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Supplemental Text 12 

S1 Comparison with other emission estimates of China 13 

Our historical CH2Cl2 emissions are generally consistent with those reported in other studies 14 
within the respective uncertainty ranges, particularly with the top-down time series emissions 15 
reported by An et al.1 (Figure S1). The differences between our inventory and the estimates of 16 
Feng et al.2 mainly arise from the CH2Cl2 production data used in the two studies. Feng et al.2 17 
adopted originally reported production statistics, whereas we employ reconstructed production 18 
data that account for inconsistencies in official records (see Text S5 for details). After 19 
subtracting feedstock use for HFC-32, the reconstructed production dataset results in a larger 20 
amount of CH2Cl2 allocated to non-feedstock applications, thereby establishing a more robust 21 
upper-bound constraint for emission estimates. Specifically, in our study, the CH2Cl2 content 22 
in flexible PU foam formulations and EFs for coating utilization and other relevant industries 23 
are more representative of current industrial practices. In contrast, Feng et al.2 derived lower 24 
EFs by referencing voluntary environmental labeling standards that possess low market 25 
penetration among commercial products3. Furthermore, their methodology may have 26 
interpreted the lack of explicit halogenated hydrocarbon limits in certain standards as an 27 
indication of zero emissions. This assumption potentially leads to more conservative estimates 28 
of emission intensities compared to the actual industrial practices observed in this study. The 29 
bottom-up estimation framework by An et al.1 assumes that all CH2Cl2 consumption—30 
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excluding feedstock utilization for HFC-32 and applications within the pharmaceutical 31 
industry—is aggregated into a single, 100% emissive solvent sector. Without a sectoral 32 
breakdown, that study potentially overlooks non-emissive pathways, positioning these bottom-33 
up results as an upper-limit constraint on China's total CH2Cl2 emissions. 34 

Our CHCl3 emissions exhibit a gentle increasing trend, whereas the top-down estimates show 35 
a rapid rise prior to 2017, followed by a sharp decline thereafter. We derived annually varying 36 
CHCl3 emission factors for China’s pulp and paper industry, specifically accounting for the 37 
ongoing phase-out of elemental chlorine (EC) bleaching under national environmental 38 
mandates. This temporal refinement is consistent with global industrial trends; for instance, 39 
recent studies have documented a multi-fold decline in CHCl3 emission intensities across the 40 
United States, Canada, and Japan over the past two decades as advanced bleaching technologies 41 
were universally adopted4. Owing to the presence of substantial natural sources of CHCl3, this 42 
study quantifies only emissions from natural land surfaces. These emissions are treated as time-43 
invariant, and therefore interannual variability in natural CHCl3 emissions is not represented in 44 
our analysis. This simplified treatment may contribute to the discrepancies between the bottom-45 
up inventory and top-down estimates, particularly in years when natural emissions are expected 46 
to vary in response to meteorological or biogeochemical conditions5. 47 

S2 Scenario Setting and Policy Rationale 48 

To evaluate future emission trajectories of CH2Cl2 and CHCl3, two scenarios are defined: the 49 
Business-As-Usual (BAU) scenario and the Best Practicable Technology (BPT) scenario (as 50 
summarized in Table S4). Given that both substances are included in China’s List of Key 51 
Controlled Emerging Pollutants6, accelerated emission mitigation driven by technological and 52 
regulatory interventions is anticipated. The BAU scenario projects future emissions based on 53 
currently implemented policies with emission factors across all industries remaining at 54 
historical levels, whereas the BPT scenario reflects enhanced mitigation informed by stringent 55 
international regulatory frameworks—such as the U.S. EPA’s Toxic Substances Control Act 56 
(TSCA)7 and the EU’s Best Available Techniques (BAT) reference documents8—as well as 57 
emerging policy signals in China. 58 

(1) PU Foam, Coatings, and Adhesives Sectors 59 

China has historically implemented a multifaceted regulatory framework targeting volatile 60 
organic compounds (VOCs), prioritizing upstream source substitution through mandatory 61 
national standards (e.g., GB 309829, GB 3337210,11). While these policies have catalyzed a 62 
transition towards water-borne and low-VOC formulations, the mitigation trajectories and 63 
current market penetrations of green alternatives diverge significantly across sub-sectors. The 64 
resulting evolution of EFs under historical trends is described in Text S6. 65 

Under the BPT scenario, a full phase-out of the remaining high-emission applications is 66 
assumed. Internationally, the U.S. issued the Final Risk Management Rule for Methylene 67 
Chloride7 under TSCA in April 2024 that mandated the phase-out of the vast majority of 68 
consumer and industrial uses of CH2Cl2, with compliance dates mostly set before 2027. 69 
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Furthermore, the U.S. EPA’s Significant New Alternatives Policy (SNAP) effectively 70 
prohibited its use in flexible polyurethane (PU) foam production starting from January 3, 201712. 71 
In China, the regulatory environment is rapidly tightening. The 2021 draft of China's List of 72 
Key Controlled Emerging Pollutants13 proposed a complete phase-out of CH2Cl2 as a blowing 73 
agent in flexible PU foam by the end of 2025. While this specific mandatory deadline was not 74 
retained in the final version, it provides a clear policy signal. Additionally, newly issued 75 
mandatory standards (GB 30981.1–202514 and GB 30981.2–202515) significantly strengthen 76 
environmental and health safety requirements for coating products. The Action Plan for 77 
Continuous Improvement of Air Quality16 further promotes strict control of construction 78 
projects involving paints, adhesives, and cleaning agents with high VOC content, alongside the 79 
adoption of low- or zero-VOC alternatives. 80 

