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Tracking emission changes throughout the Corona Virus Disease 2019 (COVID-19) pandemic is critical for reveal-
ing the impact of the pandemic on pollutant and carbon emissions; yet detailed assessments across this period
remain limited. In this study, we developed integrative emission inventories for China in 2020 and 2023, and
combined them with the inventory of 2018 to analyze national emissions of CO, and nine air pollutants before,
during, and after the COVID-19 pandemic. Emissions were mainly concentrated in economically industrialized
and developed provinces like Hebei, Shandong and Jiangsu, with higher emission intensities in energy-dependent
provinces. 2020 saw notable declines in SO, (-18.1 %), VOCs (-32.6 %), and CO (-8.8 %) emissions compared
to 2018 levels due to pandemic lockdowns and emission reduction policies, while CO, (11.6 %), NO, (16.8 %),
and PM;, (21.9 %) increased owing to expanded power generation and metal production. As economic activities
rebounded in 2023, emissions of CO, (16.6 %) and nine air pollutants (3.2 %~15.1 %) increased compared with
those in 2020, although adjustments in the energy structure helped reduce residential emissions of certain pollu-
tants like PM and CO. Regionally, CO, emissions in the Beijing-Tianjin-Hebei (BTH), Yangtze River Delta (YRD),
Pearl River Delta (PRD), and Fenwei Plain (FWP) regions continued to rise, while VOCs declined during the pan-
demic but rebounded afterward. The FWP region, dominated by heavy industry and fossil energy production,
showed persistent PM, 5 growth, facing greater challenges for emission reduction. These findings reveal the re-
gional and sectoral emission dynamics throughout the COVID-19 pandemic, supporting integrated air pollutants
and carbon management policies in China.

climate change and air pollution, highlighting the need for integrated
governance strategies.

1. Introduction

Global climate change and air pollution have emerged as critical
challenges to sustainable development. Greenhouse gas (GHG) and at-
mospheric pollutants emissions often originate from shared sources, and
their intertwined effects exacerbate both air quality degradation and cli-
mate change, posing serious risks to environmental integrity and public
health (Wang et al., 2023a; Wu et al., 2021b; Xu et al., 2022). Prolonged
exposure to pollutants such as PM, 5 and O3 has been consistently linked
to elevated risks of respiratory and cardiovascular diseases, contributing
to increased rates of premature mortality (Liu et al., 2023). The persis-
tent rise in carbon emissions driven by anthropogenic activities has in-
tensified global warming and the frequency of extreme weather events,
thereby further threatening human survival and socio-economic devel-
opment. As the world’s largest emitter of GHGs and atmospheric pol-
lutants, China faces particular challenges in simultaneously mitigating
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In recent years, China has introduced a series of policies to pro-
mote coordinated management of carbon and air pollution (MEE, 2012;
CPGPRC, 2013, 2018), supported by the development of national-scale
emission inventories. Such comprehensive, data-driven approaches are
indispensable for formulating effective climate and environmental poli-
cies, refining air quality governance, setting emission reduction bench-
marks, and guiding energy policy. Key examples include the Multireso-
lution Emission Inventory for China (MEIC), providing a gridded dataset
with a spatial resolution of 27 km x 27 km and covering CO, and nine
air pollutants (SO,, NO,, CO, NMVOCs, NHj, PM;,, PM, 5, BC, and
0OQ) from five major sectors (industry, power generation, transporta-
tion, resident, and agriculture) (Geng et al., 2024; Li et al., 2017). Based
on extensive point-source data, Cai et al. (2018, 2019a, 2019b) con-
structed the China High-Resolution Emission Dataset (CHRED), which
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provides multiyear, high-precision (1 km x 1 km) carbon emission in-
ventories. Gao et al. (2022) further integrated CHRED with continu-
ous emission monitoring system (CEMS) data, environmental statistics,
emission permit reports, and data from the National Bureau of Statis-
tics to develop CHRED 3.0A, an emission inventory for CO, and nine
air pollutants in China for 2018, revealing the spatial (10 km x 10 km
resolution) and temporal characteristics of these emissions. Similarly,
Zhi et al. (2024) developed a national-scale inventory for 2019 that
includes CO, and nine air pollutants, utilizing emission permit data
and macroeconomic statistics at a spatial resolution of 0.1° x 0.1°,
and examined the influence of economic development on emission pat-
terns. Li et al. (2023) constructed the Air Benefit and Cost and Attain-
ment Assessment System-Emission Inventory (ABaCAS-EI) v2.0, cover-
ing CO, and nine air pollutants from 11 emission sources across China
(2005~2021) for long-term emission trend evaluation, with a spatial
resolution of 27 km x 27 km. Despite these advancements, several crit-
ical limitations persist: (1) many national-scale inventories continue to
rely on relatively coarse spatial resolutions, often at 27 km x 27 km,
which limits their utility for fine-scale air quality and climate assess-
ments; (2) while air pollutant inventories are increasingly integrated
with carbon emission data, they typically account for NH; emissions
from the agricultural sector but inadequately represent emissions from
agricultural energy combustion such as the energy consumed in drying
agricultural products (Li et al., 2023; Tong et al., 2020; Zhi et al., 2024);
and (3) more notably, existing studies tend to focus on single-year esti-
mates or short-term trends, lacking comprehensive evaluations of emis-
sion changes before, during, and after the Corona Virus Disease 2019
(COVID-19) pandemic. This limitation not only constrains a comprehen-
sive understanding of the pandemic’s disruptive effects and their long-
term implications, but also underscores the need to investigate emission
dynamics under major socio-economic perturbations.

