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Gaseous and particulate chlorine species play an important role in modulating tropospheric 

oxidation capacity, aerosol water uptake, visibility degradation, and human health. The lack of 

recent global continental chlorine emissions has hindered modeling studies of the role of chlorine 

in the atmosphere. Here we develop a comprehensive global emission inventory of gaseous HCl 

and particulate Cl− (pCl), including 35 sources categorized in 6 source sectors based on published 

up-to-date activity data and emission factors. These emissions are gridded at 0.1° × 0.1° spatial 

resolution for the years 1960 to 2014. The estimated emissions of HCl and pCl in 2014 are 2354 

(1661 – 3201) and 2321 (930 – 3264) Gg Cl a−1, respectively. Emissions of HCl are mostly from 

open waste burning (38%), open biomass burning (19%), energy (19%) and residential (13%) 

sectors, and the major sources classified by fuel type are combustion of waste (43%), biomass 

(32%), and coal (25%). Emissions of pCl are mostly from biofuel (29%) and open biomass 

burning processes (44%). The sectoral and spatial distributions of HCl and pCl emissions are very 

heterogeneous along the study period, and the temporal trends are mainly driven by the changes in 

emission factors, energy intensity, economy, and population.
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1. Introduction

Gaseous and particulate chlorine species in the troposphere can impact air quality and 

atmospheric chemistry. For example, gaseous hydrogen chloride (HCl) and particulate 

chloride (pCl) undergo gas-particle partitioning processes, affecting aerosol water uptake 

and enhancing fog and haze formation.1 Particulate chloride reacts with N2O5 to form 

ClNO2. The subsequent photolysis of ClNO2 in the daytime releases the chlorine radical 

(Cl·), which can oxidize volatile organic compounds (VOCs) to further influence the 

formation of ozone and secondary organic aerosol (SOA).2–4 The cycling of Cl·, other 

halogens, and their reservoirs can catalyze ozone depletion and oxides of nitrogen (NOx 
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= NO + NO2) conversion into nitric acid (HNO3), thus having a profound effect on 

tropospheric oxidation capacity.5

In the global budget, the largest source of inorganic chlorine gases (i.e., HCl and other 

inorganic chlorine gases, collectively defined as Cly) is the mobilization of chloride (Cl−) 

from sea salt aerosol (SSA) through acid displacement by strong acids (H2SO4 and HNO3).6 

Previous studies of tropospheric chlorine chemistry have focused on marine and coastal 

regions.7–10 Most Cly species from marine sources deposit rapidly by wet scavenging,11 and 

long-range transport to inland continental regions is unexpected. However, a study in a mid-

continental region of North America far from the coast observed ClNO2 production similar 

to that in coastal regions, highlighting the importance of Cl from non-SSA continental 

sources.2, 12. Observations and modeling suggest that reactive chlorine gaseous species 

in continental China are mainly from anthropogenic sources.13, 14 High concentrations of 

particulate chlorine species have been observed in heavily polluted regions, such as the 

Indo-Gangetic Plain1, 15, 16 and the North China Plain, 12, 17 indicating large emissions from 

anthropogenic sources. Greenland ice core measurements of excess Cl− also highlight the 

possible direct chlorine emissions from anthropogenic sources.18

Tropospheric halogen chemistry has been a priority for several chemical transport models 

right through their various developmental stages.6, 10, 19 The primary anthropogenic 

emissions of chlorine species, however, are not conventionally included in emission 

inventories, which hinders our understanding about the role of chlorine in the atmosphere. 

A few studies have developed regional chlorine emission inventories from anthropogenic 

sources,20–22 based on emission factor measurements23–25 and estimates of industrial 

and waste burning activities. The only available global chlorine emission inventory is 

the Reactive Chlorine Emission Inventory (RCEI) from 1990.26–28 The coarse resolution 

(1°×1°) of this global inventory makes it challenging to study chlorine chemistry on finer 

scales, where it is most important and exerting impacts on regional to local scales. Several 

studies estimated the emissions from individual sectors, such as coal combustion,29, 30 

open waste burning,31, 32 and biomass burning,27 but these emissions are not consistent, 

indicating large uncertainties in current studies. Moreover, the long-term trends of chlorine 

emissions are unknown because most of these studies focused on emissions from a specific 

year.

