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Abstract

:

As solvent-based coatings are gradually phasing out in China, the volatile organic compounds (VOCs) emission characteristics of surface-coating industries have changed rapidly. Sector-based field measurements were conducted to build VOCs emission factors and source profiles of surface-coating industries in Jiangsu Province. A VOCs emission inventory was developed, and the projections for 2020 to 2030 were set. It was found that VOCs content in water-based coatings is 50.8% of solvent-based coatings on average. VOCs emission factors of solvent-based coatings ranged from 0.40 to 0.51 kg kg−1, while those of water-based coatings ranged from 0.14 to 0.24 kg kg−1. Compared to solvent-based coatings, the proportion of aromatics emitted from water-based coatings was 44.2% lower, while the proportion of oxygenated VOCs (OVOCs) was 11.6% higher. The results showed that VOCs emissions were about 134 Gg in Jiangsu Province in 2020, of which the solvent-based coating sources contributed 79.6% of the total. Aromatics were the main species contributing 52.9% of VOCs emissions and 85.9% of ozone formation potential (OFP). According to emission prediction results of four scenarios, the emission reduction of implementing low-content VOCs coating substitution is 8.7% higher than that of adopting the best available end-of-pipe treatment measures by 2030.
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1. Introduction


As a typical economically developed region in China, the Yangzi River Delta (YRD) region is facing serious air pollution issues, characterized by high concentrations of fine particle matter (PM2.5) and ozone (O3) [1,2]. In order to improve air quality and protect human health, a series of control measures have been implemented in recent years [3]. PM2.5 concentration has been decreasing rapidly. However, the YRD region is still facing severe winter haze pollution due mainly to secondary aerosols [4], along with increased O3 concentrations in summer [5]. Studies have shown that there is an increasing proportion of secondary organic aerosols (SOAs) formed by volatile organic compounds (VOCs) [6,7]. Moreover, according to previous studies, O3 formation in most regions of the YRD is sensitive to VOCs [8,9]. Therefore, VOCs are the crucial precursor for controlling both secondary aerosols and O3 in the YRD region.



Industrial coating processes are recognized as important VOCs sources in the YRD region. In recent years, control measures have been applied to reduce VOCs emissions, including the implementation of end-of-pipe treatment, as well as the use of coatings with low VOCs content [10]. Thus, the VOCs emission characteristics of surface-coating industries have changed rapidly. An accurate depiction of VOCs emission characteristics is essential for the formulation of air pollution control strategies. Several studies have been conducted to estimate VOCs emissions from surface-coating industries [11,12,13]. However, most of the previous emission inventories were established using emission factors based on Chinese standard limits due to the lack of measured data. The influence of coating types was not considered as well [14]. In addition, VOCs consist of numerous species with various reactivities, and understanding the chemical compositions from different sectors is essential for air pollution control [15]. Although there have been several studies of VOCs source profiles in coating industries, most of them focused on solvent-based coatings, and water-based coatings were seldom covered [11,16,17].



Jiangsu Province has the largest VOCs emission from surface-coating industries in the YRD region [12]. Different types of coating enterprises are well distributed, making it the most representative region to study VOCs emission characteristics of the surface-coating industries. In order to identify VOCs emission characteristics and to develop priority control measures to reduce ambient O3, air samples of different coating types from surface-coating industries were collected and measured in this work. Sector-based emission factors and source profiles of VOCs were established, and a local VOCs emission inventory of surface-coating industries was developed using the emission factor method. The OFP of VOCs emissions from different sources and species were also estimated. Four scenarios were set to estimate VOCs emissions from coating industries under different policies for the target years of 2025 and 2030. The results would be helpful for developing strategies to control VOCs emissions as well as further improve air quality by reducing VOCs related to O3 formations.




2. Materials and Methods


2.1. Measurement


Local measurements of VOCs emission factors were conducted in 5 kinds of coating industries in Jiangsu province, which are wood furniture coating, auto coating, construction machinery coating, container coating, and shipbuilding. The sources were further sub-categorized by different coating types, including solvent-based and water-based coatings.



