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Abstract
Cangzhou is an important city in the Beijing-Tianjin-Hebei (BTH) region for assessing air 
quality. Based on the data from the Continuous Emissions Monitoring System (CEMS) 
and other sources, in this study, we used a combination of bottom-up and top-down ap-
proaches to establish an emission inventory of nine atmospheric pollutants in Cangzhou 
City in 2018. The results showed that the emission of nitrogen oxides (NOx), sulfur di-
oxide (SO2), particulate matter with aerodynamic diameters less than 10 μm and 2.5 μm 
(PM10 and PM2.5), volatile organic compounds (VOCs), carbon monoxide (CO), ammonia 
(NH3), black carbon (BC), and organic carbon (OC) were 20.29, 82.67, 116.41, 54.87, 
702.81, 87.66, 62.00, 4.15, and 3.83 kt, respectively. Most of the emitted pollutants were 
concentrated in the eastern and southern areas of Cangzhou, but NH3 was emitted the most 
in the eastern region. In this study, we revealed the emission characteristics of air pol-
lutants and put forward the air pollution control suggestions, which can not only provide 
a scientific basis for pollution control efforts in the city and similar industrial structure 
of the city but also offer valuable insights and references for environmental governance 
across the BTH region. Analyzing emission characteristics and mitigation measures in 
Cangzhou enhanced understanding of pollution status and management needs in the BTH 
region, thereby supporting regional coordinated governance with data-backed policy 
recommendations.
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1  Introduction

With rapid economic development and accelerated industrialization and urbanization, air 
quality has decreased considerably (Yao et al., 2019). In 2018, among the 338 major cit-
ies in China, 64.2% of them failed to meet the air quality standards (MEE, 2013), and the 
concentration of O3 increased considerably compared to that in 2017 (MEE, 2019). Poor air 
quality is extremely harmful to human health, and it also affects economic growth (Dong et 
al., 2021; Wu et al., 2021). According to the World Health Organization (WHO), ambient 
air pollution is responsible for causing the premature death of approximately seven million 
people annually (WHO, 2021). In 2016, 18.34 million people suffered health damage due to 
PM10 pollution in Hebei Province (Fan et al., 2019). Therefore, improving the air quality is 
extremely important. Constructing an accurate and comprehensive emission inventory is a 
crucial step for controlling air pollution.

China has established emission inventories of different scales to provide valuable data on 
emissions in recent years. Multi-resolution Emission Inventory for China (MEIC, ​h​t​t​p​:​/​/​w​
w​w​.​m​e​i​c​m​o​d​e​l​.​o​r​g​/​​​​​) and China High Resolution Emission Database 3.0 A (CHRED3.0 A, 
http://www.ieimodel.org/) were established to assess the emission characteristics of air ​p​o​l​l​
u​t​a​n​t​s in China (Gao et al., 2022; Li et al., 2017). In addition, regional emission inventories 
have been established, such as the BTH region and the Yangtze River Delta, to understand 
the pollutant characteristics of urban agglomerations with large populations, developed 
industries and dense road networks (Fan et al., 2016; Qi et al., 2017; Yang et al., 2020). 
However, due to the general emission source data, excessive research scale of emission 
inventory will reduce the accuracy of urban pollutant emissions, distribution of space, and 
air quality modeling. Some studies have demonstrated the advantages of smaller scale emis-
sion inventories with more detailed local data. For example, Hong et al. (2016) found that 
the atmospheric pollutant emissions calculated by China’s provincial energy statistics are 
generally higher than those calculated by national energy statistics. In China, Zheng et al. 
(2014) found that vehicle emission inventories at the county level, rather than the provincial 
level, could better support air quality modeling for smaller areas. Timmermans et al. (2013) 
concluded that, compared to a downscaled emission inventory, simulated concentrations 
of PM10 and NO2 using a local emission inventory for Paris were more consistent with the 
observed data from monitoring stations in Paris. Large differences were found between 
sectoral contributions by comparing global and local emission inventories for five cities in 
South America (Huneeus et al., 2020). And this highlighted the importance of establishing 
accurate city-level emission inventories to formulate control policies for local air pollu-
tion characteristics. Despite the importance of city-level emission inventories, most of them 
focused on a single emission source or pollutant (Gong et al., 2017; Liu et al., 2017; Wu & 
Zheng, 2023; Zhang et al., 2013), or were limited to large cities, such as Beijing, Shanghai, 
and Tianjin (Chen et al., 2019; Liu et al., 2020; Sun et al., 2021). Very few inventories 
covered all pollutants and emission sources for medium-sized cities. Moreover, to support 
national industrial emission standards, China also implemented a continuous emissions 
monitoring system for high-emitting facilities in 2007 to obtain more precise and real-time 
data on the emission of atmospheric pollutants (Bo et al., 2021). However, studies on the 
development of city-level emission inventories that use the CEMS data are limited. To fill 
in these research gaps, in this study, we selected Cangzhou, a representative medium-sized 
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industrial city to firstly formulate an emission inventory with multi-type pollutants and data 
on the CEMS for 2018.

