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Abstract: Due to the high global warming potential and rapidly increasing atmospheric concentra-
tions of fluorinated greenhouse gases (hereinafter referred to as F-gases), the emission estimation has
been widely studied. Additionally, the atmospheric observation supports the emission estimation.
However, there are few F-gas studies with respect to chemical plants. In this study, we firstly carried
out atmospheric observation studies of F-gases around chemical plants in China. Four typical chem-
ical plants were selected, and the concentration levels, their concentration differences (hereinafter
referred to as the up–down difference) and enhanced ratios (hereinafter referred to as the up–down
enhanced ratio) of the F-gases at upwind and downwind sites in the four plants were observed. Both
the upwind and downwind observation results of each plant showed that the average concentrations
of HFCs were the highest (57%–85%), followed by PFCs, while the total average concentrations of
SF6 and NF3 only accounted for less than 5%. The F-gases, with both the larger up–down enhanced
ratios and the larger up–down differences in each plant, may suggest larger emission strengths
during fluorinated production, by-products and usage processes. Additionally, the numbers of
F-gas species emitted from Plants A, B and C were all significantly higher than those from Plant
D. This may be because the F-gases in Plants A, B and C were emitted not only during fluorinated
production and by-product processes, but also during usage processes, with respect to refrigeration
and air-conditioning or foam insulation materials. The F-gases emitted by each plant did not cause
toxicity to humans at sensitive sites; however, they can cause nonnegligible climate impacts. In the
future, it is necessary to select more typical chemical plants to carry out the atmospheric observation
of F-gases, with a higher observation frequency and larger sample size, to further estimate F-gas
emissions from chemical plants in China.

Keywords: chemical plant; fluorinated greenhouse gases; atmospheric observation; concentration

1. Introduction

Greenhouse gases (GHGs) are gases in the atmosphere that can absorb solar radia-
tion reflected from the ground, and emit the radiation again [1]. The seven GHGs con-
trolled under the Kyoto Protocol of the United Nations Framework Convention on Climate
Change include carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluoro-
carbons (HFCs), perfluorocarbons (PFCs), sulfur hexafluoride (SF6) and nitrogen trifluoride
(NF3) [2]. The latter four GHGs contain fluorine atoms, and are thus called fluorinated
greenhouse gases (hereinafter referred to as F-gases) in this paper. The sources of F-gases
are almost all anthropogenic sources that are emitted during the production and usage
processes of the substitutes for ozone-depleting substances (ODSs), fluorochemical in-
dustry, electronic industry, electric power industry, metal smelting and so on [3,4]. The
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global background concentrations of F-gases are extremely low, at only several ppt to
hundreds of ppt (https://gml.noaa.gov/dv/iadv/index.php (accessed on 10 February
2023)). Additionally, the global annual global warming potential (GWP)-weighted emis-
sions of F-gases amounted to billions of tons per year [5], which was an order of magnitude
lower than ten billion tons of CO2 emissions per year [5–7]. Moreover, the GWPs of
F-gases are high, at 124–22,800 [8], and the global background concentrations are increas-
ing rapidly at an annual growth rate far greater than that of CO2, CH4 and other GHGs
(https://ghgdata.epa.gov/ghgp/main.do# (accessed on 10 February 2023)) [9]. From 2009
to 2018, the average annual growth of global GWP-weighted emissions of F-gases was
4.4% [5]. Additionally, the global GWP-weighted emissions of HFCs increased by 18% in
2016–2020 [10]. Therefore, the atmospheric observations of F-gases were widely carried out.

