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A B S T R A C T

1,1,1,2-Tetrafluoroethane (HFC-134a), a potent greenhouse gas, breaks down to form trifluoroacetic acid (TFA). 
Lack of its gridded emissions inventories makes it difficult to analyze the spatial distribution of emissions. This 
study developed a framework for national and gridded HFC-134a bank and emission calculations, validation and 
environmental impact assessments. Within this framework, we used production and consumption data along 
with emission factors to compile a gridded inventory for China. The results reveal an increase in national HFC- 
134a emissions, from 0.1 kt yr− 1 in 1995 to 48 kt yr− 1 in 2020, with banks also increasing from 0.9 to 301 kt. 
Guangdong, Jiangsu, and Shandong provinces showed the largest cumulative emissions, totaling 98 kt between 
1995 and 2020, representing 28% of HFC-134a national emissions. A Lagrangian dispersion model, in 
conjunction with atmospheric observations, was used to validate the gridded inventory, where the simulations 
based on the gridded inventory were in reasonable agreement with the observations. A carbon–neutral (CN) 
scenario was developed to project future emissions. The adoption of HFO-1234yf and R-513A as substitutes for 
HFC-134a is projected to cause an additional 701 kt of cumulative TFA formation potential between 1995 and 
2060, on top of the 3825 kt projected under the Kigali Amendment scenario.

1. Introduction

Hydrofluorocarbons (HFCs) have been widely used as the main re-
placements for ozone-depleting substances (ODS) controlled under the 
Montreal Protocol (UNEP, 2020). Many HFCs are potent greenhouse 
gases and are subject to a global phase-down under the Kigali Amend-
ment (KA) to the Montreal Protocol (Purohit et al., 2022). While the 
Kyoto Protocol initially aimed to reduce HFC emissions, these efforts are 
now being pursued under the Paris Agreement of the United Nations 
Framework Convention on Climate Change (UNFCCC). The Kigali 

Amendment to the Montreal Protocol was adopted in 2016 and entered 
into force from 1 January 2019. It aims to regulate both the production 
and consumption of HFCs (UNEP, 2020). This means that countries that 
ratify the amendment are obligated to gradually reduce the amount of 
HFCs they produce and use. As of March 2025, 163 signatories have 
ratified the Kigali Amendment to the Montreal Protocol, which aims to 
phase down HFCs worldwide (UN, 2025).

1,1,1,2-Tetrafluoroethane (CH2FCH3, HFC-134a) has an atmospheric 
lifetime of 14 years, a direct radiative efficiency of 0.167 W m− 2 ppb− 1, 
and global warming potential (GWP) of 1530 over a 100-year time 
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horizon (Smith et al., 2021). Following the phase-out of the production 
of most long-lived ODSs in 2010, the global emissions and atmospheric 
abundance of HFC-134a increased rapidly, rising from 177 Gg yr− 1 and 
67 ppt in 2012 to 245 Gg yr− 1 and 113 ppt in 2020 (WMO, 2023). 
Consequently, the radiative forcing attributed to HFC-134a reached 19.5 
mW m− 2 in 2020 (WMO, 2023). HFC-134a can also generate the 
degradation product trifluoroacetic acid (TFA) at yields of approxi-
mately 7% to 21% (Kotamarthi et al., 1998; Luecken et al., 2010), which 
can impact aquatic ecosystems. The no-observed effect concentration 
(NOEC) value for the inhibition of algal growth was 120 μg L− 1 (Berends 
et al., 1999). Studies have observed a significant increase in TFA con-
centration in water and plants across Europe and China over the last 
decade (Zhai et al., 2015; Freeling et al., 2022). While current evidence 
on major TFA risks to humans or the environment remains limited, its 
persistence and continuing emissions could cause significant environ-
mental accumulation. This widespread, long-lasting contamination may 
become irreversible, posing challenges if future research uncovers 
adverse effects (Garavagno et al., 2024). At present, the primary low- 
GWP alternative to HFC-134a in the mobile air conditioning sector is 
HFO-1234yf (CF3CF=CH2, GWP<1). With an atmospheric lifetime of 
only 12 days (WMO, 2018) and a TFA yield of 100% (Luecken et al., 
2010), HFO-1234yf will generate more TFA rapidly than HFC-134a 
(Luecken et al., 2010; David et al., 2021).

