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Abstract

:

The global trends of coal phase-out in response to climate change are meeting obstacles in China, where a stable operation of power-coal supply chains remains essential. How to guarantee the resilience of these supply chains during the low-carbon transition becomes a critical issue. This study aims to recommend corresponding strategies by modelling and analysis. A system dynamics model was developed to analyze scenarios of China’s power-coal supply from 2021 to 2060. The results indicated that, firstly, the capacity redundancy of coal mines will increase from 1.13 to 1.32 before 2045, with the rising power-coal demand and its volatility, followed by a sharp decrease after that, in which demand falls in all scenarios. Secondly, increasing coal stock in each link can effectively reduce capacity redundancy of coal mines and imports during the period of rising demand, resulting in 250 million tons of coal mine capacity reduction, but will lead to an opposite result when demand falls. Finally, under high demand fluctuations, coal transport capacity will become a key constraint. It is recommended that China must improve the capacity redundancy of coal mines, coal stock, and coal transport in the near-term, as well as enhance long-term planning to carefully coordinate these factors during the whole process of low-carbon transition.
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1. Introduction


Tackling the challenge of climate change is at a high priority in the agenda of sustainable development of human beings, and China actively responded to it by announcing an ambitious target of carbon peak before 2030 and carbon neutrality before 2060. In the process of carbon reduction, coal phase-out has become a global trend, to which China also actively responded [1]. However, the coal phase-out in China is still facing serious problems. Because coal is China’s main sources of energy and power, accounting for 56% of total energy consumption [2] and 67.4% of power generation [3], rapid reduction of coal supply capacities will bring energy security risks. Such risks were already evidenced by the power shortage accidents that have happened in many provinces, especially in Northeast (2021) and Sichuan provinces (2022).



Though a gradual phase-out of coal is necessary for carbon reduction, how to carefully accomplish it is still a critical issue. Current problems indicate that the resilience of power-coal supply chains must be guaranteed during coal phase-out. However, current policy is not enough for this purpose. The resilience is related to the management of the supply chain’s dynamics with demand fluctuations, which is related to the capacity redundancy of coal mines, coal inventories, and coal transport, together with information feedbacks, etc. The 13th Five-Year Plan (FYP) of China only focused on closing coal mines [4], and it was proved to be not proper. The 14th FYP enhanced these goals a little [5], such as by requiring the improvement of the cross-regional transportation system of coal and strengthening the construction of coal storage capacity, but it is still not sufficient for avoiding power shortage accidents. In the future, the demand fluctuation may be larger, as the power-coal demand will fluctuate more to compensate for the large-scale introduction of wind and solar power into the grid, and also to compensate for increasing conditions of extreme weather. Therefore, considering future uncertainties and risks, preparing more systematic strategies for the resilience of power-coal supply chains are urgent and necessary.



In order to deal with the most likely problems in the process of China’s power-coal supply and demand in the process of low-carbon transition, this paper aims to develop a method to comprehensively analyze future dynamics of China’s power-coal supply chain and derive strategies for the resilience of power-coal supply chains during the low-carbon energy transition. Firstly, we established an SD model of the national power-coal supply chain to simulate the flow and storage of coal in the system and the interaction of information flows. Secondly, historical data of China from 2011 to 2020 was applied to verify and adjust the parameter settings of the model. Thirdly, we calculated the redundancy coefficient under the reference scenario from 2021 to 2060, and also compared the 6 scenarios together to determine the impact of power-coal demand, inventories, and imports. In addition, a sensitivity analysis was carried out to analyze the impact of seasonal fluctuations on the power-coal supply chain.



The contribution of this work is mainly in two aspects. (a) It extends the enterprise-level method to the national-level research object by developing and applying an SD model from coal mines to coal-fired power plants. By simplifying the information flow and material flow, this model is built and used to analyze the dynamics of the national power-coal supply chain. (b) Taking China as a case, this study conducts numerical calculations and scenario analysis for future power-coal supply chains. The results can help policy-makers better understand the future supply capacity of power-coal and its controlling strategies from a dynamic point of view, and it also provides enlightenment for the formulation of relevant policies.