Based on these domestic policy trajectories and international precedents, the BPT scenario 81 
assumes that the residual usage of high-CH2Cl2 formulations in the PU foaming, coating, and 82 
adhesive sectors will be progressively phased out over a five-year period from 2026 to 2030. A 83 
linear phase-down trajectory is applied to the remaining share of these high-emission 84 
applications, which is reflected in the evolution of industry-wide emission factors, reaching 85 
complete phase-out (or near-zero limits) by 2030. While actual market transitions may follow 86 
non-linear dynamics, this assumption provides a consistent analytical framework for evaluating 87 
aggregate mitigation potential. 88 

(2) By-product and Pulp & Paper Sectors 89 

The elemental chlorine bleaching (ECH) process, historically a major source of CHCl3 90 
emissions in the pulp and paper sector, was classified as an eliminated technology in the 2019 91 
Guiding Catalogue for Industrial Structure Adjustment17. Under the BPT scenario, facilities in 92 
China are assumed to progressively optimize processes to meet the best-practice emission levels 93 
consistent with the European Commission's BAT reference8 by 2035. To reach these targets, 94 
emission factors are projected to decrease exponentially, reaching the BAT reference8 levels of 95 
approximately 0.2 kg/adt for virgin pulp and 3 g/adt for recovered paper pulp by 2035. 96 

For CH2Cl2 and CHCl3 emissions from other inherently high-pollution by-product sources, 97 
mitigation is expected to occur synergistically with broader air pollution control efforts. Under 98 
the BPT scenario, a continuous regulatory pressure drives a progressive EF reduction of 10% 99 
every five years. This trajectory is aligned with China's macro-level targets, such as those 100 
outlined in the Action Plan for Continuous Improvement of Air Quality16 and the 101 
Comprehensive Control Plan for Volatile Organic Compounds in Key Industries18, which 102 
consistently mandate at least 10% reductions in total VOC emissions over successive five-year 103 
policy cycles. 104 

S3 Integrated ozone depletion calculation 105 

Integrated ozone depletion (IOD) measures the time-integrated total column ozone (TCO) 106 
difference between separate future ozone projections, each following different halogen 107 
emissions scenarios19. Compared to the ‘delay in ozone return’ metric, IOD is more appropriate 108 
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for short-lived species, as it can reflect their contribution to ozone depletion in the short term, 109 
even if there is little change in the ozone layer recovery date. A simple equation to calculate the 110 
IOD of any emission of a halogenated gas19: 111 

𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐾𝐾𝐸𝐸𝑒𝑒𝑒𝑒
𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(S1) 112 

where 𝐾𝐾 = 100 ± 16 DU years per Tg Cl. 𝐸𝐸𝑒𝑒𝑒𝑒 is the total halogen emission in Tg Cl. 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 113 
and 𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  are atmospheric lifetime and stratospheric lifetime, respectively. Pyle et al.19 114 
provided the IOD from an annually averaged 300 Gg/yr increase in CH2Cl2 emissions between 115 
2007-2017 (a period of 11 years) of about 55 DU years, which means Dobson Units of total 116 
column ozone depletion integrated over the 11 years. The IOD of CH2Cl2 can be scaled based 117 
on its total chlorine emission. We would also expect similar 𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 for CH2Cl2 and CHCl3, 118 
from the lifetime calculation (1/𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 1/𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡+ 1/𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠), since they exhibit nearly identical 119 
values for both 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡20. The ratio of 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎/𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, which serves as the basis for 120 
calculating IOD, as recommended in Pyle et al.19, would then be similar for CH2Cl2 and CHCl3. 121 
Thus, we believe it is appropriate to use CH2Cl2 as a proxy for the calculation of IOD for CHCl3. 122 
Their emission levels in 2010 are set as the baseline for IOD calculation. Specifically, the values 123 
used for 𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, 𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, and 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 for CH2Cl2 are 180 days21, 1–2 years22, and 142 days19, 124 
respectively. 125 

However, we noticed that the 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎/𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ratio reported for CH2Cl2 (20-39%) by Pyle et al.19 126 
exceeds that of longer-lived species such as CH3Cl (3%, as documented in the SPARC report23). 127 
This discrepancy likely reflects the high sensitivity of very short-lived species to model-specific 128 
transport schemes and the potential inclusion of product gas injection. However, we are unable 129 
to fully account for this source of uncertainty within the simplified IOD framework utilized in 130 
our manuscript. 131 