Representative samples of industrial coatings were collected according to the market investigation and statistical data about the consumption of different coatings obtained from the China Coatings Industry Annual [18]. A total of 280 air samples of various coatings were collected from 98 factories in Jiangsu province, including 186 solvent-based coatings and 94 water-based coatings. Table 1 summarizes the number of samples collected for each sector or process. All samples were collected from production lines. VOCs content in solvent-based and water-based coatings were analyzed according to the Paint and Varnishes-Determination of Volatile Organic Compound (VOC) Content-Difference Method (GB/T 23985) and the Paint and Varnishes-Determination of Volatile Organic Compound (VOC) Content-Gas-Chromatographic Method (GB/T 23986), respectively.



In order to obtain VOCs speciation and build source profiles, 66 organized and unorganized samples were collected by 6L SUMMA canisters, as shown in Table 1. The samples were collected from 15 factories in Jiangsu province, including 2 furniture manufacturing factories, 4 auto manufacturing factories, 2 shipbuilding factories, 3 container manufacturing factories, and 3 construction machinery manufacturing factories. To make the sampling work more efficient, some of the factories had both water-based coating lines and solvent-based coating lines. Both organized and unorganized samples were collected for each coating line. Prior to sampling, all canisters were cleaned at least five times by repeatedly filling and evacuating ultra-pure nitrogen (N2, 99.999%). Air samples were collected into the vacuumed canisters through a stainless -steel line equipped with a filter (filled with glass wool and anhydrous sodium sulfate) installed at the head of the inlet. The organized emission samples were uniformly sampled at the chimney of the exhaust funnel, and the sampling time was about 10 min. The unorganized emission samples were uniformly sampled in the coating workshop. The height was about 1.5 m, and the sampling time was about 1 h. A pressure gauge was used to check the pressure in the canister to ensure the completion of sample collections. The sampling time was controlled by the restrictor valve to ensure the representativeness of the samples. The source samples were analyzed following US EPA methods TO-15 [19]. Samples in SUMMA canisters were firstly pre-diluted in a preconcentrator (Model 7100, Entech Instruments Inc., California, CA, USA), and then analyzed by a gas chromatography-mass selective detector (GC-MSD, 5973N, Agilent Technologies, Santa Clara, CA, USA) or flame ionization detector (FID) to characterize the C2–C12 VOCs components. The C2–C3 hydrocarbons were separated with an HP-PLOT/Q polystyrene-divinylbenzene column (15 m × 0.32 mm × 20.0 μm) and quantified using an FID. The C4–C12 hydrocarbons were separated with a DB-1 Dimethylpolysiloxane column (60 m × 0.32 μm × 1.0 μm) and quantified using an MS. The carrier gas was high-purity helium, and the carrier gas flow rate was 2 mL/min. The ion source temperature for the MS was 250 °C, and the ionization method was electron impacting. The profiles for VOCs consisted of 107 species, including 29 alkanes, 13 alkenes and alkynes, 17 aromatics, 10 OVOCs, 35 halocarbons, and 3 other organic compounds. The concentrations from different plants were weighted-averaged and further normalized into mass percentages.




2.2. Emission Inventory


Industrial paints are mostly used for automobile, furniture, ship, machine, plastic, fabric, and other metallic surface coatings in China. The VOCs emissions of each sub-sector were calculated using the emission factor method, following Equation (1):


En = EFn × An × (1 − ηn),



(1)




where En is emission, referring to total VOCs emission for the nth emission source. EFn is an emission factor, referring to the percentage of VOCs content of raw and auxiliary material of the nth source. An is the activity rate, referring to the consumption of raw and auxiliary material of the nth source, and ηn is the removal rate, referring to the exhaust control efficiency of the nth source.



