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ABSTRACT 
 

This study aimed to assess the natural availability of sulfur and SO2 in coal typical of the Jurassic, Permo-Carboniferous, 
and Cambrian strata in Shaanxi, China, and their emission rates. A total of 93 samples (39 Binxian Jurassic, 37 Permo-
Carboniferous, and 17 Langao Cambrian) were collected and analyzed via the Eschka method (GB/T 214-1996). The 
results show that the average sulfur content was 2.40%, 2.85%, and 0.92% in the Binxian coal gangue, raw coal, and coal 
slime, respectively; 1.48%, 2.41%, and 1.5% in the Hancheng Permo-Carboniferous coal gangue, raw coal, and coal slime, 
respectively; and 0.84% and 2.44% in the Langao Cambrian stone-like coal and black shale rock, respectively. The annual 
sulfur emissions from the Binxian urban and rural areas totaled 1.5 kt and 9.3 kt (Kilotons), respectively, which contributed 
1.4% of the overall SO2 emitted into the atmosphere. The sulfur emissions from Hancheng urban and rural areas totaled 
1.8 kt and 11.9 kt, respectively, which contributed 1.8% of the overall SO2. The sulfur emissions from Langao urban and 
rural areas was 0.4 kt and 2.8 kt, respectively, which contributed 0.43% of the overall SO2. Coal-waste consumption from 
1991 to 2015 increased by 23% and 10% in urban and rural areas, respectively, in China, ultimately reducing the debris 
from coal waste. Raw-coal consumption from 1991 to 2015 decreased from 96% to 73% and from 97% to 87% in urban 
and rural areas, respectively. SO2 emissions since 2006 have decreased due to effective desulfurizing technology. 
According to the results of this study, China has been continuously reducing the emission of SO2 by adopting a green 
economy. The study recommends installing desulfurizing equipment in power plants to further reduce the SO2 emissions. 
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INTRODUCTION 
 

Sulfur is one of the major components/impurities of coal, 
available from 0.2 to 11% both in organic and inorganic 
form (Ibarra et al., 1994). During coal and other crude oil 
combustion, sulfur is emitted to atmosphere in the form of 
SO2, SO4, etc., while in the coal waste, sulfur is available in 
the form of pyrite (FeS2), gypsum (CaSO4, 2H2O), ferrous 
sulfate (FeSO4), barite, and sphalerite (ZnS) (Lu et al., 2010). 
Among all the forms, the most active and major emitted 
form is SO2 and H2S (Hou et al., 2018). Sulfate aerosol in 
the atmosphere acting as a cooling inhibitor but their cooling 
effect will affect though atmospheric CO2 (Ozkaymak et 
al., 2017; Samset, 2018). The dominant cooling effect of 
sulfate aerosol is considered the regional and urban pollutant, 
which has a wide range of health and environment impacts 
(Ming et al., 2005). The massive emission of sulfur oxides 
to the atmosphere may cause air pollution; contribute SO2 
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and acid rain, damaging infrastructure, affect plants growth, 
contribute haze and particulate matters (Saidur et al., 2011). 
The declining level of the ecosystem and human health 
affect the life expectancy, which is a great economic loss 
in long-term (Chen et al., 2018). 

China is one of the major energy-consuming country in 
the world. Due to lack of local oil resources, China used 
coal resource for the energy purposes, which ultimately 
contribute a huge amount of the toxic gases (H2S, CS, SO2, 
CS2, COS etc.) to the atmosphere, which affect the 
atmosphere and biosphere (Ali et al., 2015; Gu et al., 
2017). Among the world major air polluted cities, 16 worst 
air quality cities are situated in China, while 54% of the 
river’s water is not safe for the human uses. The intense 
use of coal resource not only released the sulfur but also emits 
other toxic elements to the environment, which drastically 
affects the agriculture lands, food crops and water quality 
(Hussain et al., 2018). Additionally, some poisonous gases 
were detected in the worst air quality cities, where the 
higher SO2 and lung cancer are common (Chen et al., 2018). 
Kan and Chen (2003) reported that the increasing SO2 
(10 mg m−3) emission will lead to an increase in the 
mortality risk of 1.01% through the respiratory system. 
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While some previous epidemiologist reported 0.8–3% dual 
mortality by emitting 50 µm m−3 of SO2 (Katsouyanni and 
Pershagen, 1997). 

To fulfill the energy demand of the country, the Chinese 
government still planning to install the coal power plants to 
overcome the energy shortfall. However, these power plants 
generate more SO2. During 1980–1995, China overall SO2 
emission was 23 million tons (Mt) (Yang and Schreifels, 
2003), while in 2000, the China coal industries emitted almost 
85% (19.9 Mt) of SO2 (Yang et al., 2002). Due to extreme 
energy demand in 2006, Chinese government installed 
1056 new coal power plants (which generate 63 million 
kilowatts [MkW] electricity) to achieve the energy goal of 
2005 five-year plan (Chen et al., 2018). However, these 
newly established power plants generate 11.7% SO2 to the 
atmosphere (Su et al., 2011). SO2 emission control is one 
of the key tasks to all over the world, but very crucial to 
the China and the USA energy sectors. The Chinese energy 
cleaning system was improved, but still, the SO2 emission is 
greater than 40% (Steinfeld et al., 2009). Chinese industrial 
SO2 emission was about 42–52% from 2001 to 2007 (Wang 
et al., 2018a). Among this emission, ≈90% is associated 
with coal burning both in industrial and commercial uses 
(Lu et al., 2010).  

Some previous studies estimate the sulfur and SO2 
emission of the China and global up to 2008, which shows 
a drastic increase in the SO2 emission from 1999 to 2006 
(Smith et al., 2011). However, a few studies compiled the 
SO2 emission but lack of the sulfur availability and emission 
from the coal (Tørseth et al., 2012; Wang and Hao, 2012; 
Klimont et al., 2013). While some of the research has been 
conducted on the toxic elements released by coal (Zhao and 
Luo, 2017, 2018), very limited studies are available on the 
sulfur emission. Sulfur emission is mostly associated with 
the burning of coal and other fossil fuels, which could cause 
serious environmental problems, including atmospheric 
gases unbalancing, deteriorate air quality, increasing global 
warming and indirectly affect the cryosphere, agriculture 
land, food crops, and human’s health. Therefore, the study 
aimed to probe and assess the sulfur quantity in the coal 
and coal waste byproduct (CBWs). The study also aimed 
to deliver a foundation and explore the critical estimation 
of the SO2 emission by China since last 25 years. 