S4 Asia CH2Cl2 emission allocation 132 

Global emissions of CH2Cl2 were obtained from Claxton et al.24. Given that emissions from 133 
Boreal Asia are negligible, this study focuses primarily on contributions from Tropical and 134 
Temperate Asia. Specifically, CH2Cl2 emissions from Tropical Asia were 341.4 ± 22.7 Gg/yr 135 
in 2006 and 454.2 ± 28.7 Gg/yr in 2017, while emissions from Temperate Asia were 89.9 ± 136 
22.8 Gg/yr in 2006 and 590.7 ± 28.4 Gg/yr in 2017. The proportion of Tropical Asian emissions 137 
relative to total Asian emissions decreased from 79% in 2006 to 43% in 2017. Based on this 138 
trend, a linear decline in the relative contribution of Tropical Asia is assumed in our analysis. 139 

S5 Reconstruction of CH2Cl2 and CHCl3 production data 140 

We recalculate the value of CH2Cl2 production and CHCl3 production25 based on downstream 141 
application data, as the reported values of individual CH2Cl2 and CHCl3 production are not 142 
sufficiently reliable. Considering that CHCl3 is primarily used in HCFC-22 production and, to 143 
a lesser extent, in the pharmaceutical industry, we estimate CHCl3 consumption based on its 144 
major downstream applications as well as CHCl3 import and export. HCFC-22 production has 145 
been historically regulated under the Montreal Protocol and is subject to mandatory annual 146 
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reporting, rendering the corresponding production data relatively reliable. Therefore, CHCl3 147 
consumption for feedstock use can be inferred from reported HCFC-22 production (from the 148 
Chinese Hydrochlorofluorocarbons Production Phase-out Management Plan by the Ministry of 149 
Ecology and Environment and ChinaIOL26). By additionally accounting for pharmaceutical 150 
uses, which represent approximately 8–10% of total CHCl3 consumption5, the total CHCl3 151 
production can be estimated. Given the combined production of CH2Cl2 and CHCl3, the 152 
remaining fraction after subtracting CHCl3 is attributed to CH2Cl2 production. This method 153 
anchors calculations to well-documented downstream applications, improving the reliability 154 
and consistency of production estimates. 155 

S6 Historical emission factor derivation 156 

As detailed in the Main Text (Methods), a default baseline uncertainty of ±10% is 157 
systematically applied to all single-value emission factor cataloged in Supplementary Tables 158 
S1–S3, while the rationale for specific exceptions (such as the 40% uncertainty for the flexible 159 
PU foam sector) is elaborated below. 160 

(1) Flexible PU Foaming sector 161 

CH2Cl2 functions exclusively as a physical blowing agent (PBA) in the flexible polyurethane 162 
(PU) foam industry, facilitating cellular expansion through phase transition without 163 
participating in chemical synthesis. Consequently, the total mass of CH2Cl2 incorporated into 164 
the formulation is theoretically committed to eventual atmospheric release. Consequently, the 165 
entire quantity of CH2Cl2 added to the formulation is theoretically destined for eventual 166 
emission in the absence of capture measures27. Following Handbook of Polyurethane Products 167 
Manufacturing28, the baseline EF was parameterized at 0.11 g CH2Cl2/g of flexible foam 168 
produced. 169 

While end-of-pipe control technologies, such as activated carbon adsorption, may be deployed, 170 
their effective mitigation potential is fundamentally constrained by operational requirements. 171 
However, it is important to note that foaming workshops necessitate exceptionally high 172 
ventilation rates to dilute highly toxic toluene diisocyanate (TDI) vapors. This high-volume 173 
dilution results in extremely low CH2Cl2 concentrations in the effluent gas, which significantly 174 
constrains the capture efficiency of adsorption systems. Previous research suggests that even 175 
when exhaust systems are optimized for vapor recovery, the net capture efficiency of CH2Cl2 176 
typically ranges between 33% and 46%29. This indicates that for facilities equipped with 177 
abatement technologies, actual emissions are approximately 30% to 50% lower than the 178 
theoretical values derived from the formulation. Industrial formulations exhibit substantial 179 
heterogeneity driven by target foam specifications, such as density and hardness. Notably, 180 
CH2Cl2 loading rates frequently exceed baseline values in the production of specialized low-181 
density foams. Consequently, the 40% uncertainty parameter is employed as a robust bounding 182 
estimate. This interval simultaneously accounts for the potential attenuation of emissions 183 
through abatement systems and the inherent variability of raw material consumption across 184 
diverse and non-uniform production lines. 185 
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(2) Adhesive and coating industries 186 

To achieve volatile organic compound (VOC) mitigation, the Chinese government has 187 
deployed a multifaceted regulatory framework targeting the adhesive and coating industries. 188 
Key interventions include the enforcement of mandatory national standards regarding VOC 189 
content limits and the introduction of a consumption tax on coatings in 201518,30. These 190 
mandates prioritize upstream source substitution, specifically incentivizing the transition 191 
toward water-borne formulations. 192 

