S9, NOx had the highest co-benefit with CO2 in the 485 

“2+26” Cities. This finding is consistent with the results from (Feng et al., 2018; Xu et 486 

al., 2021), which indicated a stronger co-effect on the CO2 emission reductions due to 487 

application of NOx control measures. On the other hand, our model assessment suggests 488 

that electricity consumption resulted from electric policy leads to an increase in CO2 489 

emissions from power industry because the “2+26” Cities heavily rely on coal for 490 

electricity generation. Therefore, the fraction of the generation capacity taken by non-491 

fossil fuels should be increased to balance electric loads resulted from clean air action 492 

plan with renewable energies, such as wind and solar power. Fortunately, the State 493 

Council’s recent document Action Plan for Carbon Dioxide Peaking Before 2030 494 



26 

 

stipulates that by 2030, the total installed generation capacity of wind and solar powers 495 

will exceed 1200 gigawatts (State Council of the People's Republic of China, 2021). 496 

Consequently, the CO2 induced by clean air action plans is expected to substantially 497 

decline in the near future. 498 

In this study, we have identified a feasible pathway for achieving the 2030 target 499 

and proposed a series of effective measures. Different mitigation policies are needed in 500 

various prefectures to correspond with local conditions (Figure 4), especially in the 501 

context of regional joint prevention and control. In fact, the MEE has issued a campaign 502 

for the “2+26” Cities in 2017, namely, the one solution for one city initiative, to advance 503 

the working mechanism of joint air pollution prevention and control (Ministry of 504 

Ecology and Environment of the People's Republic of China, 2017a). Given the 505 

differences in industrial structures, pollution sources and governance conditions, a 506 

series of locally suited strategies has been designed for each city. Therefore, it is 507 

recommended for the one solution for one city approach to be promoted and 508 

implemented in other regions with severe regional air pollution, such as the Gangetic 509 

Plain in India (Rao et al., 2021) and the western states in the United States (Bistline et 510 

al., 2022). Differentiated control strategies between cities, such as the one solution for 511 

one city initiative, can potentially support regional joint prevention and control in those 512 

regions as well.  513 

4.2. Uncertainties and limitations 514 

Our study is subject to some uncertainties and limitations. First, emission 515 

estimates in the base year are uncertain due to limited information for energy 516 
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consumption, removal technology penetrations and emission factors. Even though the 517 

GAINS–JJJ model contains updates retrieved from the literature based on local 518 

information in the “2+26” Cities, the underlying data for the different industries and 519 

processes in some prefectures are still not available. Second, we explored emission 520 

mitigation pathways based on the Three-Year Action Plan and progressive policies. A 521 

lack of detailed information regarding the quantification of specific measures under the 522 

Three-Year Action Plan impacts the results. Moreover, rapid economic growth and 523 

ambitious air pollution control actions in the “2+26” Cities can contribute to the 524 

uncertainties in projected emission estimates. Since we focus mostly on relative 525 

changes of alternative scenarios, these uncertainties are partially eliminated by a 526 

differential analysis. Third, ambient PM2.5 concentrations simulated with the GAINS–527 

JJJ model are unavoidably affected by the model representation of reduced-form source 528 

receptor relationships, which excludes PM2.5 from primary and secondary organic 529 

aerosols (Kiesewetter et al., 2015). This approach underestimates the air quality 530 

improvements under alternative policy interventions. Fourth, contribution of 531 

meteorology variation to the future air quality is considerable (Tong et al., 2019). Due 532 

to computational limitations, only one meteorological year (2017) is chosen for the 533 

transfer coefficient calculations for the EMEP model and the CMAQ model, which adds 534 

uncertainty due to the interannual variability of meteorological conditions. Affected by 535 

unfavorable meteorological conditions, the “2+26” Cities may be at risk of exceeding 536 

the NAAQS of 35 μg/m3, especially for those cities in southern regions (Figure 5E). 537 

Finally, estimated additional power CO2 emissions caused by clean air actions are 538 
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generated from local power plants in this study. In practice, the “2+26” Cities are 539 

power-loading centers that in part rely on interprovincial electricity transmission, 540 

especially for Beijing, mainly from Inner Mongolia and Shanxi through an extra high-541 

voltage transmission connection. Thus, our results overestimate local CO2 emissions in 542 

the “2+26” Cities. However, from a national perspective, the “2+26” Cities’ electricity 543 

consumption resulted from clean air action leads to increases in CO2 emissions in the 544 

other regions that provide electricity to this region and thus will not increase total 545 

national impacts. 546 

 547 

5. Conclusion 548 

In this study, we consider the likely future evolution of air pollutants, CO2 549 

emissions, ambient PM2.5 concentrations and resulting population exposures in the 550 

“2+26” Cities, and we explore pathways toward achieving the NAAQS II of 35 μg/m3 551 

by 2030. In addition to the current legislation, three future emission scenarios are 552 

developed to represent low, middle and high pollution control ambitions. The results 553 

clearly indicate that continuing the control policies before 2020 (e.g., strengthening 554 

industrial and vehicle emission standards, phasing out outdated technologies and 555 

capacities in various industries and substituting household coal with electricity and 556 

natural gas) and implementing the policies likely to be proposed after 2020 (e.g. 557 

decreasing the share of coal use in power plants, banning new production capacity in 558 

industrial sectors and implementing ultra-low emission retrofitting for key industries), 559 

will not be sufficient for reducing the PM2.5 concentration below the national standard. 560 
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However, combining the best available technologies with the above policies will reduce 561 

primary PM2.5, SO2, NOx, NH3, NMVOCs and CO2 by 75%, 69%, 76%, 32% 52% and 562 

7%, respectively, relative to 2017 levels over the “2+26” Cities. Consequently, the 563 

regional annual mean level of PM2.5 decreases from 57 μg/m3 in 2017 to 34 μg/m3 in 564 

2030, attaining the 35 μg/m3 target; moreover, more than half of the population in the 565 

region can experience air quality that conforms to the NAAQS. 566 

Active clean air policies in the past decade had limited effects on reducing 567 

emissions from the fuel conversion, off-road, agricultural and solvent use sectors 568 

according to our results; thus, the “2+26” Cities should prioritize these sectors to enable 569 

further emission reductions in future. In addition, the industrial combustion and process 570 

sectors still account for a large proportion of the emissions; thus, it is necessary to 571 

quickly promote ultralow emission standards in the iron and steel, cement and plate 572 

glass industries in the future. In addition, the CO2 emission reduction co-benefits of 573 

implemented clean air action measures have been identified, but the negative reduction 574 

effects of these measures should be given more attention (e.g., increased carbon 575 

emissions in the power sector from end-use electrification). 576 

Application of the best available control technologies lead to significant reductions 577 

in air pollutants for the “2+26” Cities; however, their implementation puts high 578 

demands on economic resources. Further work is needed to select technologies that may 579 

reduce future air pollution at a low cost and to continue with the development of the 580 

optimization module in the GAINS–JJJ model. 581 

Appendix A. Supplementary data 582 
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Supplementary data to this article can be found online at http://www.sciencedirect.com. 583 
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