In this study, we develop a global emission inventory of HCl and fine mode pCl based on 

an updated dataset of HCl and pCl emission factors (i.e., the amount of the pollutant emitted 

per unit activity conducted) and published state-of-the-art activity data. The activity data 

include Global Fire Emission Database (GFED4)33 and the new historical biomass burning 

dataset for Coupled Model Intercomparison Project Phase 6 (BB4CMIP)34 for biomass 

burning, PKU-FUEL35 for energy, industrial and residential sectors, and a new estimate of 

waste burning developed in this study. We provide gridded, model-ready emission inventory 

at a high spatial resolution of 0.1° × 0.1° for the period from 1960 to 2014. Based on these 

data, we show the spatial and temporal patterns of HCl and pCl emissions and discuss their 

driving factors. Additionally, we discuss the atmospheric implications and potential future 

work.
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2. Methods

In this study, we estimated the emissions from 6 sectors (i.e., energy production, industry, 

residence, open waste burning, open biomass burning, and agriculture). More detailed 

information including 13 subsectors and 35 sources which are summarized in Table 1. A 

bottom-up method was applied for country-level emission calculation, shown by Equation 1:

E = ∑
i

Ei = ∑
i

Ai × EF i (1)

where Ei, Ai, and EFi represent the emission rate (Gg Cl a−1), activity data (Tg a−1), and 

emission factor (g Cl kg−1) from the ith source, respectively.

2.1 Activity data.

All activity data, except that for open waste burning, open biomass burning, and agricultural 

sectors, were taken from a published global high-resolution (0.1° × 0.1°) fuel consumption 

database PKU-FUEL.35 The national-level fuel consumption data were mostly collected 

from International Energy Agency (IEA)36 and a Chinese national questionnaire survey 

(for residential fuel consumption in China).37, 38 Sub-national activity data were collected 

for large countries before spatial allocation. This procedure was conducted to reduce the 

uncertainty induced by the uneven distribution of per-capita energy consumption within 

these countries. The PKU-FUEL data is currently available from 1960 to 2014. Activity 

data of open biomass burning and agricultural burning processes were from Global Fire 

Emissions Database (GFED, Version 4.1)33 (1997–2014) and historic biomass burning 

emissions for Coupled Model Intercomparison Project Phase 6 (BB4CMIP)34 (1960 – 

1997). Activity data of open waste burning was estimated based on the methods in the 

guidelines for estimating greenhouse gas (GHG) inventories provided by Intergovernmental 

Panel on Climate Change (IPCC) 39 with the data collected from the newest open-source 

datasets including OECD dataset40, Eurostat41, and Worldbank42. Detailed method and data 

source can be found in Text S1.

2.2 Emission factors.

Emissions factors from coal combustion processes were calculated based on chlorine content 

in coal (Tables S1, S2) and time-dependent removal efficiencies of air pollution control 

devices (APCDs; Tables S3, S4). Detailed information can be found in Text S2.1. Emissions 

factors from other processes in energy and industrial sectors except for coke production and 

brick production were calculated with fixed uncontrolled emission factors in the exhaust 

gas before entering the APCDs and the removal efficiency of APCDs (Table 1, Text S2.2). 

Emission factors for some industrial processes were calculated separately if more detailed 

EF data was available (such as coke production) or different assumptions of APCDs were 

made in these processes (such as brick production). Detailed information of those emission 

factors estimates can be found in Text S2.2. There were other industrial processes which 

might also need different assumptions, such as cement production, where the alkaline nature 

of cement can absorb acid gases like HCl and mitigate its emission. 43 We do not consider 

these differences in this study because of the lack of emission factor measurements, but 

we considered the uncertainty caused by emission factors using Monte Carlo simulations 
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described below (Section 2.5). Emission factors of open waste burning were calculated 

from chlorine content in different types of waste and the waste composition in different 

countries (Text S2.3). Emission factors of all sources in residential households (except coal 

combustion), as well as biomass and agricultural residue were collected from literature and 

kept constant along the study period (1960–2014) (Table 1).