To assess the environmental impact of HFC-134a on climate change 
and TFA formation potential, accurate emission estimates are necessary. 
Most bottom-up studies, which rely on production and consumption 
data, employ the Tier 2a method at the sub-application level, utilizing 
disaggregated data and specific emission factors for distinct equipment 
types (IPCC, 2006). In contrast, only a few studies (Fang et al., 2016, 
2018) have used the Tier 1a method at the application level, which relies 
on aggregated data and composite factors, resulting in lower precision 
compared to Tier 2a. The most recent relevant study, conducted by Yi 
et al. (2023), covers a wide range of sectors, including the mobile air 
conditioning (MAC) sector, the commercial air conditioning sector, the 
foam sector, the metered-dose inhaler sector, and the production sector. 
Most of the existing bottom-up studies only estimated total HFC-134a 
emissions at regional (Harnisch et al., 2002; Ding et al., 2023) or na-
tional (Godwin, 2012; Fang et al., 2016, 2018; Sharma et al., 2017; Li 
et al., 2019; Xiang et al., 2022; Bai et al., 2023; EDGAR, 2023; Wu et al., 
2023; Yi et al., 2023) scales. Only Yi et al. (2023) has also estimated city- 
level emissions, specifically for Beijing, Guangzhou, Hangzhou and 
Lanzhou in China. For the MAC sector, they used city-level vehicle 
ownership data for emission calculations. For other sectors, city-level 
emissions were calculated by identifying the socio-economic param-
eter that is most relevant to emissions and using that parameter’s share 
of the national total to the specific city. For ODSs and fluorinated 
greenhouse gases, only one gridded inventory has been published, 
which is for HCFC-22 by Wu et al. (2022). The results of this inventory 
have not been validated using observational data in conjunction with an 
atmospheric transport model. As for banks (HFC-134a that has been 
produced but not yet released to the atmosphere or destroyed), only a 
limited number of studies have documented global or national banks of 
HFC-134a (Velders et al., 2014; Montzka et al., 2015; Wu et al., 2023; 
Bai et al., 2023). The lack of gridded data on banks and emissions poses 
challenges in analyzing the spatial distribution of banks and emissions, 
assessing regional contributions, and identifying gridded locations with 
the highest HFC-134a emissions. High spatial resolution emission in-
ventories can provide key input data for atmospheric simulation models, 
which can improve modeling accuracy.

China is the world’s leading producer, consumer, and emitter of 
HFCs, contributing 46% of the global HFCs production in 2022 (UNEP, 
2024). HFCs produced in China satisfy both domestic consumption 
needs and international export demands. The share of global HFC-134a 
emissions attributable to China increased significantly, from 1% in 1995 
to 20% in 2020 (WMO, 2023). China pledged to a carbon neutrality 
target by 2060 in 2020 (People’s Government of the People’s Republic 

of China, 2021; Zhang et al., 2022) and ratified the Kigali Amendment in 
2021, recognizing the necessity to reduce HFC production and con-
sumption. Bai et al. (2023) conducted a study outlining a pathway to 
reduce HFCs emissions in alignment with China’s 2060 carbon 
neutrality objective, which highlighted potential challenges in phasing 
down HFC-134a due to rising consumption demands and the selection of 
optimal alternatives. To address these challenges, in this study, we have 
developed a comprehensive modelling framework for national-gridded 
bank and emission calculations, validation and environmental impact 
assessments (GEVE) as illustrated in Fig. 1. Five emission sources asso-
ciated with the production and consumption of HFC-134a were 
analyzed, leading to the development of a methodology for computing a 
gridded bank and emission inventory. Using the GEVE framework, this 
study compiled a gridded (1◦×1◦) bank and emission inventory of HFC- 
134a in China for the period from 1995 to 2020. It analyzed the spatial 
distribution characteristics and identified the grid cells with the highest 
emissions. The gridded emission inventory has been validated against 
observed atmospheric mole fractions of HFC-134a from nine different 
measurement sites across China, using an atmospheric transport model, 
namely the Numerical Atmospheric-dispersion Modelling Environment 
(NAME) (Jones et al., 2007). In this study, a carbon–neutral scenario 
was developed to accelerate the phase-down of HFC-134a in accordance 
with the phase down schedule of the Kigali Amendment. The emission 
reduction potentials of HFCs by 2060 were then analyzed under three 
scenarios, along with their associated environmental impacts, including 
the potential to form TFA.

2. Methods

2.1. Estimation of HFC-134a national bank and emission based on 
material flow analysis

Emission sources of HFC-134a in China were identified, stemming 
from four consumption processes and one fluorine chemical production 
process: (1) the mobile air conditioning (MAC) sector, (2) the industrial 
and commercial refrigeration (ICR) sector, (3) the foam sector, (4) 
miscellaneous consumption sectors, and (5) the production sectors. The 
material flow analysis method was used to identify these emission pro-
cesses, with the material flow topology provided in Fig. S1. Section 1 of 
the Supplementary Information (SI) describes the specific meaning of 
each emission process within each sector and provides the reference 
source for the classification of HFC-134a in the consumption sector.

For the foam sector, the emissions factor and longevity of emissions 
depends on the waste disposal method. If the foam product is disposed of 
in a landfill, it may emit HFC-134a for more than 10 years beyond its 
service life. If incinerated, HFC-134a undergoes complete pyrolysis and 
is no longer emitted into the atmosphere (Roh et al., 2019). Disposal 
methods for foam products may vary regionally. However, due to 
limited data availability, obtaining more detailed sub-regional data is 
challenging. Therefore, this study relies on national landfill and incin-
eration ratios for calculations, with 64% of foam products disposed of in 
landfills and 36% incinerated (National Bureau of Statistics of China, 
2020). Therefore, throughout the entire lifecycle of foams, two distinct 
banks exist: an active bank (foams in use) and an inactive bank (post--
disposal), often referred as the waste bank. In the foam sector, active 
banks refer to HFC-134a in currently installed insulation products (PU 
and XPS) with ongoing emission potential, while inactive banks refer to 
retired foam materials containing stabilized HFC-134a that are awaiting 
disposal or degradation. This study updated and improved the estima-
tion of inactive banks and waste disposal emissions building on the 
IPCC’s Method 1a (IPCC, 2006). For the MAC and ICR sectors, this study 
provisionally assumed that after the product reached service life, the 
residual refrigerant in products would be entirely emitted to the atmo-
sphere. It solely accounted for active banks, referring to the remaining 
banks of fluorinated greenhouse gases still existing throughout the 
lifecycle of the products. This is due to the fact that, despite that some 
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Chinese enterprises have recently started refrigerant recycling efforts in 
the MAC and ICR sectors, they have been unable to collect data on the 
quantities of the recovered refrigerant. Detailed information on banks, 
emission calculation methods, emission factors and activity data for all 
sectors is available in Tables S1–S4 (Section 1 of the SI). The calculations 
of production and consumption used for the forecast are detailed in 
section 3 of the methodology. It should be noted that, due to data un-
availability, Hong Kong, Macao and Taiwan were not included in the 
inventories calculated in this study.