Based on the measurement results in this study, emission factors for furniture manufacturing, auto manufacturing, shipbuilding, container manufacturing, and construction machinery manufacturing were updated first. We assumed that VOCs from organic raw and auxiliary materials are discharged into the atmosphere completely, and emission factors were defined as the VOCs content in each type of paint. Apart from the emission factors built in this study, emission factors from plastic and fabric surface coatings were obtained from the domestic emission inventory guidebook of China [20] and published literature [16]. Activity data were mainly obtained through field surveys. Information about 5042 large- and medium-sized industrial coating sources, including control technologies, solvent type, and consumption, was obtained in this study.




2.3. Source Profiles and OFP Analysis


VOCs source profiles of 5 kinds of coating industries were localized according to the measurements in this study and refined into 2 coating types. The OFP was estimated to characterize the regional O3 formation contributions from different VOCs species and sources. The OFP of individual VOCs species is calculated by the product of its emission amount and its maximum incremental reactivity (MIR) value [8], following Equation (2):


OFPi = mi × MIRi,



(2)




where OFPi is the ozone formation potential, referring to the O3 quality generated by the emission of ith VOCs species, and mi is the emission amount of the ith VOCs species. MIRi is the maximum incremental reactivity, referring to the maximum incremental reactivity (MIR) of the ith VOCs species, which were obtained from previous studies [15,21].





3. Results


3.1. Emission Characteristics


3.1.1. VOCs Emission Factors


The organic solvents used in the coating industry include coatings, thinners, curing agents, cleaning agents, and adhesives. VOCs emissions are mainly generated during the preparation, storage, and use of solvents in the coating process. According to the VOCs content testing results (Table 2 and Figure 1), the VOCs contents of solvent-based coatings ranged from 356 g L−1 to 838 g L−1, with an average of 581 g L−1. The VOCs content for 79.7% of solvent-based coating samples was at a range of 450 and 750 g L−1. The solvent-based coatings in the furniture manufacturing industry had the highest VOCs content, with an average of 606 g L−1, while coatings in the container manufacturing industry had a relatively low-VOCs content, with an average of 484 g L−1. The VOCs contents for the water-based coatings ranged from 155 to 468 g L−1, with an average of 295 g L−1. A total of 86.4% of water-based coating samples were at a range of 150 and 350 g L−1. The coatings in the construction machinery manufacturing industry had the highest VOCs content, with an average of 293 g L−1, while coatings in the container manufacturing industry had a relatively low VOCs content, with an average of 208 g L−1. According to the compulsory standards issued in China [22,23,24,25], 58.5% and 70.2% of the samples from solvent-based coatings and water-based coatings exceeded the VOCs content limits, respectively.



Based upon field survey and source sampling, five localized uncontrolled emission factors from the consumption of raw material and product were newly built. Sector-specific emission factors are listed in Table 2. The emission factors of solvent-based coatings varied at a relatively narrow range from 0.40 to 0.51 kg kg−1. The furniture machinery industry was characterized by the highest emission factor for solvent-based coatings. The emission factors for water-based coatings in the five industries ranged from 0.14 to 0.24 kg kg−1. The auto manufacturing industry was characterized by the lowest emission factor for water-based coatings.




3.1.2. Sector-Based VOCs Source Profiles and OFP


VOCs species in the surface-coating industries differed from each other due to the complex coating types. Figure 2 illustrates the chemical compositions of VOCs in five industrial coating sectors. The source profiles showed that the aromatics in the five industries accounted for 41.2–61.6%, followed by OVOCs accounting for 12.7–26.5% for solvent-based coatings. OVOCs (23.8–47.0%) were the largest group for water-based coatings in general, followed by halocarbons (6.6–40.3%) and alkanes (6.2–29.8%). The proportion of aromatics emitted from water-based coatings was 44.2% lower than those from solvent-based coatings, while the proportion of OVOCs was 11.6% higher than the solvent-based coatings.