 
METHODOLOGY 
 
Tectonic Setting and Sampling 

The field visit and sampling were carried in the three 
major coalfields (typical coal of China) of Shaanxi Province, 
China. (1) Langao County (Cambrian coal) is situated 
between the latitude 32°26ʹ13ʹʹN to 32°28ʹ7ʹʹN, and longitude 
108°56ʹ25.5ʹʹE to 108°58ʹ49ʹʹE (Hussain and Luo, 2018). 
Tectonically, the area is related to Qinling Mountains, 
where the most visible strata’s are late Proterozoic and 
early Paleozoic, however, a few Jurassic strata’s are also 
expended in some of the areas. The stone-like coal and 
black shale are widely spread in the Lujiaping formation of 
the late Proterozoic Lower-Cambrian. The coal and black 
shale carbonaceous rocks are enriched with sulfide ores, 

i.e., molybdenite, pyrite, and chalcopyrite, etc. (Hanjie and 
Yuzhuo, 1999; Wang et al., 2017; Hussain and Luo, 2018). 
(2) Weibei coalfield (Hancheng Permo-Carboniferous) is 
situated in the Ordos Basin between the latitude of 35°34ʹE 
to 35°38ʹE and longitudes of 110°25ʹ30ʹʹE to 110°31ʹ28ʹʹE 
(Fig. 1). The major tectonic of the Weibei coalfield are 
Cambrian, Ordovician, Permian, Carboniferous, Jurassic, 
Pliocene, Triassic and Pleistocene. The Weibei coal seam 
is associated with the Carboniferous and Permian geological 
sequence, which underlying the quaternary sequences (Yao 
et al., 2009; Hussain et al., 2018). (3) Huanglong coalfield 
(Binxian Jurassic coalmines) is a part of the Ordos basin 
located at the latitude of 35°2ʹ33ʹʹE to 35°5ʹ19ʹʹE and 
longitude 107°50ʹ42ʹʹN to 107°58ʹ42ʹʹN (Fig. 1). The coal 
seam of the Huanglong coalfield belongs to the Jurassic 
(J2), where the most visible formation are Zhiluo Jurassic 
formation, Yan’an formation, Luohe, Cretaceous, Yijun, 
Chihuahua, Quaternary and Fuping formation (Ren et al., 
2014; Yi et al., 2015; Hussain and Luo, 2018). 

The coal, coal wastes and rocks samples were collected 
from the above three coalfield areas, while the coal slime 
samples were collected from the washing plants. A total of 
93 samples were collected including 39 from the Binxian 
Jurassic (23 coal gangue, 10 raw coal, 5 coal slime, and 1 
ash sample), 37 from the Hancheng Permo-Carboniferous 
(18 coal gangue, 7 raw coal, 4 coal slime, and 6 spontaneous 
burning ash), and 17 samples were collected from the Langao 
Cambrian county (9 stone coal, and 7 Cambrian black 
shales rock). All these samples were analyzed for sulfur at 
the Physical and Chemical Laboratory of the Institute of 
Geographic Sciences and Natural Resource Research, 
CAS, China. 

 
Experimental Method 

Eschka method (GB/T 214-1996) was used to determine 
the sulfur contents in coal and rocks (Wang et al., 2018b; 
Zhao and Luo, 2018). The samples were mixed with Eschka 
reagent (1:2) and then keep in the oven at 800–900°C for 
1–2 hours until all the sample were burnt completely. Then 
passed the sample through a medium sized filter paper 
using hot water. Add methyl orange indicator and 2 mL 
HCl (1:1) and transfer to heat to reduce the total volume up 
to 200 mL. Add 10 mL BaCl2 (10%), kept the solution for 
a night, and then filter the solution using a 0.001% ash size 
filter paper and finally burnt the filtered materials at 850°C. 

 
Emission Rate 

Emission rate for the coal combustion was determined 
through mass distribution method (Eq. 1) as suggested by 
Luo et al. (2004) and Zhao and Luo (2018), while the 
emission rate for the sulfur was determined through Eq. (2) 
and integrated emission rate for different areas, source and 
time were determined through Eqs. (3) and (4), respectively 
(Hao et al., 2002): 
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Fig. 1. Tectonic setting and samples location of the study areas. 
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In the above equations, R is the emission rate of the coal 

combustion, Q is the emission rate of the sulfur, Ccoal, and 
Cash are the sulfur concentration in coal and ash, 
respectively. Cfired is the total ash contents. While Ce is an 
element concentration, CC is the coal consumption (NBSC, 
2017), and p is the efficiency of elements absorbed at 
control measure. Where i, j and t are the areas, source 
(coal, coal gangue etc.), and time (year), respectively. 
 
RESULTS 
 
Huanglong Coalfield 

The magnitude of sulfur in the typical coal of Huanglong 
coalfield (Binxian Jurassic) of Shaanxi Province was 
interpreted in Table 1. The highest concentration of sulfur 
in the Binxian Jurassic coal gangue was 6.28%, and lowest 
was 0.56% with an average of 2.4%, which was higher 
than those reported by Wang et al. (2016) (1.4%) and Luo 
et al. (2005) (1.02%). The average concentration of sulfur 

in the Chinese coal gangue was 1.01% (Ren et al., 2006). 
Similarly, the average quantity of ash was 71.75%, which 
was equivalent to Wang et al. (2016) (70%). The average 
ash ratio is one-third after the combustion (Zhao et al., 
2008). In 2013, the total average production of coal gangue 
was 750 million tons (Mt), which exotically undergoes in 
spontaneous combustion and affect the environment badly 
(NDRCC, 2014; Wang et al., 2016). 

The concentration of sulfur in Binxian raw coal ranged 
0.1–5.89 with an average of 2.85% (Table 1), which was 
higher than the Indian coal (0.4–0.6%) (Lu et al., 2013), 
Weibei coalmines (0.94%), Shenfu coalfield (0.7%), Xishan 
coalfield (1.3%) and Pingyinan coalfield (1.4%) (Wang et 
al., 2016). The Binxian Jurassic sulfur concentration was also 
higher than those reported by Zhao and Luo (2017) (1.52%) 
and Dai et al. (2012) (1.14%). The high consumption of 
coal released a huge amount of sulfur and other toxic 
gases, which affect the climatic condition, air quality, human 
health, land disturbance as well as affect the environmental 
sustainability (Han et al., 2016; Zhao and Luo, 2017; 
Samset, 2018; Zhao and Luo, 2018). Similarly, the minimum 
and maximum concentration of sulfur in the coal slime 
were 0.61 and 1.45%, respectively, with an average of 
0.92% (Table 1). The Binxian coal slime sulfur content 
was considerably lower than the Shaanxi (2.12%) (Zhao and 
Luo, 2018). The coal slime is similar to briquettes, which 
has been recommended by the government to use as a clean 
coal. These materials are generated during the coal cleaning 
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Table 1. Sulfur and ash quantity in the Huanglong coalfield (Binxian Jurassic coalmines). 