To estimate the uncertainty in HFC-134a emission, a Monte Carlo 
simulation was conducted, accounting for uncertainties in initial con-
sumption, emission factors, radiative efficiency, and climate sensitivity 
parameters. The uncertainty calculations were performed using Excel, 
assuming a 10% uncertainty for activity data and emission factors in 
each sector (e.g., Wu et al., 2022, 2023). Following Wei (2011), the 
probability density distribution functions for activity level data and 
emission factors were modeled using a lognormal distribution. The 
Monte Carlo analysis included 100,000 simulations, with the uncer-
tainty range of HFC-134a emissions expressed as 10% and 90% confi-
dence intervals (Wu et al., 2022, 2023).

2.2. HFC-134a gridded bank and emission calculation and gridded 
emission validation

In this study, following the calculations of aggregated national HFC- 
134a bank and emission inventories, either the single-factor allocation 
method or the hierarchy analysis method was used to calculate the 
provincial-gridded banks and emissions. The single-factor allocation 
methodology identifies factors potentially relevant to banks or emissions 
from a sector and selects the most relevant parameter. National banks 
and emissions are then distributed to provinces based on each province’s 
share of that parameter (Wu et al., 2022). When emissions from a sector 
are affected by various factors, the single-factor allocation method be-
comes inadequate. Instead, hierarchical analysis is used to perform a 
multi-factor assessment, determining the relative significance of these 
factors (Wang, 2018). Notably, the provincial and gridded inventory of 
HFC-134a developed in this study did not account for production 
emissions because annual production data for each HFC-134a produc-
tion enterprise was unavailable. Our calculations indicate that produc-
tion emissions constitute a minor portion of total emissions, accounting 
for only 2% in 2020.

For both the MAC and miscellaneous consumption sectors, a corre-
lation analysis was conducted using SPSS statistics to examine the 
relationship between yearly national emissions and relevant proxy pa-
rameters, across each stage of the processes’ life cycle (Fig. 2). The most 

Fig. 1. Modeling framework for national-gridded bank and emission calculations, gridded emissions validation and environmental impact assessments (GEVE).
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relevant parameters were then selected as provincial allocation param-
eters. Industrial production (r=0.99, p<0.01) and car ownership 
(r=0.98–0.99, p<0.01) were selected as the provincial allocation 
parameter for initial emissions and other emission processes (operation, 
servicing and disposal emissions) within the MAC sector. In the 
miscellaneous consumption sectors, building completed area (r=0.97, 
p<0.01) was selected as the allocation parameter (Fig. 2a). A similar 
analysis was conducted for banks, car ownership (r=0.99, p<0.01) and 
building completed area (r=0.97, p<0.01) were selected as the pro-
vincial bank allocation parameter for MAC and miscellaneous con-
sumption sectors (Fig. 2c). In the foam sector, limited historical emission 
data were available for the correlation calculations, primarily due to the 
adoption of HFC-134a around 2016 as a blowing agent in China. 
Therefore, building completed area was chosen as the provincial allo-
cation parameter for this sector, based on findings from the study by Wu 
et al. (2022) on HCFC-22. In the ICR sector, we adopt the hierarchy 
analysis method as outlined by Yang (2010) to calculate provincial 
banks and emissions. Detailed data sources are provided in Table S2.

Using provincial HFC-134a banks and emissions as a basis, this study 
applied the single-factor allocation method to compute a gridded in-
ventory at a resolution of 1◦×1◦. The factors in Fig. 2b and 2d were 
selected as potential allocation variables for calculating the gridded 
inventory (Aucott et al., 1999; Doll et al., 2000; Papasavva et al., 2009). 
Correlations between provincial emissions and these three parameters 
were calculated for every emission process in every sector to determine 

the best proxy for gridded emissions (see Fig. 2b). It was found that GDP 
(r=0.67–0.99, p≤0.01) showed strong correlation with emission esti-
mates across all emission processes in all sectors. Therefore, GDP was 
selected as the gridded allocation parameter for calculating HFC-134a 
gridded emissions. Similarly, a correlation analysis was performed be-
tween the banks and the associated parameters, and GDP (r=0.54–0.95, 
p≤0.01) was selected as the allocation parameter for the calculation of 
the HFC-134a gridded banks. As a result, gridded (1◦×1◦) GDP data was 
used as a proxy to allocate provincial emissions to the grids, which was 
implemented using ArcGIS. It is worth noting that correlation does not 
imply causation, which could introduce errors or uncertainties in the 
gridded emissions. However, our validation using a Lagrangian disper-
sion model is useful for assessing the reliability of the emission 
inventory.