In terms of solvent-based coatings, the proportions of aromatics in the shipbuilding (66.1%) and furniture (68.6%) manufacturing industries were much higher than those in the engineering machinery industry (41.4%) and auto-painting industry (49.5%). In terms of water-based coatings, the proportions of aromatics were below 15% in five industrial coating sectors, while the proportions of OVOCs were between 23.8% and 47.0%. As halocarbons were used as solvents and cleaning agents in the coating process, the halocarbons contributed 9.1% and 24.5% for solvent-based coatings and water-based coatings, respectively.



Table 3 shows the emission characteristics of speciated VOCs from different kinds of industrial coating sources and their comparison with other studies. Compared with previous studies, which were sampled during 2013–2017 [11,16], the proportion of aromatics for solvent-based coatings in shipbuilding, metal products, and auto manufacturing has decreased by 16.4–26.0%. With the development of coating technology, esters, ketones, and other substances in solvent-based coatings have replaced benzene homologues as better substitutes, resulting in a significant reduction in the emission of aromatics. However, the chemical compositions for furniture manufacturing were basically the same as before.



Table 4 lists the proportions of the main VOCs species and chemical groups contributing to VOCs emissions and OFP for both solvent-based coatings and water-based coatings. The top 10 species with regard to VOCs mass concentration in water-based coatings and solvent-based coatings accounted for 73.6% and 58.6% of the total emissions, respectively. Seven of the top 10 species in solvent-based coatings were classified as benzene homologues, and m/p-xylene was the top specie which accounted for 19.7%. The top 6 species in water-based coatings were classified as halocarbons and OVOCs. The compositional difference for water-based coatings was fairly large compared with solvent-based coatings.



In terms of solvent-based coatings, aromatics accounted for the majority of total OFP (87.1%). Aromatics, alkenes, and OVOCs were identified as the main contributors, accounting for 54.0%, 20.3%, and 12.8% of the total OFP in water-based coatings, respectively. The top 10 OFP-contributing species in water-based coatings and solvent-based coatings accounted for 88.7% and 64.9% of the total OFP, respectively. Among them, eight of the top ten species in solvent-based coatings were classified as benzene homologues, and m/p-xylene accounted for 36.0% of the total OFP, which was much higher than other species.





3.2. Emission Inventory


3.2.1. Source Contributions


Table 5 shows the paint consumption and emission contributions from industrial sector sources. The emissions were mainly affected by the types and consumption of the coatings. The substitution ratios of water-based coatings were below 40% in most coating processes, except for the container manufacturing industry, which reached 92%. The solvent-based coatings contributed 74% of Jiangsu’s total industrial coating consumption in 2020. The total VOCs emissions from the industrial coating process in Jiangsu Province for the year 2020 were about 134 Gg, in which the solvent-based coating sources contributed the majority of total VOCs emissions (79.6%).



The highest VOCs emissions came from the shipbuilding and electronic product manufacturing industries, which contributed 17.3% and 16.6%, respectively. For plastic parts and shipbuilding manufacturing, the water-based coating technology was not yet mature, with the substitution proportion being about 5–7%, resulting in high VOCs emissions. The contribution of the container manufacturing was significantly lower than other industries, accounting for only 5%. The auto manufacturing industry had almost fully used water-based coatings, while solvent-based coatings still accounted for more than 80% of coatings in the auto parts manufacturing industry. The construction machinery manufacturing industry mainly adopts high-solid or water-based coatings as an alternative, accounting for about 20%. Emissions emitted from the auto and construction machinery manufacturing industries both contributed 14.3% of the total VOCs emissions.



Emissions from industrial coating sources were allocated based on their geographical coordinates (Figure 3). From the perspective of regional distribution, VOCs emissions from the industrial coating industry were concentrated in five cities in southern Jiangsu (Nanjing, Suzhou, Zhenjiang, Changzhou, and Wuxi) and Xuzhou, accounting for 77% of the province’s emissions. Suzhou has the highest VOCs emissions, accounting for 35% of the total emissions.