Many studies have been carried out on F-gases, including the physicochemical analy-
sis of F-gases, replacement evaluation, environmental impact, and emission estimation [11].
Research conducted on physicochemical analyses mainly focused on determining the GWP,
which was estimated by using the reaction rate and other parameters of F-gases [12–15]. In
addition, the technologies of emission reduction and recovery of F-gases were studied by us-
ing physical and chemical experiments, such as catalysis, adsorption and separation [16–22].
The feasibility of the substance as a replacement for F-gases was evaluated by using perfor-
mance tests, and the replacement of the refrigerants has been widely studied [23–25]. The
impact of climate change and biological toxicity was studied to evaluate the environmental
impacts of F-gases [26–31]. The emissions of F-gases have been calculated based on bottom–
up and top–down methods [24,32,33], and atmospheric observation was the important
support for emission estimation. The atmospheric observations of F-gases have been mostly
carried out at background and urban sites. Background sites are locations for observing the
composition of the clean and remote atmosphere, and for detecting the long-term changes
and trends of F-gases [34]. Based on the observed background concentrations, the global
emissions of NF3 and SF6 can be estimated by using two-box models from the 1970s [35,36].
Additionally, by using the 12-box model, the global emissions of HFCs, PFCs and SF6 were
also estimated from the 2000s to the 2010s [37–40]. At the same time, the atmospheric
concentrations at the background sites were also affected by local or regional emissions [34].
By using the FLEXPART, FLEXINVERT+ or InTEM model, the regional emissions of F-gases
can be reversed based on the observation data containing pollution information [41–43]. In
China, only the emissions of HFCs were reversed by using FLEXPART [44,45]. In addition,
the combination of FLEXPART-COSMO, and the tracer ratio method was also used to
reverse the emissions of F-gases in Swiss [46,47]. Urban sites are locations for studying
the concentration level and composition of F-gases in the urban atmosphere, which can be
used to analyze pollution characteristics by being compared to background concentrations.
By using the interspecies correlation method, the emissions of cities, regions or nations
can be reversed based on urban observation data [48–51]. Chemical plants are one of the
main emission sources of F-gases, but so far, few atmospheric observation studies have
been conducted on F-gases around chemical plants.

China has ranked first in the world in terms of annual GHG emissions since 2014, and
it is the largest producer, consumer and emitter of HFCs worldwide [52,53]. Therefore, it is
necessary to carry out F-gas atmospheric observations around chemical plants in China.
In this study, we firstly carried out atmospheric observation studies on F-gases around
chemical plants in China. Four typical chemical plants were selected, and the concentration
levels and their concentration differences of F-gases at upwind and downwind sites in the
four plants were observed.

2. Materials and Methods
2.1. Sampling Sites

We selected one chemical plant with fluorochemical companies in the Shandong,
Jiangsu and Zhejiang Provinces (Plants A, B and C, respectively), and a chemical plant in
the Guangdong Province that only used F-gases without fluorochemical company (Plant
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D). Atmospheric observations were carried out around the four chemical plants. In the
four plants, the emissions of the F-gases were mainly unorganized during production and
by-product processes, so the plants can be regarded as area sources. The distance between
each sampling site and the area source center was 1–3 km.

In November 2021, we carried out a total of 28 effective observations at 4 plants,
including 6 effective observations in Plant A and Plant C, and 7 effective observations in
Plant B and Plant D. For each observation, F-gas samples were collected at 1–2 upwind
sites, 1–2 downwind sites and 1–2 sensitive sites at the same time. According to the
meteorological data from a period of 7 days before sampling, the dominant wind direction
in the production period of the plant was analyzed, and the AERMOD model was used
to simulate the concentration distributions of F-gases around the plants. Then, the 1–2
upwind sites,1–2 downwind sites and 1–2 sensitive sites were arranged around the plants.
A schematic diagram of the location of sampling sites for each observation is given in
Figure 1. The samples and meteorological data during sampling in each plant are given
in Table S1. Among the 4 plants, the wind directions of both Plant A and Plant B were
mostly southwest, and the wind speed was within 6 m/s. The wind directions of Plant
C and Plant D were southeast and north, respectively, and the wind speeds were within
3 m/s. It should be noted that the terrain around the four plants located in the suburbs is
open and flat, with few farmlands and no other industrial, residential and transportation
sources within a radius of 3 km.
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Figure 1. Schematic diagram of the locations of sampling sites around four plants in China. U, D and
S denoted upwind, downwind and sensitive sampling sites in each plant, respectively.

2.2. Sampling and Chemical Analysis

Before sampling, we used a canister cleaner with high-purity nitrogen (ENTECH3100D,
ENTECH) to clean the SUMMA canister (3 L, LAB COMMERCE). During the sampling
process, we used the positive pressure sampler of the SUMMA canister (RGSZ-1, Qingdao
Rongguang Electronic Technology Co., Ltd., Qingdao, China) for sampling, and replaced
one filter head for every four samples collected, to prevent cross contamination.