Cangzhou, as a key industrial city in the BTH region and a crucial part of the regional 
air pollution transmission corridor, holds significant representativeness. In 2018, Cang-
zhou ranked third in gross domestic product (GDP) within the province, with the secondary 
industry GDP reaching 43% (CBS, 2019). This rapid industrialization has aggravated air 
pollution, particularly due to its traditional heavy industry base in iron and steel, petrochem-
icals, chemicals, and construction materials, which are high-emission sectors contributing 
substantially to regional air quality issues. Besides, Cangzhou’s strategic position as a trans-
portation hub within the BTH region, with an extensive network of highways, railways, and 
waterways, makes transportation emissions a major component of its air pollution profile 
(Qi, 2019). Additionally, its economic development relies heavily on resource-based indus-
tries, a common trait in the BTH region, and its pollution control experiences offer valuable 
insights for similar cities. The city’s proximity to Beijing, just 200 km away, means its air 
pollution can easily affect the air quality of the capital. Furthermore, the relocation of many 
polluting enterprises from Beijing and Tianjin to Cangzhou has increased the pressure on 
local pollution management. Additionally, 2018 was the year of assessing the achievements 
of the “Action Plan for Air Pollution Prevention and Control” and the commencement of the 
“Three-Year Action Plan to Win the Blue Sky Defense Battle” (CPG, 2018a, b; MEE, 2018). 
Hence, establishing a high-resolution and comprehensive emission inventory in Cangzhou 
for the year 2018 can not only provide scientific support for local pollution control but also 
offers critical insights for the subsequent steps in air pollution co-control, cross-boundary 
transfer, and management across the BTH region and beyond.

In our previous study, aiming at the foundry and the iron and steel industries in Cang-
zhou, we selected representative enterprises and carried out VOCs sampling and testing 
analysis on key emission links to construct the VOCs composition spectrum and local-
ized VOCs emission factors of these industries in Cangzhou (Gao et al., 2021; Wang et 
al., 2022). Based on the findings of that study, in this study, we established an emission 
inventory with high resolution in Cangzhou City for 2018, focusing on nine pollutants with 
spatial and temporal allocation. Additionally, we confirmed the reliability of the results by 
comparing them with other inventories, including those established for Cangzhou, and used 
Monte Carlo simulation to assess the uncertainties. This inventory with a greater number of 
pollutants and emission sources can more comprehensively reflect the spatial distribution 
characteristics than the inventories formulated in other studies. Additionally, we also used 
CEMS data from the thermal power industry and iron and steel industry (Bo et al., 2021; Qu 
et al., 2020), which increased the accuracy of the results and the geographical distribution 
through a combination of top-down and bottom-up approaches.

2  Methods and data

2.1  Study area

Cangzhou is located in the southeast of Hebei Province, bordering the Bohai Sea in the east, 
Beijing and Tianjin in the north, and Shandong in the south. It extends from 115° 42′ E to 
117° 50′ E longitudes and from 37° 29′ N to 38° 57′ N latitudes. The study area included 19 
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counties (Fig. 1), with a resident population of 7,544,300, an urbanization rate of 53.64%, 
and a total area of approximately 14,000 km2. In 2018, the average annual GDP of Cang-
zhou City was 361.64 billion yuan, ranking third among 13 cities in Hebei Province (NBSC, 
2019).