The uncertainty of VOCs emission inventories was due mainly to insufficient representativeness and the lack of activity data, emission factors, and source profiles. The activity-level data used in this study were mainly obtained from a large number of sample surveys. Since the VOCs emission factor was a complex coefficient, this study focused mainly on the actually measured results from typical enterprises. However, due to the differences in coating technologies, production processes, and types of used solvents, emission factors varied among plants even under the same sector. The removal efficiency of treatment facilities was also characterized by great uncertainty, which has a certain impact on emission estimation.




3.2.2. Characteristics of VOCs Species and OFP


Figure 4 illustrates the speciated VOCs emissions and their OFP from industrial surface-coating sources in Jiangsu province for the year 2020. Aromatics contributed 52.9% of the total VOCs emissions. OVOCs, alkanes and alkenes accounted for 21.2%, 9.2%, and 4.9%, respectively. M/p-xylene (17.5%), ethyl benzene (6.8%), ethyl acetate (6.6%), o-xylene (6.0%), and 1,2,4-trimethylbenzene (5.3%) were the top 5 contributing species. OFP-based contributions of VOCs groups were different from their emission-based contributions. Aromatics contributed 85.9% of the total OFP, which were much higher than their corresponding emission-based contributions. OVOCs and alkenes accounted for 7.9% and 4.7%, respectively. M/p-xylene (35.5%), 1,2,4-trimethylbenzene (18.9%), 1,2,3-trimethylbenzene (9.2%), o-xylene (8.0%), and 1,3,5-trimethylbenzene (3.6%) were the top five contributing species in OFP.





3.3. Scenarios of Emission Reduction


3.3.1. Scenario Settings


Combined with future economic development, as well as the implementation of policies and upgrade of control technologies, four scenarios (scenarios A, B, C, and D) were set up to predict VOCs emissions of the surface-coating industry for the years 2025 and 2030, respectively. Scenario A was a benchmark scenario considering the development of socio-economic and pollution control policies being maintained at the current level. Scenario B was a coating substitution scenario, where the substitution of low-VOCs content coatings (such as water-based coatings and solvent-free coatings) increased dramatically, while the development of end-of-pipe treatment technologies was constant. Scenario C was an end-of-pipe treatment scenario, where the best available control technologies were assumed to be implemented, while the substitution of low-VOCs content coatings was constant. Scenario D was a scenario considering maximum emission reduction potential, where every source made great efforts to control VOCs emissions, including coating substitution combined with end-of-pipe treatment measures. These four scenarios are described in detail in Table 6. The numbers for 2025 were set by the historical statistical data and the Pollution Control Plan [26] published in Jiangsu province, and the numbers for 2030 were set by the linear extrapolation of 2020 and 2025. All the parameter values were set based on the control technology economic and technical feasibility analysis results.




3.3.2. Scenario Predictions


Figure 5 shows the prediction results of emission reduction. The Ministry of Ecology and Environment of the PRC has issued a series of compulsory product quality standards since 2020, specifying the VOCs content limits for different kinds of coatings. After the implementation of such standards, the VOCs content in various kinds of coatings decreased by about 9–30%. By 2030, the substitution rate of low-VOCs content coatings was estimated to be greatly increased, while the emission reduction potential of end-of-pipe treatment technology would be gradually exhausted. For the benchmark scenario, as the socio-economic developed rapidly, the VOCs emission increased by 17.3 Gg and 27.6 Gg by 2025 and 2030, respectively. For scenario B, the substitution of low-VOCs content coatings could reach 35% in 2025 and 70% in 2030. The VOCs emission reduction amount could reach 25.9 Gg (19.4%) and 64.8 Gg (48.4%), respectively. For scenario C, the VOCs removal efficiency would exceed 40% in 2025 and 80% in 2030, and the amount of emission reduction would reach 20.5 Gg (15.3%) and 53.2 Gg (39.7%), respectively. The emission reduction rate of scenario B would be 4.0% and 8.7% higher than scenario C by 2025 and 2030, respectively. In terms of scenario D, the maximum emission reduction potential could reach 75.2 Gg, and the emission reduction proportion could reach 56.1% by 2030.