The COVID-19 pandemic created an unprecedented disruption in
economic and industrial activity. Strict containment measures led to
marked declines in industrial output, transportation, and energy con-
sumption, while stimulus policies initiated in May in 2020 and the full
reopening of the economy by 2022 introduced new variations in emis-
sion trajectories (CPGPRC, 2020). Moreover, 2020 was a defining year
for China’s environmental and climate policy landscape. It marked the
conclusion of the “13th Five-Year Plan” and the onset of preparations for
the “14th Five-Year Plan,” while also witnessing the formal announce-
ment of China’s dual-carbon strategy. This strategic shift signaled the
beginning of a more structured and target-oriented approach to car-
bon mitigation. Understanding emission changes across pre-pandemic,
pandemic, and post-pandemic periods is therefore essential to evalu-
ate the combined effects of economic recovery and policy interven-
tions.

To bridge these research gaps, this study utilizes multisource hetero-
geneous data, incorporating our team’s power plant inventory (Qu et al.,
2020; Tang et al., 2019), pesticide-use VOCs inventory (Chen et al.,
2024) and independent coking industry inventory (Chen et al., 2023), to
construct a national integrative emission inventory including CO, and
air pollutants for 2020 (pandemic period) and update it to 2023 (post-
pandemic period). The dataset covers the emissions of nine air pollu-
tants and CO, from five sectors: power, industry, transportation, resi-
dent, and agriculture. Compared with our previously developed CHRED
3.0A inventory for 2018 (pre-pandemic period), we systematically ana-
lyze emission trends before, during, and after the COVID-19 pandemic.
This study provides a refined and systematic characterization of China’s
current landscape of air pollutants and carbon emissions, offering ro-
bust data support and scientific evidence for formulating targeted strate-
gies for coordinated pollution and carbon reduction, regional joint pre-
vention and control, and sector-specific governance. More importantly,
this study is the first to address the data gap on multisectoral emission
changes following the opening of the pandemic in 2023. By capturing
the evolving emission patterns before and after the pandemic, this work
provides a solid foundation for understanding structural shifts and in-
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forming the design of a scientifically grounded pathway toward carbon
peaking in the post-pandemic era.

2. Materials and methods
2.1. Source classification

For the national integrative emission inventory, emission sources
were systematically categorized into five unified major sectors: power,
industry, transportation, resident, and agriculture. Notably, the agri-
cultural sector in this study encompassed not only ammonia emission
sources but also the open burning of straw and the agricultural energy
sub-sector. Agricultural energy mainly refers to the energy consumed
for drying and heating in the agricultural, fishery, animal husbandry
and forestry industries (excluding agricultural transportation and agri-
cultural machinery that as non-road mobile sources in the transportation
sector), such as the energy consumed in the initial processing of agricul-
tural products, which contributes to both air pollutant and CO, emis-
sions (MEE, 2024). A more detailed classification of sectoral emissions
is presented in Appendix A Table S1, following the official guidelines
(MEE, 2024).

2.2. Emission accounting

For emission accounting, emissions of air pollutants and CO, from
the power sector, the independent coking industry, airports, and VOCs
from pesticide use were derived from our team’s previous research
(Bo et al., 2021; Chen et al., 2024, 2023; Tang et al., 2019; Xu et al.,
2024b; You et al., 2022). CO, emissions from all other sectors were
sourced from CHRED (Cai et al., 2018, 2019a, 2019b) and were updated
to 2020. CHRED is a high-accuracy and continuously updated carbon
emission gridded dataset (10 km x 10 km) that has been widely ap-
plied in many studies (Cai et al., 2018, 2019a, 2019b; Gao et al., 2022;
Jing et al., 2018; Liu et al., 2019; Wu et al., 2021a). Importantly, this
study focused exclusively on direct CO, emissions (Scope 1) and did not
account for indirect emissions. Building on this foundation, this study
estimated air pollutant emissions from the remaining sectors via the
emission factor method. Air pollutant and CO, emissions for each sub-
sector were calculated on the basis of uniform activity level data, mainly
from environmental statistics, emission permit reports, statistical year-
books, industry reports and CHRED (Cai et al., 2018, 2019a, 2019b), as
shown in Appendix A Table S1 in detail.

These datasets were reviewed based on the principles of normativity,
completeness, consistency, and rationality. Taking the industrial sec-
tor as an example, China has established a multi-source environmen-
tal data management framework that includes environmental statistics,
CEMS, and emission permit reports, which together contain extensive
fundamental information. Data such as enterprise locations (with coor-
dinates cross-verified using map applications) and equipment informa-
tion were obtained from the environmental statistics database. Infor-
mation on product types and outputs, raw and auxiliary material con-
sumption, end-of-pipe treatment facilities, and stack parameters was ex-
tracted from the emission permit reports. For overlapping data among
these databases, if discrepancies exceeded 60 %, further verification
was conducted to ensure accuracy (Ran et al., 2019). For non-key in-
dustries, emission permits and statistical yearbooks were used as the
primary sources of activity level data, supplemented by other relevant
documentation like acceptance reports.

For the update of 2023 emission factors, this study comprehen-
sively considered the recent progress in pollution control, the extent
of ultra-low emission (ULE) standards, and changes in regulatory stan-
dards across industries to ensure that the estimates reflect the phased
implementation of emission reduction policies. For the power sector,
where ULE standards have been broadly implemented, emission factors
were adjusted based on policy guidance (SCIOPRC, 2024), with east-
ern coal-fired units assumed to meet ULE standards and central-western
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units assigned values close to more stringent limits to capture regional
differences. For other industries, such as iron and steel, cement, and in-
dependent coking, emission factors were primarily updated using online
monitoring data and publicly available information to reflect recent con-
trol improvements. Specifically, iron and steel factors were dynamically
adjusted based on representative plant monitoring data; emission levels
in the cement industry were calibrated using the annual average emis-
sions of nationally monitored key enterprises, reflecting the progress of
ultra-low emission retrofits since 2020; and coking emissions were ad-
justed minimally due to slower facility upgrades. All updated factors
were normalized according to the statistical distribution of monitoring
data and regulatory constraints to ensure methodological consistency
and reproducibility.

