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Abstract: Distinguished features of cities influence the characteristics of CH4 emissions. A city-level
emission inventory represents the characteristics of CH4 on a smaller scale, according to the special
factors in each city. A city-level emission inventory was established to reveal the characteristics and
source profile of CH, emissions in the coldest province, which is a typical provincial cold region
in northeast China. The dominant sources were identified for targeted cities. Rice cultivation, coal
mining, oil and gas exploitation, and livestock are the dominant emission sectors. Emissions from
other sectors, including wastewater disposal, biomass burning, landfill, etc. were also estimated. The
provincial CHy emissions increased gradually from 2003 to 2012, up to 2993.26 Gg with an annual
increase rate of 2.85%; the emissions were 2740.63 in 2020. The emissions of CHy in Harbin, Daging,
Jiamusi, and Hegang cities were higher than in the other nine cities, which were 337.23 Gg, 330.01 Gg,
328.55 Gg, and 307.42 Gg in 2020, respectively. Agriculture, including the rice cultivation, livestock,
and biomass burning sectors contributed to 51.24-62.12% of total emissions, and the contributions
increased gradually. Coal mining, oil and gas exploration, and fossil fuel combustion are energy-
related sources, which contributed up to 37.91% of the total emissions, and the proportion kept
decreasing to 23.87% in 2020. Furthermore, meteorological factors are especially relevant to the
region, by which the differences of ambient temperature are over 60 °C (£30 °C). In the summer, CHy
emissions from the rice cultivation, biomass burning, livestock, and landfill sectors are obviously
distinct from the heating period (winter), while few differences in CH4 emissions are found from
wastewater disposal and the fossil fuel production sectors.

Keywords: CH, emissions; city-level inventory; cold region; emission sectors

1. Introduction

Methane (CHy) is responsible for 1.2 Wm? of radiative effects both directly and indi-
rectly [1]. The global warming potential of methane (CHy) is about 28 times higher than
carbon dioxide (CO,) over a 100-year time frame [2]. The atmospheric methane concen-
tration has almost tripled since 1750 [3,4]. The lifetime of CHy is about a decade, which is
relatively short. Reducing CHy emissions is an efficient approach to lower radiative forcing
in the short term [5,6]. Hence, the control of CH4 emissions would mitigate the effects of
climate change at a short time scale [7,8], and gain more time for CO, reductions.

The continuous increase in emissions makes CHjy the second largest greenhouse gas
after CO,. CHy emissions are strongly correlated to human activities. The dominant
anthropogenic sources include rice cultivation, livestock, wastewater treatment, domes-
tic waste landfill, fossil fuel production and consumption, biomass burning, etc. [9,10].
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Global anthropogenic CH, emissions were approximately 356.89 Tg in 2021 [11]. Agri-
culture, energy, and waste are dominant sources that contributed to 97.96% of the global
anthropogenic CH, emissions, and their contributions were 39.61%, 37.89%, and 20.45%,
respectively. The source profile varied by regions, by which the energy sector is the domi-
nant source in Russia and Caspian, the Middle East, and North America; the agriculture
sector is the largest emission source of Central and South America, Europe, Asia Pacific,
and Africa. Understanding the levels and trends of anthropogenic CH, emissions could
help the implementation of super-emitter control.

An increasing number of studies have made great efforts regarding the estimation of
CH4 emissions for its important sectors in China. A previous study revealed that the coal
mining and agriculture sectors are dominant sources in China, by which increased CHy
emissions from rice cultivation over east and central China were detected [12]. The largest
emission source of CH, changed from agriculture to coal mining since the 2010s [Jg], and
the emissions from coal mining increased to 16.41 Tg in 2016 [13]. The CH, emissions from
the wastewater sector grow over time, because of the increase in water consumption. The
emissions of the wastewater sector would be overestimated, if the recovery of CHy from
wastewater is not considered [14].