The gridded emissions of HFC-134a compiled in this study were 
validated using atmospheric observations of HFC-134a combined with 
an atmospheric dispersion model. The atmospheric observations of HFC- 
134a mole fractions used for verification were obtained from a network 
operated by the China Meteorological Administration, comprising nine 
sites across different regions of China from 2011 to 2020. Table S5 of the 
SI contained complete sampling information of the measurements. A 
Lagrangian particle dispersion model, namely the Numerical 
Atmospheric-dispersion Modelling Environment (NAME) (Jones et al., 
2007) from the UK Met Office was used to derive the sensitivity of the 
atmospheric observation to emissions in each grid (or in other words the 

Fig. 2. Pearson correlation coefficient between emissions and related parameters: (a) national emissions and related parameters of MAC and miscellaneous con-
sumption sectors over a yearly period; (b) provincial emissions and related parameters for each sector; (c) national banks and related parameters for MAC and 
miscellaneous consumption sectors over a yearly period; (d) provincial banks and related parameters for each sector.
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contribution from emissions in each grid to the observations). Detailed 
information about the set-up of the NAME backwards run can be found 
in An et al. (2023, 2024). The gridded inventory of HFC-134a compiled 
in this study was combined with the emissions contribution from each 
grid to simulate the mole fractions made at the observation sites using 
the NAME model. Emissions outside China are assumed to be zero 
during the simulation. Baseline mole fractions were simulated by 
considering the sensitivities of observations to the domain boundaries, 
as output by the NAME model. Background mole fractions at the domain 
boundaries were obtained from the AGAGE 12-box assimilation of 
global background measurements (Rigby et al., 2013, WMO, 2023). By 
comparing the simulated mole fractions (baseline plus enhancements) 
with the observed mole fractions at the nine sites, we assessed the 
reliability of the gridded emissions.

This study used several statistical criteria to evaluate the agreement 
between simulated and observed mole fractions at the stations, 
including the normalized mean bias (NMB) and normalized mean error 
(NME) (Emery et al., 2001). Further details on NMB and NME can be 
found in Section 2 of SI.

2.3. HFC-134a emission reduction scenarios and environmental impact 
assessment

In this study, three scenarios were developed: the Pre-Kigali 
Amendment (Pre-KA) scenario, the Kigali Amendment (KA) scenario, 
and the Carbon Neutrality (CN) scenarios. These scenarios were devised 
to assess the potential for emission reductions and the environmental 
impacts of HFC-134a, as detailed below: 

1) The Pre-KA scenario represents a situation where HFC-134a is not 
subjected to any phase-down. Based on the GAINS (Greenhouse Gas 
and Air Pollution Interactions and Synergies Model) methodology 
(Purohit and Höglund-Isaksson, 2017; Purohit et al., 2020), we 
projected future production and consumption demands across 
various sectors for the pre-Kigali scenario and used this data to es-
timate future emissions. By analyzing the relevant parameters, the 
production sector, MAC, and foam sector use GDP to project pro-
duction and consumption for 2020–2060, in accordance with the 
methodologies outlined in Li et al. (2019). The ICR sector and 
miscellaneous consumption sectors use public building completed 
area to forecast consumption for 2020–2060. The results of the 
Pearson correlation coefficient of the activity data for each sector are 
shown in Table S10 of the SI. According to the International Council 
on Clean Transportation (ICCT) projected value of car ownership in 
China with HFC as a refrigerant (Jin et al., 2021), per capita car 
ownership is expected to keep rising until 2060. As a result, this 
study does not set a saturation value for car consumption.

2) The KA scenario involves a phased reduction of HFC-134a usage 
according to the Kigali Amendment’s schedule. This includes a 10% 
reduction by 2029, 30% by 2035, 50% by 2040 and 80% by 2045 
from China’s baseline;

3) The CN scenario addresses the need to achieve carbon neutrality by 
2060, given that the KA scenario reduces HFC-134a consumption to 
only 80% of the baseline level by 2045 (Bai et al., 2023). To allow for 
a time buffer towards switching to low-GWP alternatives, a CN sce-
nario was developed to maximize the demand for HFC-134a con-
sumption in China while still achieving the emission reduction 
target.

In this study, the CN scenario was developed using a nonlinear 
programming approach to accelerate the phase-down of HFC-134a 
consumption under the KA scenario while meeting the highest 
possible demand for HFC-134. The objective function is defined as the 
maximum consumption of HFC-134a between 2040 and 2060. In order 
to reasonably set the 2060 HFC-134a emission target, this study refers to 
the emission proportion of China’s HFCs from the Shared Socioeconomic 

Pathway (SSP) published by CMIP6 (Gidden et al., 2019), to set the 
range of China’s HFC-134a emission target under the 2060 carbon 
neutrality goal. The key parameters affecting HFC-134a emissions in 
2060 are the reduction rate in 2040 and 2045, as well as the reduction 
rate from 2045 to 2060, which were adjusted in the dynamic planning 
calculation. As most of the lifetime of HFCs-containing products does not 
exceed 20 years, it is assumed in this study that China will accelerate the 
phase-down of the consumption of HFC-134a after 2040. The objective 
function and constraints are as follows: 

MAC(P) =
∑2060

i=2040
(CMAC,i + CICR,i + CFoam,i + Cother,i)