The main formulas for calculating air pollutant emissions are as fol-
lows:

(€))

E = AXEF, without pollutant removal

E = AXEF x (1 —#), with pollutant removal 2)

where E (kg) represents pollutant emissions; A (t or 10* Nm3) repre-
sents the activity level, such as fuel consumption or product output; EF
(g/kg or kg/10* Nm?) represents the pollutant emission factor; and 7
(%) represents the pollutant removal efficiency.

The main calculation formulas for CO, emissions are as follows:

Ecombustion = 2, (FC;; XNCV, x CC; X OF, x 44/12)

1

3

E

process

= A X EFco, @

where E qmpystion (D) Tepresents CO, emissions; Ejc.s (1) represents CO,
emissions; FC; ; (t or 10* Nm3) represents the consumption of fuel i re-
quired for the production of product j; NCV, (GJ/t or GJ/10* Nm?)
represents the average low calorific value of fuel i; CC; (t C/GJ) repre-
sents the carbon content per unit calorific value of fuel i; OF; (%) repre-
sents the carbon oxidation rate of fuel i; 44/12 represents the molecular
weight ratio of CO, to C; A (t) represents the output of product emitting
CO,, during the production process (Cai et al., 2018; Zhang et al., 2024);
and EF¢, (t CO,/t product) represents the emission factor of CO,.

2.2.1. Power

For the power sector, emissions of SO,, NO,, PM;,, and PM, 5 were
estimated at the facility level using a combination of CEMS-based emis-
sion factors and unit-specific fuel consumption data. The CEMS emission
factors were derived from annual average pollutant concentrations and
theoretical flue gas volumes for each power unit, thereby enhancing
the accuracy and real-time applicability of the estimates, as outlined
in Eq. (5). Emission calculations were conducted in accordance with
Eq. (1) (Gao et al., 2022; Qu et al., 2020; Tang et al., 2019). For other
pollutants, emission factors were selected from the Technical Manual for
the Compilation of City-level Air Pollutants Emission Inventory (hereafter
referred to as the Technical Manual), based on fuel type and combustion
technology, with emissions computed using Eq. (2).

Vispy

EFf,u,s,p.h = Cf,u_v,p,h X (5)

where f,u,s,p, and h denote the pollutant species, facility, emission
source, production process, and hour, respectively; y indicates the year;
EF (g/kg) represents the emission factor for SO, NO,, PM;, and PM, 5;
C (g/m3) is the pollutant concentration at the monitored emission out-
let; and ¥ (m3/kg) denotes the theoretical flue gas volume.

CO, emissions were estimated primarily on the basis of the type and
quantity of fuel consumed, as detailed in Eq. (3).

2.2.2. Industry
The industrial sector was classified into three primary subsectors:
industrial energy use, industrial processes, and industrial solvent use.
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For industrial energy, atmospheric pollutant emissions were esti-
mated using Eq. (2), with emission factors sourced from the Techni-
cal Manual. Specifically, for coal combustion, emission factors for SO,,
PM;, PM, 5, BC, and OC were derived using material balance methods,
in accordance with the Technical Manual.

For industrial processes, emissions of SO,, NO,, and PM from some
priority controlled industries—such as cement, iron and steel, and in-
dependent coking—were estimated using CEMS-based emission factors
(Bo et al., 2021; Tang et al., 2020, 2022), following the methodologies
outlined in Egs. (1) and (5). For other pollutants and industrial pro-
cesses not covered by CEMS, emissions were calculated using Eq. (2),
with emission factors also drawn from the Technical Manual.

Solvent use sources focused exclusively on estimating emissions of
VOCs released during solvent application, as these activities do not emit
CO,. VOCs emissions were calculated via Eq. (2). For pesticide applica-
tion, VOCs emissions were derived from the inventory developed in our
previous research (Chen et al., 2024), whereas VOCs emission factors
for other solvent-related industries were based on the literature listed in
Appendix A Table S2.

CO, emissions were estimated based on the output of products emit-
ting CO, during the production process, like cement clinker and elec-
trolytic aluminum, as detailed in Eq. (4).

2.2.3. Resident

This sector encompassed emissions from civilian energy
use—including the combustion of coal, oil, gas, and biomass—as
well as emissions arising from household solvent use. It is important
to note that biomass combustion for household purposes (excluding
open burning) and residential solvent use are excluded from the CO,
emission estimates. Carbon emissions were derived from the CHRED
(Cai et al., 2018, 2019a, 2019b). Atmospheric pollutant emissions
were estimated using an emission factor-based approach, with factors
obtained from the Technical Manual and relevant literature cited in
Appendix A Table S3. The calculation methodology followed the
procedures specified in Eq. (1).

2.2.4. Transportation

Emissions from the transportation sector include both on-road and
non-road sources, comprising tailpipe and evaporative emissions from
road vehicles, as well as emissions from non-road mobile machinery
and aviation. For on-road mobile sources, pollutant emissions were es-
timated using fuel consumption data from the CHRED, integrated with
provincial-level data on vehicle types and fuel composition. Emission
factors for air pollutants were sourced from the EMEP/EEA Air Pollutant
Emission Inventory Guidebook 2019 (EEA, 2019), with emissions calcu-
lated according to the methodology outlined in Eq. (1).