Economic growth makes the differences of features of cities, hence, the sources of CHy
are variable as well (Peng, 2016) [14]. Distinguishing features of cities influence the charac-
teristics of CH, emissions. The city-level emission inventory represents the characteristics
of CHy on a smaller scale, according to the features of each city, corresponding to the rapid
spatial-temporal changes of CHj,. It not only provides feasible scientific data for global and
national inventory, but also the key scale of future climate change mitigation and targeted
emission control activities.

This study takes the coldest region in northeast China as a target region and illustrates
the special factors regarding CH,4 emissions in the region to arouse feasible methods of
analyzing CH,4 emissions in other regions. Cities in Heilongjiang province are strong in
agriculture, with special meteorological conditions. Energy productions are also important
sources of CHy. Because of the cold weather in the heating period (down to —50 °C), it
is important to calculate and analyze the CH4 emissions based on the detailed feature
information collected from each city in the region. Activity data of cities are collected
corresponding to major sectors, including rice cultivation, livestock, biomass burning, coal
mining, oil and gas exploitation, wastewater disposal, and landfill. Then, a long-term
consistent annual CHy emission inventory is established. The research provides methods of
city-level CHy emission inventory and scientific data, aiming to provide useful information
for policy making to reduce CH, emissions in city scale.

2. Methodology
2.1. Target Region

Heilongjiang province is China’s largest agriculture province that contributed to 56% of
China’s agriculture production, located in northeast China (121°11’-135°05/,
43°26'-53°33’), with distinguished meteorological conditions. Cold weather in the Hei-
longjiang province lasts for about 6 months, with ambient temperature differences of more
than 60 °C. The lowest temperature is about —50 °C.

2.2. City-Level CHy Emission Inventory

A city-level CHy emission inventory is built based on emission sectors, according to
the availability of local activity data. The emission sectors of CHy include rice cultivation,
coal mining, oil and gas exploration, biomass burning, wastewater disposal, livestock,
landfill, and fossil fuel combustion. In this study, activity data are mainly adapted from
the Heilongjiang Province Statistical Year Book. Emission factors are adapted from IPCC
2006 [15] and previous studies.
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2.2.1. Rice Cultivation Sector

Rice cultivation is the main contributor of agriculture-related sector, owing to the high
CHy production from paddy flooding [16]. During the rice cultivation process, organic
matter and root residues in paddy soil are decomposed to produce methane, owing to
the metabolic action of certain anaerobic microorganisms. The irrigating period creates a
reducing anaerobic environment for the soil, promoting the metabolic activities of anaerobic
microorganisms, thus accelerating the CHy emissions in rice fields [17]. The CHy is dis-
charged into the atmospheric through three main routines, which are molecular diffusion,
air bubbles and plant ventilation tissue.

The rice planting area is divided into two sections: with or without organic fertilizer.
The calculations of with organic fertilizer rice cultivation have larger levels of uncer-
tainty [17], which is related to local economic development and policy. Since 2000, the
amount of organic fertilizer has maintained a growth trend, but in order to improve the
sustainable use of paddy soil, the recycling of straw and other organic fertilizer became
popularized again, so the area of rice fields with organic fertilizer is relatively stable [17].
The annual CHy4 emissions of rice cultivation is related to the growth duration of rice. In the
Heilongjiang province, the rice cultivation period is from mid-April to mid-September [18].
In this study, the average annual growth duration of rice planting was 150 days.

Ei = ZEFZ X ADZ (1)
i

where, E; represents CH, emissions of rice cultivation sector; 7 is with or without organic
fertilizer of rice cultivation sector; AD; refers to the areas of rice field; EF; is the emission
factors of rice cultivation sector (NBSC 2000-2021).

2.2.2. Livestock Sector

The CH, emissions of the livestock sector are mainly from enteric fermentation and
manure management.

e  Enteric fermentation

Methanogens in rumen and the intestinal tract can convert carbon dioxide, hydrogen,
formic acid, and acetate through various reactions to produce methane [19-21].