4. Conclusions


In order to investigate the impact of water-based coating substitution on VOCs emission characteristics for the surface-coating industries and policy effectiveness, this study conducted field measurements to build VOCs emission factors and source profiles of surface-coating industries in Jiangsu Province. The VOCs content in water-based coatings was 50.8% of solvent-based coatings on average. The emission factors of solvent-based coatings varied at a relatively narrow range from 0.40 to 0.51 kg kg−1, while the water-based coatings ranged from 0.14 to 0.24 kg kg−1. Compared to solvent-based coatings, the proportion of aromatics emitted from water-based coatings was 44.2% lower, and the proportion of oxygenated hydrocarbons was 11.6% higher. The compositional difference for the water-based coatings is fairly large compared with solvent-based coatings. The VOCs emission from the industrial coating industries in Jiangsu Province were about 134 Gg in 2020. By 2030, the emission reduction rate generated from adopting low-VOCs content coatings would be 4.0% and 8.7% higher than the rate from end-of-pipe treatment measures by 2025 and 2030, respectively. The maximum emission reduction from the industrial coatings could reach 75.2 Gg, and the reduction rate could reach 56.1% compared to 2020.
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Figure 1. Distribution of VOCs content in solvent-based (a) and water-based (b) coating samples. 
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Figure 2. VOCs chemical compositions of nine industrial coating sub-sectors (note: CM: construction machinery coating; WF: wood furniture coating; CT: container coating; AU: automobile coating; SB: shipbuilding coating; -S: solvent-based; -W: water-based). 
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Figure 3. Spatial distributions of VOCs emissions for the surface-coating industries from point sources in Jiangsu Province for the year of 2020. 
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Figure 4. Speciated characteristics of VOCs emissions and OFP of the surface-coating industries in Jiangsu for the year of 2020. 
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Figure 5. VOCs emissions of the surface-coating industries under different reduction scenarios from 2020 to 2030. 
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Table 1. Number of samples collected at different source sectors for the localization of VOCs emission factors and source profiles.
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Sources

	
Sub-Sectors

	
NO. of Samples for VOCs Content Testing

	
NO. of Samples for Source Profiles Establishing






	
Furniture manufacturing

	
Solvent-based

	
90

	
5




	
Water-based

	
20

	
4




	
Auto manufacturing

	
Solvent-based

	
30

	
12




	
Water-based

	
11

	
6




	
Shipbuilding

	
Solvent-based

	
13

	
9




	
Water-based

	
17

	
6




	
Container manufacturing

	
Solvent-based

	
29

	
2




	
Water-based

	
30

	
12




	
Construction machinery manufacturing

	
Solvent-based

	
24

	
5




	
Water-based

	
16

	
5




	
Total

	
280

	
66
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Table 2. The measured VOCs content and the localized uncontrolled VOCs emission factors for different kinds of industrial coating sources.
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Sources

	
Sub-Sectors

	
VOCs Content (g L−1)

	
Emission Factor (kg kg−1)




	
Range

	
Averaged






	
Furniture manufacturing

	
Solvent-based

	
378~757

	
606 ± 65.9

	
0.51




	
Water-based

	
155~372

	
243 ± 52.1

	
0.20




	
Auto manufacturing

	
Solvent-based

	
438~838

	
590 ± 132.6

	
0.49




	
Water-based

	
248~468

	
393 ± 65.6

	
0.14




	
Shipbuilding

	
Solvent-based

	
321~685

	
532 ± 101.1

	
0.45




	
Water-based

	
78~343

	
223 ± 65.0

	
0.19




	
Container manufacturing

	
Solvent-based

	
245~589

	
484 ± 80.5

	
0.40




	
Water-based

	
47~345

	
208 ± 84.4

	
0.17




	
Construction machinery manufacturing

	
Solvent-based

	
426~723

	
532 ± 95.9

	
0.44




	
Water-based

	
156~435

	
293 ± 90.6

	
0.24
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Table 3. VOCs chemical compositions of industrial coating sources and their comparison with other studies.
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Sources