The content of halogenated hydrocarbons (CH2Cl2, 1,2-dichloroethane, 1,1,1-trichloroethane, 193 
and 1,1,2-trichloroethane) in adhesive products must comply with the regulations set in GB 194 
309829 or GB 3337210,11. Although relevant standards have not tightened the concentration 195 
limits for halogenated hydrocarbons (primarily CH2Cl2) in adhesives, the market penetration of 196 
these high-emission formulations has undergone a sustained decline. This shift has led to a 197 
decrease in the overall EF for the adhesive industry, which dropped from approximately 3.8 198 
g/kg in 2010 to 2.8 g/kg in 2022. The calculation methodology is based on the consumption 199 
volumes of different adhesive types31–34 and their respective halogenated hydrocarbon limits, 200 
including GB 18583-200835, GB 30982-20149, and GB 19340-201436. Under these standards, 201 
for solvent-based adhesives, the concentration of halogenated hydrocarbons is restricted to 5 202 
g/kg for neoprene-based types and 50 g/kg for all other varieties, while CH2Cl2 levels in SBS 203 
(Styrene-Butadiene-Styrene block copolymer) adhesives must not exceed 50 g/kg. 204 

Within the coating sector, mitigation trajectories diverge between sub-sectors. In architectural 205 
coatings, where water-borne technologies had already achieved mainstream status by 2010, the 206 
potential for further CH2Cl2 attenuation is marginal. Conversely, industrial coatings maintain a 207 
lower adoption rate of low-VOC alternatives—accounting for less than 20% of the market as 208 
of 2019, according to the Ministry of Ecology and Environment18. Consequently, the aggregate 209 
CH2Cl2 EF for the coating industry has not exhibited a statistically significant downward trend. 210 
To capture the longitudinal impact of these disparate regulatory outcomes, this study adopts 211 
annually varying EFs. These factors were derived by integrating the consumption volumes of 212 
specific coating categories with their respective water-borne market shares, synthesized from 213 
the framework established by Qi et al.37 and applicable mandatory national standards, including 214 
GB 18581-200938, GB 30981-201439, GB 38469-201940, GB 18581-202041, GB 18582-202042, 215 
GB 24409-202043, GB 30981-202044. Specifically, under these standards, the halogenated 216 
hydrocarbon content in solvent-based coatings is capped at 1% for industrial and marine 217 
coatings, and 0.1% for vehicle, architectural, and wood (furniture) coatings. 218 

(3) Pharmaceutical industry 219 

The EF of CH2Cl2 from the pharmaceutical industry was calculated based on the material 220 
balance using Eq.(S2)2: 221 

𝐸𝐸𝐸𝐸𝑝𝑝ℎ𝑎𝑎 = 𝑏𝑏 × (1 − 𝐾𝐾) × 103 × [𝑖𝑖 × (1 − 𝛼𝛼) + (1 − 𝑖𝑖)] (S2) 222 

Here, 𝐸𝐸𝐸𝐸𝑝𝑝ℎ𝑎𝑎 is the CH2Cl2 emission required to produce a ton of penicillin or cephalosporin, 223 
kg/t; b represents the ratio of the solvent mass to the penicillin product or the cephalosporin 224 
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mass needed for production (7-8); 𝐾𝐾 is the solvent recovery (85%-97%); 𝛼𝛼 is the proportion 225 
of waste gas treated in the pharmaceutical industry as a whole 88%-95%; 𝑖𝑖 is the proportion 226 
of waste gas treated at an individual plant. The proportion of waste gas undergoing treatment 227 
at the individual plant was parameterized at 50% before 20172. Following the implementation 228 
of the National Mandatory Emission Standard of Air Pollutants for the Pharmaceutical Industry 229 
(GB 37823-2019)45 in late 2017, this ratio was linearly scaled to reach 100% by 2020. The 230 
mean value of 𝐸𝐸𝐸𝐸𝑝𝑝ℎ𝑎𝑎 is 0.37 g/g when the proportion of waste gas treated at an individual 231 
plant is 50%. 232 

(4) Pulp and paper-making industry 233 

We validated our AOX (Adsorbable Organic Halogens) EFs for the pulp and paper industry 234 
using the Guidelines for Advanced Applicable Technologies for Energy Saving and Emission 235 
Reduction in Light Industry46 from the Ministry of Industry and Information Technology of 236 
China (MIIT). These guidelines provide specific AOX emission ranges for the two dominant 237 
pulping processes in China: wheat straw chemical pulping (representing the majority of 238 
domestic virgin pulp) and deinked recovered paper pulping. To ensure consistency across 239 
varying production environments, all values are reported in Air-Dry Tonnes (adt), a standard 240 
industry measure representing pulp mass at a theoretical 10% moisture content. 241 

To derive a representative national average, we performed a weighted analysis based on the 242 
technological distribution and raw material structure of the Chinese industry. According to the 243 
MIIT (2012) framework, ‘Advanced Levels’—representing the top-performing facilities—244 
account for approximately 20% of virgin pulp production and 70% of recovered paper pulp 245 
production. For virgin pulp, emission intensities range from 0.25–0.72 kg/adt at the advanced 246 
level to 1.0–1.2 kg/adt at the general level. For recovered paper pulp, these values are 247 
significantly lower, ranging from 0.01–0.15 kg/adt (advanced) to 0.15–0.3 kg/adt (general). By 248 
integrating these technological splits with the industry’s raw material structure—where 249 
recovered paper pulp consistently accounted for 70–80% of total production47—we determined 250 
that the composite AOX emission intensity for the Chinese industry ranges from 0.252 to 0.422 251 
kg/adt for the early 2010s. 252 