2.2  Classification of the sources of emission

To ensure the accuracy of the inventory, a comprehensive and scientific classification of 
emission sources needs to be performed (Zhong et al., 2018). There were 10 first-level 
categories based on the socioeconomic conditions of Cangzhou and studies in recent years 
(He, 2018; Jiang et al., 2020; Krecl et al., 2022; Lei, 2020). Each category was then reclas-
sified guided by product use, the types of fuel, and the control technology of air pollution. 
Unlike other emission inventories that sufferred from data availability limitations resulting 
in incomplete source representation (Gao et al., 2022; Li et al., 2017; Liu et al., 2018a, b), 

Fig. 1  Location and administrative division of Cangzhou City: (a) location of Hebei Province in China, 
(b) location of Cangzhou City in Hebei Province, (c) administrative division of Cangzhou City
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this study included both catering and fugitive dust sources. The details about the classifica-
tion of emission sources are provided in Table S1 of Supplementary Material.

2.3  Data collection and calculation method

Cangzhou City has many industrial enterprises with a complex industrial structure. For 
point sources, such as industrial and residential boilers, cement plants, and petrochemical 
enterprises, a bottom-up approach was utilized to calculate emissions. This involved col-
lecting and calculating emissions data at the facility level (such as boiler type, CEMS data, 
removal efficiency, and activity data) for each source, and then aggregating these to form an 
emission inventory for the entire sector, which enhanced the accuracy and reliability of the 
results. Among them, power plants and the iron and steel industry utilized the CEMS data 
(direct, detailed, real-time, and latest actual measurements) to address limitations concern-
ing the use of indirect, invariable, uniform, and obsolete average emission factors. CEMS 
typically consists of flue gas sampling probes, analyzers, data acquisition systems, data pro-
cessing systems, data storage systems, and data transmission systems. It enables real-time 
monitoring and upload of actual emission concentrations and emission rates of pollutants 
such as SO2, NOx, and PM10, as well as data on oxygen content, flue gas temperature, and 
other parameters during the operation of emission sources. After rigorous quality control 
of CEMS data, emissions were calculated based on theoretical flue gas volume and emis-
sion concentrations combined with activity levels, significantly enhancing the accuracy of 
emission estimation. Emission factors for other pollutants were derived from the mass frac-
tion of various particulate matter components (PM2.5, BC, and OC) in PM10 and literature 
(VOCs and CO). For more detailed methodological description about QA/QC and estima-
tion for CEMS data, please refer to our previous studies (Bo, 2020; Bo et al., 2021; Tang 
et al., 2019) and Section S2. Environmental management data for point sources, such as 
pollutant discharge permits and environmental impact assessment reports, were used for 
Quality Assurance/Quality Control (QA/QC) to obtain more accurate data. Companies with 
an error rate of 60% or higher between the reported data and the environmental manage-
ment data were categorized as suspected problematic enterprises. Following this method, 
the suspected problematic enterprises were screened from the > 8,000 industrial enterprises 
in Cangzhou, from which a sample was selected for on-site investigations to review the data, 
which led to the generation of a new set of baseline data.

For non-point sources difficult to obtain individual emission information one by one, 
such as transportation and agriculture, a top-down approach was used. This approach 
relies on relatively macro-level statistical data from various sectors at the district or county 
level to estimate emissions based on activity levels. Combining bottom-up and top-down 
approaches yields a more comprehensive and accurate emission inventory, providing high-
precision and multi-level emission data. This combined methodology offered a scientific 
basis for formulating more effective and targeted pollution control and emission reduction 
policies. Flow chart is shown in Fig. 2. More information about the calculation methods, 
emission factors, and spatial and temporal allocation are listed in Sections S1–S3 of Supple-
mentary Material.
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3  Results

3.1  Total emissions and the contribution of various sources

The emission inventory in Cangzhou for 2018 is summarized in Table 1. The total, SO2, 
NOx, VOCs, PM10, PM2.5, BC, OC, CO, and NH3 emissions were 20.29, 82.67, 87.66, 
116.41, 54.87, 4.15, 3.83, 702.81, and 62.00 kt, respectively. The SO2, CO, PM10, PM2.5, 
and VOCs emissions from industrial sources accounted for 62.4%, 35.3%, 44.6%, 35.5%, 
and 56.2% of the total pollutants emitted, respectively.

