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Abstract: To realize China’s low-carbon development, coaldset® be produced and consumed in a
clean and efficient way. In this paper, a multiioagl coal supply model is developed to gain intgh
into China’s coal supply system up to 2050. Rediod&sparity, coal classification, and the
development of clean coal technologies are spécifiche model. Based on MESSAGE:ix, this model
takes full consideration of coal mining, prepamatigransformation, and transportation processes.
Moreover, the effects of non-fossil energy develeptrand carbon price are discussed. With the above
framework, the future of China’s coal supply systsnoptimized. Results indicate that: 1) China’s
national raw coal production will peak in 2030 undke business-as-usual scenario, while it has
already peaked under the GREEN and carbon priceagos, 2) The amount of coal used in final
consumption and transformed into coke decreasesie wbal transformed into liquids and SNG
increases from 11 Mt in 2015 to 221 Mt in 2050 untiee business-as-usual scenario, 3) both
non-fossil fuel development and carbon price siatehave a positive effect on coal supply regothati
and coal-related GHG emission reduction, 4) carpdoe could facilitate the adoption of CCS
technology and can effectively reduce coal-rel&étc emissions.

Keywords: coal supply model, multi-regional, nors$d energy development, carbon price

1. Introduction

China’s energy system is coal-dominated, with al89% of primary energy supply and 59% of
energy consumption covered by coal in 2018 [1].1C@es supported China’s economic and social
development for a long period. Although the shdreaal in China’'s energy system has declined in
recent years, about 66% of power generation [2] &8 of energy consumed in the iron and steel
industry [3] are still supplied by coal in 2016.rthermore, the new coal chemical industry (inclgdin
coal-to-oil, synthetic natural gas, olefins, anldyégne glycol, etc.) has been accelerated by ttireSh
government [4]. China is rich in coal resources padr in oil and gas resources. Coal will stillthe
main energy source for the coming decades [5]. 8fbeg, research on future coal supply in China is
not only important to the development of coal intdpdut also could have a great significance for
China’s energy supply and energy security.

However, coal, as a traditional fossil fuel, isighhacarbon energy. For the same amount of energy
produced, coal emits about 30% more carbon diothide crude oil [6]. In 2017, coal accounted for
about 44% of global COemission from fuel combustion [7]. Under the loarmon development, the
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future of coal industry has been discussed worldwid Germany, coal used to be the primary energy
source for power generation. However, environmeotaicerns and climate change has affected its
coal utilization. Recently, Germany has annourtceghase out its coal-fired power plants by 2038
[8]. The share of coal for power generation hasegsed a downtrend. An EIA research shows that
coal production in U.S. will decrease to 521 miilishort tons in 2020, followed by an increase té 67
million short tons in 2021[9]. The increase in c@abduction in 2021 could be explained by the
increased natural gas price and the increased paeveand. Wierzbowski et al. suggest that Poland’s
coal-based power generation system should transifiona more sustainable and diversified energy
mix towards 2050 [10]. The development of renewabfergy and the improvement of energy
efficiency are two measures to promote energy itiansin India. Coal seems to be its main energy
source until 2050 [11].

As the world’s largest CQemitter, China plays an active role in carbon smisreduction. In 2015,
it officially announced to peak its carbon dioxidmission around 2030 and lower its 2030 carbon
dioxide emissions per unit of GDP by 60% -65% coregawith 2005 [12]. Under the context of
low-carbon development, China’s coal industry isirig significant challenges from both internal and
external perspectives. Firstly, China has attadre@t importance to the development of non-fossil
energy, which has been an inevitable choice tazeealstainable development. The installed capacity
of hydro, wind, and solar power in China has inseshto 352GW, 185 GW, and 175 GW respectively
in 2018 [13]. In the 18 Five-Year Plan for energy development, non-fossiérgy is projected to
achieve 15% of primary energy consumption and 31 g©ower generation in China in 2020. Secondly,
the emissions trading scheme is regarded as actieffestrategy for carbon emissions reduction. &hin
has set up seven carbon trading pilots since 204}1 Based on the experience gained from these pilo
markets, China officially launched the nationalbzar trading market for the year 2017 [15]. Thirdty,
is necessary to achieve clean production and effiaitilization of coal. In order to promote clezal
production, an official evaluation index system fdean production in coal mining and preparation
industry was released in 2019. In addition, thgatof coal preparation ratio is projected to bevab
75% in 2020 by the Chinese government [16]. White ¢oal utilization, improving utilization
efficiency has become the main target [17]. Besloking used as a fuel, coal is also used as chemica
material. The capacity of coal liquefaction andldmssed synthetic natural gas (SNG) is projected to
reach 13 million tons and 17 billion cubic metees pear respectively in 2020 [18]. Based on these
contexts, the future of coal supply is closely tediato the policies and transformations of coalgtdy
and energy system. Therefore, it is essential tsider these trends while projection the futurel coa
supply in China.

Many existing studies have analyzed different atspet the coal industry in China, including the
structure of coal industry chain and coal mateft@ml. Li et al. [19] analyzed the evolution of coal
industry chain with a combination of input-outpuiadysis and an Average Propagation Length model.
Zhang et al. [20] described coal flow with a phgsimput-output table. Bai et al. [21] discussed
historical information about coal production, presieg, and quality management of coal. Liu et28] [
matched coal classification and gradation withization and formed an index system to optimize coal
material flow. The above-mentioned studies are ipaioncentrated on the historical changes or status
qguo of China’s coal industry, which are insuffici@mthe projection of the future coal supply syste

There are also many studies discussing futurd poaduction in China [23-27] with trend
extrapolation model. Normally, these studies igntite impacts of energy system transition and
technology changes. Furthermore, Wang et al. [28)yaed the future layout of coal development
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based on the concept of “green resource”. They amlglyzed the regional capacity for mining
according to resource and mining conditions. Lialef29] optimized provincial coal production and
transportation pattern from a medium perspectiven{f2015 to 2030). However, the attractiveness of
a resource is not only determined by its productiost, but also determined by its utilization cist
provide energy service [30]. Therefore, a more a@in@nsive system is needed to project China'’s coal
supply. Except for the above-mentioned papers, su@dous studies have optimized China’s energy
transition through system analysis [31, 32]. Wanhgle[33] built a hybrid optimization model, which
shows the decline of coal supply in total energyede studies usually analyze the development trends
of the whole energy system, which also includeptgection of coal supply. However, these studies
are generally at the national level without dethileformation about coal industry. Therefore, the
regional layout of coal industry is neglected. Rartmore, to our knowledge, there is no study
considering coal types while projecting the futafeoal supply in China.