 

and washing. The domestic coals are mixed with coal slime, 
which has been used in the household (Li et al., 2014). 
Nowadays, the coal slime is separated from the raw coal. 
The coal slime is using in the household for burning purpose 
as well as also recommended for the poor agriculture soil. 
 
Weibei Coalfield 

The aggregate and average concentration of sulfur and 
coal ash in the Hancheng Permo-Carboniferous and Langao 
Cambrian coalmines were given in Table 2 and Fig. 2. The 
concentration of sulfur in the Hancheng coal gangue 
ranged 0.28–7.37% with an average of 1.48%, which was 
equivalent to the Zhao and Luo (2017) (1.5%) and the 
Bindong coal (1.48%) (Wang et al., 2016). The sulfur 
concentration of the Hancheng Permo-Carboniferous coal 
gangue was lower than the Yunnan coal wastes byproducts 
(CWBs) (1.9%) (Zhao and Luo, 2018), while higher than the 
Linyou (0.38%), Hancheng (0.9%), Shenfu (0.7%) and 
Xishan coalmines (1.2%) (Wang et al., 2016). 

The magnitude of sulfur in the Hancheng raw coal ranged 
0.26–4.26% with an average of 2.4% (Table 2 and Fig. 2). 
The Hancheng raw coal sulfur contents were higher than 
the world coal (2%) (Ketris and Yudovich, 2009), Shenmu 
coalmine Shanxi (0.3%) (Hou et al., 2018), Shanxi (0.8%) 
(Querol et al., 2008), Anhui (1.32%) (Zhou et al., 2014), 
Jiangsu (0.64%) (Li et al., 2006), Liaoning (0.11%) (Wang 
et al., 2016) and Yuegang et al. (2015) (1.14%). 

The concentration of sulfur in the Permo-Carboniferous 
coal slime ranged 0.46–2.57% with an average of 1.5% 
(Table 2 and Fig. 2). The average sulfur contents of the 

Permo-Carboniferous coal slime were lower than the world 
coal (2%) (Ketris and Yudovich, 2009) and the Brazil 
pyrite coal (3–7%) (Kalkreuth et al., 2010), while higher 
than the earth crust (0.07%) (Wedepohl, 1995), Indonesian 
coal (< 1%) (Widodo et al., 2010) and Wang study (1.01%) 
(Wang et al., 2016). However, the coal slime sulfur contents 
were equivalent to those reported by Zhao and Luo (2017) 
(1.5%), Inner Mongolia coal (1.5%) (Chou, 2012) and the 
Brazil Permian coal (1.59%) (Kalkreuth et al., 2006). 

 
Langao Coalfield 

The concentration of sulfur in the Langao Cambrian 
stone-like coal ranged 0.17–1.67% with an average of 
0.84% (Table 2). The average concentration of the Langao 
sulfur was lower than the world coal (2%) (Ketris and 
Yudovich, 2009), Brazil pyrite coal (3–7%) (Kalkreuth et 
al., 2010), Kirovskaya coalmine, Kazakhstan (3.1%) (Pak 
et al., 2016). However, the Langao Cambrian coal sulfur 
contents were higher than the Shanxi coal (0.3%) (Hou et 
al., 2018), Jiangsu coal (0.64%) (Li et al., 2006), and 
Liaoning coal (0.11%) (Wang et al., 2016). In Langao 
Cambrian, the contents of sulfur in the black shale rock 
ranged 0.34–6.45% with an average of 2.4% (Table 2). 
The Cambrian black shale has a higher concentration than 
the Permo-Carboniferous coal, while similar to or lower 
than the Binxian Jurassic coal. The Cambrian black shale 
sulfur content is significantly higher than the majority of 
the national and international studies (Kalkreuth et al., 
2006; Querol et al., 2008; Ketris and Yudovich, 2009; 
Zhou et al., 2014; Wang et al., 2016; Zhao and Luo, 2018).

Coal gangue Raw coal 
sample Sulfur % Ash % Sample Sulfur % Ash % 
CG1 0.768 44.843 C1 2.186 17.771 
CG2 3.158 75.787 C2 5.885 18.881 
CG3 6.281 73.730 C3 2.062 16.183 
CG4 1.337 63.008 C4 3.518 62.556 
CG5 2.730 91.776 C5 1.228 82.614 
CG6 5.576 59.041 C6 0.969 57.675 
CG7 2.163 39.977 C7 5.860 17.604 
CG8 0.699 90.060 C8 3.117 9.753 
CG9 2.826 80.260 C9 3.534 16.170 
CG10 3.620 75.798 C10 0.098 59.980 
CG11 1.698 78.147 Avg. 2.846 35.919 
CG12 2.065 70.352 Coal slime 
CG13 1.547 75.789 CM1 0.719 76.108 
CG14-1 0.560 78.947 CM2 0.979 74.474 
CG14-2 5.599 68.510 CM3 0.611 56.570 
CG15 1.534 86.079 CM4 0.854 72.502 
CG16 4.192 65.097 CM5 1.454 61.446 
CG17 1.777 62.261 Avg. 0.924 68.220 
CG18 1.628 82.595 
CG19 1.948 39.200 S-Ash 0.754 59.342 
WCG1 1.561 78.878 
WCG2 1.082 79.438 GBW1111H-1 2.956 
CGF1 0.856 90.780 GBW1111H-2 3.066 
Avg. 2.400 71.755 
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Table 2. Sulfur and ash contents in the Weibei coalfield (Hancheng Permo-Carboniferous coalmines) and the Langao 
County (Cambrian coalmines).  

Weibei coalfield 
Coal gangue Raw coal 

Samples Sulfur % Ash % Samples Sulfur % Ash % 
HC3 7.375 72.778 HC20 3.167 41.789 
HC4 1.659 87.011 HC22 3.061 67.311 
HC5 2.092 90.323 HC23 3.112 44.871 
HC6 0.329 88.968 HC24 4.264 51.621 
HC7 0.484 66.295 XS1 0.263 76.029 
HC8 0.282 73.344 XS7 0.659 54.608 
HC9 0.380 74.888 XS9 2.376 51.827 
HC10 0.297 65.186 Avg. 2.415 55.437 
HC11 0.282 81.911 Coal slime 
HC12 0.417 73.285 HC21 2.396 55.218 
HC13 0.849 57.884 HC25 2.573 60.772 
HC14 0.397 62.385 XS2 0.802 54.979 
HC15 0.563 76.069 XS10 0.464 74.028 
HC18 4.610 61.191 Avg. 1.559 61.249 
HC28 2.316 69.606 Spontaneous Ash 
XS4 1.328 80.379 HC1 0.22 82.20922 
XS5 1.866 78.696 HC2 6.64 41.77081 
XS6 1.132 68.144 HC26 0.37 95.42511 
Avg. 1.481 73.797 HC27 0.733541 94.2215 
Fine-Ash 0.508  XS3 1.732002 72.18859 
Course-Ash 0.485  XS11 0.32 55.53513 
   Avg. 1.67 73.56 