For evaporative emissions, according to the EMEP/EEA Air Pollutant
Emission Inventory Guidebook 2019, the formula is as follows:

Evocs = ) (P; X EFyocy; X 365)
J

(©)

where Eyqc, (g/yr) represents the total evaporative VOCs emissions;
P; (vehicles) represents the number of gasoline vehicles of category j;
and E Fyqc, j (g/(vehicle-day)) represents the VOCs emission factor for
vehicle category ;.

For non-road mobile sources, integrative emission inventories for
civil aviation—covering both air pollutants and CO,—were derived
from previous research from our team (Xu et al., 2024a, 2024b;
You et al., 2022). For other non-road sources, CO, emissions were ob-
tained from the CHRED, whereas air pollutants were calculated via
Eq. (1) on the basis of fuel consumption and the Technical Manual.

2.2.5. Agriculture

The agricultural sector inventory includes NH; emissions from live-
stock and poultry breeding, nitrogen-fixing crops, nitrogen fertilizer ap-
plication, and human fecal matter, as well as air pollutant emissions
from the open burning of straw and agricultural energy consumption.
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Table 1 - Integrative emission inventory of nine air pollutants and CO, for China in 2020 (unit: Mt).

Sector S0,  NO, co PM,s PM,, BCx100 OCx100 VOCs NH, co,
Power 056 1.16  6.83 0.08 010 0.3 0.08 026  0.00  5799.64
Industry 268 1005 69.14 246 438 525 2.14 1658  0.63  4731.26
Resident 205 038 2410 157 177  30.31 74.68 1.58 013 520.43
Transportation ~ 0.02  6.46 1437 022 023  12.40 3.87 279 016  950.09
Agriculture 0.43 037 814 .10 115  16.25 59.71 039 915 10831
Total 575 1842 12259 543  7.63  64.24 140.48 21,59  10.05  12,109.73

For ammonia sources, emissions were estimated using activity data
such as livestock and poultry population figures, nitrogen fertilizer ap-
plication rates, the area cultivated with nitrogen-fixing crops, and the
rural population lacking access to sanitary toilets. Calculations followed
the methodology described in Eq. (1), with emission factors obtained
from the Technical Manual and relevant literature (Fang et al., 2023;
Gao et al., 2022).

For the open burning of crop residues, pollutant emissions were esti-
mated from the amount of straw burned and emission factors provided
in the Technical Manual. The amount of straw burned was calculated as
follows:

A=PXNXRXn 7

where A is the amount of straw burned, P is the crop yield, N is the
grain-straw ratio, R is the open burning ratio, and 7 is the combustion
efficiency. The parameter values were adopted from previous studies
(Tian et al., 2011; Zhang, 2019).

Agricultural energy pertains to the consumption of energy for heat-
ing, drying, and various operations associated with agriculture, forestry,
animal husbandry, and fisheries, excluding fuel usage by agricultural
machinery and transportation vehicles. Emissions of air pollutants were
estimated using methodologies consistent with those applied to residen-
tial energy consumption.

2.3. Spatial distributions

In this study, Geographic Information System (GIS) tools were uti-
lized to spatially allocate emissions across 10 km x 10 km grid cells, fa-
cilitating the spatial characterization of emission sources. Point sources
were assigned to their precise geographic locations whenever possible,
based on the coordinates of individual enterprises. Location data for
these enterprises were derived from environmental statistical records
and other relevant datasets, and were further refined through visual
interpretation from Google Earth, referencing imagery captured in the
base year of the inventories. A manual calibration process was con-
ducted to accurately identify the locations of emission outlets. Area
sources were distributed spatially using the LandScan Global Popula-
tion Dataset (Rose et al., 2021) (https://landscan.ornl.gov/) or the land
use remote sensing monitoring dataset (https://www.resdc.cn/DOL/
DOLaspx?DOIID=54). Line sources, such as traffic-related emissions,
were allocated according to the density of the road network within each
grid cell. Further details regarding the spatial allocation methodology
are presented in Appendix A Table S4.

3. Results and discussion
3.1. Sectoral emission analysis

3.1.1. Sectoral emissions in 2020

This section specifically analyzes the sectoral contribution of emis-
sions, using 2020 as an example. The emissions of air pollutants and
CO, from the five sectors of China in 2020 are shown in Table 1 (the
sectoral emissions for China in 2023 are listed in Appendix A Table S5).
For most air pollutants, industry was the main emitting sector, whereas
power was the main sector for CO, emissions.
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The contributions of each emission source to air pollutant and CO,
emissions are shown in Figs. 1 and 2. CO, emissions were driven primar-
ily by energy consumption, with the power sector—dominated by coal
combustion—being the largest contributor (47.9 %), followed by indus-
try (39.1 %). Supported by previous studies (Gao et al., 2022; Li et al.,
2023; Zhi et al., 2024), the industrial and residential sectors were the
primary contributors to SO,, CO, PM;,, and PM, 5 emissions. The ma-
jor contributors to NO, and VOCs were industry and transportation. In
contrast, agriculture, which contributed negligible CO, emissions, was
the predominant source of NH; emissions, accounting for over 91 %,
primarily due to livestock farming and fertilizer application. Unlike pre-
vious studies, this research identified the agricultural sector, alongside
the residential sector, as a major contributor to BC and OC emissions.
This is largely attributable to the inclusion of both straw burning and
agricultural energy combustion as agricultural emission sources in this
study.