E, =Y EF, x AE, )
p

where, E, represents CH, emissions of enteric fermentation; p is livestock species of
livestock sector; AEp refers to the amount of enteric fermentation sector for species p; EF,
is the emission factors of enteric fermentation sector for species i.

e  Manure management

Livestock manure management modes are diverse, in which the anaerobic fermen-
tation process of liquid management mode has great potential for CH4 emissions [22].
Manure is recycled into a biological digester as used as a biogas. In this study, we assume
that 15% of the CHy production from manure management is used in the Heilongjiang
province, due to the lack of data sources in the Heilongjiang province [23].

E. = Y (EF, x AM, — Re,) ®)

e

where, E, represents CH, emissions of manure management; e is livestock species of
livestock sector; AM, refers to the amount of manure management sector for species e; EF,
is the emission factors of manure management sector for species e; Re, refers to the amount
of CH4 recovery from manure management sector for species e.
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2.2.3. Biomass Burning Sector

The CHy4 emissions of biomass burning are mainly from the burning of rice, wheat,
corn, and beans. A more accurate assessment of CH, emissions from biomass combustion is
crucial, as it is a prerequisite for assessing its contribution and emission reduction potential.
Activity datasets are built based on national and local statistical yearbooks, including the
production of straw and wood.

RBerop = ) JRe X Ne x F x 6 4)

where, RBop represents production of strew or stalk of biomass burning sector; c is grain
types; R, refers to the output of grain c; N, is the ratios of grain to strew; F refers to the
ratios of biofuel and open fire burning; 8 is the burning efficiency [24,25].

2.2.4. Coal Mining

CH, escapes from the process of mining activities (surfaced or underground mining)
in the coal mining sector [26]. With the improvement of the socio-economic level and
mining safety technology, the escaped CHj recovery rate keeps increasing. We assume that
the methane recovery rate increases from 0.4% to 12.8% [27,28].

E, = EF, x AC, x (1— Re) (5)

E; = Ey + Y_EF; x AG; (6)
i

where, E; represents amount of CHy escape from underground mining; E; represents the
amount of CHy escape from surfaced mining; u is underground mining; i is surfaced
mining; EF,, refers to the emission factors of underground mining [28]; EF; is the emission
factors of surfaced mining; AC, refers to the coal output of underground mining; AC; is the
coal output of surfaced mining [27-31]; Re refers to the amount of CHy recovery.

2.2.5. Oil and Gas Exploitation

CHy4 escape from the process of drilling, exploitation, and processing in the oil and
gas exploitation sector.
Ej = ) EF; x AO; )
]

where, E; represents CH, emissions of oil and gas exploitation; j is types of fossil fuel (oil,
nature gas); EF; refers to the emission factors of oil or nature gas [32,33]; AO]- refers to
the amount of surfaced exploitation; EF; is the emission factors of underground exploita-
tion [32].

2.2.6. Wastewater Sector

The CH,4 emissions were mainly from the treatment process of domestic and indus-
trial wastewater in the wastewater treatment plant, which directly discharged into the
water body. The methane discharge of the wastewater disposal process is calculated as
follows [27]:

E =COD x By x MCFs ®)

where, E represents CH, emissions from wastewater; COD is chemical oxygen demand;
By refers to the potential of max CH, emissions; MCFs refers to the correction factor of
wastewater CH, emission [34,35].

2.2.7. Landfill

The CHj emissions in the landfill sector were calculated based on the quality con-
servation method, adapted from the Compilation Guide of Provincial Greenhouse Gas
List [36]. The assumption is that the emission is discharged in a year, without consider-



Atmosphere 2023, 14, 535

50f15

ing the first-level attenuation, and the calculation results were slightly higher than the
real-world value.
E = (MSWr x MSWE x Ly — Re) x (1 — OX) )

where, E represents CHy emissions from landfill; MSWTr is production of waste; MSWr
refers to the efficiency of waste treatment by landfill; L, refers to the potential of different
types of landfill technology; Re refers to CHy4 recovery; OX refers to oxidation factor.

1
Ly = MCF; x DOC x DOCf x F x £ (10)

where, Ly represents potential of CHy emissions from various types of landfills; MCF; is
the correction factor of wastewater CHy emission; F refers to the fraction of landfill types;
DOC refers to the ratio of biodegradable organic carbon in solid waste; DOCF refers to the
fraction of DOC; f refers to the ratio of CHy in the landfill gas; 16/12 is ratio of CH4/C.