EMAC,2060 + EICR,2060 +EFoam,2060 +EOther,2060 ≤ ECN,2060 

CMAC,i +CICR,i +CFoam,i +Cother,i ≤ Ki 

C2040 > 0 

C2045 > 0 

C2045+ > 0 

CMAC,i, CICR,i, CFoam,i and Cother,i are the consumption in year i for MAC, 
ICR, Foam and miscellaneous consumption sectors respectively; ECN,2060 

is the maximum emission limitation of HFC-134a in 2060 under the CN 
scenario, which is based on the projected scenario in SSP1-2.6 of the 
Sixth Assessment Report of the IPCC (IPCC, 2021); EMAC,2060, EICR,2060, 
EFoam,2060 and EOther,2060 are the emissions of HFC-134a in the MAC, ICR, 
foam and miscellaneous consumption sectors in 2060, respectively; Ki is 
the consumption limitation for year i as required by the Kigali Amend-
ment; C2040, C2045, C2045+ are the reduction rates in 2040, 2045 and the 
average annual percentage of reductions after 2045, respectively. Fig. 3
presents the consumption phase-down schedules for each scenario.

In order to predict the TFA formation potential from HFC-134a and 
its substitutes, we assumed that all HFC-134a used in MAC and foam 
applications was replaced by HFO-1234yf, while HFC-134a used in the 
ICR sector was replaced by R-513A (56% HFC-1234yf, 44% HFC-134a). 
Miscellaneous consumption sectors were excluded due to the difficulty 
in identifying potential substitutes for HFC-134a in these sectors. The 
reasons for selecting HFC-134a alternatives and related information are 
detailed in Section 3 and Table S9 of SI.

In this study, we analyzed the environmental impacts of HFC-134a 
and its alternatives on global climate and water ecology under 
different emission reduction scenarios. The methods for calculating the 

Fig. 3. HFC-134a consumption phase-down schedules under the Kigali 
Amendment and that proposed in the Carbon Neutrality (CN) scenario.
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increased radiative forcing or temperature increase due to HFC-134a 
emissions, as a measure of climate impact, are based on Xu et al. 
(2013) and Fang et al. (2016). The amount of TFA formation potential 
during the atmospheric degradation of HFC-134a and its potential al-
ternatives was used to roughly predict their ecological and environ-
mental impacts on major catchment bodies. The calculations of TFA 
formation potential were based on Wu et al. (2014), with detailed cal-
culations provided in Section 3 of the SI.

3. Results and discussion

3.1. HFC-134a historical banks, emissions, and environmental effects

As CFCs and HCFCs have been gradually replaced by HFC-134a in the 
refrigeration, air-conditioning and foam-consuming sectors, the pro-
duction and consumption of HFC-134a in China have surged signifi-
cantly. From approximately 1 kt yr− 1 for both production and 
consumption in 1995, these figures escalated to 190 and 90 kt yr− 1, 
respectively by 2020. Over the period spanning 1995 to 2020, cumu-
lative production and consumption reached 1,686 and 646 kt, respec-
tively, as illustrated in Fig. 4. Simultaneously, banks also accumulated 
over time, reaching 301 kt by 2020. This resulted in a rapid increase in 
emissions, rising from less than 1 kt yr− 1 in 1995 to 48 kt yr− 1 (39–55 kt 
yr− 1) in 2020. The average annual growth rate was 29%, with cumu-
lative emissions totaling 354 kt (294–412 kt). It is important to note that 
this study does not include data for Hong Kong, Macao and Taiwan. The 
emission data from these regions exhibit minimal impacts on the na-
tional emissions. For instance, as documented by the Ministry of Ecology 
and Environment of the People’s Republic of China (2023), Hong Kong’s 
HFC-134a emissions in 2018 constituted merely 1.6% of China’s total 

emissions.
As indicated by Fig. 4a and c, the growth in HFC-134a emissions has 

begun to fall behind the growth in consumption since 1995, with cu-
mulative emissions (354 kt) being lower than cumulative consumption 
(634 kt). This discrepancy is attributable to emissions generated 
throughout the life cycle of product manufacturing, service, and waste 
disposal associated with HFC-134a, leading to a buildup in the bank size 
and delayed emission from their year of consumption. Fig. 5 presents a 
comparison between the historical emissions estimated in this study and 
previously published HFC-134a emissions data from China  (Yokouchi 
et al., 2006; Kim et al., 2010; Li et al., 2011, 2019; Fang et al., 2012, 
2018, 2019; Yao et al., 2012, 2019; Lunt et al., 2015; Xie et al., 2019; Yi 
et al., 2021, 2023; Bai et al., 2023). The findings of this study closely 
align with recent bottom-up studies (Yi et al., 2023; Bai et al., 2023) and 
follow a similar trend. Moreover, they fall within the uncertainty range 
of the majority of existing research outcomes. As shown in Fig. 5, the 
uncertainty range of emission estimates has increased over time, pri-
marily due to the increasing uncertainty of bank size. Factors such as the 
addition of new equipment, emissions during operation and mainte-
nance, and equipment disposal significantly influence bank changes. 
The yearly variations in these factors, along with their cumulative 
impact, have contributed to the rising uncertainty in bank estimates.