The SUMMA canisters were transported to the laboratory, and a system for the high-
precision measurement of halogenated gases (ODS5-pro) was used to capture and analyze
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the target substances (http://tianjiods.cn/ods5pro.html#_jcp=2 (accessed on 10 February
2023)). The specific steps were to remove most N2, O2, Ar, Xe, CH4 and CO2 using trap 1,
and to re-concentrate and remove impurities using trap 2. A total of 18 species of F-gases,
including 10 HFCs, 6 PFCs, SF6 and NF3, were qualitatively and quantitatively analyzed
by GC-MS (A91P, Panna Instruments Co., Ltd., Changzhou, China; 7700 B, Suzhou Anyeep
Instrument Co., Ltd., Suzhou, China). The name and molecular formula of each F-gas are
shown in Table 1. To ensure the accuracy and reliability of the experiment, the overall
conditions of the equipment were checked by using an instrument blank and standard
gas before formal sampling. In the process of sample determination, three samples were
randomly selected from the collected atmospheric samples as parallel samples, which were
determined twice. In addition, one instrument blank was added after every three measured
samples, so as to avoid the residual caused by excessive sample composition, which could
affect accuracy. The detection limit of the GC-MS analysis method was 0.09–2.72 pptv, and
measurement precision and accuracy were 0.80%–13.22% and 0.05%–34.29%, respectively.
The details are presented in Table 1.

Table 1. Limits of detection (LOD), precision (%) and accuracy (%) of each F-gas.

Substance Molecular Formula LOD (pptv) Precision (%) Accuracy (%)

PFC-14 CF4 1.79 0.80 /
PFC-116 C2F6 0.17 1.20 0.67
PFC-218 C3F8 0.09 4.61 3.02
PFC-318 C4F8 0.10 4.61 3.02

PFC-31-10 C4F10 0.08 13.22 34.29
PFC-51-14 C6F14 0.06 7.58 2.92

SF6 SF6 0.42 1.48 0.59
NF3 NF3 0.18 2.00 /

HFC-23 CHF3 1.16 0.46 0.05
HFC-32 CH2F2 1.39 1.39 2.64

HFC-125 CHF2CF3 0.96 0.90 0.98
HFC-134a CH2FCH3 2.72 0.80 0.08
HFC-143a CH3CF3 0.67 0.91 0.74
HFC-152a C2H4F2 0.32 1.20 0.80
HFC-227ea CF3CHFCF3 0.15 2.56 0.05
HFC-236fa CF3CH2CF3 0.06 7.46 6.63
HFC-245fa CF3CH2CHF2 0.30 3.03 1.35

HFC-365mfc CF3CH2CH3CF2 0.14 4.08 0.30

3. Results and Discussion
3.1. Concentrations of F-Gases at the Upwind Sites

According to the upwind concentration data of each plant (Figure 2), the total average
concentrations of F-gases in each plant ranged from 2137 to 3938 pptv. As shown in Figure 3,
among F-gases, the F-gases with the highest average concentrations in each plant were
HFCs, ranging from 57% to 83%, followed by PFCs (15%–42%), while the total average
concentrations of SF6 and NF3 accounted for only about 1%. The F-gas with the lowest
average concentrations in each plant was HFC-236fa (0.8–1.1 pptv), which was 238%–407%
higher than the background concentrations observed at the Macehead (MHD) station
(https://gml.noaa.gov/dv/data.html (accessed on 10 February 2023)). The background
concentrations of each F-gas are given in Table S2. The F-gases with the highest average
concentrations in each plant were different. Among the four plants, PFC-14, HFC-125 and
HFC-32 were the highest in Plant A (646–782 pptv), and they were 790%–2126% higher than
the background concentrations of each F-gas. Additionally, the total concentrations of the
above three F-gases accounted for 56%. The average concentrations of HFC-32, HFC-125
and HFC-134a were the highest in Plant B and Plant C. Additionally, the total average
concentrations of the three F-gases accounted for 54% and 69% of the total concentrations
of F-gases, respectively. However, the average concentrations and the enhanced ratios
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from the background concentrations of the three F-gases in Plant B and Plant C were
different. The average concentrations of HFC-32, HFC-125 and HFC-134a in Plant B were
340–581 pptv, with enhanced ratios of 169%–1905%, while the average concentrations
and enhanced ratios of the three F-gases in Plant C were 354–746 pptv (180%–2471%).
The average concentrations of HFC-125, HFC-32 and PFC-14 were the highest in Plant D
(642–799 pptv), being 630%–2381% higher than their respective background concentrations
(29–88 pptv). The total average concentrations of the three F-gases accounted for 61%.
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plant (%).