Besides, many researchers focus on the utilizatiaoal. Power sector is the largest coal consumer.
Many studies focus on power system optimizatioastimate future power generation structure. Zhang
et al. adopted the MESSAGE model to optimize Chlinadwer system considering coal resource
constraints and coal transportation [34]. Other @ovoptimization models also include the
development trend of coal-power generation techgie®[35, 36]. Some researchers focus on the iron
and steel industry. Zhang et al. use the MESSAGHaGKel to analyze future coal consumption in the
iron and steel industry [37]. An et al. assessedetiergy saving and emission reduction potentitiién
iron and steel industry [38]. With the developmehtthe new coal chemical industry, some papers
focus on the techno-economic analysis of CTL tetdgyw [39] and coal-to-SNG technology [40].
Although these papers focus on one specific caéization sector, they help well understand the
development of China’s coal transformation process.

Different from previous studies, our study aim$®ailding an integrated assessment of China’'s coal
industry towards 2050. A detailed multi-regionabktsupply system model (with coal classification
and detailed process of the coal supply chain)catiog with low-carbon transition in China’s engrg
system is adopted to analyze the long-term natiandlregional coal supply and resource allocation.
The rest of this paper is organized as follows.tiSr@ depicts the multi-regional coal supply model
and model scenarios. Section 3 shows the modeltsesiicoal supply in China through raw coal
production and regional layout. Section 4 discugbeseffects of strategies considered in the four
scenarios and the trajectory of coal-related greesé gas (GHG) emissions. Section 5 concludes the
results.

2. Methodology
2.1 Model approach and basic principles of coal supmdgel for China

In this study, MESSAGEix developed by the Interoadl Institute for Applied Systems Analysis
(IIASA) is used to optimize the regional coal syppl China. MESSAGE (Model for Energy Supply
Systems And their General Environmental Impactyjoles a bottom-up model framework for users to
describe the processes and relations defined inahergy systems. It is now wildly used for energy
system planning and policy analysis [34, 37, 41jthVdetailed technology options, the target of this
model is to find the least-cost technology portfdahat satisfies the given demand. MESSAGEix is the
latest version of MESSAGE, which is a linear opsation model implemented in GAMS. The
CPLEX solver is used for model optimization. Moretalled information and formula about
MESSAGEIix are displayed in the tutorial document MESSAGEIx [42] and an article from
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Huppmann et al. [43].

Therefore, the coal supply model is built to optienChina’s coal supply with the minimum cost of
the whole system under a series of constraintsh Wiive-year interval, this paper optimized thalco
supply system from 2015 to 2050. In the processaflel construction, several factors are taken into
consideration as basic principles in this model.

First is the regional division. As a country withvast territory, China has prominent differences
among regions in coal resources, geological camitieconomic development, coal production, and
coal consumption. Therefore, China is divided isgven regions in this paper according to the
previous study [44], as shown in Fig. 1. The sevegions are the NE (Liaoning, Jilin, and
Heilongjiang), the HHH (Beijing, Tianjin, Hebei, Han, Shandong, Jiangsu, and Anhui), the SOUTH
(Shanghai, Hunan, Hubei, Guangdong, Guangxi, Zhgjidiangxi, Fujian, and Hainan), the JSMN
(Shanxi, Shaanxi, Inner Mongolia, and Ningxia), tB® (Gansu and Qinghai), the SW (Sichuan,
Chongging, Yunnan, and Guizhou) and the XJ (XirglamNE region has a relatively good resource
condition. However, with the high intensity and dohistory of exploitation, coal resources in some
areas of this region are almost exhausted [45]. Hidbion is a densely-populated area with a
developed economy. It is also the largest coal wmpsgion region in China. SOUTH region is poor in
coal resources. Coal demand in this region is kiighpendent on other regions. Coal resource infSout
China is mainly located in SW region. JSMN is cletedized by abundant coal resources, which is also
the main coal producing region in China. GQ recaoid XJ region are in the west of China. The coal
industry in these two regions is less developatipabh they are rich in coal resources. Therefoal
resource has great potential development, espetaalXJ region.

Second is the coal classification. According to @tenese national standard of coal classification,
raw coal is divided into three kinds: anthracitgéumminous coal, and lignite. Bituminous coal can be
further divided into 12 types [21]. Some types @fiminous coal that can be used as material for the
coking process are classified as coking bitumiremad (Meager Lean coal, Lean coal, coking coal, Fat
coal, 1/3 coking coal, Gas fat coal, and Gas d@al)} The other types of bituminous coal are cléesdi
as general bituminous coal (Meager coal, 1/2 sto#l, Weakly caking coal, Non-caking coal, and
Long flame coal). Therefore, four kinds of raw cae specified in our coal supply model, anthracite
coking bituminous coal, general bituminous coalj &éignite. The variation of characteristics among
raw coal types leads to differences in coal praongsand utilization methods, which is highlighted i
the model.