2.3. Emission Factors

Emission factors of CHy are the emissions per unit in the rice cultivation area, unit
weight of coal mining, oil and gas exploitation, or unit COD weight of wastewater dis-
posal, etc. The adapted emission factors in this study combined the recent studies of CHy
emissions [14,15,20,25,26,31] and upgraded IPCC guideline, illustrated in Table 1.

Table 1. Emission factors of sectors.

Sectors Emission Factors Units
. L With organic input 0.25 9 1
Rice cultivation Without organic input 0.12 g CHy m™= day
Species Enteric Fermentation Manure Management
Dairy cattle 65.3 9.0
Nondairy cattle 45.2 0.8
Buffalo 60.8 15
. Sheep 3.1 0.1
Livestock Goats 27 0.1 kg CH, head ! year!
Swine 0.5 0.8
Horse 13.5 0.9
Donkey 7.5 0.5
Mule 7.5 0.5
. . Open Burning 3.62£2.20
Biomass Burning Corn Straw Biomass Fuel 3.89 4 2.20 kg CHy t1
Fuel Wood 2.77 £1.80
Underground Mining 8.7636
. o —1
Coal Mining Sfcrlp Mining . 1.675 kg CHy t
Handling & Processing
. 0.8308
Transportation
Oil and Gas oil 29 kg CHy m—3
Exploitation Gas 0.35 kt CH, PJ~!
Landfill 0.018
By MCFs
0.165
Wastewater sector 0.25 kg CH4 (kg 0.467
-1 .
COD) 01

3. Results and Discussion
3.1. Total CH4 Emissions in 2003-2020
Heilongjiang is a typical agricultural province in China’s cold region, which is famous

for its grain output. The lowest ambient temperature could be —50 °C in certain areas. In
the Heilongjiang province, CHy is mainly emitted from sectors consisting of rice cultivation,
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coal mining, oil and gas exploration, biomass burning, wastewater disposal, livestock,
landfill, and fossil fuel combustion. The activity data of emission sources have been
collected since 2003. Emissions of CH, increased from 2003 to 2012, up to 2993.26 Gg. The
annual increase rate was 2.85%. From 2016 to 2019, CH, emissions were lower than during
the period of 2011-2015, owing to the lower emissions of the wastewater disposal sector
(Figure 1).

3500
3000 I I
0 2500
<) ™ EER = landfill
§ 2000 | B wastewater
2 | fossil fuel combustion
5 1500 moil and gas exploitation
T B mining of coal
© 1000 ® biomass burning
Hrice cultivation
500 livestock
0
B L TS M\ CRRRS \C RS\ (RN

year

Figure 1. Total CH4 emissions in the Heilongjiang province.

CHy emissions varied in different seasons. Heilongjiang has the coldest heating
periods in China. The period of heating lasted for 6 months each year, while spring and
autumn are very short. The farming processes start when the heating is stopped, until a
month before the heating starts again. In the study, the comparisons of CH4 emissions
at different times of the year were represented as “heating” and “non-heating” periods.
According to the investigation results, few differences in CH4 emissions were found from
the wastewater disposal and fossil fuel production sectors [37]; while CH, emissions
from rice cultivation, biomass burning, livestock, and landfill sectors were obviously
distinct [38]. In 2020, the CH,4 emissions in the non-heating period were 1943.54 Gg, which is
930.48 Gg higher than heating period (Figure 2); the annual trend in Heilongjiang province
is consistent with that of national scale emissions [39]. The dominant source of CH, in the
non-heating period is the rice cultivation sector, which contributed to 56% of total emissions
in the period. During the heating period, without rice cultivation, CH, emissions were
mainly from biomass burning, livestock, wastewater disposal, and coal mining.