2.3 Spatial allocation.

Gridded, model-ready, emissions for industrial, residential, and energy sectors (i.e., with 

activity data from PKU-FUEL) were derived by multiplying emission factors to the high-

resolution activity data, which was gridded to a 0.1° × 0.1° (approximately 10 × 10 

km) grid using proxies such as locations of the industry and power plants (for energy 

and industrial sectors), and population (for other sectors, such as residential).35 Emissions 

from energy and industrial sectors were equally allocated to each month. Emissions from 

residential households were allocated to each month using grid-specific monthly profiles 

from a previous study.54 Gridded emissions from open biomass burning and agricultural 

processes were calculated by regridding the activity data from GFED4/BB4CMIP on a 0.25° 

× 0.25° grid with monthly profiles onto a 0.1° × 0.1° grid using the python package ESMPy 

to perform regridding that is conservative for the total emission. Gridded emissions from 

open waste burning were allocated to a 0.1° × 0.1° grid based on regridded population and 

urban-rural population percentage assuming equal distribution in each month, as described 

in Text S1.

2.4 Decomposition of the driving factors for temporal changes of HCl and pCl emissions.

To study the driving factors of HCl and pCl emission trends, we divided the study 

period into five decades (i.e., 1960–1970, 1970–1980, 1980–1990, 1990–2000, 2000–2010), 

and calculated the emission difference between the end year and the start year of each 

decade. Then we decomposed the emission differences into four indices that might affect 

emissions, including the emission factor (EF), the emission intensity (EI, calculated by fuel 

consumption/gross domestic product (GDP)), economic development (ECO, represented by 

GDP per capita), and population (POP) based on a logarithmic mean Divisia index (LMDI) 

approach55, 56. The detailed method description can be found in Text S3. We nominally 

applied this method for anthropogenic processes, such as emissions from power plants, 

industries, residences, and open waste burning. Emissions from open biomass burning were 

not considered since it was affected more by wildfires, which were controlled by different 

processes.

2.5 Uncertainty analysis.

We used Monte Carlo simulations to evaluate the uncertainty of this emission inventory 

by running 10,000 simulations with random input values drawn from the uncertainty 

distributions of input variables. The emission factors were assumed to follow log-normal 

distributions, following previous studies.57–59 Activity data (except for open waste burning), 

population data and other parameters were assumed to be uniformly distributed. The 

uncertainties of activity data were set to be 5% for fuel consumption in energy and 

industrial sectors, 20% for residential sectors and open biomass burning, following previous 

studies.57–59 The uncertainty of emission factors was represented by the standard deviation 
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of log-transformed values of multiple records are available for the same processes in Table 

1, otherwise we assume the uncertainty to be 50%. The uncertainty of population data was 

set to be 20%, and the uncertainty of other parameters (e.g., chlorine content) was set to be 

50%. The uncertainty of activity data of open waste burning was calculated by aggregating 

the uncertainties of all the parameters described in Text S1. The uncertainty of emissions 

was represented by the interquartile range (IQR; i.e., the interval between the 25th and 75th 

percentiles) throughout the text.

3. Results and discussion

3.1 HCl and particulate Cl emissions by sectors in 2014

Our analyses focus on the emissions in 2014 because it is the most recent year with 

comprehensive activity data available in our study. In 2014, the estimated emissions of HCl 

and pCl are 2354 Gg Cl a−1 (IQR: 1661 – 3200 Gg Cl a−1) and 2321 Gg Cl a−1 (IQR: 

930 – 3264 Gg Cl a−1), respectively, leading to a total Cl (tCl = HCl + pCl) emission of 

4675 Gg Cl a−1 (IQR: 2591 – 6464 Gg Cl a−1, Table 2). Most of the emissions are from 

Africa and Asia (including China and other Asian countries), while emissions from other 

regions are relatively small, contributing to less than 30% of world total emissions for both 

HCl and pCl (Figure 1). The three countries that emit the most HCl are China, India, and 

the US, contributing 42% of the global total. The three countries that emit the most pCl are 

India, China, and Russia, emitting 24% of the global total (Figure S1). Overall, China is the 

country that emits the most tCl (913 Gg Cl a−1 of tCl in 2014), followed by India (371 Gg Cl 

a−1 of total Cl in 2014).

Although our estimates show that the magnitudes of global HCl and pCl emissions are 

comparable, the major sources are different (Figure 1). HCl emissions are mostly from 

open waste burning (38%), open biomass burning (19%), energy (19%) and residential 

(13%) sectors, although the major source sectors are variable for different countries (Figure 

S1). Major emission sources of HCl classified by the types of fuel are waste, biomass, 

and coal, which contribute 43%, 32%, and 25% of the total HCl emission, respectively. 