Based on the fundamental chemical coupling between liquid-phase AOX and gas-phase CHCl3, 253 
which are co-generated through identical chlorination and haloform pathways, we adopted the 254 
calculated AOX emission range as a scientifically justified proxy for the potential CHCl3 255 
emission levels. While CHCl3 is more volatile, the AOX intensity serves as a reliable indicator 256 
of the total chlorination capacity of a given facility. This alignment is supported by the fact that 257 
the calculated AOX range (0.252–0.422 kg/adt) is fully encapsulated within the CHCl3 EF 258 
(0.053–0.454 kg/adt) from previous literature48–50. This overlap demonstrates that our chosen 259 
parameters accurately capture the technological profile of the Chinese paper industry during 260 
the study period. 261 

Regarding temporal dynamics, our assumption that the industry-wide average EF converged to 262 
the 2012 ‘Advanced Level’ by 2023 is anchored in the sector’s pioneering role in China’s 263 
environmental reforms. Specifically, the share of advanced production processes (as 264 



 

 8 

categorized in 2012) for virgin and recovered paper pulp increased linearly from 20% and 70% 265 
in 2012, respectively, to 100% by 2023. As mandated by the State Council, the pulp and paper 266 
industry was among the first to implement the Pollutant Discharge Permitting System, requiring 267 
mills to meet technology-based standards as early as 2017 51. Furthermore, the Guiding Catalog 268 
for Industrial Structure Adjustment (2019 Edition)17 officially designated Elemental Chlorine 269 
Bleaching (ECH) as an ‘Eliminated Category’, providing a statutory mandate for the 270 
decommissioning of chlorine-intensive legacy assets. Combined with the stringent 271 
decarbonization and ‘Green Manufacturing’ objectives of the 14th Five-Year Plan (2021–272 
2025)52, the 2012 advanced benchmarks have effectively transitioned from elective 273 
performance targets into the minimum requisite standards for legal operation and market 274 
viability by 2023. Consequently, utilizing these parameters provides a robust and conservative 275 
framework that reflects the technological modernization of the industry and the substantial 276 
environmental dividends accrued from the universal adoption of Elemental Chlorine-Free (ECF) 277 
processes. The final calculated EFs are shown in Supplementary Table S3. 278 

(5) Water treatment 279 

For the drinking water treatment sector, the concentration of CHCl3 in finished tap water 280 
typically does not exceed a regulatory or observed upper limit of 100 μg/L, with empirical mean 281 
values oscillating between 10 and 20 μg/L53,54. Under a conservative assumption of a 100% 282 
volatilization-to-emission efficiency, the atmospheric EF for this sector was parameterized at a 283 
range of 1×10-2 to 2×10-2 g/m3 water treated. 284 

For the wastewater treatment sector, the total EF (𝐸𝐸𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ) for CHCl3 was quantified by 285 
integrating primary influent volatilization (𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 ) and secondary gaseous release during 286 
effluent chlorination (𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠), as defined in Eqs. (S3)-(S5). 287 

𝐸𝐸𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐸𝐸𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 + 𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 (S3) 288 

𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖 × 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 10−6 (S4) 289 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 × 𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 × 10−6 (S5) 290 

The aqueous concentrations of CHCl3 in the influent (𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖 ) and effluent (𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 ) were 291 
parameterized at 7.0 μg/L and 14.6 μg/L, respectively, based on localized measurements in 292 
Chinese wastewater treatment plants (Li et al.55). To account for phase partitioning during 293 
biological treatment, an aeration stripping fraction (𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) of 0.18 was adopted (Zhu et al. 294 
56). Furthermore, given the high vapor pressure and biological recalcitrance of CHCl3 in 295 
oxygenated surface waters, an ultimate environmental escape fraction (𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) of 1.0 was 296 
applied57, assuming complete volatilization within the receiving water boundary based on low 297 
concentration in natural water. Based on these parameters, the integrated EF for the wastewater 298 
treatment sector was calculated to be 1.6 ×10-2 g/m3. 299 

(6) Waste incineration 300 

To ensure the reliability of our emission inventory, we utilized localized empirical data from a 301 
comprehensive field study of four municipal solid waste incineration plants in North China58. 302 
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To mitigate the impact of facility-specific outliers driven by heterogeneous waste streams, we 303 
adopted the mean mass fractions of specific halocarbons within the total VOC (TVOC) profile 304 
as representative parameters for the sector. Specifically, CH2Cl2 and CHCl3 accounted for an 305 
average of 4.58% and 0.73% of the TVOC emissions, respectively. By applying these mean 306 
fractions to the observed TVOC emission baseline (2.43 ± 2.27 g/tonne-waste), we derived 307 
consolidated EFs of 0.111±0.104 g/tonne-waste for CH2Cl2 and 0.018±0.017 g/tonne-waste for 308 
CHCl3. 309 