To further examine subsectoral contributions, Fig. 2 illustrates the
breakdown within key emitting sectors. In the industrial sector, indus-
trial boilers were the dominant source of CO,, NO,, and SO, emissions.
Moreover, iron and steel production was the major contributor to CO
emissions, whereas non-ferrous metal smelting significantly contributed
to PM;, and PM, 5 emissions. In the residential sector, coal combus-
tion was the principal source of SO,, CO, PM;,, and PM, 5 emissions.
In contrast, VOCs emissions were predominantly attributed to solvent
use in industrial processes and on-road transportation. BC and OC emis-
sions in the residential sector were primarily driven by coal and biomass
combustion, whereas in the agricultural sector, straw burning emerged
as the major contributor. These findings underscore the necessity for
targeted mitigation strategies, with a particular emphasis on industrial
boilers, solvent use, and residential coal combustion, to effectively re-
duce air pollution.

3.1.2. Sectoral emission changes during the COVID-19 pandemic

Fig. 3 shows the changes in the total emissions of nine atmospheric
pollutants and CO, in China during the COVID-19 pandemic. Compared
with the pre-pandemic emissions in 2018 (Gao et al., 2022), the total
emissions of most pollutants declined in 2020. Notably, the emissions
of VOCs decreased by 32.6 % (a reduction of 7040.5 kt), those of SO,
decreased by 18.1 % (1042.1 kt), and those of CO decreased by 8.8 %
(10.8 Mt). These reductions were primarily attributed to decreased in-
dustrial activity and traffic restrictions during the COVID-19 pandemic
lockdown, along with the effective implementation of coal consump-
tion reduction policies. In contrast, emissions of CO,, NO,, and PM; in
2020 increased by 11.6 % (1402.3 Mt), 16.8 % (3091.8 kt), and 21.9 %
(1674.3 kt), respectively, compared to 2018 levels. This increase was
mainly due to the overall rise in thermal power generation and energy
consumption in the power sector, driven by effective macroeconomic
policies, despite the significant impact of lockdowns on the power and
industrial sectors during the first quarter of 2020. Notably, while CO,
emissions from the power sector increased, SO,, PM, 5, and PM;, emis-
sions declined relative to 2018, reflecting the effectiveness of the ultra-
low emission policy (Wu et al., 2022). Furthermore, adjustments in the
energy structure of the industrial and residential sectors led to a marked
increase in natural gas consumption, contributing to higher NO, emis-
sions. The rise in PM emissions was largely driven by increased produc-
tion in the non-ferrous metal industry. Due to inconsistencies in the clas-
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Fig. 2 — The fractional contributions of subcategories to CO, and air pollutants in China in 2020: (a) industry sector; (b) residential sector; (c) agriculture sector; (d)

transponation sector.

sification of the residential and agricultural sectors between the 2018
and 2020 emission inventories, a sector-specific comparison was not
conducted at this stage.

In 2023, following the relaxation of COVID-19 control measures and
the continued resumption of economic activity, emissions of all major air
pollutants and CO, increased relative to 2020 estimates. Compared with
those in 2020, CO, emissions rose by 16.6 % (an additional 2083.9 Mt),
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with the majority of the increase originating from the industrial (1067.6
Mt) and power (779.3 Mt) sectors due to the growth in electricity and
fossil energy demand. Achieving the dual-carbon goals remains a sig-
nificant challenge. For air pollutants, SO, emissions increased by 185.7
kt (3.2 %), primarily driven by a 332.2 kt (12.4 %) rise in emissions
from the industrial sector, offsetting notable declines in the residential
(—110.5 kt) and agricultural (-71.8 kt) sectors due to structural adjust-
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Fig. 3 — Changes in air pollutants and CO, emissions in China during the COVID-19 pandemic.

ments in energy consumption in these sectors. Emissions of NO, (15.1 %,
2781.3 kt), CO (4.0 %, 4852.3 kt), VOCs (12.1 %, 2609.4 kt), PM;,
(9.0 %, 683.7 kt), and PM, 5 (7.8 %, 425.8 kt) increased driven mainly
by the resurgence of industrial activities and increased traffic volume
following the resumption of work and production. For example, the in-
dustrial sector increased the emissions of NO, by 126.5 kt and VOCs
by 219.3 kt, reflecting the intensification of manufacturing activities.
Meanwhile, the transportation sector contributed 136.0 kt of increased
NO, and 34.0 kt of increased VOCs, indicating a rapid recovery in road
transportation and logistics (Li et al., 2025; Wen et al., 2023). Nonethe-
less, compared to 2020, emissions of CO, PM,,, and PM, 5 from the res-
idential sector declined by 329.6, 11.6, and 5.8 kt, respectively. It was
primarily resulted in the shifts in household energy structures, such as
coal-to-gas and coal-to-electricity (Cao et al., 2025; Wang et al., 2023b;
Wu et al., 2022; Xu et al., 2025). Emissions of NH3, which were predom-
inantly attributable to agricultural sources, increased slightly by 1.3 %
(126.6 kt), indicating the relatively limited impact of the pandemic on
agricultural emissions.

Excluding the anomalous effects of the COVID-19 pandemic in 2020,
a comparison between 2023 and 2018 revealed that, despite increased
activity levels across most sectors, emissions of SO,, CO, BC, OC, and
VOCs continued to decline by 856.4 kt, 6.0 Mt, 144.1 kt, 197.2 kt, and
4.3Mt, respectively. This trend underscores the effectiveness of emis-
sion reduction measures, especially residential energy structure adjust-
ments and strengthened vehicle emission controls (Cao et al., 2025;
Wang et al., 2023b; Wu et al., 2022; Xu et al., 2025). In contrast, emis-
sions of PM;, and PM, 5 increased by 2.4 Mt and 1.0 Mt, respectively,
primarily due to the expansion of industrial activities, particularly in
the non-ferrous metal sector, highlighting the need for more stringent
air pollution control strategies targeting this industry.