3.2. Concentrations of F-Gases at the Downwind Sites

By comparing the relationship between downwind concentrations and wind speed
and wind direction (Figure 4), it was found that the downwind concentrations in Plants
A, B (wind speed above 2.5 m/s), C and D decreased with the increase in wind speed. A
possible reason could be that when wind speeds are higher, the diffusion conditions are
better, and the downwind concentration is lower [54,55]. In contrast to this, when the wind
speed was lower than 2.5 m/s in Plant B, the wind speed was higher, and the downwind
concentrations were higher. When the wind speed was lower than 2.5 m/s, the atmospheric
stability was relatively high (D or E) during the sampling period. Because the diffusion
degree of the F-gases was relatively low, and the F-gases had difficulty being diffused
toward downwind sites, the downwind concentrations increased with the increase in wind
speed. In addition, under similar atmospheric conditions, for the F-gas with a high molar
mass, only higher emission strengths can lead to considerable concentration differences
between the upwind and downwind sites. Therefore, the emission strength of F-gases may
be higher relative to a higher molar mass. We consider the first atmospheric observation
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in Plant A as an example. Under the same meteorological conditions, the concentration
differences between the upwind and downwind sites of HFC-23 (70.01 g mol −1) and HFC-
125 (102.03 g mol −1) were 17 and 18 pptv, and the emission strength of HFC-125 may be
higher due to the higher molar mass of HFC-125.
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According to the downwind concentration data of each plant (Figure 2), the total
average concentrations of F-gases in each plant ranged from 3255 to 7533 pptv. Simi-
larly to the composition characteristics of the upwind observation data, the F-gases with
the highest average concentrations in each plant were HFCs ranging from 65% to 78%,
followed by PFCs, accounting for less than 35%, while the total average concentrations
of SF6 and NF3 were only within a range of 0.3%–4%. The F-gas with the lowest aver-
age concentrations in each plant was HFC-236fa (1.0–1.6 pptv), and it was 339%–613%
higher than the background concentrations. The F-gases with the highest average con-
centrations in each plant were different. Among F-gases, the average concentrations of
HFC-23, HFC-32 and HFC-125 were the highest in Plant A and Plant B, and their total
average concentrations accounted for 64% and 54%, respectively. However, the down-
wind average concentrations and enhanced ratios from the background concentrations
of the three F-gases in the two plants were different. In Plant A, the average concentra-
tions of HFC-32, HFC-23 and HFC-125 (1358–1859 pptv) were 3673%–6311% higher than
their respective background concentrations. In Plant B, the average concentrations (en-
hanced ratios) of HFC-23, HFC-125 and HFC-32 were 645–916 pptv (1613%–2446%). The
average concentrations of HFC-32, HFC-125 and HFC-134a were the highest in Plant C
(406–711 pptv), and they were 220%–2351% higher than the background concentrations,
and their total average concentrations accounted for 53%. The average concentrations
of HFC-125 (823 pptv), HFC-32 (708 pptv) and PFC-14 (581 pptv) were the highest in
Plant D, which were 561%–2341% higher than their respective background concentrations
(29–88 pptv), with their total average concentrations accounting for 55%.

For HFC-134a and HFC-152a, the average concentrations at the downwind sites in
each plant (284–406 pptv and 32–714 pptv) were significantly higher than those previously
studied [48,49,51,56], such as the average concentrations of HFC-134a (30–144 pptv) and
HFC-152a (10–24 pptv) in 46 Chinese cities in 2010 [56] and the concentrations of HFC-134a
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in four cities in China from 2009 to 2011 (61–110 pptv) [49], in five cities in China from 2009
to 2019 (61–207 pptv) [51] and in the Pearl River Delta region in 2010 (90 pptv) [48]. It may,
to some extent, indicate that the chemical plants were important sources of F-gas emissions
in cities.