Langao County (Cambrian strata) 
Raw coal Black shale rock 

ZHC1 1.355 76.897 ZHR1 3.058 85.230 
ZHC2 1.077 77.718 ZHR2 0.848 91.324 
ZHC3 1.193 73.056 ZHR3 2.051 84.319 
ZHC4 1.674 65.770 ZHR4 3.628 79.663 
ZHC5 0.757 77.119 ZHR5 6.460 81.129 
ZHC6 0.566 83.018 ZHR6 0.694 69.242 
ZHC7 0.174 87.444 ZHR7 0.336 93.537 
ZHC8 0.375 90.229 Avg. 2.439 83.492 
ZHC9 0.396 90.348 
Avg. 0.841 80.178 S-Ash 0.323 89.846 

 

 
Fig. 2. The average concentration of sulfur in different type typical coalmines, Shaanxi. 
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The study explored that the Cambrian stone-like coal and 
the black shale have higher sulfur concentration as 
compared to the Jurassic and Permian coal. The mode of 
occurrence of sulfur in the Langao county is sulfide ore, 
i.e., pyrite, chalcopyrite, and molybdenite (Zhenmin et al., 
1997; Hussain and Luo, 2018). The higher sulfur contents 
in the coal are mostly associated with pyrite (> 3.5%), 
while lower sulfur coal is associated with organic coal 
(Pak et al., 2016). 
 
DISCUSSIONS 
 

The sustainability of atmospheric air quality is essential, 
however, the overuse of fuels (crude oil and coal) altered 
the air quality greatly (Wang et al., 2018a). The primary 
air pollutants released by fuels/coals are SOx, COx, NOx, 
CH4, particulate matter, mercury, etc. This massive 
emission of gases alternatively affect the crops production, 

water quality, the ozone layer, human health and accelerate 
the global warming (Saidur et al., 2011). The average 
emission of sulfur to the atmosphere by some typical 
coalfield of China were given in Tables 3 and 4. Among 
the different sources, raw coal is the dominant source of 
sulfur followed by coal gangue and coal slime. A huge 
amount of coal and coal waste products are used in urban 
than in rural areas. In Binxian, the rural areas emitted 
0.926 × 10 kilotons (kt) and urban regions emitted 0.15 × 
10 kt of sulfur into the atmosphere, which counted about 
1.4% of the total SO2 emission (Fig. 3). Similarly, the 
emission of sulfur by Hancheng rural was 1.19 × 10 kt and 
urban 0.18 × 10 kt, respectively, which counted ≈1.83% of 
the SO2 emission into the atmosphere (Table 3). The total 
emission of sulfur to the atmosphere by the Langao regions 
was 0.32 × 10 kt (urban: 0.04 × 10 kt, rural: 0.28 × 10 kt). The 
estimated SO2 released by the Langao Cambrian coal was 
0.4% (Table 3). The emission of sulfur and SO2 may affect 

 

Table 3. Regional emission of sulfur to the environment (10 kt). 

Areas Specific Coal Gangue Raw coal Coal slime Total 
Binxian County Residential 0.137 0.922 0.020 1.078 

Urban 0.032 0.115 0.006 0.153 
Rural 0.105 0.807 0.014 0.926 
Avg. 0.091 0.615 0.013 0.719 
SO2 % 0.182 1.230 0.026 1.438 

Hancheng County Residential 0.009 1.310 0.056 1.375 
Urban 0.002 0.164 0.017 0.183 
Rural 0.007 1.147 0.039 1.192 
Avg. 0.006 0.874 0.037 0.916 
SO2 % 0.012 1.747 0.075 1.834 

Langao County Residential  0.320  0.320 
Urban  0.040  0.040 
Rural  0.280  0.280 
Avg.  0.213  0.213 
SO2 %  0.427  0.427 

 

Table 4. Sulfur contrition in the coal and coal wastes different regions. 

Regions Sulfur % References 
World Coal 2 (Ketris and Yudovich, 2009) 
Earth crust 0.07 (Wedepohl, 1995) 
Indonesian coal < 1 (Widodo et al., 2010) 
Brazil Pyrite coal 3–7 (Kalkreuth et al., 2010) 
Brazil Permian coal 1.59 (Kalkreuth et al., 2006) 
Kazakhstan 3.1 (Pak et al., 2016) 
Shanxi coal 0.3 (Guo et al., 2016) 
Shaanxi 0.8 (Querol et al., 2008) 
Anhui 1.32 (Zhou et al., 2014) 
Jiangsu 0.6 (Li et al., 2006) 
North China 1.5 (Zhao and Luo, 2017) 
Shaanxi 2.12 (Zhao and Luo, 2018) 
Ordos basin, North China 1.48 (Wang et al., 2016) 
Huainan, Anhui 0.07 (Cai et al., 2008) 
Inner Mongolia 1.5 (Chou, 2012) 
Beijing 0.12 (Li et al., 2006) 
China 1.0 (Yang and Schreifels, 2003) 
China 1.14 (Dai et al., 2012) 
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Fig. 3. Average estimated emission of sulfur and SO2 to the atmosphere by typical coal of China. 

 

the manufactured material, ecological system and the major 
cause of acid rain ((Eq. 5) explored how the sulfur cause acid 
rain) (Bhargava and Bhargava, 2013; Vela et al., 2017):  
 
S + O2 → SO2(g) (5) 
SO2 + HOH → H2SO3(g) 
SO2 + 1/2O2 → SO3(g) 
SO3 + HOH → H2SO4(aq) 

 
The consumption of coal and coal wastes for the 

commercial and local purpose is increasing day by day. 
During coal extraction, a huge amount of coal wastes is 
generated (coal gangue and coal slime), which ultimately 
affect the agriculture land, forest, accelerated land 
degradation, generating coal dust, air and soil pollution 
(Hussain et al., 2018). From 1991–2015, the coal wastes 
consumption is increasing, while alternatively decreasing the 
sulfur emission (NBSC, 2014, 2017; Zhao and Luo, 2018). In 
1991, the total China coal waste by-products (CWBs) 
consumption in urban areas was 4% and in rural areas was 
3%, while the raw coal consumption was 96% and 97%, 
respectively (Fig. 4). In 1997, the State Economic and 
Trading Commission (SETC) banned the small-scale power 
generation plants (50-megawatt [MW]), because of emitting a 
substantial amount of pollutants and generate less electricity. 
In 2000, SETC was further stringent and banned the 
10,000 MW (total capacity) power plants. In this way, the 
total reduction of coal consumption and SO2 emission was 
10 Mt and 0.4 Mt, respectively (Yang and Schreifels, 2003). 
Similarly, in 2015 (latest data), the total coal consumption 
(in China) was reduced to 73% and 87% in urban and rural 
areas, respectively (Fig. 4). The net reduction of coal 
consumption from 1991 to 2015 was 23% and 10% in urban 
and rural China, respectively. However, the coal wastes 
consumption was increased by 23% in urban and 10% in 
rural (Fig. 4). The increasing of coal wastes consumption will 
reduce the gangue debris, air pollution, water contamination, 

acid rain and SO2 emission (Xu et al., 2000; Yao et al., 
2016). 