Thirdly, the effects of the implementation of cleamal technology are considered in this model.
Clean coal technology is a significant way to walihe efficient and environmental utilization ot
[46]. However, different clean coal technology abyilay an opposite role for coal supply. For
example, advanced coal power generation technolidgy,ultra-supercritical (USC) and integrated
gasification combined cycle (IGCC) power generatiechnology with high efficiency will decrease
the coal consumption per unit of power generatemvéver, coal-to-liquids (CTL) and coal-to-SNG
technology are possible to provide a new growtmipfuir coal demand. Therefore, in order to provide
a scientific projection for coal supply, these athed technologies, including USC power generation
technology, IGCC technology, pressurized fluidizeeld combustion (PFBC) technology, carbon
capture and storage (CCS) technology, CTL, and-tme8NG technology are contained in the coal
transformation process of the proposed coal supiplgel.



Fig. 1 Regional division of the model. The grey mdrthe picture includes Tibet, Hongkong, Macau &aiwan,
which are not included in the model.

2.2 Model structure

The model structure is shown in Fig. 2. Differgmds of coal resources in each region are the basis
of the model. The coal flow is the main part ofsthinodel, which is characterized by detailed
technologies. Natural gas and non-fossil energgléau, wind, solar, hydro, biomass, and geothermal)
are considered as the substitution energy in p@andrheat supply. Regional transportation links the
seven regions as a whole to meet the specific gradgand in each region. The main input data in
this model includes resource volume, resource cesthnology parameters (historical capacity,
investment cost, fixed cost, variable cost, emis$aztor, etc.), and demand data. The overall syste
cost includes resource cost, technology cost, amdsioon cost (when the carbon price is considemed i
the system). Through optimization of the model, tesults show the coal material flow, coal
transportation, power transmission, and coal-rdl&elG emissions.
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Fig. 2. The structure of the coal supply model.

Furthermore, a detailed energy flow chart in orggare is shown in Fig. 3. For each sub-module, the
network of the regional coal supply system is carcsed by four energy levels, namely resource,
primary, secondary, and demand. Energy carriersdagmd in these levels are connected by
corresponding technologies. According to the cdaddification mentioned above, four kinds of coal
resources are encompassed in the resource levéirdeite, general bituminous coal, coking
bituminous coal, and lignite). Different types obat resources are mined in order to get the
corresponding raw coal. As part of coking bitumis@oal is used as steam coal in China [47], here we
assume that this part of coking bituminous coallddee used in the same technologies in the
preparation and transformation process as genetaninous coal. Therefore, the primary level
includes four types of raw coal. Then, part of @al is prepared through coal preparation techriyolog
Five outputs from the coal preparation processcargained in the secondary level, including four
kinds of cleaned coal and other washed coal (bymrisdof coal preparation process). As for the
demand level, it includes the final consumptiort@él and five related energy carriers (electridiyat,
CTL, SNG, and coke), which will be used by the esérs directly. All energy carriers in the primary
level and secondary level are linked with energyiees in the demand level through technologiesisuc
as coking technology, power generation technolodmport, export, and transportation technologies
are considered to reflect the energy flows betwegions and countries. In addition, electricity and
heat generated from natural gas and non-fossibgrame integrated into the model.
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2.3 Key assumptions and data

2.3.1 Coal mining

Two mining methods are adopted for coal mines im&hunderground mining and surface mining.
In this paper, we adopted specific underground mgirtechnologies for each region to reflect the
regional difference for coal production. Since aag mining only comprises less than 5% of national
raw coal exploitation in China [48], we assume tih&t cost of surface mining technology all over the
country is the same. Detailed technology paramébersoal mining technologies in 2015 are shown in
Table 1. The coal resource output coefficientsesgnt the percentage of exploited coal to the coal
resources [49], which are related to the occurrermalition of coal resources. Therefore, they are
assumed to remain constant. Cost parameters foergimmind mining technologies are estimated
according to the average provincial mining cosRef. [50]and cost structure in Ref.[51]. For suefac
mining, the investment cost, fixed cost, and vdeaiwst come from one specific surface coal mine in
Xinjiang [52]. All mining costs are assumed to charover time according to Ref. [53]. The historical
production data of raw coal is captured by nati¢ghd] and industry statistics [55]. Coal resourdas
are industry consulting data from China Coal BigdD@enter Company [56].

Under the constraints of resources and environnera] production in China faces a significant
irrational layout. It has been a key objective dguat the layout of coal mining industry during th&th
Five-Year period. The basic principle for layoujustiment is to comprise coal mining in the eastern
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area, restrict coal mining in the central and reat region, and optimize coal mining in the wester
area, according to the 13th Five-Year Plan for audlistry [57]. Based on this principle, the shutdo

of coal mines in SOUTH region is planned to be Breéed. Therefore, new coal mines are not
allowed to build in this region. In addition, cqaloduction capacity in SW region, HHH region, and
NE region is projected to decline by the government

Table 1. Parameters of mining technologies

Coal resource output Investment Fixed cost Variable cost Lifetime

Region o
coefficients (%) cost (yuan/t)  (yuan/t) (yuanft) (year)?
JSMN 35 1285 88 86 60
XJ 30 611 50 49 50
SW 30 1421 145 142 40

Underground
o GQ 30 1803 123 120 60
mining

HHH 35 2451 167 163 60
NE 35 2325 190 186 50
SOUTH 30 2319 237 232 40
Surface mining 35 272 24 23 60

2The lifetime of mining technology is estimated acliog to regional average mine capacity [28].

2.3.2 Coal preparation

Coal preparation is a part of clean coal productmich is also regarded as an essential way by the
Chinese government to promote clean and efficieat ase. It could effectively diminish the inorgani
minerals and ash and sulfur content in raw coal.[%8us, an improvement in heating value and
transformation efficiency could be obtained frone tbreparation process [59]. The choice of coal
preparation technology could be determined by raal types, specific requirements for products, etc.
[60]. Given all that, lignite with high moisture epared by dry preparation technology. The other
three types of raw coal are washed in steam orngokbal preparation plants according to their
utilization methods.