Cities are the key units of provincial regions. The features of a city are significantly
associated with CH4 emissions. In the Heilongjiang province, the CH4 emissions of cities
are impacted by the differences in dominant emission sources (Figure 3). The emissions of
CH, in Harbin, Daqing, Jiamusi, and Hegang were higher than in other cities, which were
337.23 Gg, 330.01 Gg, 328.55 Gg, and 307.42 Gg in 2020, respectively. Harbin is the capital
of Heilongjiang province, which is a synthetic city; rice cultivation, wastewater disposal,
livestock, and landfill are the main sources of the CH, emissions. Daqing is famous for oil
and gas exploration; it contributed to 69.39% of Daqing’s CH, emissions. Rice cultivation
is the main source in Jiamusi, which contributed to 87.96% of Jiamusi’s CHy emissions.
Biomass burning, rice cultivation, and coal mining were the main sources in Hegang, which
contributed to 98.17% of Jiamusi’s CH4 emissions. Qiqihaer, Jixi, and Shuangyashan had
relative higher CH4 emissions too, which were 266.85 Gg, 260.95 Gg, and 225.65 Gg in 2020,
respectively. Rice cultivation, livestock, and biomass burning were the main sources in
Qigihaer. Jixi and Shuangyashan are famous for coal mining. The CH4 emissions in the
rest of the cites were very low.
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Figure 2. CHy emissions during the heating and non-heating periods in 2020.
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Figure 3. Spatial distribution of CH, emissions.
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3.2. Contributions of Emission Sectors

Rice cultivation, biomass burning, and livestock are agriculture-related sources of
CH4 emissions, which contributed to 51.24-62.12% of total emissions, and the contribution
rate increased gradually (Figure 4). Coal mining, oil and gas exploration, and fossil fuel
combustion are energy-related sources, which contributed up to 37.91% of total emissions,
and the proportion kept decreasing to 23.87% in 2020. Wastewater disposal is an important
emission source of CHy too, which contributed to 8.04-11.9% of total emissions, which rose
gradually owing to the increased consumption of water.

2008 landfill 2010 landfill
wastewater 2.81% wastewater 1.96%
8.04% 5.75%
livestock i i
fossil fuel 21.39% fossil fucl livestock
combustion combustion 52254
0.17% 0.17%
: oil and gas
oil ar_ld gas exploitation
exploitation $.09% rice
9.63% rice cultivation
cultivation o 32.87%
23.28% mining of coal
mining of coal 2931%
28.11% biomass burning biomass burning
6.58% 8.62%
2015 wastewater landfill 2020 wastewater landfill
11.90% 1.98% . 11.68% 2.32%
fossil fuel = fossil fuel livestock
combustion livestock combustion 11.42%
0.17% 11.44% 0.17% ’
oil and gas
exploitation oil and gas
7.72% exploitation
Sige 8.40% .
mining of coal cultivation . i
18.41% 37.18% mining of coal cultivatic
. 15.31% 39.20%

biomass burning
11.20%

biomass burning
11.50%

Figure 4. CH, emissions by sectors: contribution rates of sectors.

Rice cultivation and coal mining are the dominant emission sources of CHy in the
Heilongjiang province in different periods. Before 2007, coal mining was the dominant
source of CH, emissions. The emissions from the coal mining sector started declining from
2013. Rice cultivation became the biggest emission source of CHy in 2008. Emissions from
the rice cultivation sector increased rapidly, contributing to 39.2% of the total emissions
in 2020.

3.2.1. Agriculture Related Sectors

e CH, emissions from rice cultivation.

The Heilongjiang province ranks first in rice production in China, where agricultural
acreage was 38,720 km? and 28.96 million tons were produced in 2020. In the study, the
emissions of CH4 were calculated based on the data of 13 cities and the General Bureau
of State farms in Heilongjiang Province. The total CH,; emissions have been increasing
rapidly since 2003, up to 1101 Gg. Since 2014, emissions stopped rising and have been
maintained at a certain level (Figure 5). According to different methods of rice cultivation,
emissions from organic fertilized fields were approximate double those of fields without
organic fertilizer.
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Figure 5. CH, emissions from rice cultivation, 1990-2020.