By adopting desulfurization policy, China reduced the 
coal-sulfur emission by 1.2% (1990), 1.17% (1991), 1.09% 
(1995), 1.05% (1999), and 1.0% (2000). The total change 
was observed up to 17% between 1990 and 2000 (Yang 
and Schreifels, 2003). In 2001–2005, the 10th five-year 
plan set a regulation to reduce the SO2 emission up to the 
limit of 23.7 Mt. In 2000, SO2 emission was 23.7 Mt, 
while in 2005 the SO2 emission was 19.5 Mt controlled by 
potential abatement strategy (Yang and Schreifels, 2003; 
Lu et al., 2010). In 2005, a significantly low amount of 
SO2 was emitted by China, which was considerably lower 
emission than India and some other Asian countries 
(Fig. 5). The massive consumption of coal energy and 
installing the desulfurizing equipment in plants reduced the 
SO2 emission up to the significant amount. In 2016, China 
controlled and reduced the massive emission of SO2 as 
compared to 2005 (Fig. 5). The SO2 reduction in China 
was mostly observed from 2006, while in other countries 
SO2 was increasing, which could affect the atmospheric 
chemistry and sustainability (Kitayama et al., 2008). By 
exploring the sulfur and SO2 emission, the actual sulfur 
content in the Chinese coal and coal wastes is higher than 
the majority of international studies (Ren et al., 2006; 
Ketris and Yudovich, 2009; Zhao and Luo, 2017; Rokni et 
al., 2018; Wang et al., 2018a; Zhao and Luo, 2018). 
However, the entire SO2 emission by China was observed 
significantly lower than India (Fig. 5) as also reported by 
NASA (NASA, 2016). The mode of occurrence of sulfur in 
coal is barite, pyrite, and gypsum (Dinur et al., 1980; 
Vuthaluru et al., 2000; Ribeiro et al., 2010; Chou, 2012). 
The high sulfur is associated with pyrite; rosenite, reomerite, 
jarosite, halotrichite, melanterite, while the low sulfur coal 
is associated with thenardite, iron sulfate and organic coal 
(Dinur et al., 1980; Vuthaluru et al., 2000). 

By the rapid increase in population and industrialization,
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Fig. 4. Consumption of coal and coal wastes in between in 1991 and 2015 in China (data taken from NBSC (2017)). 

 

 
Fig. 5. Sulfur dioxide emission by China over the last decades (Image modified from NASA (2016)). 

 

China demands more energy over the last decade. Due to 
lack of the natural gas and oil resources, China used more 
coal energy compared to another energy resource. According 
to NBSC, the total national emission of SO2 in 1991 was 
16.22 Mt; 1994, 18.25 Mt; 2000, 19.95 Mt; and finally 
reached to a peak position of 25.88 Mt in 2006 (Yang et 
al., 2002; NBSC, 2017). By installing effective sulfur 
removing equipment, a significant amount of sulfur was 
reduced from 2006 and onward (Smith et al., 2011) (Fig. 6). 
Similarly, the consumption of fossil fuels and the emission 
of SO2 is increasing in developing countries especially in 
India (Garg et al., 2002) (Fig. 5). The India coal has a 

much lower sulfur content but due to ineffective SO2 control 
technology, the emission rate is high (Lu et al., 2011). In 
China, SO2 emission both historic and projected was observed 
reducing (Fig. 6). The historic emission from 2007 to 2016 
was 24.68 to ≈16.36 Mt, respectively (NBSC, 2017; Zhao 
and Luo, 2018), while the projection from 2017 to 2028 
will be ≈16.26 to ≈8.0 Mt (Fig. 6). The study expects more 
reduction of SO2 in the future than the projected because of 
using effective desulfurization technology in China. Shuhua 
et al. (2012) reported that if the desulfurization of gases 
and final emission reached to a 60%, a significantly less 
amount (0.6 Mt) of sulfur will be released to the atmosphere.  
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Fig. 6. Annual emission and projection of SO2 by China (data generated NBSC from1991 to 2016). 

 

In China, the coal consumption is still too more than the 
other countries. In northeastern China, more than 70% of 
families using coal, in northwestern more than 68% of 
families using coal resource for heating, cooking and other 
purposes (Duan et al., 2014). In most of the western part of 
China, a renewable and hydel-energy is using; therefore 
western China SO2 emission is lower than eastern China 
(Fig. 7). In 2015, the highest SO2 emission was observed 
in the Shandon Province (1.53 Mt) followed by Inner 
Mongolia (1.23 Mt) and the Henan (0.032 Mt), Tibet 
(0.0054 Mt) being lowest one (Fig. 7). However, China also 
using gas energy (methane, liquid petroleum gas [LPG], 
etc.). In 2015 (latest data), China using man-made coal gas 
108,306 10K m3, natural gas 2,080,061 10K m3, and LPG 
5,871,062 tons (Zhao and Luo, 2018). 

The study clearly explored that the use of coal and other 
fossil fuel is increasing continuously, while alternatively 
release a huge amount of greenhouse gases and SO2. Most 
of the countries thrive on their economy and disturbing the 
natural environment badly. However, China is one of the 
most responsible country to boost their economy by following 
green economy practices. Almost 70% of the natural sulfur 
is bonded with pyrite coal and some other minerals. By the 
coal beneficiation, approximately 25% of the total sulfur 
and 50% pyritic-sulfur can be removed (World Bank, 
1998). The historical emission and future estimation of 
SO2 are important to improve the fossil fuels quality and 
consumption. Besides, it could be helpful to search the 
alternative source of clean energy that might sustain our 
natural environment, air quality, and human health. 