3.3. Concentration Difference and the Enhanced Ratio of F-Gases between Upwind and
Downwind Sites

As shown in Figure 5 and Table 2, the average concentration differences of F-gases
between the upwind and downwind sites (hereinafter referred to as up–down differences)
in each plant showed that the total up–down differences of F-gases in Plants A, B and C
ranged from 960 to 3623 pptv, and the average concentration enhanced the downwind to
upwind ratios (hereinafter referred to as up–down enhanced ratios), which ranged from 52%
to 93%. However, the total up–down differences of F-gases in Plant D were only 415 pptv,
and the up–down enhanced ratio was 9%. This may be because there are fluorochemical
companies in Plants A, B and C. F-gases were emitted through fugitive emissions during
their production process [3,4,10,57,58]. For example, the emission factors of the production
process recommended by IPCC 2006 and IPCC 2019 were 0.5% (0–1%) and 4% (1%–20%).
At the same time, a large number of F-gases can be produced as by-products and emitted
into the atmosphere, such as HFC-23, SF6, PFC-14, PFC-116, PFC-318, PFC-31-10, and
PFC-51-14 [3,4,59]. The emissions of these by-product F-gases may exceed the emissions of
F-gases that are intentionally produced [4]. Additionally, the by-product emission factors of
these F-gases ranged from 3% to 18% [4]. These F-gases were emitted into the atmosphere
via process vents, equipment leakage and container ventilation [4]. F-gases may also be
emitted during the usage processes, with respect to refrigeration and air-conditioning or
foam insulation materials [3,4,41,60,61]. However, there is no fluorochemical company in
Plant D, with F-gases emitting only during usage processes. Therefore, it can be inferred
that the emission sources of F-gases in each plant were different, resulting in different
emission strengths and up–down differences in each plant.
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For the component of up–down differences in each plant, the up–down differences
of HFCs were the highest, which accounted for a range of 61%–99% of the total up–down
differences of F-gases, followed by PFCs ranging from 1% to 37%. In contrast, the total
up–down differences of SF6 and NF3 only accounted for a range of 0%–10% of the total up–
down differences of F-gases. The comparison between F-gas concentrations at the upwind
sites and those at the downwind sites shows that the average concentrations of most F-gases
at the downwind sites of each plant were significantly higher than those at the upwind
sites. For example, the up–down differences of HFC-125 in each plant were 24–910 pptv.
However, there were also a few F-gases that have lower average concentrations at the
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downwind sites than upwind sites of each plant, such as HFC-134a, HFC-143a, HFC-
365mfc and PFC-14 in Plant A. It was indicated that these F-gases may not be the main
F-gases emitted from this plant [62]. In general, the number of F-gas species emitted in
Plant C was the highest, with a total of 16 F-gas species, followed by Plant B and Plant A,
and the number of F-gas species emitted in Plant D was the lowest (12 F-gas species). A
possible reason for this observation may be that there were fluorochemical companies in
Plants A, B and C, in which multiple F-gases may be emitted during fluorinated production
and by-product processes at the same time [3,4,10,57–59]. Additionally, F-gases may also
be emitted during usage processes [3,4,41,60,61]. The F-gases in Plant D may mainly be
emitted during the usage processes [3,4,41,60,61]. Perhaps the emission sources of F-gases
were different, so the species of F-gases emitted were also different.

Table 2. The up–down enhanced ratio of each F-gas.

Substance Plant A Plant B Plant C Plant D

PFC-14 −38% 70% 62% −9%
PFC-116 25% 19% 119% 42%
PFC-218 64% −48% 157% 41%
PFC-318 871% −41% 117% 4%

PFC-31-10 84% 108% 172% −31%
PFC-51-14 96% 10% 56% 16%

SF6 −2% 24% 3% −8%
NF3 0% −1% 1576% −6%

HFC-23 382% 409% 77% −3%
HFC-32 176% 4% −5% 1%

HFC-125 125% 53% 66% 3%
HFC-134a −34% 10% 15% 2%
HFC-143a −25% 200% 21% 10%
HFC-152a 1322% 195% 24% −8%
HFC-227ea 104% 229% 1306% 5%
HFC-236fa 98% 7% 10% 31%
HFC-245fa 81% 3% −4% 1592%