On the contrary, pCl emissions are mainly emitted from the open biomass burning (44%), 

residential (29%), and agricultural sectors (16%), and the combustion of biomass/biofuel 

contributes 90% of the total (Figure 1). Such differences in sectoral emission profiles of 

HCl and pCl are mainly caused by differences in emission factors. For example, in coal 

combustion, higher conversion ratio of released Cl to HCl than that to pCl (88% vs. 9%),60 

together with higher removal efficiency of particulate matter than acidic gases (discussed in 

Text S2), favor the emission of HCl relative to pCl. For most types of biomasses, emission 

factors of pCl are higher than those of HCl (Table 1). The differences in major sources 

have implications on future trends and pollution control strategies. Emissions of HCl will 

likely be reduced in the future because the major sources are power plants and industry 

(contributing to 43% of total emissions), which can be further reduced by higher installation 

rate and higher removal efficiency of APCDs. On the contrary, 90% of pCl are emitted 

from uncontrolled combustion processes, such as indoor biofuel burning and open biomass 

burning. Further emissions reductions will rely more on the shift of residential energy use 

towards cleaner energy, such as natural gas and electricity.
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3.2. Spatial distributions

Figure 2 shows the spatial distributions of HCl and pCl emissions from all sources in 2014 

at a spatial resolution of 0.1° × 0.1°. The spatial distributions from each sector are shown 

in Figure S2. As a caveat, emissions from a few African countries might be underestimated, 

because the activity data in some energy sectors (e.g., coal and solid waste) are not 

available. The overall spatial distributions of HCl and pCl are similar, both mainly driven 

by combustion processes, though in some areas the spatial patterns are different because of 

differences in emission factors. In general, high emissions of HCl and pCl collocate with 

high emissions of other major air pollutants such as PM2.5, CO2, SO2, and NOx (NO + 

NO2) in populated regions, 35, 57, 59, 61 such as eastern and southern Asia, Europe, and the 

eastern US. Other areas associated with moderate emissions of most air pollutants show high 

HCl and pCl emissions, such as Africa and Latin America, where emissions from biomass 

burning contribute more than half of the tCl emissions.

The major sources of HCl vary among different regions as shown in the pie charts in Figure 

2 (a). For example, in China, the major source is open waste burning, which accounts for 

46% of a total HCl emission of 705 Gg Cl a−1 in 2014. These values can be compared 

with a previous study showing that 41% out of 458 Gg a−1 HCl is emitted from waste 

burning in China in 201420 (Table S3). Open waste burning is also the major HCl source in 

other Asian countries (32%, Figure 2). High emissions from open waste burning, especially 

in China, India, and other Asian countries, are attributable to the high population and a 

developing economy, resulting in an increasing amount of waste production and a high 

fraction of uncollected waste that is openly burnt.32 Emissions from industrial sectors in 

China are also high, mainly because of high HCl emissions from coal combustion processes 

such as brick production, as bricks production in China contributes to 67% of the world 

total. 62 In Europe, the largest sources of HCl are from the energy and open waste burning 

sectors, which account for 38% and 23% of the total HCl emissions in 2014, respectively. 

For the energy sector, the main sources of HCl classified based on types of fuels are coal 

combustion (23%) and waste incineration (14%). Because of the relatively high cost, waste 

incineration is mainly used in Europe, Japan, the U.S., and China.63 Emissions from this 

source are relatively more important in Europe compared with other regions, because of 

the lack of other sources. Emissions from the energy sector are more prominent in North 

America, contributing to 43% of total HCl emissions, because of the high dependency 

of energy generation on coal combustion and wide use of waste incineration for energy 

recovery.

The pCl emissions are almost exclusively from biomass and biofuel burning processes, 

including open biomass burning (44% in 2014), indoor biofuel burning (29%), and open 

burning of agricultural residue (16%). Open biomass burning, such as wildfires, contributes 

88%, 67%, 63%, 56% of pCl emissions in Oceania, Latin America, Africa, and North 

America, respectively. High emissions mainly occur in large areas with vegetation such as 

savannah and grasslands in Africa, forest in South America, and boreal regions of Europe 

and Asia, where fire activities are high as indicated by the GFED4 dataset. High emissions 

from the residential sector are usually located in densely populated areas in developing 

countries, such as India, eastern China, and some African countries, and most of the 
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emissions in this sector are from indoor biofuel burning that could lead to direct exposure by 

residents.64

3.3. The temporal variation and its driving factors

Historical trends of HCl, pCl and total Cl emissions are shown in Figure 3 for different 

source sectors (upper panels) and different regions (lower panels). The global chlorine 

emission in the form of HCl increases from 1786 Gg Cl a−1 in 1960 to a peak of 2678 Gg 