 

 
Fig. 7. Annual regional sulfur emission to the atmosphere by China in 2015 modified from (NBSC, 2017; Zhao and Luo, 
2018). 
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CONCLUSION 
 

The typical coal of Shaanxi, China, emits a large amount 
of sulfur and SO2 into the atmosphere. The average sulfur 
content was higher in the Permo-Carboniferous (Weibei 
coalfield) raw coal (2.4%) and lower in the coal gangue 
(1.48%) and coal slime (1.5%) than in coal worldwide 
(2%), whereas it was higher in the Jurassic (Huanglong 
coalfield) raw coal (2.85%) and coal gangue (2.4%) and 
lower in the coal slime (0.92) than in coal worldwide. The 
sulfur content in the Cambrian stone-like coal and black shale 
was 0.84% and 2.4%, respectively. The amount of SO2 
released by the Binxian Jurassic, Hancheng Permo-
Carboniferous, and Langao Cambrian coal was 1.4%, 
1.8%, and 0.4%, respectively, of the total SO2 emitted into 
the atmosphere. 

The average consumption of coal waste in 1991 was 4% 
and 3% in urban and rural areas, respectively. In 2015, the 
consumption of coal waste and coal briquettes was 15% 
and 12%, respectively, in urban areas (27%), and 8% and 7%, 
respectively, in rural areas (15%). The high consumption 
reduced the debris from coal waste in an environmentally 
friendly way. The highest SO2 emissions from China were 
recorded in 2006 (25.88 Mt), after which they continuously 
declined, resulting in 16.36 Mt of observed emissions in 
2016. Hence, we expect to reduce the amount of emitted 
SO2 below the projected values (16.26 Mt and ≈8.0 Mt for 
2017 and 2028, respectively) due to the prompt installation 
of desulfurizing equipment. A ~63% reduction in SO2 has 
been observed in China between 2006 and now. The 
adoption of a green economy and commercially feasible 
technology will further decrease the level of SO2 and other 
pollutants. The current study recommend using the 
desulfurized natural gas or LPG, which is economically 
viable and socially acceptable, as an alternative to coal. 
 
ACKNOWLEDGMENT 
 

“The National Natural Sciences Foundation (Grant No. 
41877299 and 41472322); the National Basic Research 
Program of China (Grant No. 2014CB238906) and CAS-
TWAS Ph.D. fellowship supported this study. The authors 
are also grateful to Dr. Zhao Chao and Dr. Du Yajun for 
their ending cooperation during fieldwork and data 
analysis. 
 
COMPLIANCE WITH ETHICAL STANDARDS 
 

The authors declared no conflict of interest and both the 
authors contributed equally in the respective research work. 
 
REFERENCES 
 
Ali, J., Kazi, T.G., Baig, J.A., Afridi, H.I., Arain, M.S., 

Brahman, K.D. and Panhwar, A.H. (2015). Arsenic in 
coal of the Thar coalfield, Pakistan, and its behavior 
during combustion. Environ. Sci. Pollit. Res. Int. 22: 
8559–8566. 

Bhargava, S. and Bhargava, S. (2013). Ecological 

consequences of the acid rain. IOSR J. Appl. Chem 5: 
19–24. 

Cai, F., Liu, Z.G., Lin, B.Q., Li, W. and Lu, Z. (2008). 
Study on trace elements in gangue in Huainan mining 
area. J. Coal Sci. Eng. 33: 892–897. 

Chen, S., Li, Y. and Yao, Q. (2018). The health costs of 
the industrial leap forward in China: Evidence from the 
sulfur dioxide emissions of coal-fired power stations. 
China Econ. Rev. 49: 68–83. 

Chou, C.L. (2012). Sulfur in coals: A review of 
geochemistry and origins. Int. J. Coal Geol. 100: 1–13. 

Dai, S., Ren, D., Chou, C.L., Finkelman, R.B., Seredin, 
V.V. and Zhou, Y. (2012). Geochemistry of trace 
elements in Chinese coals: A review of abundances, 
genetic types, impacts on human health, and industrial 
utilization. Int. J. Coal Geol. 94: 3–21. 

Dinur, D., Spiro, B. and Aizenshtat, Z. (1980). The 
distribution and isotopic composition of sulfur in 
organic-rich sedimentary rocks. Chem. Geol. 31: 37–51. 

Duan, X., Jiang, Y., Wang, B., Zhao, X., Shen, G., Cao, S., 
Huang, N., Qian, Y., Chen, Y. and Wang, L. (2014). 
Household fuel use for cooking and heating in China: 
Results from the first Chinese Environmental Exposure-
Related Human Activity Patterns Survey (CEERHAPS). 
Appl. Energy 136: 692–703. 

Garg, A., Kapshe, M., Shukla, P. and Ghosh, D. (2002). 
Large point source (LPS) emissions from India: regional 
and sectoral analysis. Atmos. Environ. 36: 213–224. 

Gu, Y., Yperman, J., Vandewijngaarden, J., Reggers, G. 
and Carleer, R. (2017). Organic and inorganic sulphur 
compounds releases from high-pyrite coal pyrolysis in 
H2, N2 and CO2: Test case Chinese LZ coal. Fuel 202: 
494–502. 

Guo, P., Wang, T., Li, D. and Zhou, X. (2016). How 
energy technology innovation affects transition of coal 
resource-based economy in China. Energy Policy 92: 1–6. 

Han, L., Zhou, W. and Li, W. (2016). Fine particulate 
(PM2.5) dynamics during rapid urbanization in Beijing, 
1973–2013. Sci. Rep. 6: 23604. 

Hanjie, W. and Yuzhuo, Q. (1999). Geological setting of 
some classical selenium-bearing formations in China. 
Chinese Bulletin 44: 185–186. 

Hao, J., Tian, H. and Lu, Y. (2002). Emission inventories 
of NOx from commercial energy consumption in China, 
1995-1998. Environ. Sci. Technol. 36: 552–560. 

Hou, J., Ma, Y., Li, S., Shi, J., He, L. and Li, J. (2018). 
Transformation of sulfur and nitrogen during Shenmu 
coal pyrolysis. Fuel 231: 134–144. 

Hussain, R. and Luo, K. (2018). Geochemical valuation 
and intake of F, As, and Se in coal wastes contaminated 
areas and their potential impacts on local inhabitants, 
Shaanxi China. Environ. Geochem. Health 40: 2667–
2683. 

Hussain, R., Luo, K., Chao, Z. and Xiaofeng, Z. (2018). 
Trace elements concentration and distributions in coal 
and coal mining wastes and their environmental and 
health impacts in Shaanxi, China. Environ. Sci. Pollut. 
Res. Int. 25: 19566–19584.. 

Ibarra, J.V., Bonet, A.J. and Moliner, R. (1994). Release of 



 
 
 

Hussain and Luo, Aerosol and Air Quality Research, 19: 559–570, 2019 569

volatile sulfur compounds during low temperature 
pyrolysis of coal. Fuel 73: 933–939. 