This study systematically evaluated the impact of the COVID-19 pan-
demic on air pollutants and carbon emissions in China, elucidating the
emission characteristics and underlying driving mechanisms during the
lockdown measures implemented in 2020. This study revealed signifi-
cant reductions in pollutants such as VOCs, SO,, and CO in 2020 com-
pared with those in 2018, which were driven primarily by decreased
industrial activity, ultralow emission policies, and traffic restrictions.
The study also captured, for the first time, the emission rebound associ-
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ated with the full-scale economic recovery in 2023 following the lifting
of pandemic control measures. Quantitative analysis demonstrated that
the resurgence of industrial activities, increased traffic volumes, and ris-
ing energy consumption were key drivers of elevated emissions of NO,,
CO,, SO,, and VOCs, offering timely insights for ongoing policy refine-
ment. Furthermore, the study examined the long-term effects of indus-
trial and energy structure adjustments on emission trends, emphasizing
the significant role of sustained reductions in coal consumption within
the residential and agricultural sectors in mitigating PM and CO emis-
sions. These findings highlight the potential of end-use energy structure
optimization in achieving synergistic reductions in air pollutants and
carbon emissions.

3.2. Spatial emissions analysis

3.2.1. Spatial emissions in 2020

The gridded (10 km x 10 km) spatial distribution of CO,, NO,, VOCs,
and PM, 5 across China in 2020 is presented in Fig. 4 (with other air
pollutants shown in Appendix A Fig. S1). Most air pollutants exhibited
spatial distribution patterns closely resembling that of CO,, generally
displaying greater concentrations in eastern regions compared to west-
ern areas. Emission hotspots were primarily located in central China
(Henan), northern regions (Hebei, Shandong, Shanxi, Liaoning), and the
southeastern coastal provinces (Jiangsu, Guangdong). These areas are
marked by a high concentration of industrial enterprises—particularly
energy-intensive industries—along with high population densities and
dense road networks, resulting in substantial anthropogenic emissions
of both air pollutants and carbon. This spatial pattern aligns with the
findings of Zhi et al. (2024), further supporting the accuracy and relia-
bility of the inventory developed in this study.

The provincial-level emissions of carbon and air pollutants in 2020
are presented in Appendix A Table S6, with sectoral proportion at the
provincial level shown in Appendix A Fig. S2. Quantitatively, Shandong
exhibited the highest CO, emissions (1042.29 Mt, accounting for 8.61 %
of the national total), followed by Inner Mongolia (940.55 Mt, 7.77 %)
and Jiangsu (915.73 Mt, 7.56 %). These provinces ranked among the
top in terms of thermal power generation in China, and their CO, emis-
sions were mainly contributed by the power sector (over 50 %). Hebei
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Fig. 4 - Gridded spatial distributions of CO, (a), NO, (b), VOCs (c), and PM, 5 (d) in China in 2020 (10 km x 10 km). The base map is from the Ministry of Natural

Resources of the People’s Republic of China (Review Number: GC(2019)1671).

recorded the highest SO, emissions (495.40 kt, accounting for 8.62 % of
the national total), followed by Guizhou (454.41 kt, 7.91 %) and Shan-
dong (437.26 kt, 7.61 %). In Hebei and Shandong, SO, emissions pri-
marily originated from the industrial sector, contributing over 58 % of
each province’s total emissions, whereas in Guizhou, the majority of SO,
emissions came from the residential sector, reflecting its coal-dominated
energy structure. Hebei, Jiangsu, and Shandong ranked among the high-
est in emissions of NO,, CO, and VOCs, where industry contributed
>60 % even 80 % of local emissions, owing to their status as major
energy consumers in the industrial sector and the presence of numerous
high-emission enterprises, including those in the iron and steel, petro-
chemical, and chemical industries (Li et al., 2023). For PM;, and PM, 5,
the top three provinces were Shandong, Shanxi, and Henan, whose com-
bined emissions accounted for over 30 % of the national total. This was
mainly attributed to substantial industrial and residential coal consump-
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tion and the concentration of non-ferrous metal smelting industries, such
as aluminum production (Zhi et al., 2024). Henan (800.37kt, account-
ing for 7.96 % of the national total), Shandong (700.27 kt, 6.96 %), and
Inner Mongolia (638.69 kt, 6.35 %) also led in NH;3 emissions, largely
attributed to their extensive livestock and poultry farming activities. No-
tably, pollutant and carbon emissions in Hubei Province remained com-
paratively low relative to other regions, a trend closely linked to the
stringent lockdown measures enforced during the COVID-19 pandemic
(Zheng et al., 2020).

To further understand urban emissions, Fig. 5 presents the
prefectural-level emissions of CO, and some pollutants (NO,, VOCs, and
PM, 5) in 2020 (other air pollutants shown in Appendix A Fig. S3). Cities
with high emissions of many air pollutants are mainly industrially de-
veloped cities such as Tangshan, Chongqing, and Yuncheng, with VOCs
being more concentrated in Hercynian, Chongqing, Yantai, Tangshan,
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Shanghai, and other petrochemical and chemical base cities. Cities with
high CO, emissions are mainly concentrated in energy-intensive enter-
prises such as Tangshan, Ordos, Suzhou, Changji and Yulin.

3.2.2. Regional emissions changes during the COVID-19 pandemic

Across major regions of China, air pollutant emissions displayed dis-
tinct spatial and temporal variations before and after the COVID-19 pan-
demic (as shown in Fig. 6).