HFC-365mfc −17% 144% 43% 470%

As shown in Table 2, the F-gases with the highest up–down enhanced ratios in each
plant were different. In Plant A, the up–down enhanced ratio of HFC-152a was the highest
(1322%), followed by PFC-318 and HFC-23. Among the three F-gases, the up–down
differences of HFC-152a and HFC-23 were also high, which accounted for 16% and 30% of
the total up–down differences of F-gases, respectively. However, the up–down difference
of PFC-318 was low (84 pptv). In Plant B, the up–down enhanced ratios of HFC-23,
HFC-227ea and HFC-143a were the highest (200%–409%). Among the three F-gases, the
up–down difference of HFC-23 was also high, which accounted for 49% of the total up–
down differences of F-gases. However, HFC-227ea and HFC-143a were the opposite. In
Plant C, the up–down enhanced ratios of NF3, HFC-227ea and PFC-218 were the highest
(157%–1576%), except for PFC-218, and the up–down differences of NF3 (111 pptv) and
HFC-227(245 pptv) were also high. In Plant D, the up–down enhanced ratios of HFC-
245fa, HFC-365mfc and PFC-116 were the highest (42%–1592%). Additionally, the up–
down differences between HFC-245fa and PFC-116 were also high, and the proportions
were 47% and 48%. As mentioned by Lv et al. (2015), Wei et al. (2016) and Wei et al.
(2018), the higher the up–down differences or up–down enhanced ratios of volatile organic
compounds in plants, the higher the emission strength [63–65]. Our results also showed
the similar features.

3.4. Toxicity and Environmental Impact of the F-Gases

F-gases have high volatility and low or no solubility in water [26,28,66–69]. After being
released into the environment, F-gases almost reside in the atmosphere. Only high F-gas
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concentrations caused by high emissions over short periods can cause exposure risks, such
as cardiotoxicity, pneumonia or pulmonary edema and other diseases [27–31,69]. Based
on the exposure limits and the LC50 of F-gases, the health impacts of F-gases at sensitive
sites were analyzed (Table 3). Except for HFC-245fa (300 ppm), the exposure limits of other
F-gases were 1000 ppm, and except for PFC-218, PFC-31-10, PFC-51-14 and NF3, the LC50
of other F-gases at higher than 81ppm/4H can cause acute toxicity, and both were far higher
than the total concentrations of F-gases at sensitive sites (1441–2565 pptv). Therefore, the
F-gases emitted by each plant did not cause toxicity relative to humans at sensitive sites.

Table 3. Exposure limits, LC50 and GWP of each F-gas.

Substance CAS Exposure Limits
(ppm) a

LC50
(ppm/4H) b

Gwp
100-Year References

PFC-14 75−73−0 / c 895,000 d 6630 [28,66]
PFC-116 76−16−4 / c 40,000 6630 [28,66]
PFC-218 116−15−4 / c / 8900 [28,66]
PFC-318 76−19−7 / c 81 9540 [66]

PFC-31-10 354−92−7 / c / 9200 [66]
PFC-51-14 354−96−1 / c / 7910 [66]

SF6 2551−62−4 1000 >500,000 22,800 [66,69]
NF3 7783–54–2 1000 / c 17,400 [67]

HFC-23 75–46–7 1000 663,000 14,600 [26]
HFC-32 75–10–5 1000 520,000 771 [29]
HFC-125 354–33–6 1000 800,000 3740 [29]

HFC-134a 811–97–2 1000 500,000 1530 [29]
HFC-143a 420–46–2 1000 540,000 5810 [29]
HFC-152a 75–37–6 1000 383,000 124 [29]
HFC-227ea 431–89–0 1000 789,000 3600 [26]
HFC-236fa 690–39–1 1000 457,000 8690 [26]
HFC-245fa 460–73–1 300 200,000 962 [29]

HFC-365mfc 406–58–6 1000 100,000 914 [26]
a American Industrial Hygiene Association (AIHA) Workplace Environmental Exposure Limits (WEEL) based on
an 8 h time-weighted average. b Lethal concentration at 50% mortality, rat. c No available data. d Value referred to
15 months.