The lower heating value (LHV) and G@®mission factor of raw coal, cleaned coal, anéwttashed
coal are shown in Table 2. The technology costiking coal and steam coal washing is taken from
[61], while the cleaned coal washed and other wastwal output are taken from China Energy
Statistic Yearbook [62] and relevant literature,[68]. The technology cost for lignite coal prejiana
is from Ref. [65] and the output of cleaned lignietaken from [66]. The output for different coal
preparation technologies is shown in Supplementteral (Table B1). The historical data of coal
preparation capacity is obtained from China Codubiry Statistic Yearbook [54].

Table 2. Unit LHV and C®emission factor of cleaned coal and other wasbatl ¢

Coal types LHV (GJ/) Emission factor (tCO2R)
Anthracite 23.39 2.21
Coking bituminous coal 22.05 2.02
Raw coal
General bituminous coal 22.05 2.02
Lignite 13.40 1.32
Cleaned Cleaned anthracite 28.54 2.69



coal Cleaned coking bituminous coal 27.78 2.56

Cleaned general bituminous coal 26.90 2.42
Cleaned lignite 15.28 1.41
Other washed caal 11.20 1.27

& The LHV of raw coal, cleaned anthracite, clean#iteobituminous coal, and other washed coal isutziied
from Ref. [67]. A 26% increase in LHV of coking hitinous coal will be achieved after the coking prafian
process according to Ref. [68]. The LHV of lignisesissumed to increase by 14% after dry preparf@g]n

® The emission factors for raw coal and other wastwal are calculated according to Ref. [67]. Thessinh
factors for cleaned coal are calculated based ®@ranbon balance between inputs and outputs ofpcephration

technologies, using data from Ref. [67] and Ref. [63]

Due to the government policy to enhance the coapgmation ratio, the share of national coal
prepared is assumed to increase to no less thaniy 2220 and 90% in 2030. Moreover, the lowest
coal preparation ratio is assumed to remain cohftam 2030 to 2050.

2.3.3 Coal transformation

In this analysis, main coal transformation process@cluding coal-fired power generation,
coal-fired heat supply, coking, CTL, and coal-to&Nre taken into consideration.

2.3.3.1 Coal-fired power generation and heating

Power generation is the dominant coal transformasiector, which consumed about 61% of total
transformed coal in 2015 [68]. Coal used for pogeneration is classified into two categories irs thi
paper. Lignite, cleaned lignite, and other washeal are generally characterized by high moistuige an
low heat value. Thus, power plants for this typeadl use circulating fluidized bed combustion (FFB
and pressurized fluidized bed combustion (PFBChrietogy, as well as fluidized-bed combustion
CHP (FBC_CHP). Power plants for other coals aresifi?zd into subcritical (SBC), supercritical
(SPC), USC, and IGCC. Meanwhile, a general CHP {§2]so adopted for combined heat and power
supply. However, all types of coal in heat supply Begarded as substitutes for each other. Thexrefor
coal-fired boiler in heat supply could be fueled dltypes of coal. Besides, the benefit of thel coa
preparation process leads to a 5% increase inrdéimsformation efficiency of cleaned coal in power
generation and heat supply [70]. In addition, CE€&hnhology is assumed available in power generation
technologies, and could be implemented with SPQZUSCC, and PFBC.

The cost parameters of PFBC are estimated accotdifgf. [71], while its efficiency and lifetime
are obtained from Ref. [72]. For other coal-fireower plants, the cost and lifetime parameters are
based on Ref. [36] and the investment cost of fioed- power generation plants in China [73]. Their
efficiency parameters in 2015 are estimated acogrtth Ref. [34, 36]. The efficiency of USC, IGCC,
and PFBC is assumed to increase during the modeldpg4, 75] considering technological progress.
The efficiency parameters of other coal-fired pogeneration technologies are assumed to remain at
the 2015 level. For coal-fired power plants with £Ghe increase of investment cost and energy
penalty by the implementation of CCS is estimatezbeding to Ref. [76]. The increase of variable and
fixed O&M (operating and management) cost is edtihdoased on Ref. [75]. The capacity factors of
coal-fired power plants are estimated accordintp¢oChina Electric Power Yearbook [77].

For the coal-fired co-generation technologies aadtihg technology, the efficiency parameters are
estimated according to Ref. [69, 78]. Cost pararsaiéco-generation technologies are collected from
Ref. [34, 79], while cost parameters of heatindntedogies are estimated based on Ref. [80]. Tha mai
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parameters for coal-fired power generation andihgdechnologies are shown in the supplementary
material (Table B2-B5).

2.3.3.2 Coal coking, CTL and coal-based SNG

Cleaned coking bituminous coal is used as the iaatéar coke production. The technological
parameters for coking technology are estimated rdoup to Ref. [37] and China Energy Statistic
Yearbook [62].

Since air pollution has been a key issue for Chidicies like the Three-Year Action Plan to Win
the Blue-Sky Defense War (2018) has issued to ptexed control air pollution, especially in some
key areas including Beijing, Tianjin, Shanghaindisu, Zhejiang, Anhui, and parts of Hebei, Shanxi,
Shandong, Henan, and Shaanxi province. Coking @gpaaconstrained in these key areas due to its
high energy consumption and high pollution. HHHioegand JSMN region are the main coke
producing regions, which also include most of tley lareas for the prevention and control of air
pollution. Therefore, an upper bound is set foriwglcapacity in these two regions according toteela
national and provincial policies.

Considering the special requirement for coal usethé coal chemical industry, only cleaned coal
can be used in the CTL process and coal-to-SNGepsoi this model. Except for cleaned coking
bituminous coal, the other three types of cleartad are used evenly in indirect coal liquefactitDL()
and coal-to-SNG process, while cleaned anthrasiteot suitable for direct coal liquefaction (DCL)
technology, as shown in Fig. 3.