	
References

	
Aromatics (%)

	
OVOCs (%)

	
Alkanes (%)

	
Alkenes (%)

	
Others (%)






	
Automobile manufacturing

	
[16] a

	
66.3

	
31.7

	
2.0

	
0.0

	
0.0




	
[12] b

	
69.7

	
15.1

	
11.7

	
1.2

	
2.2




	
This study c

	
49.5

	
20.5

	
14.4

	
0.4

	
15.1




	
Shipbuilding

	
[16]

	
92.2

	
6.5

	
0.7

	
0.0

	
0.7




	
[12]

	
70.7

	
22.7

	
1.2

	
0.3

	
5.1




	
This study

	
66.1

	
16.7

	
2.3

	
8.0

	
6.7




	
Furniture manufacturing

	
[16]

	
64.7

	
27.5

	
5.9

	
0.0

	
2.0




	
[12]

	
87.1

	
0.0

	
7.7

	
0.7

	
4.5




	
This study

	
68.6

	
12.7

	
9.3

	
2.2

	
7.1




	
Construction machinery manufacturing

	
[16]

	
62.1

	
20.9

	
13.0

	
2.0

	
2.0




	
[12]

	
76.5

	
10.3

	
2.9

	
3.4

	
6.9




	
This study

	
41.2

	
23.3

	
10.9

	
9.9

	
14.7








a Zhong et al., (2017). Sampling period: from 2012 to 2016; b An et al., (2021). Sampling period: from 2013 to 2017; c This study. Sampling period: from 2021 to 2022.
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Table 4. The proportions of main VOCs species and chemical groups contributing to VOCs emissions and OFP for solvent-based coatings and water-based coatings.
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Emissions