(7) CH2Cl2 and CHCl3 production sector 310 

For the CH2Cl2 and CHCl3 production sector, this study adopted EFs ranging from 0.5% to 4% 311 
according to the IPCC guidelines59,60. Recent inverse modeling and plant-level studies in China 312 
by Li et al.61 reported aggregate EFs of 4% ± 2% for CH2Cl2 and 2% ± 0.6% for CHCl3. This 313 
facility has a production capacity of approximately 400 Gg yr⁻¹, accounting for ~13% of the 314 
national production capacity in 2019, supporting its representativeness for the Chinese 315 
chloromethane production sector. However, it is critical to note that these observations were 316 
conducted at integrated industrial parks where chloromethane production is co-located with 317 
downstream facilities, such as HFC-32 and HCFC-22 production lines. Consequently, these 318 
observational values represent the cumulative emission intensity of the entire industrial chain—319 
including synthesis, feedstock transfer, and utilization. By maintaining separate IPCC process 320 
EFs, our bottom-up model can partition these emissions into their respective sectors while 321 
ensuring the total remains consistent with these system-wide observational constraints. 322 

S7 Activity data projection 323 

Using activity level data for each sector (Y) and relevant historical socio-economic parameters 324 
(X), linear regression models (𝑌𝑌 = 𝛼𝛼 ∙ 𝑋𝑋 + 𝛽𝛽) were developed to forecast future activity data 325 
of the future CH2Cl2/CHCl3 emission sector in the BAU and BPT scenarios. The least-square 326 
method is used to solve the parameter 𝛼𝛼 and 𝛽𝛽. The selected parameters and regression results 327 
are shown in the Table S5&S6. Future gross domestic product (GDP) is based on China’s 328 
overall development goals by 2035 that per capita GDP will attain the level of moderately 329 
developed countries. The required average annual growth rate of China's per capita GDP from 330 
2023 to 2035 is 4.61%62. The population projection is derived from mean estimates of China 331 
from World Population Prospects 202463. Future coal combustion estimate is from China 332 
Energy Outlook 2060 (2025 Edition)64. Production of penicillin and cephalosporin compounds 333 
is set as the mean value of 2010-2023, as China has listed antibiotics in the List of Key 334 
Controlled Emerging Pollutants6 and strengthened antimicrobial stewardship65. 335 

The amount of CH2Cl2 used for HFC-32 production was derived from the annual HFC-32 336 
production and the mass balance of CH2Cl2-to-HFC-32 conversion, with a conversion 337 
efficiency of 95% (following consultation with industry experts). Future production of HFC-338 
32 is set at a constant value as the production quota in 2025, as HFC-32 has a lower global 339 
warming potential (GWP) among HFCs and will not be phased down with priority.  340 
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The amount of CHCl3 used for HCFC-22 production was derived from the annual HCFC-22 341 
production and the mass balance of CHCl3-to-HCFC-22 conversion, with a conversion 342 
efficiency of 96.5% (following consultation with industry experts). Future production of 343 
HCFC-22 is divided into two components: feedstock use and ODS use. HCFC-22 is utilized as 344 
a feedstock for manufacturing TFE (tetrafluoroethylene) and HFP (hexafluoropropene). The 345 
increase in TFE/HFP output26 has driven the growth in the production of HCFC-22 and CHCl3. 346 
Notably, HCFC-22 production for feedstock use has surged by about 70% between 2018 and 347 
2023, marking a significant acceleration compared to previous trends. In this study, the average 348 
annual growth rate of 9.2% adopted for HCFC-22 production as feedstock is derived from data 349 
spanning the period from 2010 to 2024. HCFC-22 production for ODS use would be gradually 350 
phased down in accordance with the Montreal Protocol, but this effect is insignificant compared 351 
with the rapid growth of feedstock use for TFE/HFP production. 352 
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Supplemental Tables 

Table S1. Method for CH2Cl2 emission calculation 

Sector Activity data Historical emission factor* Emission allocation parameter 

Production leakage CH2Cl2 production 25 0.5 − 4% 59,60 Production capacity of chloromethane plants 25 

Feedstock use leakage HFC-32 production 66 0.5% 60 Production quota of each HFC-32 plant a 

Pharmaceutical industry 
Production of penicillin and 
cephalosporin compounds 67 

0.37 g/g 2 
provincial production of penicillin and 
cephalosporin compound 67 

Industrial cleaning 
Sectorial CH2Cl2 consumption (8% of 
total CH2Cl2 consumption) 68 

100% 2 Industrial added value 69 

Adhesive utilization Adhesive consumption 70 Time-dependent, see Table S3 Completed construction area 71 

Coating utilization Coating consumption 33 Time-dependent, see Table S3 Industrial added value 69 

PU foaming Output of flexible PU foam 72 
CH2Cl2 content in flexible PU foam 
formulation (0.11 with 40% uncertainty)28 

Provincial population 69 

Biomass burning 
National emission of CO and CO2 from 
biomass burning 73 

2.48 × 10-5 for CO and 3.45 × 10-6 for CO2 74 
Provincial emission of CO and CO2 from 
biomass burning 73 

Coal production Coal production 75 1 × 10-9 g/t 2 Provincial coal production 75 

Coal combustion Coal consumption 75 6.38 × 10-2 ± 9.88 × 10-3 g/t 76 Provincial coal consumption 75 