Around 1995, the MAC sector in China adopted HFC-134a as a 
refrigerant. By 2020, the MAC sector accounted for the highest cumu-
lative consumption, emissions, and banks among all sectors at 236 kt 
(37%), 136 kt (39%) and 113 kt (37%), respectively. This was followed 
by the miscellaneous consumption sectors and the ICR sector. In the 
analysis of each life cycle stage from 1995 to 2020, operating emissions 
of HFC-134a were consistently the highest, ranging from 41% to 57% of 
the total, whereas initial emissions consistently register the lowest 

Fig. 4. HFC-134a historical consumption, production, banks and emission in each sector and each life cycle stage from 1995 to 2020: (a) Production and con-
sumption (stacked graphic represents consumption); (b) Bank; (c) HFC-134a emissions in each sector; (d) proportion of emissions from each life cycle.
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percentages, ranging from 1% to 8%, as shown in Fig. 4d. Notably, waste 
disposal emissions have shown a steady increased since 2002, acceler-
ating after 2014, with an average annual growth rate of 23% from 2015 
to 2020. Therefore, the implementation and improvement of refrigerant 
recovery systems aimed at controlling disposal emissions will play a 
vital role in effectively reducing HFC-134a emissions in sectors like MAC 
and ICR.

The emissions of HFC-134a will have repercussions for both global 
climate and aquatic ecology. In terms of the climate impact, China’s 
CO2-equivalent (CO2-eq) emissions of HFC-134a increased from 0.1 Mt 
CO2-eq in 1995 to 67 Mt CO2-eq in 2020. Cumulative emissions totaled 
494 Mt CO2-eq (with a range of 420–596 Mt CO2-eq) from 1995 and 
2020, aligning with findings from Bai et al. (2023) and Yi et al. (2023). 
These emissions in China resulted in an annual increase in direct radi-
ative forcing at an average growth rate of 41%, reaching 4.5 mW/m2 by 
2020, and a temperature increase of 3.6×10− 3 ◦C by the same year 
(Table 1). Detailed calculations are described in section 3 of the 
methodology.

In terms of impacts on aquatic ecology, the TFA formation potential 
from the atmospheric degradation of HFC-134a in China has been 
increasing annually, rising from less than 1 kt yr− 1 in 1995 to 10 kt yr− 1 

in 2020. Cumulatively, from 1995 to 2020, it totals 74 kt, as shown in 
Table 1. TFA will continue to accumulate and remain stable in the main 
sink of the water bodies. The predicted no-effect concentration (PNEC) 
for freshwater, based on the microalgae Raphidocelis subcapitata, which 
is the most sensitive freshwater species to TFA, is 560 μg L− 1 (ECHA, 
2024). The current environmental impact of TFA formation potential fro 
ongoing degradation is considered minor (WMO, 2023). However, it is 
recommended to regularly reassess the environmental impact of TFA 

resulting from HFC-134a, especially considering the increasing emis-
sions and uncertainties surrounding the sources and sinks (WMO, 2018, 
2011).

3.2. HFC-134a-gridded banks and emissions, and emission validation

The HFC-134a gridded banks and emissions varied significantly 
across provinces, as illustrated in Fig. 6. The banks and emissions were 
concentrated in China’s eastern region (see the definitions in Table S11), 
comprising 56% of the national total banks in 2020 (301 kt) and 59% of 
the national cumulative emissions from 1995 to 2020 (354 kt), respec-
tively. In 2020, the central region accounted for 24% of the total HFC 
banks, while its cumulative emissions contribution stood at 21%. 
Conversely, the western region accounted for 13% of the banks and 12% 
of the cumulative emissions. The northwest region had the smallest 
share, contributing just 7% of the banks in 2020 and 8% of cumulative 
emissions over the period. Within the eastern region, Guangdong, 
Jiangsu, and Shandong provinces emerged as the top three contributors 
to cumulative emissions from 1995 to 2020, with a total of 98 kt, ac-
counting for 28% of the national total. Additionally, 43 out of the 100 
highest emitting grid cells were located in these three provinces. The 
elevated HFC-134a emissions in these three provinces can be attributed 
to their comparatively robust GDP and substantial vehicle ownership 
rates within China, collectively accounting for 24% and 28% of the 
national total. The high GDP and vehicle ownership rates in these 
provinces led to increased emissions from both the MAC sector and the 
ICR sector, contributing 38% and 21% respectively to the national total 
emissions. In addition, the higher temperatures in Guangdong province 
compared to other provinces (with summer averages ranging from 24◦C 
to 31◦C) (Average temperature in Guangdong, 2022), alongside pro-
longed usage of car air conditioners per vehicle ownership, are likely 
significant contributors to the increased emissions of HFC-134a. More-
over, the 100 grid cells with the highest emissions were primarily 
located in Shandong, Zhejiang, Henan, Hebei, Jiangsu and Anhui, as 
depicted in Fig. 6d. The gridded bank (Fig. 6c) and emission (Fig. 6d) 
exhibit a similar spatial distribution. This is because emissions from 
operation, maintenance, and disposal accounted for approximately 
92%-99% of total emissions between 1995 and 2020 (Fig. 4d), and the 
emissions from all three phases are derived from bank quantities, as 
shown in Equation 6–16 (Supplementary Information Text Section 1), 
their distribution patterns closely align.