The rest of this paper is organized as follows: Section 2 reviews the existing literature to understand the LCET process in rapidly growing cities and to compare the existing planning methods. Section 3 introduces the methodology, including the SD model, data input, historical verification, and scenario settings; Section 4 presents the results; Section 5 discusses the results and puts forward policy implications. Section 6 is the conclusions.




2. Literature Review


2.1. Research on Coal Industry


Coal is an important fossil energy, which is closely related to the development of traditional heavy industry sectors and the power sector, and the development of these sectors will directly affect the social economy and the overall strength of the country. Therefore, several issues in the coal industry have attracted widespread attention from many researchers.



In terms of coal production, some scholars evaluate the future of coal production from the perspective of coal mineral resources. Wei et al. [6] analyzed the sustainability of coal production in Shanxi Province, China, based on coal reserves, and explored the factors and constraints affecting coal production capacity. They assessed the current status and future trends of coal production capacity in Shanxi Province, and they evaluated the economic, social, and environmental impact of coal resource development and utilization. Various studies focus on coal mining processes, especially on safety and specific technologies. Sun et al. [7] proposed a method to evaluate mine safety using a backpropagation neural network that takes parameters such as coal seam thickness, gas concentration, ventilation capacity, temperature, and humidity as input variables. Liu [8] explored the influence of intelligent equipment and advanced technologies on coal mining production, with a focus on the use of techniques such as virtual reality, artificial intelligence, robots, and advanced mining technologies such as longwall mining and coal seam water injection. Part of the research focused on coal system production capacity, including coal production forecast and capacity distribution planning. Lin and Liu [9] used the Hubbert model to predict China’s coal production between 2020 and 2030 and to analyze the impact of China’s net coal imports on the international coal market and energy security. Liao and Deng [10] analyzed the stability of the coal production system and proposed a stability index, finding that policy, market, and technology will be the main factors affecting the system.



The consumption of coal is closely related to environmental protection, especially the control of atmospheric pollutants. Studies have analyzed coal consumption in terms of its impact on air pollution and haze weather. Ai et al. [11] used an energy balance table to categorize coal consumption into seven types of scattered coal and six types of centralized coal, and found that scattered coal consumption for wholesale, retail, accommodation, and catering, as well as centralized coal consumption for industrial use and central heating, have significant positive effects on haze pollution. Xie et al. [12] specifically studied the relationship between the burning of scattered coal and PM2.5 in China, and found that scattered coal consumption is one of the important factors contributing to PM2.5 pollution, with a significant positive impact on the atmospheric concentration of PM2.5. Researchers have also paid attention to the actual use of coal. Chong et al. [13] proposed a China coal consumption LMDI decomposition method based on energy allocation diagrams to analyze the trend of China’s coal consumption among different sectors, and found that per capita energy consumption and industrial structure are the main factors driving the growth of coal consumption, while energy efficiency and energy structure have a suppressing effect on coal consumption growth.



In the context of coal supply and demand matching, researchers often study the optimal configuration of resources and infrastructure from the perspective of coal transportation. Li et al. [14] analyzed the transportation cost of Chinese coal using an optimization-based method and studied the impact of capacity concentration policy on transportation costs. Wang et al. [15] focused on optimizing the transportation network of electricity-related coal consumption, coupling power sources and coal production bases in a complex coal transportation network. Liu et al. [16] analyzed the characteristics and status quo of coal flow in China and designed a multi-objective planning model based on ash classification, greatly improving model resolution and proposing an enterprise-level optimization method for coal material flow. Coal prices directly reflect the coal supply and demand relationship. Zhang et al. [17] discussed whether energy price regulation could stabilize the price fluctuations in the Chinese coal industry and modeled and analyzed coal price fluctuations using ARMA-GARCH models.