City-level emissions of CHy have changed over time. In 1990, Suihua and Jiamusi
were the dominant contributors, which contributed to 29% and 22% of total emissions,
respectively; followed by Mudanjiang and Qigihar, while the contribution rate of other cities
was less than 10%; the contributions of the Daxinganling and Daging were close to 0. In 2000,
Harbin became the biggest emitter of the sector, with a contribution rate of approximate
30%. The contributions of Suihua, Jiamusi, and Qigihar decreased, but were still important
sources. In 2020, Jiamusi was the biggest emission source, which contributed to about 30%
of the total emission of the sector. The contributions of Harbin, Qigihar, Jixi, Shuangyashan,
Suihua, and Hegang were similar, by which the contribution rates were 7-15%.

e CHj emissions from livestock.

The CH4 emissions from livestock are estimated as the sum of enteric fermentation
sector and manure management sector. Enteric fermentation is the dominant sector, which
contributed to 92.9-94.76% of the total CH, emissions from livestock (Figure 6). CHy
emissions from livestock were lower in the colder season [39], by which the differences
between heating and non-heating periods were 26.46 Gg.

Livestock sector
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400
5 350 94%
2
5 300 94%
2
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5 200 e
2
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100
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O = NN T VN OO0 = A NT VOO = ANONOT NN OO0 RN O
L= A R A A A - A A A A = = = =3 = = = = =3 == I I == ==l ==l =l =] [\
DDAV O OO0 O 00 O 00 00000000 o o0
ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ A A A A A A A A AA A AN

year

W enteric fermentation B manure management —-proportion of enteric fermentation

Figure 6. CH; emissions from livestock sector, 1990-2020.
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The trend of annual CHy4 emissions from enteric fermentation depends on the amount
of livestock rearing. In 1990-1993, the average annual growth rate of CH, emission was
about 4.67% (Figure 4). It grew rapidly from 1993 to 1996, and was relatively stable from
1996 to 2001, with an average annual emission of about 250 Gg. Emissions were of rapid
growth in 2001-2005, up to 440 Gg. Since 2006, emissions fluctuated slightly until 2015, and
a downward trend was observed to about 260 Gg in 2018. Since then, emissions rose to
290 Gg in 2020.

The largest contributor to CHy4 emissions of enteric fermentation is non-dairy cattle
in the Heilongjiang province. The annual contribution rates were more than 50%, and
the highest contribution rate was 70.17%. The contribution of cows ranks second, with a
contribution rate between 15.12% and 36.85%. The contribution of horses decreased by
time, which was 14.29% in 1985 and decreased to 0.43% in 2020. The contribution rates of
sheep and pigs were about 5~7% and 1.5~3%, respectively.

Harbin, Qigihar, and Daging ranked the top three in the Heilongjiang province, and their
contributions were on the rise. The summed contribution rate of the three cities reached
85~90% in 2013-2014. In Harbin, the CH4 emissions from enteric fermentation increased
to 73.36-82.24 Gg, contributing about 33.96% from 1995 to 1996. It evenly increased to
108.3 Gg in 2015, with an average annual growth rate of 3.54%, and decreased to 55.9 Gg in
2016. In Qigihar, the CH4 emissions rose evenly to a peak of 103 Gg in 2014, and dropped
to 83 Gg in 2016. The contribution rate of Qiqihar to the overall emissions in the sector
were 14-20% from 1992 to 2007, and reached a peak of 34.85% in 2013. The emissions and
contribution rates of Daging were lower than that of Harbin and Qigihar. Before 2008, the
contribution rate was from 6% to 10% and afterward the contribution rates were increased
to 12-20%, and the highest emission rate reached 58.8 Gg in 2012.

For the manure management sector, emission factors of different livestock were small,
hence, the CH4 emissions of livestock were significantly influenced by activity data (the
amount of manure). Compared with enteric fermentation, the CH, emissions of manure
management sector was 1~2 orders of magnitude smaller. The main reason is that the
emission rate of manure management is small, and some of the emissions were recycled
as biogas. Pigs, dairy cows and non-dairy cattle contributed more than other livestock.
The contribution rates of pigs and dairy cows were up to 50%. The contribution rate of
non-dairy cattle ranked third, in the range of 10~18%. The influence of sheep on emissions
is stable, where the contribution rate is around 1.5%. The contributions of horses decreased
over time; the contribution rate decreased from 11.73% in 1985 to 0.35% in 2020. Goats,
donkeys, and mules, all contributed less than 1%. Harbin, Qigihar and Daqing contributed
to more than 90% of the total emissions of manure management in 2014.

e CH, emissions from biomass burning.