As shown in Table 3, F-gases have a high GWP (124–22,800) and radiative efficiencies
(almost five orders of the magnitude of CO2 (1.33 × 10−5 W)) [8]. Although the concen-
trations of F-gases emitted by each plant were not high (419–3623 pptv), they can also
cause non-negligible climate impacts. Therefore, it is necessary to continually monitor the
concentrations of F-gases in the workplaces and try to adopt the best available abatement
technology for reducing the climate and health impacts of F-gases. Currently, some control
measures have been taken in China (https://www.mee.gov.cn/ (accessed on 11 Marth
2023)). For example, new construction and expansion of HFC production facilities are not
allowed, and the production capacity and material types of the original production facilities
cannot increase.

4. Conclusions

Based on the atmospheric observation data around Plants A, B, C and D in the Shan-
dong, Zhejiang, Jiangsu and Guangdong Province, in this study, we observed and analyzed
the atmospheric concentration level and concentration difference at the upwind and down-
wind sites of F-gases at four plants.

The observation results at both the upwind and downwind sites of each plant showed
that HFCs had the highest average concentrations in each plant, which ranged from 57%
to 83%, followed by PFCs (15%–42%), while the total average concentrations of SF6 and
NF3 accounted for less than 5%. The average concentration of HFC-236fa was the lowest in
each plant, which was only within a range of 0.8–1.6 pptv, while F-gases with the highest
concentrations were different. For example, according to the upwind concentration data of

https://www.mee.gov.cn/
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F-gases, the average concentrations of PFC-14, HFC-125 and HFC-32 were the highest in
Plant A (673–824 pptv), while the average concentrations of HFC-125, HFC-32 and PFC-14
were the highest (642–799 pptv) in Plant D.

From the up–down differences and up–down enhanced ratios of F-gases in each plant,
the total up–down differences in each plant ranged from 415 to 3623 pptv, and from 9% to
93%. Moreover, 13–16 F-gas species were emitted from Plants A, B and C, and they were
also significantly higher than those emitted from Plant D (only 12 F-gas species). This may
be because F-gases were emitted during the fluorinated production and the by-product
processes of fluorochemical companies in Plants A, B and C, as well as the usage processes
of refrigeration and air-conditioning equipment or foam insulation materials. However,
there is no fluorochemical company in Plant D, and only the emission of F-gases during the
usage processes was observed. It can be inferred that the emission sources of F-gases in each
plant were different, resulting in different emission strengths and up–down differences
in each plant. Therefore, paying attention to the emission of F-gases is necessary during
fluorinated production and the by-product processes of fluorochemical companies.

Only high F-gas concentrations caused by high emissions over short periods can cause
exposure risk. The F-gases emitted by each plant did not cause toxicity relative to humans.
However, because F-gases have a high GWP (124–25,200) and radiative efficiencies (almost
five orders of magnitude of CO2 (1.33 × 10−5 W)), they can cause nonnegligible climate
impacts. Therefore, available concentration observation, abatement and control measures
should be conducted to reduce the climate and health impacts of F-gases.

Although this study only carried out preliminary atmospheric observations around
four chemical plants in China, the methods and principles of selecting sampling sites and
the discussion about the effects of wind speed and direction on downwind concentrations
in each plant during the sampling period may provide a reference for carrying out the
atmospheric observation of other GHGs and atmospheric pollutants around chemical
plants. In addition, both up–down enhanced ratios and up–down differences can better
identify the F-gases exhibiting high emissions during the fluorinated production and by-
product processes, and this method can be used to identify emissions of the main air
pollutants from other chemical plants. Because F-gases were emitted during fluorinated
production, by-product and usage processes in different chemical plants are different, and
the production equipment, process flow and control measures in different chemical plants
also differ in the production process. If one wants to further estimate the F-gas emissions
of fluorochemical companies in China in the future, selecting more typical chemical plants
to carry out the atmospheric observation of F-gases at a higher observation frequency and
larger sample size is necessary.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos14050817/s1, Table S1: Sample information and meteoro-
logical conditions during sampling at each plant; Table S2: The background concentrations of each
F-gas.
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