From 2018 to 2023, CO, emissions increased steadily in the BTH,
YRD, and FWP regions, with average annual growth rates of 5.0 %,
4.7 %, and 7.7 %, respectively. In the BTH region, emissions increased
steadily primarily driven by sustained energy demand from the indus-
trial sector, as well as traffic volume and human activities after the
release of the pandemic, despite efforts to promote electrification and
coal substitution under the “14th Five-Year Plan” for ecological civi-
lization construction (Li et al., 2025). The growth of the YRD region
was mainly attributed to post-pandemic manufacturing rebounds and
increased fossil fuel consumption in transportation, partially offset by re-
gional energy structure adjustments. In the FWP region, due to its heavy
reliance on coal-intensive industries like coking, where pollution con-
trol policies faced implementation challenges (Chen et al., 2023). Con-
versely, the PRD region saw a slight decline of 1.1 % during 2018~2020,
largely resulting from reduced traffic volume and industrial activity dur-

ing COVID-19 lockdowns, but emissions rebounded sharply by 25.4 %
from 2020 to 2023, fueled by rapid economic recovery and heightened
energy consumption in manufacturing (Zhang et al., 2026). Policy inter-
ventions (e.g., encouragement of electrification and coal substitution)
have begun to reduce the carbon intensity in some sectors, but their im-
pact on absolute CO,, totals is still offset by growth in energy demand
during the recovery period (NBSC, 2024a).

NO, emissions in the BTH region increased by 83.8 % between 2018
and 2020, which was significantly higher than those in other regions.
This spike was driven mainly by increased energy consumption in the ar-
chitectural material and iron and steel industries, despite ongoing efforts
to reduce capacity (NBSC, 2024b). The growth rate slowed to 12.2 %
from 2020 to 2023 in the BTH region due to the recovery of economic
activities and the increase in energy consumption for industry and trans-
portation. In the YRD region, NO, emissions increased with an average
annual growth of 8.4 % largely contributed by industry in 2020 and
transportation in 2023, whereas the emissions of the PRD and FWP re-
gions kept steadily from 2018 to 2023.

VOCs emissions across the BTH, YRD, PRD, and FWP regions showed
a consistent trend of decrease by 2020 followed by a rebound through
2023, with the emissions of the BTH and FWP regions maintaining sta-
ble levels overall. The 2020 decrease in the BTH, FWP, and PRD was
mainly attributable to vehicle electrification and a sharp reduction in
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Table 2 - Emissions of air pollutants and CO, per unit of GDP in China during the COVID-19 pandemic (unit: pollutant:

kg/million yuan; CO,: t/million yuan).

Year S0, NO, co PM,, PM, BC oc VOCs NH; o,
2018 0.75 1.70 14.82 0.76 0.54 0.09 0.18 3.18 1.07 1.19
2020 0.57 1.81 12.07 0.75 0.53 0.06 0.14 2.12 0.99 1.19
2023 0.46 1.64 9.85 0.64 0.45 0.05 0.11 1.88 0.79 1.10
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Fig. 7 — Comparison of this emission inventory with national emission inventories from other studies.

traffic volume during the COVID-19 pandemic, while the 2023 rebound
was driven by increased industrial activity. In the YRD, the sharp de-
cline of 53.6 % from 2018 to 2020 was primarily associated with the
transportation sector, whereas the subsequent rise by 13.3 % in 2023
stemmed mainly from power generation activities.

Regarding PM, 5 emissions, except for the FWP region, all these re-
gions have achieved relatively good reduction results under the guid-
ance of policies such as the 14th Five-Year Plan for Ecological Civilization
Construction and the Action Plan for Winning the Blue Sky Defense Battle,
which emphasize active promotion of electrification and the reduction
of coal consumption in residential and industrial uses. PRD emissions
had the largest reduction and showed a continuous downward trend.
The reduction rate reached 60.0 % from 2018 to 2020 and 10.4 % from
2020 to 2023, and mainly caused by the adjustment of industrial energy
structure. In the YRD region, emission reduction mainly came from the
ultra-low emission transformation of coal-fired power plants and the
adjustment of regional energy structure (Yang, 2025). In contrast, the
BTH region achieved a significant emissions reduction (29.2 %) in 2020
mainly through a substantial decline in residential coal consumption
(Cao et al., 2025; He et al., 2025; Wang et al., 2023b). Although the
FWP region has also actively implemented a variety of emission control
measures—with notable improvements in the residential energy struc-
ture—the region remains one of China’s key energy and chemical indus-
try bases, hosting a dense concentration of coal, coking, iron and steel,
power generation, and building material industries. Its heavy depen-
dence on coal has led to a continued rise in PM emissions, highlighting
the region’s unique structural challenges and the greater complexity and
difficulty of achieving deep emission reductions compared with other
regions.

The temporal and spatial variations in emissions were driven by a
complex interplay of socio-economic and policy factors. The YRD and
BTH region demonstrated effective emission control in VOCs and PM, 5
through advanced technology adoption, energy structure adjustment,
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ultra-low emission retrofits and pandemic lockdown of transportation,
but rebounded in 2023. The PRD region sustained reductions via green
industrial restructuring and stringent local regulations, such as the Reg-
ulations on Air Pollution Prevention and Control of Guangdong Province.
In contrast, the BTH and FWP regions, reliant on traditional heavy in-
dustries faced rebounds due to slower industrial transformation, exacer-
bated by ongoing fossil fuel dependence. These trends underscore that
the pandemic did not alter long-term emission trajectories. However,
a green recovery pathway—prioritizing industrial restructuring, low-
carbon technology deployment, stringent local regulations, and cross-
regional coordination—is essential to achieve dual goals of air quality
and climate mitigation.