Kalkreuth, W., Holz, M., Kern, M., Machado, G., Mexias, 
A., Silva, M., Willett, J., Finkelman, R. and Burger, H. 
(2006). Petrology and chemistry of Permian coals from 
the Paraná Basin: 1. Santa Terezinha, Leão-Butiá and 
Candiota Coalfields, Rio Grande do Sul, Brazil. Int. J. 
Coal Geol. 68: 79–116. 

Kalkreuth, W., Holz, M., Mexias, A., Balbinot, M., 
Levandowski, J., Willett, J., Finkelman, R. and Burger, 
H. (2010). Depositional setting, petrology and chemistry 
of Permian coals from the Paraná Basin: 2. South Santa 
Catarina Coalfield, Brazil. Int. J. Coal Geol. 84: 213–
236. 

Kan, H. and Chen, B. (2003). Air pollution and daily 
mortality in Shanghai: A time-series study. Arch. Environ. 
Occup. Health 58: 360–367. 

Katsouyanni, K. and Pershagen, G. (1997). Ambient air 
pollution exposure and cancer. Cancer Causes Control 
8: 284–291. 

Ketris, M. and Yudovich, Y.E. (2009). Estimations of 
Clarkes for Carbonaceous biolithes: World averages for 
trace element contents in black shales and coals. Int. J. 
Coal Geol. 78: 135–148. 

Kitayama, K., Simizu, T. and Hara, H. (2008). Impacts of 
sulfur dioxide from Miyakejima on precipitation chemistry 
in Japan. Atmos. Environ. 42: 8923–8933. 

Klimont, Z., Smith, S.J. and Cofala, J. (2013). The last 
decade of global anthropogenic sulfur dioxide: 2000–
2011 emissions. Environ. Res. Lett. 8: 014003. 

Li, D., Song, X., Gong, C. and Pan, Z. (2006). Research on 
cementitious behavior and mechanism of pozzolanic 
cement with coal gangue. Cem. Concr. Res. 36: 1752–
1759. 

Li, S., Li, Y., Liang, H., Wang, Z. and Xue, Y. (2014). 
Atmospheric mercury emission from domestic coal and 
impacts on local environment of suburban Beijing. Res. 
Environ. Sci. 27: 1420–1425. 

Lu, Z., Streets, D.G., Zhang, Q., Wang, S., Carmichael, 
G.R., Cheng, Y.F., Wei, C., Chin, M., Diehl, T. and Tan, 
Q. (2010). Sulfur dioxide emissions in China and sulfur 
trends in East Asia since 2000. Atmos. Chem. Phys. 10: 
6311–6331. 

Lu, Z., Streets, D.G., Benjamin, D.F. and Krotkov, N.A. 
(2013). Ozone monitoring instrument observations of 
interannual increases in SO2 emissions from indian coal-
fired power plants during 2005-2012. Environ. Sci. 
Technol. 47: 13993–14000. 

Lu, Z., Zhang, Q. and Streets, D.G. (2011). Sulfur dioxide 
and primary carbonaceous aerosol emissions in China 
and India, 1996–2010. Atmos. Chem. Phys. 11: 9839–9864. 

Luo, K., Zhang, X., Chen, C. and Lu, Y. (2004). Estimate 
of arsenic emission amount from the coal power stations 
in China. Chin. Sci. Bull. 49: 2183–2189. 

Luo, Y., Li, W., Jiang, Y. and Bai, X.f. (2005). 
Distribution of sulfur in coals of China. Coal Convers. 
28: 14–18. 

Ming, Y., Russell, L.M. and Bradford, D.F. (2005). Health 
and climate policy impacts on sulfur emission control. 

Rev. Geophys. 43: RG4001. 
NASA (2016). Global sulfur dioxide monitoring. 

Atmospheric Chemistry and Dynamics Laboratory (Code 
614), National Aeronautics and Space Administration 
(NASA), https://so2.Gsfc.Nasa.Gov/. 

NBSC (2014). China statistical year book (2014). National 
Bureau of Statistics of China (NBSC). http://www.S
tats.Gov.Cn/english/statisticaldata/annualdata/. 

NBSC (2017). China statistical year book (2017 and 
2016...1991), National Bureau Of Statistics of China  
(NBSC). Http://www.Stats.Gov.Cn/english/statisticalda
ta/annualdata/. 

NDRCC (2014). Annual report on resources comprehensive 
utilization in China, National Development and Ref
orm Commission of China 2014, http://www.Sdpc.G
ov.Cn/xwzx/xwfb/201410/t20141009_628793.Html. 

Ozkaymak, M., Ceylan, M.A., Okutan, H., Atakul, H., 
Berrin, E., Coşkun, T. and Inanç, Ö. (2017). CO2 
emission during the combustion of orhaneli lignite coal. 
World J. Eng. 14: 27–34. 

Pak, Y.N., Ponomaryova, M. and Pak, D.Y. (2016). 
Monitoring the sulfur content of coal. Coke Chem. 59: 
8–13. 

Querol, X., Izquierdo, M., Monfort, E., Álvarez, E., Font, 
O., Moreno, T., Alastuey, A., Zhuang, X., Lu, W. and 
Wang, Y. (2008). Environmental characterization of 
burnt coal gangue banks at Yangquan, Shanxi Province, 
China. Int. J. Coal Geol. 75: 93–104. 

Ren, D., Zhao, F., Dai, S., Zhang, J. and K, L. (2006). 
Geochemistry of trace elements in coal. Science Press, 
Beijing, p. 556 (in Chinese with English Abstract). 

Ren, Z.X., Shen, X.P. and Chen, F.L. (2014). Analysis on 
the geological features and ore-forming conditions at the 
southern margin of Erdos basin. World Nucl. Geosci. 31: 
514–518. 

Ribeiro, J., da Silva, E.F., Li, Z., Ward, C. and Flores, D. 
(2010). Petrographic, mineralogical and geochemical 
characterization of the Serrinha coal waste pile (Douro 
Coalfield, Portugal) and the potential environmental 
impacts on soil, sediments and surface waters. Int. J. 
Coal Geol. 83: 456–466. 

Rokni, E., Ren, X., Panahi, A. and Levendis, Y.A. (2018). 
Emissions of SO2, NOx, CO2, and HCl from Co-firing of 
coals with raw and torrefied biomass fuels. Fuel 211: 
363–374. 

Saidur, R., Abdelaziz, E., Demirbas, A., Hossain, M. and 
Mekhilef, S. (2011). A review on biomass as a fuel for 
boilers. Renewable Sustainable Energy Rev. 15: 2262–
2289. 

Samset, B.H. (2018). How cleaner air changes the climate. 
Science 360: 148–150. 

Shuhua, M., Wen, Z. and Chen, J. (2012). Scenario 
analysis of sulfur dioxide emissions reduction potential 
in China's iron and steel industry. J. Ind. Ecol. 16: 506–
517. 