The cost parameters for coal-to-SNG, ICL, and D&thhologies in 2015 are from relevant studies
[81-83]. The annual decreasing rates of cost fesg¢hthree technologies are obtained from IEA’s
Energy Technology Systems Analysis Program [84F Waterial coal consumption in coal-to-SNG,
ICL, and DCL process is assumed to decrease, dhteath the advanced level announced in the 13th
Five-Year Plan for the Development of Coal DeepcBss in 2050. Material consumption for coal
coking, DCL, ICL, and Coal-based SNG technologies shown in the supplemental material (Table
B6).

2.3.4 Power generation and heating from non-fossil fuergy and natural gas

As mentioned before, non-fossil energy and natgas have played a vital role under the
low-carbon development, which could substitute égoglower generation and heat supply. Therefore,
six alternative power generation technologies amg falternative heat supply technologies: natural
gas-fired power (NG), wind power, solar power, logbwer, biomass power, nuclear power, gas
boiler heating, solar heating, biomass heating,geuthermal heating are integrated into the maxel,
shown in Fig. 3.

For these technologies, cost and lifetime parammetss collected from related studies [34, 36] and
the Center for Renewable Energy Development [8B¢ &fficiency of biomass power generation [85]
and natural gas-fired power generation [86] is mezlito increase considering the technical progress.
Capacity factors of hydropower, nuclear power, andd power are estimated based on the China
Electric Power Yearbook [77]. The capacity factbrassumed to be 50.4% for biomass power plants
and 45.7% for gas-fired power plants [87]. The citgdactor for solar power generation is calcutate
according to Ref. [88], as shown in the supplentgntaaterial (Table B7). For solar heating, the
capacity factor is estimated according to the ahswashine hours in each province [89]. The rediona
cost of natural gas is assumed to increase over ditoording to [53, 90]. Uranium price is set a4 57
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yuan/kg in 2015 [34], with annual increasing rafeld % [71]. Biomass price is set as 24 yuan/GJ
during the model period according to Ref. [69]. Thain parameters for non-fossil fuel based power
generation and heating technologies are showreisupplementary material (Table B2-B5).

Considering the resource distribution of renewabiergy and the technology development level,
the regional upper limits for installed capacity mn-fossil fuel based power plants are estimated
according to relevant studies [91, 92] and Renesvdbhergy Data Manual [93]. The regional
availability of renewable resource for heating$sessed according to Ref. [93-95]. Besides, thermupp
limits of annual construction for non-fossil fuehded power generation technologies are calculated
according to previous experiences [77, 96] andvegiestudies [90, 92]. The limits for non-fossiefu
based power plants are shown in the supplementariala(Table B8-B9).

2.3.5 Transport

As mentioned before, the flows of energy among aegiis reflected in this model through
inter-regional transport technologies. For différemergy carriers, two categories of transportation
technologies are adopted. One is railway and wagtwansport for raw coal, cleaned coal, and coke.
The other one is electricity transmission technglog

By contrast with the resource’s distribution, ayproportion of coal is consumed in the south and
east of China. The geological distribution confligttween coal resources and coal consumption has
resulted in coal transport in China. Railway andemsay are two mature long-distance transportation
methods, which are considered as inter-regionakprartation technologies for both coal and coke in
this model. The characteristics of lignite makarisuitable for long-distance transportation [97fheD
washed coal is promoted to be used for power gdormear the preparation plants [98]. Furthermore,
it is uneconomic for long-distance transport of Ibeat value coal. Therefore, we do not consider the
regional transportation of lignite, cleaned lighiéad other washed coal. As a result, these tlypest
of coal can only be consumed in their producingaegBesides, transportation routes of coal arg onl
considered between adjacent areas in this modelwaterway transportation is only considered from
SW to SOUTH and HHH to SOUTH according to the gaepyic features.

Different from coal transportation, electricity cha transmitted directly from one region to theeoth
six regions. In this paper, two power transmisgemhnologies (Ultra-high voltage power transmission
technology and High voltage transmission techndlpghich enable the long-distance transmission of
electricity, are taken into consideration [87].

2.3.6  Import and export

China has been a net coal importer since 2009 [Hidse patterns in international trades are likely
to be continued in the future. Since coal couldrbasported among regions, only one importing route
for each kind of coal is considered in this modelcording to the historical data, anthracite, gaher
bituminous coal, and lignite are imported to Chitmough the SOUTH region, while coking
bituminous coal is imported to China through theHHr¢gion. The cost of coal imported is from Ref.
[53]

Besides, China has been a net coke exporter aogotdi official NBSC (National Bureau of
Statistics of China) data [99]. The exported voluaiecoke could be influenced by many factors,
including trade policy, world coke demand [100]saerce protection, and economic performance
[101]. As a result, the export volume of coke idatite. However, the future export of coke could be
limited by the weak coke demand growth in the imiional market[102], the policies to protect searc
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resources of coking coal, and the pressure ofd@lugpn in China. Furthermore, exported coke only
accounts for a very small part compared with Chlirddmestic coke demand since 2009. Since the
prediction for coke export is not the focus of thiady, we simply assumed that the exported coal is
about 2% of final coke demand according to histdriata in 2015 [68].

2.3.7 Demand

The final consumption for different energy carriegtated to coal is used as the model demand én thi
study. We calculated the national final consumptidrelectricity, heat, coke, and coal according to
historical data in 2015 [68] and the IEA report 310Then, the regional demand is achieved by a
downscaling methodseesupplementary material) [104, 105]. The nationaldpiction for CTL and
coal-based SNG is projected according to Ref. [LD8En they are divided into regional production
according to the previous studies [106, 107], repnéng the corresponding commodities produced in
each region. The regional demand data are shoteisupplementary material.

2.4 Scenario analysis

Table 3. Scenario description in the coal supplgeho

Scenario Scenario description

Non-fossil energy continues to increase accordinthé current trend. In the
power sector, the capacity targets for hydro, waalar, biomass, and nuclear
are 431.61GW, 800GW, 1000GW, 50GW, and 150GW reisdye in 2050.