Waste incineration Waste incineration volume 77 1.11 × 10−1 ± 1.04 × 10−1 g/t 58 Waste incineration volume 77 

Waste landfill Waste landfill volume 77 5 g/t 78 Waste landfill volume 77 

Sintering Sintering production 79 5.74 ×10-2 g/t 80 Provincial sintering production 79 

Pig iron Pig iron production 79 5.92 × 10-2 g/t 80 Provincial pig iron production 79 

Crude steel Crude steel production 79 1.7 × 10-1 g/t 80 Provincial crude steel production 79 

Notes: a Ecology and Environment Ministry of China; *If multiple values from different references were given, a uniform distribution between the values would be adopted to 

calculate the emissions and uncertainties. For emission factors reported as single values, a default uncertainty of 10% was assumed unless otherwise specified.  
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Table S2. Method for CHCl3 emission calculation 

Sector Activity data Historical emission factor* Emission allocation parameter 

Production leakage CHCl3 production 25 0.5 − 4% 59,60 Production capacity of chloromethanes plants 25 

Feedstock use leakage HCFC-22 production a, 26 0.5% 60 Historical production of each HCFC-22 plant a 

Pharmaceutical industry 
Consumption of CHCl3 in the pharmaceutical 
industry (8-10% of total CHCl3 consumption) 25 

5-16% 5 
Output of chemical active pharmaceutical 
ingredients 67 

Pulp and paper industry Pulp production 47 Time-dependent, see Table S3 Machine-made paper and paperboard 71 

Drinking water treatment Drinking water treatment volume 77 1×10-2 to 2×10-2 g/m3 53,54 Drinking water treatment volume 77 

Wastewater treatment Wastewater treatment volume  1.59 ×10-2 g/m3 55–57 Wastewater treatment volume 77 

Other water treatment 
70% of emissions from drinking water treatment 
and wastewater treatment 48 

- - 

Biomass burning National emission of CO and CO2 73 
6.9 × 10-7 for CO 
7.7 × 10-8 for CO2 74 

Provincial emission of CO and CO2 73 

Coal combustion Coal consumption 75 2.9×10-3 ± 1.1×10-4 in g/t 76 Coal consumption 75 

Waste incineration Waste incineration volume 77 1.8 × 10−2 ± 1.7 × 10−2 g/t 58 Waste incineration volume 77 

Waste landfill Waste landfill volume 77 6.33 × 10−1 g/t-waste 78 Waste landfill volume 77 

Livestock CH4 emission from livestock 81 2 × 10−5 g/g CH4 48,82 CH4 emission from livestock 81 

Natural soil National area 83 4 – 13 μg m–2 day–1 84 Provincial area 83 

Note: a Chinese hydrochlorofluorocarbons production phase-out management plan (HPPMP); *If multiple values from different references were given, a uniform distribution 
between the values would be adopted to calculate the emissions and uncertainties. For emission factors reported as single values, a default uncertainty of 10% was assumed 
unless otherwise specified. 
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Table S3. Time-variant historical emission factor 

Years Adhesives utilization* (g/kg) Coating utilization (g/kg) Pulp and paper-making Sector (kg/adt) 

2010 3.84 3.14 0.272-0.445 

2011 3.67 3.22 0.265-0.437 

2012 3.58 3.22 0.243-0.412 

2013 3.50 3.03 0.215-0.387 

2014 3.41 3.71 0.195-0.371 

2015 3.32 3.64 0.174-0.351 

2016 3.24 3.45 0.157-0.337 

2017 3.15 3.55 0.146-0.331 

2018 3.06 3.38 0.150-0.347 

2019 2.97 3.57 0.139-0.345 

2020 2.89 3.36 0.129-0.343 

2021 2.80 3.45 0.116-0.341 

2022 2.79 3.16 0.104-0.341 

2023 2.79 3.11 0.089-0.337 

* The emission factors for adhesive utilization for the intervening years (2012–2020) were estimated through linear interpolation based on the data points of 2011 and 2021 to 
ensure a continuous time series.  
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Table S4. Scenario design summary 

Scenario 
name 

Scenario design 

Business-As-
Usual 
Scenario 

 The production of paint removers containing CH2Cl2 or CHCl3 is prohibited. 
 In accordance with the Technical Standards for Cosmetic Safety, CH2Cl2is prohibited from 

being used as a cosmetic ingredient. 
 In accordance with the Limits for Volatile Organic Compounds Content in Cleaning Agents 

(GB 38508), the total content of CH2Cl2, CHCl3, trichloroethylene, and tetrachloroethylene 
in water-based cleaning agents, semi-water-based cleaning agents, and organic solvent-
based cleaning agents shall not exceed 0.5%, 2%, and 20%, respectively. 

 In accordance with the CH2Cl2 emission control requirements specified in standards such 
as the Emission Standards for Pollutants from Petroleum Chemical Industry (GB 31571), 
Emission Standards for Pollutants from Synthetic Resin Industry (GB 31572), and Emission 
Standards for Water Pollutants from Chemical Synthetic Pharmaceutical Industry (GB 
21904), compliance with emission standards shall be implemented. 