Straw and firewood are the main fuels used in the biomass burning sector. Cultivated
grain includes rice, wheat, corn, and beans in the Heilongjiang province. The consumption
of firewood is 1~2 orders of magnitude less than the straws annually, hence, its impact
on the whole emissions of the sector is little. Corn stalk burning is the most important
contributor to the total emissions. The annual contribution rates ranged from 45% to 70%,
which was 1.5~2 times more than the summed emissions of other crops. The contribution
rates of rice straw burning were between 20 and 28%. The impact of bean stalk burning
ranked the second in 2007 with a concentration rate of 20%, which reduced to 10% after
2007. The contribution rates of wheat and firewood were less than 1%.

Since 2006, the CHy emissions from biomass burning rapidly increased annually until
2015, up to 324.48 Gg. After 2015, emissions stopped rising, mainly because of the straw
burning ban policy established in the Heilongjiang province. The emissions in 2020 were
315.14 Gg. Hegang emitted the largest amount of CHy, contributing to 38~46% of the
sectoral emissions. Harbin ranked the second, with a contribution rate of about 16~20%.
Qigihar and Suihua ranked third and fourth, contributing 15% and 10%, respectively, while
the rest of the cities accounted for less than 5%.
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3.2.2. Energy-Related Sectors

The four major coal-producing cities in Heilongjiang Province are Jixi, Hegang,
Shuangyashan, and Qitaihe. The CH, emissions are mainly owing to the gaseous escape
from coal mining. The total contribution of the four major coal-producing cities ranged
from 80% to 93%. The contribution rates of Jixi, Hegang, and Qitaihe were all about 20%,
and the contribution rates of Shuangyashan ranged from 17% to 20%.

For the oil and gas exploitation sector, the CH4 emissions were mainly due to the
methane escape from oil and gas exploitation systems. In the Heilongjiang province, the
CHj4 emissions from oil and gas system are basically equal to the summed methane escape
from Daging oil and gas exploitation system. The CH, emissions oil exploitation system
decreased over time, and the CH, emissions decreased to 96.59 Gg in 2020. The CHy4
emissions from natural gas exploitation systems increased gradually, to 133.56 Gg in 2020.

3.3. Impacts of Dominant Anthropogenic Emissions to Ambient CHy

CH,4 mixing ratios of the in situ measurements at Longfengshan Background Station
(44.73 N, 127.6 E, 331 a.s.l.) in the Heilongjiang province, which is the only WMO/GAW
station in the northeastern China plain, observed atmospheric greenhouse gases. The
atmospheric CHy mole fractions were continuously measured by a Cavity Ring Down
Spectrometer (CRDS; Picarro Inc., Santa Clara, CA, USA) [40]. We used a robust local
regression mathematic procedure to distinguish mixing ratio in background and polluted
conditions [41]. The long-term trends were estimated based on linear curve fitting of the
CHjy background mixing ratios.

The annual means of CHy concentrations were raising gradually until 2016, with an
annual growth rate of 8.8 ppm/year in the Heilongjiang province. During the period,
emissions increased rapidly from 2009 to 2011, and were maintained at a higher level
until 2015. Since 2015, the trend of CH4 concentrations and emissions has been consistent
(Figure 7).
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Figure 7. CH, concentrations and emissions in Heilongjiang province, 2009-2019.

3.4. Contribution of CHy to Local GHGs Emissions

Although total methane emissions are nearly two orders of magnitude less than carbon
dioxide, methane is the second most important greenhouse gas, for the global warming
potential (GWP) of methane far exceeds that of CO;. Previous studies have projected that
the GWP of methane is equal to 25 times on a 100-year scale [15]. We utilized the data from
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previous studies to calculate the CO; equivalent of methane (Figure 8) [38,39]. The area of
each part of the sectors in the bottom two rows represents its CO, equivalent of CH4 and
actual CO, emissions.