Cl a−1 in 1990s and shows reduction thereafter to 2354 Gg Cl a−1 in 2014. For the global 

emission of pCl, a small increase from 1915 to 2271 Gg Cl a−1 can be seen from 1960s to 

1980s, and the value is relatively stable afterward, except a peak in 1998, caused by the large 

emission from wildfires in Indonesia. Though HCl and pCl emissions in 1960 and 2014 

are very similar, the sectoral and regional distributions are different (Table 2). HCl and pCl 

emission trends are mainly driven by changes in sectors related to anthropogenic processes, 

i.e., energy, industrial, residential, and open waste burning sectors, while emissions from 

wildfires and other biomass burning fluctuate around a relatively constant level, as suggested 

by BB4CMIP. We further delineate factors that drive temporal variations in emissions from 

the aforementioned anthropogenic sectors by calculating the contributions of four related 

indices (i.e., EF, EI, ECO, POP) over five decades using a decomposition method (Section 

2.4 and Text S3). Our results indicate that economic and population growths are driving the 

increases in HCl and pCl emissions. However, these increases are largely compensated for 

by decreases in emission factors and emission intensities, particularly in energy production 

and industry (Figure 4).

For HCl emissions, energy is the major sector from 1960s to 1980s (Figure 3), because 

of the large emission increase in this period, especially in Europe (Figures S3 and S4). 

The rapid increase in the energy sector is likely driven by the increasing use of fossil 

fuels in power plants, where the contributions of energy intensity and economy have the 

largest positive contribution to emission increase during this period (Figure S5). APCDs 

had not been widely adopted in most countries until the 1980s,65 and the contribution 

of emission factor changes, which reflects the use of APCDs, only have a small effect 

in cutting down emissions (Figure S5). After wide adoption of APCDs, especially in the 

largest HCl emission region in Europe, emissions in energy sectors are reduced after the 

1980s (Figures S3 and S4). The HCl emission trend for the industrial sector has a peak 

in 1990s, driven by the increase of emissions in developing countries, especially in China, 

mainly from coal combustion in industrial processes (Figure S4). Emissions from residential 

sectors are relatively constant during the study period, as the decrease in residential coal 

combustion emissions from European countries offsets the increase of indoor biofuel 

combustion emissions in Asian countries (Figure S4). Emission from open waste burning 

increased in all regions during the study period mainly caused by developing economies and 

population growth (Figures S4 and S5). Both factors increase the amount of waste burned 

and this increasing trend will likely continue. Since emissions from energy and industrial 

sectors show decreasing trends, the rising emissions of HCl from the residential sector, 

especially indoor biofuel burning in developing countries, and the open waste burning sector, 

might become more important in the future and require special attention from policymakers.
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Emissions of pCl from energy, industrial, and open waste burning sectors exhibit 

qualitatively similar trends to that of HCl but quantitatively the magnitude of variations 

are much smaller (Figure 3). Thus, the overall emission trend of pCl is dominated by the 

relatively steady emissions from open biomass burning, most of which are from Africa due 

to frequent wildfire, and a small increase in emissions from residential sectors (Figures 

3 and S4). Emissions from the residential sector, especially that from indoor biofuel 

burning, are the largest anthropogenic sources of pCl, mainly emitted from African and 

Asian countries (Figure S4), where biofuel is one of the main fuel types for households in 

these regions.66, 67 Emissions from Africa and Asia are increasing during the study period, 

because of the increasing population and growing economy (Figure S5), while emissions 

from China started to decrease from 1990 (Figure 3), likely due to wider use of cleaner 

energy in households (e.g. liquid petroleum gas and biogas).37 Anthropogenic emissions of 

pCl are much smaller and less important in other regions, i.e., Europe, North America, Latin 

America, and Oceania (Figure 3).