BAU For the heat sector, the target share of non-fessitgy on total heat supply is
set as its 2015 share (1%) during the model periBdsides, the target for
natural gas power generation is assumed not less3%h.8 GWyr from 2020.
The target share of natural gas in total heatimplguis assumed to keep its
2015 level.

The development of non-fossil energy is furthempoted, which plays a more

Non-fossil
energy

development N ) ) )
positive role in China’s energy system. In the powector, the capacity

targets for hydro, wind, solar, biomass, and nuciea 431.61GW, 1000GW,
1180GW, 59GW, and 200GW respectively in 2050. per lieat sector, the
target share of non-fossil energy on the total teeguply is 36% in 2050.

GREEN

Besides, the target for natural gas power generagi@ssumed not less than
34.8 GWyr from 2020. The share of natural gas enttital heating supply is
assumed to increase to 9% in 2030.

A carbon price of 50 yuan/t GGs implemented in 2015 with an annual
BAU_50 growth rate of 5% while the development of non-fossergy at least reaches
) their targets in the BAU scenario.
Carbon price ) ) ) )
A carbon price of 50 yuan/t GGs implemented in 2015 with an annual
GREEN_50 growth rate of 5% while the development of non-flossergy at least reaches

their targets in the GREEN scenario.

a. More details about the non-fossil development tangehe BAU and GREEN scenario are shown in the
supplementary material. These targets are projestenrding to China’s 3Five-Year Plan and Ref. [92, 94,
108-110].

Under low-carbon development, China has made ge#fatts to promote the development of
non-fossil energy, and this trend is likely to lmatinued in the future with a high probability. Bhthe
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BAU (business-as-usual) scenario and GREEN sceraméo developed to describe the possible
development trend of non-fossil energy. Furthermdme roles of carbon trading in the coal supply
system are evaluated by introducing a carbon grit® the model. According to the pilot carbon
market in Beijing, the carbon price in 2015 is ased to be 50 yuan/t GOwith an annual growth rate
of 5% [111]. Consequently, four scenarios are googtd in this paper, as shown in Table 3.

3 Resultsand discussion
3.1 The future of the coal supply system under the Bs&Enario
3.1.1 Raw coal production

Under the BAU scenario, raw coal production in @himill peak in 2030 (as shown in Fig. 4).
Although a slight increase appears in 2020, rav praduction will then increase to 3791 Mt in 2030.
After peaked in 2030, the national raw coal promucgradually decreases to 3526 Mt in 2050. JSMN
region with abundant coal resources is the mainaaaV producing region in China. The proportion of
raw coal production in JSMN region to total grows8t1% in 2050. XJ region gradually becomes the
second coal producing region in China. The raw poadluction in XJ region reaches 385 Mt in 2050,
which more than doubles its current level. Totathese two regions will comprise about 92% of raw
coal production in China. For all the other fivagimns, raw coal production all shows a declining
tendency. The raw coal production in GQ region 8id region almost drops to 1/3 of its current level.
Both HHH region and NE region show a dramatic aeclh coal mining. They only account for about
5% of national raw coal production in 2050. Furthere, SOUTH region is projected to exit coal
mining in the last period of the model.

As the primary material for coke, the trajectorycoking bituminous coal (431 Mt in 2050) shows a
downward tendency in accordance with the reductibrcoke demand. General bituminous coal
accounts for more than half of coal reserves im&faind is the main kind of thermal coal. In 205@, t
production of general bituminous coal accounts@0r7% of the total raw coal produced in China.
With the highest heat value, the production of eattie increases to 815 Mt in 2050. Lignite has the
lowest heat value and the largest capacity foraserinines among the four types of raw coal. Due to
the lower cost of surface mining, surface-mineditigis still competitive. Therefore, the produatiof
lignite is quite stable from 2020.
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Fig. 4. China’s regional raw coal production tovea®50 and the share of four types of raw coabtal raw coal
production under the BAU scenario (pie chart).

3.1.2 National coal material flow

The national coal material flow under the BAU sa@méor the year 2030 and 2050 are shown in Fig.
5. With the gradual changes in energy consumptiattsire, coal used for final consumption decrease
to 602 Mt in 2050. Furthermore, the amount of ¢oahsformed into coke also decreases significantly.
On the contrary, the amount of coal transformed liguids and SNG grows from 11 Mt in 2015 to
221Mt in 2050. In addition, coal consumed for poweneration and heating shows an increasing
tendency. Although power generation and heatingnfroon-fossil energy increases, the growth in
national electricity and heat demand lead to a drigfemand for coal-fired power generation and
heating. Besides, the amount of coal used in eactorsis determined by the energy demand of the
sector and the combination of coal types. For exanfpm 2030 to 2050, the demand for coal final
consumption in heating value decreases by 31%. Mewéhe amount of coal consumed in this sector
decreasing by 38%.
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Fig. 5. The national coal material flow in 2030 &@50 under the BAU scenario (Unit: Mt)
3.1.3 Inter-regional transportation

The total volume of coal transported among regidedines from 1303 Mt in 2015 to 1028 Mt in
2050 in a fluctuation way. JSMN region dominategioral coal export in China. SOUTH region,
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North region, and HHH region are the three maindrhpegions of coal. Although XJ region has
advantages in coal mining, coal transportation ftbima region is not observed during the modeling
period. The long-distance from XJ region to the amting region limited its coal exports. Due to the
higher heat value of cleaned coal, all the coallieen washed before transportation from 2020. This
phenomenon reflects the advantages of cleanedrctrahsportation.

In contrast, electricity transmission develops dapi This is mainly benefitting from the
construction of UHV transmission lines. Several nékV transmission lines will be built in the future
Totally, electricity is transmitted from JSMN regioSW region, XJ region, HHH region, and GQ
region to SOUTH region, from JSMN region and XJioago HHH region, from XJ region and GQ
region to SW region, and from JSMN region to NEweagn 2050.