The contribution of the subcategory to the total emissions of nine pollutants is shown in 
Fig. 3. The contribution of each county is shown in Fig. 4.

Fossil fuel combustion sources and industrial processes contributed the most to total SO2 
emissions (41.2% and 50.3%, respectively), among which power plants, residential com-

Table 1  Emission inventory of nine pollutants in Cangzhou City for 2018 (unit: kt)
Sources SO2 NOx CO PM10 PM2.5 BC OC VOCs NH3

Fossil fuel combustion 8.36 14.1 188.16 15.09 11.76 2.11 0.44 5.60 0.00
Industrial processes 10.21 15.21 442.67 37.35 21.9 0.71 1.19 51.61 7.71
Mobile 1.58 51.93 88.09 2.48 2.32 1.24 0.42 13.11 0.77
Solvent use 0 0 0 0 0 0 0 13.06 0
Agriculture 0 0 0 0 0 0 0 0 50.50
Fugitive dust 0 0 0 58.30 16.31 0 0 0 0
Storage and transportation 0 0 0 0 0 0 0 1.47 0
Biomass burning 0.14 0.91 3.89 0.20 0.18 0.02 0.10 0.21 0.11
Waste treatment 0 0 0 0 0 0 0 0.5 2.88
Others(catering) 0 0 0 2.99 2.39 0.05 1.68 2.09 0
Sum 20.29 82.67 702.81 116.41 54.87 4.15 3.83 87.66 62.00

Fig. 2  Flow chart of high spatial and temporal resolution emission inventory compilation
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bustion, and non-metallic mineral manufacturing were the dominant contributors of SO2, 
accounting for 13.2%, 21.0%, and 29.5% of the total emissions, respectively. For spatial 
contribution, Bohai New Area (21.1%) was the highest SO2 emitting county with numerous 
power plants and industries that consumed large quantities of fuel, followed by the counties 
Hejian (15.1%), Huanghua (9.4%), and Xian (8.7%).

Mobile was the largest source of NOx emissions (62.8% of the total NOx emissions), 
followed by industrial processes (18.4%). On-road mobile sources accounted for 64.6% of 
mobile sources. Among industrial processes, the iron and steel industry contributed the most 
to NOx emissions, accounting for 44.6% of the sources. The spatial contribution of NOx 
emissions in Bohai New Area (20.6%), Huanghua (12.6%), and Cang County (7.9%) was 
higher than that in other counties.

Carbon monoxide emissions were mainly caused by the incomplete combustion of fuel. 
Industrial processes contributed the most to CO emissions (60.1%), followed by fossil fuel 
sources (26.8%). Among subcategories, the iron and steel industry and residential combus-
tion produced the largest emissions, accounting for 49.7% and 22.3% of the total emissions, 
respectively. For spatial contribution, Bohai New Area emitted the largest quantity of CO 
(55.8% of the total CO emissions).

Industrial processes contributed significantly to VOCs emissions (58.9% of the total), 
followed by mobile sources (15.0%) and solvent use (14.9%). Within subcategories, petro-
chemical sources accounted for 28.3% of the total VOCs emissions, followed by on-road 
mobile (12.1%) and industrial coating (8.2%). Regarding spatial contribution, Bohai New 
Area was the county responsible for the highest emission of VOCs (25.8%) in Cangzhou 
City.

Fugitive dust and industrial processes contributed the most to PM10 (50.4% and 32.1% 
of the total) and PM2.5 (29.7% and 39.9% of the total) emissions, respectively. Among sub-
sources, PM emissions were mainly from foundry, non-metallic mineral manufacturing, and 
road dust. Huanghua County produced the highest emissions contributing 11.1% of the total 
PM10 emissions and 10.2% of the total PM2.5 emissions, respectively.

Fig. 3  The contribution of the emission of sub-sources to Cangzhou in 2018
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Fossil fuel combustion contributed the most to BC emissions (51.0%), followed by 
mobile sources (30.0%). Among fossil fuel combustion sources, residential combustion 
contributed 50.5% of the total BC emissions, followed by non-road mobile sources (17.1% 
of the total). Huanghua (17.8%) contributed the most to BC emissions, followed by Cang 
County (9.7%) and Hejian County (8.6%).