3.4. Comparison with emission trends of other aerosol precursors

We compare the trends of tCl calculated in this study with other common pollutants 

including SO2, NOx, and NH3 estimated by adding up anthropogenic emissions from the 

Community Emissions Data System (CEDS),68–70 open biomass burning and agricultural 

residue burning from BB4CMIP34 (Figure 5). These species are major precursors for 

inorganic aerosol formation. Emissions of tCl and SO2 increase over the period from 

1960 to 1990 and decrease afterward, which are mainly caused by the wide application of 

APCDs that reduce acid gas emissions from energy and industrial sectors. However, further 

control of tCl emission could be more challenging than SO2, because a large fraction of tCl 

emissions is from open biomass burning and the residential sector (Section 3.3). Compared 

with the rapid reduction of SO2, a slower reduction rate is observed for tCl emission in the 

last two decades. Emissions of NOx remain increased after the 1990s and stabilize in recent 

years, which is a result of a decreasing trend of emissions in Europe and North America 

offset by the increasing trend in Asian countries.69 Emissions of NH3 continually increase 

due to increasing trends in the agricultural sector driven by a growing population.

Although we estimate HCl and pCl emissions separately, these species can undergo gas-

particle partitioning processes in the atmosphere. Thermodynamic modeling suggests that 

the particulate fraction of chloride largely depends on temperature, aerosol water, and the 

abundance of ammonia, and the gaseous HCl can co-condense with aerosol water into the 

particulate phase during haze events, particularly in cold, humid conditions in polluted 

regions.1 The increase in NH3 is favorable for chloride to partition into the particle phase, 

while the decrease in SO2 and sulfate may reduce aerosol water, which drives the chloride 

to partition into the gas phase. Further chemical transport modeling and thermodynamic 

modeling studies are needed to better understand the effect of changing emission profiles on 

inorganic aerosol compositions.

3.5. Uncertainties and comparison with regional emissions in literature

We compare our results with emissions from other studies, including the worldwide 1990 

RECI emission inventory26 and the 2014 emission inventory in China,20 as well as other 
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available regional and sectoral emission estimates (Text S4 and Table S6). Most of our 

results are within the reported uncertainty range. However, the uncertainty estimates using 

Monte Carlo simulations indicate that there are relatively large uncertainties in our results 

(−29% to 36% for HCl and −60% to 41% for pCl, Table 2), higher than other emission 

inventories developed based on the PKU-FUEL dataset.35, 57, 59, 61 A detailed discussion of 

the uncertainty and comparison can be found in the supplementary information (Text S4).

There are large inevitable uncertainties in the estimation of some parameters (such as 

APCD installation rates in coal combustion processes, waste production and collection rate 

in open waste burning), especially in the early years, due to a lack of records. Also, the 

chlorine content of coal, waste, and biomass vary significantly with different locations, 

causing emission factors to vary in different studies. However, the uncertainties can still be 

reduced, and the study can be improved in some ways. First, more measurements are needed 

to obtain more accurate emission factors, especially for processes with large emissions, 

such as burning processes of different types of biomasses (both indoor and open burning), 

combustion of coal from different regions. Activity data of open waste burning needs to 

be further studied because emissions from this sector are increasingly important (Figure 

3). For example, emissions of HCl in this sector gradually exceed emissions from other 

major sources (i.e., energy and industrial sectors) in China, other Asian countries and Africa 

(Figure S3).

4. Atmospheric implications and future work

This study provides an estimate of the global continental emissions of HCl and pCl 

from 1960 to 2014 at a fine spatial resolution (0.1° × 0.1°). Our results can be used to 

study tropospheric chlorine chemistry in global and regional chemical transport models. 

Continental emissions of HCl and pCl can be potentially important for the nighttime ClNO2 

production by reactive uptake of N2O5 on chloride aerosol particles. The photolysis of 

ClNO2 in the morning can produce chlorine radical (Cl·), which reacts rapidly with VOCs 

to affect ozone and SOA formation. Our study implies that these reactions are not limited 

to coastal regions (where both NOx and sea salt chloride are abundant), as continental 

emissions of HCl and pCl can also serve as an important source of chloride aerosol. The 

role of continental chlorine emissions on tropospheric oxidation capacity should be further 

examined.