Smith, S.J., Aardenne, J.v., Klimont, Z., Andres, R.J., 
Volke, A. and Delgado Arias, S. (2011). Anthropogenic 
sulfur dioxide emissions: 1850–2005. Atmos. Chem. 
Phys. 11: 1101–1116. 



 
 
 

Hussain and Luo, Aerosol and Air Quality Research, 19: 559–570, 2019 570

Steinfeld, E.S., Lester, R.K. and Cunningham, E.A. (2009). 
Greener plants, grayer skies? A report from the front 
lines of China's energy sector. Energy Policy 37: 1809–
1824. 

Su, S., Li, B., Cui, S. and Tao, S. (2011). Sulfur dioxide 
emissions from combustion in China: From 1990 to 
2007. Environ. Sci. Technol. 45: 8403–8410. 

Tørseth, K., Aas, W., Breivik, K., Fjæraa, A.M., Fiebig, 
M., Hjellbrekke, A.G., Lund Myhre, C., Solberg, S. and 
Yttri, K.E. (2012). Introduction to the European 
Monitoring and Evaluation Programme (EMEP) and 
observed atmospheric composition change during 1972–
2009. Atmos. Chem. Phys. 12: 5447–5481. 

Vela, A., González, C., Ynoue, R., Rojas, N., Aristizábal, 
B. and Wahl, M. (2017). AGU Fall Meeting Abstracts, 
2017. 

Vuthaluru, H.B., Zhang, D. and Linjewile, T.M. (2000). 
Behaviour of inorganic constituents and ash characteristics 
during fluidised-bed combustion of several Australian 
low-rank coals. Fuel Process. Technol. 67: 165–176. 

Wang, R., Xu, Z., Santosh, M., Liang, F. and Fu, X. 
(2017). Petrogenesis and tectonic implications of the 
Early Paleozoic intermediate and mafic intrusions in the 
South Qinling Belt, Central China: Constraints from 
geochemistry, zircon U–Pb geochronology and Hf 
isotopes. Tectonophysics 712–713: 270–288. 

Wang, S. and Hao, J. (2012). Air quality management in 
China: Issues, challenges, and options. J. Environ. Sci. 
24: 2–13. 

Wang, S., Luo, K., Wang, X. and Sun, Y. (2016). Estimate 
of sulfur, arsenic, mercury, fluorine emissions due to 
spontaneous combustion of coal gangue: An important 
part of Chinese emission inventories. Environ. Pollut. 
209: 107–113. 

Wang, S., Qing, L.J., Wang, H. and Li, H.Y. (2018a). 
Integrated assessment of environmental performance-
based contracting for sulfur dioxide emission control in 
Chinese coal power plants. J. Clean. Prod. 177: 878–
887. 

Wang, Y., Cao, S.C., Yuan, C., Shi, J., Yang, B. and Dai, 
Y. (2018b). Distinguishing the combustion stage using 
the pre-exponential factor and preparation of low-sulfur 
biomass fuels. Catal. Today 318: 66–72. 

Wedepohl, K. (1995). The composition of the continental 
crust. Geochim. Cosmochim. Acta 59: 1217–1232. 

Widodo, S., Oschmann, W., Bechtel, A., Sachsenhofer, 
R.F., Anggayana, K. and Puettmann, W. (2010). 
Distribution of sulfur and pyrite in coal seams from 
Kutai Basin (East Kalimantan, Indonesia): Implications 
for paleoenvironmental conditions. Int. J. Coal Geol. 81: 
151–162. 

World Bank (1998). Sulfur oxides: Pollution prevention 
and control. Pollution Prevention and Abatement, 
Handbook, World Bank Group, Washington, Dc, 
Effective July 1998. 

Xu, X., Chen, C., Qi, H., He, R., You, C. and Xiang, G. 
(2000). Development of coal combustion pollution control 
for SO2 and NOx in China. Fuel Process. Technol. 62: 
153–160. 

Yang, J., Wang, J., Cao, D., Ge, C. and Gao, S. (2002). 
Pollution control strategy based on performance in power 
sector. Chinese Research Academy of Environmental 
Sciences (CRAES) Research Report. 

Yang, J. and Schreifels, J. (2003). Implementing SO2 
emissions in China. OECD Global Forum on Sustainable 
Development: Emissions Trading. Organisation for 
Economic Co-operation and Development, OECD 
Headquarters, Paris 17-18 March, 2003. 

Yao, L., Liu, J., Zhou, T. and Wang, R. (2016). An 
analysis of the driving forces behind pollutant emission 
reduction in chinese industry. J. Clean. Prod. 112: 
1395–1400. 

Yao, Y., Liu, D., Tang, D., Tang, S., Che, Y. and Huang, 
W. (2009). Preliminary evaluation of the coalbed 
methane production potential and its geological controls 
in the Weibei Coalfield, Southeastern Ordos Basin, 
China. Int. J. Coal Geol. 78: 1–15. 

Yi, S., Xiao, L., Zhang, Y., Duan, D. and Blokhin, M.G. 
(2015). Organic geochemical characteristics and their 
roles on barium enrichment in the No. 2 Coal from 
Huanglong Jurassic Coalfield, China. World J. Eng. 12: 
453–462. 

Yuegang, T., Xin, H., Aiguo, C., Weiwei, L., Xiujie, D., 
Qiang, W. and Long, L. (2015). Occurrence and 
sedimentary control of sulfur in coals of China. J. China 
Coal Soc. 40: 1976–1987. 

Zhao, C. and Luo, K. (2017). Sulfur, arsenic, fluorine and 
mercury emissions resulting from coal-washing 
byproducts: A critical component of China's emission 
inventory. Atmos. Environ. 152: 270–278. 

Zhao, C. and Luo, K. (2018). Household consumption of 
coal and related sulfur, arsenic, fluorine and mercury 
emissions in China. Energy Policy 112: 221–232. 

Zhao, Y., Zhang, J., Chou, C.L., Li, Y., Wang, Z., Ge, Y. 
and Zheng, C. (2008). Trace element emissions from 
spontaneous combustion of gob piles in coal mines, 
Shanxi, China. Int. J. Coal Geol. 73: 52–62. 

Zhenmin, G., Taiyi, L. and Shengrong, L. (1997). The 
origin of metal-enriched layer in the black rock series. 
Geol. Geochem. 1: 18–23. 

Zhou, C., Liu, G., Wu, S. and Lam, P.K.S. (2014). The 
environmental characteristics of usage of coal gangue in 
bricking-making: A case study at Huainan, China. 
Chemosphere 95: 274–280. 

 
 

Received for review, August 14, 2018 
Revised, October 6, 2018 

Accepted, October 6, 2018

 
 

 

 