 In accordance with the CHCl3 emission control requirements specified in standards such as 
the Emission Standards for Pollutants from Petroleum Chemical Industry (GB 31571), 
compliance with emission standards shall be implemented. 

 Emission factors across all industries remain at historical levels. 

Best 
Practicable 
Technology 
scenario 

Emissive Applications (PU Foam, Adhesives, and Coatings): 
 Phase-out Timeline: A decisive five-year window (2026–2030) for the complete removal 

of CH2Cl2 and CHCl3 in these sectors. Use in PU flexible foam production is prohibited 
(starting from 2026, complete phase-out by 2030). 

 Modeling Logic: The residual aggregate emission factors (representing the remaining high-
emission applications relative to the 2025 baseline) are assumed to decline linearly by 20% 
annually, reaching complete phase-out by 2030. 

Pulp and Paper Industry: 
 Technological Transition: Accelerated elimination of ECH, which was classified as an 

eliminated technology in China's 2019 Industrial Structure Adjustment catalogue. 
 Mitigation Target: Emission factors decrease exponentially to achieve the European 

Commission BAT reference levels (~0.2 kg/adt for virgin pulp and 3 g/adt for recovered 
paper pulp) by 2035. 

Other Industrial By-product Sources Reduction Strategy: 
 Mitigation occurs synergistically with broader national air pollution control efforts 

targeting volatile organic compounds (VOCs). 

 Reduction Rate: Assumes a progressive 10% reduction in emission factors every five 
years. This trajectory is strictly aligned with China's macro-environmental targets, such as 
those in the Action Plan for Continuous Improvement of Air Quality, which 
mandate >10% total VOC reductions per five-year cycle. 
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Table S5. Method for activity data projection for CH2Cl2 emission calculation 

Sector Activity data Activity data projection 𝜶𝜶 𝜷𝜷 R2 

Production leakage CH2Cl2 production Depends on consumption - - - 

Feedstock use leakage HFC-32 production Constant value as HFC-32 production quota in 2025 - - - 

Pharmaceutical industry Production of penicillin and cephalosporin compounds Historical mean (2010-2023) - - - 

Industrial cleaning Sectorial CH2Cl2 consumption GDP 7.7 × 10-5 1.22 0.66 

Adhesive utilization Adhesive consumption 4.2% (sectorial 14th Five-Year Plan)85 - - - 

Coating Coating consumption 4% (sectorial 14th Five-Year Plan)86 - - - 

PU foaming Output of flexible foam GDP 1.9 × 10-3 610 0.84 

Biomass burning National emission of CO2 and CO Historical mean (2010-2023) - - - 

Coal production Coal production 91% of consumption (based on 2023) - - - 

Coal combustion Coal consumption China Energy Outlook 2060 (2025 Edition)64 - - - 

Sintering Sintering production Same with pig iron production - - - 

Pig iron Pig iron production GDP 3.3 × 10-4 480 0.91 

Crude steel Crude steel production GDP 4.8 × 10-4 480 0.91 
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Table S6. Method for activity data projection for CHCl3 emission calculation 

Sector Activity data Activity data projection 𝜶𝜶 𝜷𝜷 R2 

Production leakage CHCl3 production Depends on future consumption - - - 

Feedstock use leakage HCFC-22 production 
National program for ODS use and 9.2% for 
feedstock use based on historical trend 

- - - 

Pharmaceutical industry 
Consumption of CHCl3 in the pharmaceutical 
industry 

GDP 5.9× 10−5 5.9 0.77 

Pulp and paper industry Pulp production Based on the sectorial plan87 - - - 

Drinking water treatment Drinking water treatment volume GDP 3.0 6.2 × 106 0.89 

Wastewater treatment Wastewater treatment volume GDP 4.7 1.7 × 106 0.99 

Other water treatment 
70% of emissions from drinking water treatment 
and wastewater treatment 

- - - - 

Biomass burning National emission of CO2 and CO Historical mean (2010-2023) - - - 

Coal combustion Coal consumption Historical mean (2010-2023) - - - 

Waste management 
Volume of harmless waste treatment (waste 
incineration volume + waste landfill volume) 

Mean value of projected population 23 -2.9 × 10−6 0.99 

Waste incineration Waste incineration volume 
Volume of harmless waste treatment minus 
incineration volume 

- - - 

Waste landfill Waste landfill volume Decrease to zero by 2025 - - - 

Livestock CH4 emission from livestock Historical mean (2010-2020) - - - 

Natural soil National area - - - - 
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Supplemental Figures 

 

Figure S1. CH2Cl2 and CHCl3 emissions of China. Results from other studies1,2,5,88–93 are 
also shown. ISC means ‘interspecies correlation’ method. 
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Figure S2. Cumulative emission of CHCl3 and CH2Cl2 during 2024-2035 and emission 
reduction potential in all sectors. The first and last bars in each panel represent the cumulative 
emissions during 2024-2035 in the BAU scenario and the BPT scenario, respectively. Other 
bars in each panel represent the cumulative emission reduction potential from each sector.  
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Figure S3. Administrative Map of the People's Republic of China. The map is sourced from 
the Ministry of Natural Resources of China. 
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