3.3. Emissions per unit GDP across the COVID-19 pandemic

The provincial-level emissions per unit of GDP for carbon and air
pollutants in 2020 are presented in Appendix A Table S7. The spatial
distribution of emission intensity exhibited a consistent pattern across
most pollutants, marked by pronounced spatial heterogeneity. Overall,
provinces with high energy consumption—such as Shanxi, Inner Mon-
golia, Ningxia, and Xinjiang—recorded the highest emission intensities.
In contrast, economically advanced regions like Beijing, Shanghai, and
Guangdong, along with less industrialized provinces such as Tibet, dis-
played significantly lower emission intensities. At the national level, as
shown in Table 2, emission intensities for all pollutants declined be-
tween 2018 and 2020, with the exception of NO, increased by 6.5 %
and CO, keep steadily.

3.4. Comparison and uncertainty analysis
This section compares the Chinese emission inventory developed in

this study with the 2020 Chinese emission inventory datasets from MEIC
(Geng et al., 2024), ABaCAS (Li et al., 2023), and EDGAR (Crippa et al.,
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2024), as illustrated in Fig. 7. The overall emission ranges across these
datasets are broadly consistent, with the notable exception of SO, emis-
sions in the EDGAR dataset, which are significantly higher than those
reported in the other three inventories. Compared to the results of this
study, the MEIC and EDGAR datasets generally report higher emissions
for most pollutants. This discrepancy is primarily attributed to the use
of CEMS-based emission factors in this study for sectors such as thermal
power, independent coking, iron and steel, and cement. These factors
reflect the influence of ultra-low emission retrofits and are lower than
guideline-based emission factors. Furthermore, the emission factors em-
ployed in this study are more temporally updated, enhancing their ac-
curacy and relevance. In terms of the emissions of NH; and CO,, this
study is higher than those of the other inventories, mainly because this
study also calculates ammonia emission sources such as nitrogen-fixing
plants and human feces, which are not included in the calculations of
the other datasets, and CO, accounts for a more detailed and compre-
hensive range of power plant emissions.

The emission inventories developed in this study are subject to cer-
tain uncertainties, primarily arising from the accuracy of activity level
data and emission factors. Variations in data reporting scope, spatial
resolution, and temporal coverage across different statistical sources in-
troduce potential inconsistencies in activity levels for specific sectors
and regions. Emission factors also exhibit variability due to differences
in technology levels, fuel quality, and pollution control efficiencies. Al-
though cross-validation among multiple databases reduced discrepan-
cies, underestimation may still occur for small-scale industries and dis-
persed combustion sources. Overall, these uncertainties are not expected
to alter the spatial distribution patterns or the dominant sectoral con-
tributions but may introduce some uncertainties in the total emission
estimates.

4. Conclusions and future prospects

By constructing high-resolution (10 km x 10 km) emission in-
ventories for 2020 and 2023 and referencing a previously developed
2018 emission inventory, this study comprehensively evaluated the spa-
tiotemporal evolution of air pollutant and CO, emissions across China
at both national and regional scales during and after the COVID-19 pan-
demic. The results revealed significant emission declines in 2020 caused
by pandemic lockdowns and emission reduction policies, followed by a
rebound in 2023 driven by industrial and energy demand recovery. Dis-
tinct from previous research, this work was the first to integrate both air
pollutants and carbon emissions from agricultural energy use into the
agricultural sector inventory, enhancing the completeness of national
emission accounting.

Specifically, in 2020, China’s total emissions of SO,, NO, CO, PM;,
PM, 5, BC, OC, VOCs, NH3, and CO, in China were 5.75, 18.43, 122.51,
7.64, 5.43, 0.64, 1.40, 21.63, 10.05, and 12786.41 Mt, respectively.
CO, emissions were dominated by the power and industrial sectors;
SO,, CO, PM,,, and PM, 5 by industrial and residential sources; NO,
and VOCs by industry and transportation; and NH; by agriculture. Spa-
tially, emissions were concentrated in central, northern, and southeast-
ern coastal provinces, while emission intensity was higher in energy-
dependent regions such as Shanxi and Inner Mongolia. At the provincial
level, Shandong, Inner Mongolia, and Jiangsu exhibited the highest CO,
emissions, while Hebei ranked first in emissions of SO, NO,, CO, and
VOCs, PM,, and PM, 5 were concentrated in Shandong, Shanxi, and
Henan, and NH; in Henan, Shandong, and Inner Mongolia, reflecting
regional variations in energy structure, industrial activity, and agricul-
tural practices. Regionally, CO, emissions in BTH, YRD, PRD and FWP
continued to increase, while VOCs generally declined during the pan-
demic but rebounded post-pandemic. Besides, the FWP region, as one
of China’s key heavy-industrial and fossil energy production bases, ex-
perienced a continuous rise in PM, 5 emissions and is facing substantial
pressure to achieve further emission reductions. These spatiotemporal
emission patterns underscore the critical need for targeted policy and
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technological interventions to achieve coordinated reductions in both
air pollutants and CO,.

Achieving sustained co-reduction of air pollutants and carbon emis-
sions requires long-term structural and technological measures. Priority
actions include: (1) simultaneously accelerating the ultra-low emission
transformation of heavy industrial boilers and process equipment; (2)
promoting renewable energy deployment and improving energy effi-
ciency are critical to decrease coal dependence and mitigate emissions
from energy-intensive provinces such as Shanxi and Inner Mongolia; (3)
strengthening cross-regional coordination and policy enforcement, par-
ticularly in the BTH and FWP regions, and addressing sector-specific
drivers such as decarbonizing steel and transitioning coal to balance in-
dustrial growth with environmental and carbon goals; and (4) enhancing
integrated data management and emission inventory systems to better
quantify and monitor policy effectiveness. Future research should in-
tegrate high-resolution inventories with dynamic economic and energy
models to capture feedbacks between policy actions, industrial activi-
ties, and emission trends. This study provides a robust data foundation
and scientific guidance for post-pandemic environmental governance
and high-quality development, supporting the synergistic advancement
of air quality improvement and dual-carbon goals.
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