3.2 Effects of non-fossil energy development

In the supply side, non-fossil energy is the maibssitution energy for coal. A more positive target
for non-fossil energy development is describedh@ GREEN scenario. In this scenario, raw coal
production in China has already peaked in 2015hasvn in Fig. 6. The total raw coal production in
2050 under the GREEN scenario is 3191 Mt, whichieagls a 9% reduction in total raw coal
production in 2050 compared with the BAU scenaBbifting more non-fossil energy to China’s
energy system will result in a reduction in coama®ad. Under the GREEN scenario, the output of
non-fossil energy grows up to 849 GWyr in 2050, wthb40 GWyr higher than the BAU scenario.
Moreover, the power generation and heating fronunaatgas are about 49 GWyr in 2050, only 6
GWyr higher than the BAU scenario. Consequentlyal agsed for power and heat supply in 2050
decreases by 287 Mt. The reduction of thermal topbwer and heat supply results in the reduction o
national raw coal production in China.

(a) 2030 (b) 2050

4% 4.4%

9
“III;:A “Illiim&
“'l’zoz%
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I Coking bituminous coal
I General bituminous coal

I Lignite ‘1""
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4000
3500
3000 _ BAU scenario
2 2500 4
§2°007 —
5 2000 - JSMN
e ) NE
= 1500 + SOUTH
T S
1000 - —h
500 —8
0
2015 2020 2025 2030 2035 2040 2045 2050

Year

Fig. 6. China’s regional raw coal production tovea®50 and the share of four types of raw coabtal raw coal
production under the GREEN scenario (pie chart).
The distribution of coal production is similar ttat under the BAU scenario. Raw coal production in
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JSMN region reaches 2528 Mt, about 79% under th&ENRscenario for the year 2050. Moreover,
raw coal production in XJ region increased to 32I7 iM 2050, which comprises about 12% of national
raw coal production in 2050. In terms of coal typdee proporation of different coal types is also
similar to the BAU scenario. Under the GREEN sciEnahe production of general bituminous coal
accounts for 59.6% of the total raw coal produaedChina, while anthracite account for 22.5% of
China’s total raw coal production in 2050.

3.3 The role of carbon price

The impacts of carbon price on the coal supplyesysare assessed in the BAU_50 scenario and the
GREEN_50 scenario. China’s national raw coal prtidnchas already peak in 2050 under these two
scenarios. Under the BAU_50 scenario, the raw pozduction in 2050 is 2859 Mt, about 19% lower
than that under the BAU scenario. The GREEN_50a@erould even decrease the national raw coal
production to 2730 Mt, about 14% lower than the GREscenario (as shown in Fig. 7). Under the
BAU_50 and GREEN_50 scenario, JSMN region accofots31% and 80% of national raw coal
production in 2050 respectively. Furthermore, thadpction of anthracite reduces to 390 Mt under the
GREEN_50 scenario, which comprises 14% of total caal production.

Under the carbon price scenarios, coal is not adviag least expensive fuel. Thus, the development
of non-fossil energy is further promoted. The eieity and heat supplied by non-fossil energy ib@0
is about 944 GWyr and 1035 GWyr under the BAU_5@nstio and the GREEN_50 scenario,
respectively. Besides, the natural gas power géoarand heating under BAU_50 and GREEN_50
reach 77 GWyr and 69 GWyr respectively. Under thebon price scenarios, technology choice,
especially for power generation (as shown in Fig.i8also profoundly affected. USC is currently a
mature technology for power generation, and wilitifwand without CCS) dominates China’s power
system in the coming years. Power generation fraf® @creases rapidly under the BAU scenario.
However, under the GREEN scenario , non-fossil ggh@nd natural gas heating is about 55 GWyr
higher than the BAU scenario. Therefore, the hgadiemand for CHP is also decreased, which results
in a slight decrease in power generation by CHRthEtmore, new IGCC power plants will not be
built in this analysis, except for the existing derstration project in Tianjin, due to the high
investment cost. Although CCS could reduce,@issions, the adoption of CCS in power plants
causes an extra energy penalty and cost incredlserefore, CCS is only adopted under carbon price
scenarios.
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Fig. 7. Comparison of the national raw coal progurctinder the carbon tax scenarios and non-fossilgy
development scenarios.
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Fig. 8. Generation mix of coal-fired power plantglar different scenarios
3.4 Comparison with other studies

As shown in Ref. [23-25], the raw coal productionGhina is projected to reach its peak between
2024 and 2030. However, some studies forecastingaGhcoal production peak arrive before 2020,
which is similar to our study[26, 27]. In our ansily; China’s national raw coal production will peak
2030 under the BAU scenario. For the other threaagos, it has already peaked in 2015.

As for regional raw coal production, we compared @sults with Ref. [28, 29] and found that the
developing trend of coal production industry layasitsimilar to existing studies. Here, raw coal
production will be more concentrated in JISMN andrégion. However, there are some differences. In
Ref. [29], the coastal areas of Southeast ChinaCardral China will exit coal mining around 2026. |
our model, SOUTH region will exit coal mining froB®50 under all four scenarios. However, in Ref.
[28], South China still produces coal in 2050 (watlsmall capacity). On the contrary, Northeast &hin
will exit coal mining in 2050. Compared with thestidies, our model considered a more integrated
coal supply system, which may have a more reasemablilt.

3.5 Coal-related GHG emission

In this model, the coal-related GHG emissions ateutated from a life-cycle perspective, which is
constituted by Chlleakage in coal mining, GGmissions caused by fuels consumed in coal ane cok
transport, and COand NO from coal utilization.