The simulated mole fractions derived from the NAME model and the 
HFC-134a gridded inventory (see Fig. S3) closely aligned with the 
observed mole fractions at nine stations. The majority of observed 
pollution events coincided with the modeling results. The simulated 
mole fractions at the Lin’an (LAN) site in eastern China and the Long-
fengshan (LFS) site in northeastern China might be underestimated 
because the simulation did not account for emissions from South Korea 
or other sources outside of China, which could also contribute to the 
mole fractions at these sites. The goodness of fit between simulated and 
observed mole fractions was assessed using the NMB and NME values, 
calculated for each pair of observed and simulated hourly data at each 
station. According to Emery et al. (2001), NMB within the range of 
±50% and NME between 0%–50% are considered reasonable. In this 

Fig. 5. Derived HFC-134a bottom-up inventory results from this study 
compared to existing studies. Solid markers indicate emissions derived from 
bottom-up studies, and the hollow markers indicate emissions derived from top- 
down studies. The shading and error bars indicate the uncertainty of the 
emission values.

Table 1 
Impacts of HFC-134a Emissions in China: radiative forcing, temperature rise, and TFA formation potential.

Radiative forcing increases (mW/m2) Temperature increases (℃) TFA formation potential (kt)

1996 1.9 × 10− 3 1.6 × 10− 6 0.0407
2000 2.6 × 10− 2 2.1 × 10− 5 0.1330
2005 0.12 9.8 × 10− 4 0.6895
2015 2.1 1.7 × 10− 3 5.9626
2020 4.5 3.6 × 10− 3 10.050
1995–2020 / / 74.364
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study, the calculated NMB and NME values for each data pair across all 
sites fell within the range of ±50% and 0%-50%, respectively, indicating 
a good fit between the simulated and observed mole fractions (Table S6 
and S7). For the period 2011–2020, the relative deviation between the 
annual mean simulated and observed mole fractions at each observation 
site ranged from − 13% to 9%, as detailed in Table S8 (where observa-
tions exist). These findings suggest that the simulated values closely 
align with the observations, supporting the accuracy of the gridded 
emission inventory of HFC-134a compiled in this study. We observed 
negative relative deviations between annual mean values at the 
Shangdianzi (SDZ) and LAN sites in some years, ranging from − 8% to 
− 13%, which may be closely linked to the geographical distribution of 
HFCs production facilities. Most of the HFCs production facilities in 

China are located in Shandong, Jiangsu, and Zhejiang provinces 
(Zhejiang Chemical Research Institute, 2016), and the SDZ and LAN sites 
are located in or near these provinces. Due to the lack of specific pro-
duction data, we did not account for production emissions in the gridded 
emission inventory, which may explain the higher bias observed at LAN 
and SDZ sites.

3.3. Future emission reduction potential and environmental impacts of 
HFC-134a

Under the Pre-KA scenario, assuming China adheres to its domestic 
controls, the consumption, bank, and emission of HFC-134a would 
continue to increase annually, reaching 351 kt yr− 1, 1,610 kt and 270 kt 

Fig. 6. Distribution of HFC-134a banks and emissions (tonnes) by province and sectors in 2020: (a) spatial distribution of cumulative emissions by province from 
1995 to 2020; (b) emissions by provinces and sectors in 2020; (c) spatial distribution of bank of HFC-134a in China in 2020 at a 1◦ × 1◦ resolution; (d) spatial 
distribution of cumulative emissions across China from 1995 to 2020 at a 1◦ × 1◦ resolution.

Fig. 7. HFC-134a emissions, temperature increment and TFA formation potential from 2021 to 2060: (a) emissions; (b) temperature increase; and (c) TFA for-
mation potential.
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yr− 1, respectively, by 2060, as illustrated in Fig. 7. From 2021 to 2060, 
the cumulative consumption and emissions of HFC-134a are projected to 
total 8320 kt (12 Gt CO2-eq) and 7118 kt (10 Gt CO2-eq), respectively. In 
addition, the increase in radiative forcing due to HFC-134a emissions in 
China would amount to 100 mW/m2 in 2060, leading to a temperature 
increase of 0.08◦C. The atmospheric degradation of HFC-134a could 
generate up to 1,569 kt of cumulative TFA formation potential between 
1995 and 2060. Given TFA’s environmental persistence, coupled with its 
rising emission levels, this compound is expected to lead to substantial 
environmental buildup over time (Garavagno et al., 2024).

As shown in Fig. 7, under the KA scenario, HFC-134a consumption 
and emissions would peak at 139 kt yr− 1 (199 Mt CO2-eq yr− 1) and 131 
kt yr− 1 (185 Mt CO2-eq yr− 1) in 2028 and 2034, respectively. Subse-
quently, they are projected to decline to 32 kt yr− 1 (45 Mt CO2-eq yr− 1) 
and 40 kt yr− 1 (57 Mt CO2-eq yr− 1) by 2060. In 2060, compared to the 
Pre-KA scenario, the HFC-134a bank will be reduced to 197 kt, which 
constitutes only 13% of the Pre-KA scenario. Additionally, the cumula-
tive emissions of HFC-134a projected to be reduced during the period 
2021–2060 under the KA scenario amount to 3,603 kt (5,153 Mt CO2- 
eq). Meanwhile, under the KA scenario, by 2060, the total radiative 
forcing increase and temperature rise attributable to the emission of 
HFC-134a and its alternatives in China will amount to 44 mW/m2 and 
3.6×10− 2 ◦C, respectively. This represents a significantly lower climate 
impact compared to the Pre-KA scenario.