Fig. 4  City-level contributions to the total emissions for nine pollutants in Cangzhou City
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The catering industry contributed the most to OC emissions, at 43.8%. Industrial processes 
and fossil fuel combustion sources contributed 31.0% and 11.6% of the OC emissions. The 
major sub-sources for OC emissions were petrochemical and residential combustion which 
contributed 13.8% and 11.5% to the total OC emissions, respectively. Huanghua (20.8%) 
was the highest OC emitting county, followed by Cang County (9.0%).

Unlike other pollutants, NH3 was mainly emitted from agricultural sources, which 
accounted for 81.5% of the total NH3 emitted owing to the significant growth in the agri-
cultural and livestock scales. Thus, livestock, the main sub-sector, accounted for 46.0% of 
the total NH3 emitted, followed by N-fertilizer (32.5%). High NH3 emissions were mainly 
concentrated in Bohai New Area (16.6%), Nanpi (12.2%), and Xian County (9.4%).

3.2  Temporal and spatial distribution characteristics

Power plants experienced peak electricity generation primarily in July and August, mainly 
due to an increase in the use of cooling appliances, such as refrigerators and air condi-
tioners (Fig. 5). High electricity generation also occurred in the winter months, primarily 
driven by the heating requirements of thermal power enterprises (Bo et al., 2017). Similar 
changes were associated with the production of iron and steel, cement, and coke, i.e., with 
an increase in spring and autumn and a decrease in summer and winter. The increase in pro-
duction from February might be attributed to the resuming of normal operations in factories 
after the Spring Festival and the production ban for winter or heating season (Tang et al., 
2022).

Cangzhou City was divided into 5 km × 5 km grids based on the emission of NOx, SO2, 
CO, VOCs, PM10, PM2.5, OC, BC, and NH3 in 2018 (Fig. 6). Large quantities of pollutants 
(except NH3) were mainly emitted in the eastern and western areas of the city, like Bohai, 
Huanghua, Xian County, and Hejian County, which are industrial clusters above the city 
level. These counties have heavy traffic, high population density (Fig. S1), and developed 

Fig. 5  Monthly variations in power plants and major subcategories of industrial processes in Cangzhou 
in 2018
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industries. High SO2 emissions occurred in Bohai New Area, Hejian, and Huanghua due 
to the consumption of large quantities of fossil fuels and the presence of many industrial 
plants. Bohai New Area has the main thermal power plants in Cangzhou and an iron and 
steel enterprise. The use of large quantities of coal as fuel by these large-scale enterprises 
was the primary contributor to the large quantities of SO2 emitted. The high-emission areas 
for CO were Bohai New Area, Cang County, and Xian County; the latter two areas also 
served as the main concentration areas for residential combustion. The emission of PM10, 
PM2.5, and NOx was predominantly concentrated in Bohai New Area, Huanghua, and Cang 
County, which served as the gathering areas for foundry enterprises, non-metallic mineral 
manufacturing enterprises, and road networks. The emission of VOCs was the highest in 
Bohai New Area, Renqiu, and Huanghua, which were gathering areas for petrochemical 
companies. Additionally, these areas were characterized by the presence of various manu-
facturing industries that use large quantities of solvents in their production processes, result-
ing in the significant emission of VOCs. Large quantities of NH3 were emitted in Bohai New 
Area with dense manufacturing enterprises, and in Nanpi and Xian County, which have high 
agricultural and livestock farming activities.

Fig. 6  Spatial distribution characteristics of the emission of atmospheric pollutants in Cangzhou (2018)
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4  Discussion

4.1  Comparison with other emission inventories

To evaluate the accuracy of our results, we compared our emission results with the results 
obtained for the same region of MEIC and CHRED 3.0 A for 2018 (shown in Table 2).