	
OFP




	
VOCs Species

	
Contributions

	
VOCs Species

	
Contributions






	
Solvent-based coatings

	
M/p-xylene

	
19.7% ± 0.165

	
M/p-xylene

	
36.0% ± 0.165




	
Ethylbenzene

	
7.7% ± 0.045

	
1,2,4-Trimethylbenzene

	
19.2% ± 0.045




	
Ethyl acetate

	
7.3% ± 0.039

	
1,2,3-Trimethylbenzene

	
9.6% ± 0.039




	
Ortho-xylene

	
6.6% ± 0.054

	
Ortho-xylene

	
7.9% ± 0.054




	
1,2,4-Trimethylbenzene

	
5.9% ± 0.039

	
1,3,5-Trimethylbenzene

	
3.5% ± 0.039




	
N-propylbenzene

	
5.4% ± 0.066

	
Ethylbenzene

	
3.4% ± 0.066




	
Methylbenzene

	
4.9% ± 0.039

	
Propene

	
3.2% ± 0.039




	
Propanone

	
4.5% ± 0.029

	
Methyl methacrylate

	
2.2% ± 0.029




	
1,2,3-Trimethylbenzene

	
3.3% ± 0.031

	
Methylbenzene

	
2.0% ± 0.031




	
Isopropanol

	
3.1% ± 0.027

	
N-propylbenzene

	
1.7% ± 0.027




	
Total alkanes

	
9.7% ± 0.039

	
Total alkanes

	
0.8% ± 0.039




	
Total alkenes

	
5.0% ± 0.037

	
Total alkenes

	
7.8% ± 0.037




	
Total aromatics

	
55.4% ± 0.113

	
Total aromatics

	
87.1% ± 0.113




	
Total OVOCs

	
18.6% ± 0.042

	
Total OVOCs

	
4.1% ± 0.042




	
Others

	
11.3% ± 0.049

	
Others

	
0.1% ± 0.049




	
Water-based coatings

	
Propanone

	
9.9% ± 0.032

	
1,2,4-Trimethylbenzene

	
20.3% ± 0.013




	
Dichloromethane

	
8.9% ± 0.059

	
M/p-xylene

	
8.4% ± 0.010




	
Dichloroethane

	
8.5% ± 0.096

	
Ortho-xylene

	
6.8% ± 0.013




	
Isopropanol

	
7.0% ± 0.039

	
1,3,5-Trimethylbenzene

	
5.7% ± 0.002




	
2-Butanone

	
6.5% ± 0.042

	
Ethene

	
4.7% ± 0.009




	
Alcohol

	
5.2% ± 0.054

	
1,2,3-Trimethylbenzene

	
4.3% ± 0.003




	
Propane

	
4.2% ± 0.028

	
Propene

	
4.2% ± 0.003




	
Isopentane

	
2.9% ± 0.019

	
2-Butanone

	
3.7% ± 0.042




	
Ethane

	
2.9% ± 0.028

	
Tetrahydrofuran

	
3.6% ± 0.021




	
Isobutane

	
2.6% ± 0.011

	
1-Butene

	
3.1% ± 0.001




	
Total alkanes

	
21.1% ± 0.106

	
Total alkanes

	
7.5% ± 0.106




	
Total alkenes

	
3.1% ± 0.009

	
Total alkenes

	
20.3% ± 0.009




	
Total aromatics

	
11.2% ± 0.049

	
Total aromatics

	
54.0% ± 0.049




	
Total OVOCs

	
30.2% ± 0.091

	
Total OVOCs

	
12.8% ± 0.091




	
Others

	
34.5% ± 0.197

	
Others

	
4.0% ± 0.197
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Table 5. The proportion of paint consumption and VOCs emissions of surface-coating industries in Jiangsu province in 2020.
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Sources

	
Proportion of Paint Consumption (%)

	
Emission Inventory




	
Solvent-Based

	
Water-Based

	
Other

	
Emissions a

	
Percentage






	
Furniture manufacturing

	
78

	
12

	
10

	
14.7

	
11.0%




	
Auto manufacturing

	
63

	
31

	
6

	
19.2

	
14.3%




	
Shipbuilding

	
93

	
5

	
2

	
23.2

	
17.3%




	
Container manufacturing

	
8

	
92

	
0

	
6.1

	
4.6%




	
Machinery manufacturing

	
80

	
10

	
10

	
19.1

	
14.3%




	
Metal products

	
82

	
8

	
10

	
18.7

	
14.0%




	
Electronic equipment

	
85

	
7

	
8

	
22.2

	
16.6%




	
Textiles

	
95

	
5

	
0

	
10.7

	
8.0%




	
Total

	
74

	
19

	
7

	
133.9

	
100.0%








a The unit for the emissions is Gg.
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Table 6. The technology penetration of four scenarios in surface-coating industries for the years 2025 and 2030.
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Control Technologies

	
Field

	
2020

	
Scenario A

	
Scenario B

	
Scenario C

	
Scenario D




	
2025

	
2030

	
2025

	
2030

	
2025

	
2030

	
2025

	
2030






	
Substitution of Coatings with low VOCs content

	
Substitution proportion (%) in technically mature fields (furniture manufacturing, construction machinery manufacturing, etc.)

	
22%

	
30%

	
50%

	
40%

	
80%

	
30%

	
50%

	
40%

	
80%




	
Substitution proportion (%) in technically immature fields (plastic parts spraying, shipbuilding, etc.)

	
5%

	
10%

	
15%

	
20%

	
40%

	
10%

	
15%

	
20%

	
40%




	
Application of end-pipe treatment technology

	
Application proportion (%) of simple and low-efficiency treatment technology

	
80%

	
60%

	
30%

	
60%

	
30%

	
40%

	
15%

	
40%

	
15%




	
Application proportion (%) of high-efficiency treatment technology (enterprises outside the substitution)

	
15%

	
25%

	
50%

	
25%

	
50%

	
40%

	
75%

	
40%

	
75%
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