Starting in 2029, if refrigerant and foam recovery is implemented 
with a 20 % recovery rate, a cumulative emission reduction of 6% is 
anticipated. If the recovery rate is increased to 80%, the reduction could 
reach 25%. This comparison clearly shows the importance of increasing 
the recovery rate of refrigerants and foams to effectively reduce emis-
sions. Assuming that all refrigerant and foams in equipment across all 
sectors are recovered during the waste disposal stage from 2029 on-
wards, emissions could be reduced by a cumulative 1,808 kt, repre-
senting a 31% reduction. The impact of the recovery rate on emission 
outcomes is illustrated in Fig. S2. The EU began regulating HFCs in 2006 
(EU, 2006), with HFC-134a emissions peaking in 2013—seven years 
later—and declining steadily thereafter (Annadate et al., 2025). In 
contrast, China’s HFC control efforts began in 2024, and based on our 
projections, emissions in China are expected to peak in 2034. The 
observed time lag between the EU and China in terms of emission con-
trol implementation and peak emissions may be due to China’s sub-
stantially higher production and sales volumes, as well as distinct 
consumption patterns compared to the EU.

However, under the KA scenario by 2060, the cumulative TFA for-
mation potential due to emissions of HFC-134a and its alternatives 
(HFO-1234yf and R-513A) is projected to reach 3,825 kt. This figure is 
2.4 times higher than that observed in the Pre-KA scenario. Notable, 
HFC-134a emissions accounted for only 19% of the total TFA formation 
potential, with the majority stemming from the substitution of HFO- 
1234yf and R-513A. In essence, KA aims to effectively reduce green-
house gas emissions and their climate impacts. However, it also in-
creases the TFA formation potential, primarily due to the use of 
alternatives like HFO-1234yf and R-513A. This increase in TFA forma-
tion potential poses ecological risks to certain seasonal water bodies, 
characterized by limited outflow and high evaporation rates, that can 
lead to the accumulation of TFA.

It is observed that under the KA scenario, China is projected to 
maintain a bank of 197 kt and emits 40 kt yr− 1 of HFC-134a by 2060. 
This poses a challenge for China to achieve its goal of near-zero emis-
sions by 2060, promoting further consideration of the CN scenario, 
which proposes accelerated reductions, as studied here. Similar to the 
KA scenario, in the CN scenarios, consumption and emissions of HFC- 
134a are expected to peak in 2028 and 2034, respectively. However, 
in the CN scenario, the decline in emissions would be more rapid than in 
the KA scenario after reaching their respective peaks, eventually 
reaching to 1.82 kt (2.6 Mt CO2-eq) by 2060, as shown in Fig. 7. This 
reduction is estimated to cumulatively avoid greenhouse gas emissions 

of approximately 1,225 Mt CO2-eq by 2060 through reductions in HFC- 
134 consumption. In comparison to the KA scenario, the banks in the CN 
scenario are projected to undergo further reduction, reaching 4.5 kt in 
2060.

In the CN scenario, the projected total radiative forcing increase (or 
total temperature increase) from emissions of HFC-134a and its alter-
natives is expected to be lower compared to the KA scenario, totaling 33 
mW/m2 (or 2.6×10− 2 ◦C) by 2060. However, as HFC-134a gradually 
transitions to alternatives like HFO-1234yf and R-513A, the CN scenario 
is projected to increase the cumulative TFA formation potential in 
aquatic ecosystem to addition 701 kt between 1995 and 2060, on top of 
the 3825 kt from KA scenario. Notably, the potential alternatives for 
HFC-134a in miscellaneous consumption sectors are challenging to 
identity, and therefore, the listed TFA formation potential does not ac-
count for potential emissions from miscellaneous consumption sectors. 
Consequently, the actual TFA formation potential could be higher than 
indicated here.

Considering the delayed emission characteristic of HFC-134a, 
accelerating the phase-out of HFC-134a would effectively mitigate its 
climate impacts. However, transitioning to alternatives like HFO-1234yf 
and R-513A in the future may inevitably increase the potential for TFA 
formation. Regular assessment of the potential risks posed to the water 
bodies, especially seasonal ones, by HFO-1234yf and R-513A as sub-
stitutes for HFC-134a is crucial (WMO, 2023). This is due to the 
persistence of TFA in water bodies and its significant repercussions for 
aquatic ecology. The results of this study can assist in providing high 
spatial resolution inventory data for atmospheric models and evaluating 
China’s contribution to global greenhouse gas emission reduction, and 
provide a scientific basis for exploring and selecting environmentally 
sustainable alternatives for HFC-134a, as well as for developing a car-
bon–neutral emission reduction pathway that accommodates high con-
sumption demands in the future. The spatial characteristics presented in 
the inventory can provide a key scientific basis for the adjustment of 
China’s regional policies. By illustrating the distribution patterns and 
trends of emissions across different regions, these spatial features enable 
policymakers to gain a precise insight into the current status of emis-
sions and potential issues in each region, thereby enhancing the effec-
tiveness of emission reductions measures. The methodological 
framework developed in this study presents innovative perspectives for 
future calculation of gridded banks and inventories and their validation 
on other F-gases and ODS.

A few potential improvements can be considered for future studies. 
The emission factors used in this study predominantly refer to previous 
studies and default values prescribed in the IPCC (2006) Guidelines. If 
localized emission factors become available in the future, more accurate 
emission estimates could be achieved. Furthermore, provincial-level 
inventories were derived through apportionment of national in-
ventories using highly relevant allocation parameters in this study. The 
accuracy of these provincial inventories could be improved if provincial 
activity data were available for future studies.
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