Except for the NH3 and PM emissions, the estimated results of other pollutants in MEIC 
were significantly higher than those reported in our study, while the emissions of these 
pollutants in CHRED 3.0 A were similar to the inventory results in this study. One of the 
reasons is that the emissions of iron and steel enterprises and power plants in this study and 
CHRED 3.0 A were calculated based on CEMS data, which were lower and closer to the 
actual emissions than the results of MEIC calculated by the unlocalized emission factor 
method. As for the OC emissions, the results of this study were significantly lower than 
those of MEIC and CHRED 3.0 A, mainly due to differences in biomass burning, civil boil-
ers, and residential combustion sources. This study was based on precise to detailed and 
more reliable point source information (location, combustion mode, fuel consumption, pol-
lutant removal information, etc.) and municipal environmental statistics. However, MEIC 
and CHRED 3.0 A calculated emissions mostly based on provincial data and literature, then 
allocated them to cities through population and other data, which overestimated the emis-
sions of cities (Zhao et al., 2015). The classification system of MEIC and CHRED 3.0 A 
(five emission sources) was different from that followed in this study (ten emission sources), 
which also influenced the results. For example, fugitive dust, one of the major sources of 
PM (PM10 and PM2.5), was not listed in MEIC but was included in this study. Therefore, this 
emission inventory described the characteristics of pollutant emissions in Cangzhou City 
more comprehensively and accurately.

4.2  Implications of air pollution control policy

The emission inventory established in this study allowed us to more precisely analyze the 
sources of pollutants that significantly affect human health, primarily PM, NOx, and VOCs; 
the latter two are the precursors of ozone (O3). This information can help the government 
implement targeted measures to control pollution and reduce its effect on human health. 
The energy in Cangzhou City is mainly obtained from coal, petroleum fuel, and natural gas, 
among which coal is the main source. Thus, at the government level, Cangzhou Munici-
pal Government should actively promote the adjustment of energy structure, improve the 
coordinated emission reduction of pollutants, and formulate stricter pollutant emission stan-
dards. For the civil sectors and industrial coal-fired boilers, measures such as coal to gas 
and coal to electricity should be taken. At the industry level, the management of scattered 

Table 2  A comparison of the estimated emissions between this study and previous studies (unit: kt)
Reference Year Spatial 

resolution
SO2 NOx PM10 PM2.5 CO VOCS NH3 BC OC

MEIC 2018 0.25°×0.25° 69.46 170.18 63.59 45.85 1202.39 157.46 43.51 8.03 12.52
CHRED 
3.0 A

2018 10 km×10 km 46.67 70.20 35.02 28.45 766.60 96.68 59.91 5.74 12.35

This study 2018 5 km×5 km 20.29 82.67 116.41 54.87 702.81 87.66 62.00 4.15 3.83
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coal should be promoted for the combustion and processing of fossil fuels. Foundry enter-
prises should strengthen rectification and upgrade equipment to reduce pollution. Combus-
tion devices and environmental protection equipment should be improved and enhanced to 
increase efficiency while improving the management of unorganized emissions. Regarding 
mobile sources, the use of outdated vehicles, which have lower emission standards, reduced 
fuel efficiency, and diminished safety features, should be discontinued, fuel quality should 
be improved, and the adoption of new energy vehicles should be promoted. Additionally, 
fine-grained management should be implemented for dust sources. To prevent the large 
amount of NH3 emitted from agricultural sources, Cangzhou should promote the reduction 
of pesticide and fertilizer application and improve the resource utilization of livestock and 
poultry breeding wastes.

With the promotion of the CEMS model and the strict QA/QC of the CEMS data, the 
pollutants emitted calculated by the CEMS data have become more accurate than those 
calculated by traditional emission inventory compilation methods. This study standardized 
how to develop an emission inventory with the CEMS model, so that this method can be 
extended to more regions and industries of the whole country. Therefore, the quality of emis-
sions data can be greatly improved, more accurate emission inventories can be obtained, and 
more targeted management measures might be developed.

4.3  Uncertainty analysis and limitations

The removal efficiency, activity data, and emission factor are the main sources of uncer-
tainty that reduce the accuracy of the emission inventory. The uncertainties of emission esti-
mation were quantitatively evaluated by the Monte Carlo simulation using the R software 
(version 3.5.1). Further details on uncertainty analysis are provided in studies conducted by 
Hua et al. (2019) and Qi et al. (2017).