Our study highlights high emissions of HCl and pCl in populated regions such as the 

North China Plain and Indo-Gangetic Plain, consistent with field observations showing high 

chloride concentrations in the particulate matter.1, 12, 71, 72 As we mainly focus on emissions 

from combustion processes in this study, future work should also examine HCl and pCl 

from non-combustion processes. For example, high concentrations of ClNO2 and elevated 

particulate Cl− observed in snowy urban areas during wintertime suggest the contribution 

of road salt for deicing purposes could be an important source.73–75 The consumption of 

acid solution in metal pickling industry can also be a direct source of HCl in Delhi, India 

suggested by previous field observations.15, 76 The magnitude and importance of these 

emissions remain largely unclear.
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Besides HCl and pCl, other forms of chlorine emitted from anthropogenic sources, such 

as Cl2 and HOCl, although beyond the scope of this work, may also play an important 

role in tropospheric chemistry because they are also important Cl· precursors. State-level or 

county-level emissions of Cl2 and HOCl have been estimated in some studies, such as in 

the U.S.,77, 78 China,79, 80 and these studies found that the major sources could be biocides 

used in cooling towers, disinfectants in wastewater treatment plants and swimming pools. 

Previous studies mentioned above only estimated state-level or city-level emissions, to 

compare with country-level HCl and pCl emissions in this study, we did a rough estimation 

by assuming emissions per capita are the same in the whole country and multiplying the 

regional emissions by the national-to-regional population ratio. This leads to 20 – 131 Gg Cl 

a−1 in the U.S. and 12 – 493 Gg Cl a−1 in China emitted in the form of Cl2 or HOCl. The 

upper limit estimates could be comparable to HCl emissions calculated in this study (i.e., 94 

Gg Cl a−1 in the U.S. and 705 Gg Cl a−1 in China). Although this is a rough estimate based 

on limited information, this indicates the potential importance of HOCl and Cl2 emissions. 

We recommend further studies on estimating these emissions and model simulations to study 

their effects on atmospheric chemistry.
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Figure 1. 
Pie charts show fractions of HCl, pCl and tCl (HCl + pCl) annual emissions in 2014 by 

source sectors (a, b, c) and by emission regions (d, e, f). Percentage of emission by each 

major contributor (i.e., contribute more than 5%) is marked on the pie chart. Total emissions 

of HCl, pCl, and tCl are also marked.
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Figure 2. 
Geographical distributions of (a) HCl and (b) pCl emission fluxes in 2014. The embedded 

pie charts and texts show the annual emissions from difference source sectors for 7 regions.
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Figure 3. 
Temporal trends of annual HCl, pCl and tCl emissions by sectors (upper panels) and regions 

(lower panels). Emissions from open biomass burning are excluded in the lower panels.
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Figure 4. 
Decomposition of the changes in global HCl and pCl emissions within each decade using 

method described in Section 2.4 and Text S3. Open biomass burning is excluded in 

the analysis. The sum of contributions of all four factors (i.e., EF, EI, ECO, POP) are 

represented by red lines.

Zhang et al. Page 20

Environ Sci Technol. Author manuscript; available in PMC 2023 October 06.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 5. 
Temporal trends of tCl (HCl+pCl), NOx, SO2 and NH3 emissions between 1960–2014. Data 

are shown for the percentage changes relative to a baseline year of 1990.
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Table 1

List of sectors and fuel types and emission factors collected from literature and dataset.

Sector Subsector Fuel
Emission factor (g/kg)a

HCl Refs. pCl Refs.

Energy 
production

Coal 
combustion

Anthracite

Calculated based on chlorine content and removal efficiency (Text S2.1)

Coke

Bituminous coal

Lignite

Peat

Waste 
combustion

Municipal 

wasteb 3.20 44 1.74c 44, 45

Industrial wasteb 3.20 44 1.74c 44, 45

Biomass 
combustion Solid biomassb 0.06 46, 47 0.05c 46, 47

Industrial 
processes

Coal 
combustion

Anthracite

Calculated based on chlorine content and removal efficiency (Text S2.1)

Coke

Bituminous coal 
excluding coke 
and brick 
production

Lignite

Peat

Brick 
production Calculated based on chlorine content (Text S2.2)

Coke 
production

Calculated based on uncontrolled EF for PM, HCl and pCl weight percentage, 
chlorine content in different countries and removal efficiency (Text S2.2)

Waste 
combustion

Municipal 

wasteb 3.20 44 1.74c 44, 45

Industrial wasteb 3.20 44 1.74c 44, 45

Biomass 
combustion Solid biomassb 0.06 46, 47 0.05c 46, 47

Residential 
household

Coal 
combustion

Anthracite

Calculated based on chlorine content (Text S2.1)

Coke

Bituminous Coal

Lignite

Peat

Indoor biofuel 
combustion

Charcoal 0.06 46, 47 0.05c 46, 47

Firewood 0.06 46, 47 0.05c 46, 47

Brushwood 0.06 46, 47 0.05c 46, 47

Straw 0.18 46, 47 0.57 46, 47

Dung 0.038 46, 47 0.35 46, 47

Corn cob 0.18 46, 47 0.57 46, 47
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Sector Subsector Fuel
Emission factor (g/kg)a

HCl Refs. pCl Refs.