Non-heating Heating
Rice
Rice .
CO, Absorption

Total CH, emissions
. Total CO, equivalent of CH,

Total CO, emissions

Heating

Total CO, absorptions

Figure 8. Contribution of CHy to local GHGs emissions (heating period vs. non-heating period).

Emission sources of CHy and CO, were different in both the non-heating period and
heating period. In the non-heating period, agriculture is the dominant sector that causes
differences in emission levels. The differences of CH,; and CO, emissions between the
heating period and non-heating period from agriculture were 105.8 Gg and 33.1 million
tons, respectively. However, because the freezing-cold weather limited agriculture activities,
the emissions of rice fades away in the heating period. Hence, the emissions of CHy in the
non-heating period are much higher than that of the heating period. Moreover, heating is a
special sector of CO;, emission in the heating period, accounting for up 34% of the total CO,
emissions of the heating period’s emissions, but only a small amount of CHy was emitted
from heating.

Compared to agriculture and heating, seasonal differences in other emission sources
are much less significant. For instance, the CH, emissions from livestock in the non-heating
period and heating period account for 53% and 47%, respectively [39].

The CO, absorption was 412.9 million tons in 2019. The absorption was about an order
of magnitude higher than that of the Yunnan province (20.31 million tons) in 2015 [42].
Hence, the Heilongjiang province would provide a considerable regional carbon sink.

3.5. Conclusions

The study represents the characteristics of CH4 emissions in China’s coldest region. An
emission inventory is established according to the features of cities in the region. A spatial-
temporal distribution of emissions showed the trend of CH, variation by time associated
with the development of the economy. Before 2007, coal mining was the dominant source
of CH,4 emissions in the Heilongjiang province; while since 2008, rice cultivation has been
the biggest emission source of CH,. Emissions from the rice cultivation sector increased
rapidly, contributing to 39.2% of total emissions in 2020.
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Feasible factors of cities should be taken into account when establishing emission
inventory of various scales (global, regional, national, local, etc.). In this study, meteoro-
logical factors are specially considered in the region, by which the differences of ambient
temperature are over 60 °C (£30 °C). CH, emissions from the rice cultivation, biomass
burning, livestock, and landfill sectors are obviously distinct in the heating period, while
few differences of CH4 emissions are found from the wastewater disposal and fossil fuel
production sectors. The total emissions of the non-heating period were approximately two
times higher than in the heating period. Hence, thinking of the features of targeted regions
when establishing an inventory is very important, which provides more information than
the uniform emission data.

The dominant sectors varied across different cities, which was associated to the land-
scape and development of economy, which makes a significant difference regarding CHy
emissions. For instance, Harbin is the capital city of the Heilongjiang province, which is a
synthetic city. The CH4 was emitted from many sectors, including rice cultivation, wastew-
ater disposal, livestock, and landfill. Other cities, e.g., Daging, which is famous for oil
and gas exploration, contributed to 69.39% of Daging’s CH, emissions. Rice production of
Jiamusi ranks the first of the province in city-level, which contributed to 87.96% of Jiamusi’s
CH,4 emissions. So, the investigation of city-level emissions of CH4 would support the
applications corresponding to abatement technologies or forming local strategies.

The comprehensive analysis of dominant GHGs emitters in the Heilongjiang province
indicated that agriculture and heating are the feasible emission sectors in the non-heating
period and heating period in the Heilongjiang province, respectively. Rice cultivation
is the dominant source of CHy in the non-heating period. Heating is a special sector of
CO; emissions in the heating period, accounting for 34% of CO, emissions in the heating
period’s, but only a small amount of CHy was emitted from heating.

For the perspective of city-level emissions, scaled inventories can provide opportuni-
ties to estimate the reliability and sensitivity of the results of bottom-up emission inventory,
and facilitate implementing the projections. An integrated control strategy would be
provided based on the characteristics of CH4 emissions in cities.
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