Coal-related GHG emissions in the four scenariespaesent in Fig. 9. With the decreasing of coal
demand, coal-related GHG emissions also show awavehtrend under all four scenarios. In the BAU
scenario, coal-related GHG emissions decrease 44 W& in 2050. The GREEN scenario could
decrease by 9% of coal-related GHG emissions cogdpeaitth the BAU scenario in 2050. Carbon
price has a significant effect on emission redurctim the carbon price scenarios, coal-related GHG
emission could be as low as 4735 Mt Gfuivalent in the BAU_50 scenario and 4381 Mt
COs-equivalent in the GREEN_50 scenario for the ye@B®2 GHG emissions in the carbon price
scenarios are significantly lower due to the wilian of CCS.
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3.6 Sensitivity analysis

3.6.1 Sensitivity analysis of carbon price

The carbon price has a significant effect on coglpty, as shown in the model results. Here, we
carry out a sensitivity analysis to assess thdioalship between the carbon price and coal supply i
China. We considered a 20% change in carbon prite.means the carbon price in 2015 is set as 40
yuan/ton (BAU_40 scenario) and 60 yuan/ton (BAU sgé@nario) with annual increasing rate of 5%
based on the BAU scenario. National raw coal pridaocunder the BAU 40 scenario and the
BAU_60 scenario are shown in Fig. 10. No surpriingll carbon price scenarios show a reduction in
coal production comparing with the BAU scenariowdeer, even if the initial carbon price in 2015
increases or decreases by 20%, the national ralypcoduction is only slightly changed (about 3%)
during the model period.
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Fig. 10. Total raw coal production in differentlsan price scenarios

" Compared with the BAU_40 and BAU_50 scenario, theeee of raw coal production under the BAU_60
scenario is signitely slower from 2040. This is miacaused by more CCS technology adopted under the

19



3.6.2 Sensitivity analysis of renewable energy cost

The development of non-fossil energy has a sigit effect on the coal supply system, as analyzed
above. However, the investment cost of renewab&ggnis still uncertain. Tang et al. assessed the
low-carbon transition pathway of China’s power syst considering the cost uncertainty of solar and
wind power generation technologies [112]. Althowg have considered the cost decrease of wind and
solar power generation technologies, their cosetamty on the coal supply system remains unclear.
Therefore, a sensitivity analysis of solar and windestment cost is carried out. We considered a
high-speed decrease (HSD) for the investment dosblar and wind power generation technologies
according to Ref. [112], as shown in Fig. 11. Tlsuits are very similar before 2040. With the
continuous decrease of the investment cost, ralvgroduction is significantly decreased after 2040.
Finally, in 2050, the national raw coal productisrabout 6% lower than that under the BAU scenario.
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Fig. 11. Investment cost of wind and solar poweregation technologies
4 Conclusion

This paper builds a multi-regional coal supply motteough 2050, considering China’s coal
classification. In the context of low-carbon dey®ettent, requirements for clean production of coal an
clean coal technologies are taken into consideraiio the model. Moreover, two strategies of
promoting the development of non-fossil energy angdlementing carbon price are analyzed under
four scenarios. The optimized results displayech&€hicoal supply from different perspectives.

The results of the optimization model reveal thational raw coal production in China will peak in
2030 at 3791 Mt under the BAU scenario. Then, thtional raw coal production will decreas to 3526
Mt in 2050. However, for the other three scenaribkas probably peaked in 2015. This study also
reveals the raw coal production layout in Chinatigh 2050. Coal mining will be more concentrated
in JSMN and XJ regions in the future. The shared®¥N region and XJ region in total raw coal
production is about 92% in 2050 under the BAU scdesaWhat's more, JSMN region will be the
main coal export region in China. More UHV linedivie built to meet the electricity in HHH region
and SOUTH region.

The amount of coal used in each sector is alsoyaedlin our model. Due to the structural changes
in coal-related energy demand, the amount of ceadl in final consumption and transformed into coke

BAU_60 scenario.
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decreases, while coal transformed into liquids symthetic natural gas grows to 221 Mt in 2050 under
the BAU scenario. The economic competitiveness andironmental effects of the CTL and
coal-to-SNG projects are still controversial. Hoegwthis is beyond the scope of this research. The
development of CTL and coal-to-SNG technologiesrsée provides a new increasing point for the
coal industry. However, it still cannot hinder tb@al production peak in China. The decrease of coal
seems inevitable in China with the speeding upegftgfication and technology development. Besides,
both the energy demand and combination of coalstymeild influence the total amount of coal usage
in one sector.

Through the scenario analysis, developing nonfessrgy and implementing carbon price would
be effective ways to regulate China’s coal suppiythe GREEN and BAU_50 scenario, national raw
coal production in 2050 is 9% and 19% lower thamBAU scenario respectively. Under the GREEN
scenario, raw coal production in China could desega 2730 Mt in 2050.

Under carbon price scenarios, CCS is adopted, whindis to a significant reduction of coal-related
GHG emission. Under the BAU scenario, coal-relgBdG emissions in 2050 are about 7241 Mt.
When a carbon tax is levied, coal-related GHG emissin 2050 decrease to 4735 Mt under the
BAU_50 scenario. In the GREEN_50 scenario, coateel GHG emissions are further reduced, which
could decrease to 4381 Mt in 2050.

Besides, there are also some limitations on owares. This study does not include specific sectors
for coal final consumption. This may ignore the cfie demand for coal quality and coal types.
Besides, the alternative of other energy carrierscbal in these sectors is only reflected throtigh
decline in coal final consumption, which is exogasoTherefore, our further research will take these
factors into consideration.
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Highlights

« A multi-regiona coal supply model with four types of raw coal is developed.

« Raw coal production in Chinawill peak in 2030 at 3791 Mt under the BAU scenario.
»  Coal production will be more concentrated in JISMN region and XJ region.

« Raw coal output in the GREEN scenario is 9% lower than the BAU scenario in 2050.
«  Carbon price scenarios have a significant effect on GHG emissions reduction.
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