Open waste burning Calculate based on country-level waste composition and chlorine content in 
different types of waste (Text S2.3)

Open biomass 
burning

Biomass 
burning

Savannah and 
grassland 0.13 46, 47 0.30c 46, 47

Temperate forest 0.04 46, 47 0.27c 46, 47

Boreal forest 0.13 46, 47 0.22c 46, 47

Deforestation 0.13 46, 47 0.17c 46, 47

Peat 0.01 46, 47 0.11c 46, 47

Agricultural 
processes

Biomass 
burning

Agricultural 
residue 0.18 46, 47 0.30b 46, 47

a,
the mean value was used when multiple records were available. Industrial waste is assumed to have the same EF as municipal waste because of 

the lack of waste composition information; Solid biomass used in energy and industry sector and charcoal used in residential are assumed to have 
same EF as wood used in residential sector due to similar chlorine content since they are made from biomass;

b,
uncontrolled EF, controlled EF are calculated based on uncontrolled values time removal efficiency described in Text S2.1;

c,
calculated by EF of PM and mass percentage of Cl in total PM.
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Table 2

Emissions in different sectors in 2014. The values in parenthesis show the estimated uncertainty represented 

by the interquartile range (i.e., 25th to 75th percentiles).

Sector Subsector

Emission (Gg Cl a−1)

1960 1990 2014

HCl pCl HCl pCl HCl pCl

Energy

Coal combustion 448 (289 – 
530) 40 (26 – 46) 775 (512 – 

907) 53 (35 – 61) 358 (225 – 
419) 38 (25 – 44)

Solid waste 
combustion 0.3 (0.2 – 0.4) 0.1 (0 – 0.2) 79 (50 – 107) 28 (16 – 36) 82 (53 – 110) 66 (43 – 89)

Solid Biomass 
combustion 0.3 (0.2 – 0.3) 0.2 (0 – 0.6) 2 (1 – 3) 1 (0 – 3) 4 (3 – 5) 3 (2 – 8)

Industry

Coal combustion 178 (107 – 
211) 16 (9 – 18) 199 (124 – 

236) 10 (6 – 11) 122 (61 – 153) 10 (5 – 11)

Solid waste 
combustion 2 (1 – 3) 1 (1 – 2) 69 (43 – 93) 28 (17 – 37) 38 (23 – 51) 22 (14 – 29)

Solid Biomass 
combustion 3 (3 – 4) 3 (2 – 7) 16 (13 – 18) 8 (4 – 21) 9 (7 – 11) 6 (3 – 17)

Coke production 11 (6 – 22) 50 (21 – 70) 94 (6 – 110) 27 (15 −39) 4 (3 – 8) 16 (3 – 17)

Brick production 2 (0 – 3) 0.2 (0 – 2) 29 (16– 37) 3 (1 – 5) 37 (27 – 51) 4 (2 – 7)

Residence

Coal combustion 277 (174 – 
339) 28 (18 – 34) 155 (105 – 

184) 16 (11 – 19) 65 (39 – 79) 7 (4 – 8)

Indoor biofuel 
burning 141 (88 – 189) 386 (154 – 

564)
214 (154 – 

298)
558 (240 – 

844)
247 (175 – 

351)
669 (275 – 

981)

Open waste burning 257 (221 – 
361) 49 (34 – 84) 534 (478 – 

758) 54 (48 – 76) 886 (792 – 
1263) 89 (79– 126)

Open biomass burning 418 (180 – 
569)

954 (335 – 
1233)

428 (186 – 
560)

969 (344 – 
1238)

457 (246 – 
643)

1010 (428 – 
1379)

Agricultural residue burning 48 (7 – 56) 387 (44 – 525) 47 (6 – 54) 385 (44 – 522) 47 (7 – 57) 379 (45 – 543)

Total 1786 (1076 – 
2288)

1915 (644 – 
2586)

2641 (1694 – 
3375)

2140 (781 – 
2912)

2354 (1661 – 
3200)

2321 (930 – 
3264)
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