The probability distribution data are presented in Tables S4–S11.
We performed 10,000 Monte Carlo simulations with a 95% confidence interval to 

describe the uncertainty. The ranges of estimated pollutant emissions were -16–17% for 
SO2, -10–11% for NOx, -12–13% for CO, -24–29% for PM10, -19–22% for PM2.5, -12–11% 
for VOCs, -6–18% for NH3, -11–12% for BC, and -10–11% for OC. Compared to other 
sources, biomass burning, construction dust, and industrial processes had larger uncertain-
ties. Because the localized emission factors were missing and the activity data of the resi-
dential biomass source were taken from the Statistical Yearbook, which has high inherent 
uncertainties, pollutants emissions from biomass burning were found to be associated with 
higher levels of uncertainty, especially PM10 and PM2.5. The uncertainty of construction 
dust mainly occurred due to the lack of construction time data. The uncertainty of industrial 
processes was caused by incomplete emission factors of various types of products.

Point sources were the main contributors of SO2 and NOx; thus, they had low uncer-
tainties. However, PM10, PM2.5, VOC, and CO emissions had relatively high uncertainties, 
which were mainly caused by industrial processes, biomass burning, and mobile sources. 
For NH3, factors like fertilization time, local weather conditions, and different disposal of 
waste led to the uncertainties of N-fertilizer application and livestock.

Besides the quantitative uncertainties, this inventory had some limitations. Firstly, the 
emission factors of some sources, such as mobile sources and agricultural sources, were 
derived from the guidelines issued by the Ministry of Ecology and Environment (MEE, 

1 3



Construction of a high-resolution city-level emission inventory based on…

2014a, b, c, 2016) rather than local emission factors, and thus, the values might differ from 
actual emissions. Besides, according to Hua (2023), the average annual concentration of 
PM2.5 in Tianjin in 2018 was 52 µg/m3, and the estimated number of deaths from cardio-
vascular and respiratory diseases caused by PM2.5 was 1084–1569 (Hua et al., 2023). Simi-
larly, the PM2.5 concentration in Cangzhou in 2018 was 59 µg/m3 (CEEB, 2019), and the 
number of deaths from these two diseases caused by PM2.5 was preliminarily estimated to 
be 1230–1780. However, due to the lack of long-term disease data and meteorological data, 
we could not establish a detailed air pollution-health model to comprehensively analyze the 
effect of air pollution on human health in Cangzhou City. Future studies need to address 
these limitations.

5  Conclusions

In this study, a city-scale anthropogenic emission inventory with high resolution has been 
established for Cangzhou for the year 2018. In particular, estimates of emission factors, 
temporal emission distributions, and total emissions from the key industries (power plants, 
foundry, and iron and steel) were improved through CEMS data after quality control and 
on-site sampling. Fossil fuel combustion was the main source of BC emissions (51.0% of 
the total BC emissions). The main contributor to NOx emissions was mobile sources (62.8% 
of the total NOx emissions). Industrial processes were the major sources of SO2 (50.3% of 
the total quantity emitted), VOCs (60.1%), CO (58.9%), and PM2.5 (39.9%). Fugitive dust 
sources contributed the most to PM10 emissions (50.4%). The catering industry emitted most 
of the OC (43.8%). Agricultural sources like livestock (46.0%) and N-fertilizer (32.5%) 
were the main sources of NH3 emissions. Concerning temporal and spatial distribution, the 
emissions of power plants and major subcategories of industrial processes showed obvious 
seasonal characteristics; except for NH3, all pollutants emitted were concentrated in the 
southern and eastern regions of Cangzhou City. Compared with the national-level inventory, 
the activity level, spatial resolution and completeness and accuracy of this emission inven-
tory were greatly improved, which can better support the policymakers’ fine management of 
local atmospheric environmental quality. Moreover, our findings offer valuable insights and 
practical references for enhancing environmental governance throughout the broader BTH 
region. Through detailed analysis of emission profiles and effective mitigation strategies in 
Cangzhou, our research contributes to a deeper understanding of pollution dynamics and 
management priorities in the BTH area. These insights facilitate informed policy recom-
mendations and support coordinated regional initiatives aimed at improving environmental 
quality. Future improvements of the Cangzhou City emission inventory should focus on the 
incorporation of local emission factors, the accuracy of the activity data, and the enhance-
ment of spatial distribution surrogates.
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