2.2. Research on System Dynamics in the Field of Energy Supply Chain


System dynamics (SD) is an effective method to use in dealing with supply chain dynamics problems. The system dynamics method was proposed by Forrester in 1958 and is currently widely used to study various problems of supply chains, including inventory management [18], international supply chain management [19], demand amplification [20], supply chain design [21], information visibility [22], etc. It was originally applied to the study of industrial product supply chains, and was later introduced by some scholars to the study of energy supply chains, such as biomass [23,24,25], natural gas [26,27], oil [28,29,30] and electricity [31,32]. Among them, some national and regional research methods deserve attention. For example, Haekal et al. [27] proposed a planning and construction method for natural gas facilities in East Java. Pan et al. [29] used system dynamics to analyze the overcapacity and energy security issues in China’s oil supply chain. However, there are few studies on coal or power-coal supply chains, and the limited studies mainly stayed at the enterprise level. For example, Cao et al. [33] analyzed the entire life cycle of each subsystem of the coal supply chain of a coal-fired power plant, and studied the emission reduction potential of the supply chain, and Yu [34] presented an inventory method for companies. Referring to our literature review, the national-level studies of power-coal supply chains are still lacking, especially studies aiming at the long-term future. The reason may lie in the national-level coal supply chain involving too many nodes, which increases the complexity of modelling, and some data are difficult to obtain.



Based on the above review, firstly, it can be found that the current research on coal is mainly aimed at a certain link in coal production, consumption, or supply–demand matching, ignoring the mutual influence, mutual complement, and mutual coordination among multiple links. It is the weakness of existing research to study the operation mechanism and future development of the coal industry as a whole from a comprehensive perspective. Secondly, as the uncertainty of future power-coal consumption increases, the dynamic characteristics of the power-coal supply chains will become more significant. Current research does not pay enough attention to the dynamics of the power-coal supply chains. Finally, due to the excessive number of nodes involved in the national-level coal supply chain, the complexity of model construction is increased, and some data are difficult to obtain, which leads to the lack of modeling and analysis methods for the supply capacity of the national-level thermal coal supply chain.





3. Methodology


This section is divided into the following four parts: First, we establish a conceptual model by describing and simplifying the operation of the real power-coal supply chains. Second, we establish the mathematical SD model of the power-coal supply chain. Third, the parameters of the model are quantified using historical data from China spanning from 2011 to 2020. Finally, the basic setting of future scenarios is introduced. Fitting parameters, parameter settings, and model initialization are shown in Appendix A.



3.1. A Conceptual Model for Dynamics of National Power-Coal Supply Chain


In the dynamic management of the supply chain, the mismatch between production capacity and consumption often occurs due to factors such as information delay, response delay, and demand amplification [35]. The object of this study is the power-coal supply chain in China, which includes coal mines, coal washing plants, ports, and power plants, as well as the transportation between each link and the stock of each link. Recognizing the complex and extensive nature of the actual power-coal supply chain, we need to simplify it to four links and three main transport paths.



For the results of the simplification, Figure 1 illustrates the power coal supply chain links, material flows, and information flows. Starting from the left of the figure, power-coal is produced from coal mines and enters the coal mine stock. Since we assume that power-coal transported to the power plants around the coal mines does not need to be washed, part of power-coal from coal mines is transported directly to power plants. The remaining power-coal is transported to coal washing plants by long-distance transportation lines. Long-distance transportation is divided into two ways: through the port and bypassing the port. Finally, power-coal is transported to power plants for power generation. In the process of downstream flow, the size of the power-coal flow is decided by downstream consumption signals and order signals. The import and export of power-coal is assumed to be transported all through ports.




3.2. SD Model


Referring to the conceptual model illustrated by Figure 1, we divided the mathematical model into four modules. Then we established the quantitative relationship between each link for the simulation of dynamics, aided by a widely used tool for SD modeling called Anylogic. Because of the long simulation time required (up to 2060), in order to avoid large deviation in the annual and monthly data of the model, we assumed that there were 360 days in a year and 30 days in a month.



3.2.1. Production Module


The production module includes coal mine stock and production of power-coal. The coal produced in the coal mine is transported downstream through the coal mine stock. For coal mine stock, we set stock capacity   S   T   m i n e    , and safety stock limits, which refers to a buffer stock prepared to prevent uncertainties in future material supply or demand. Here, we assume that the storage capacity is considered to be     n   m i n e , y     days coal production volume in the previous year   C o a   l   p r o , y − 1     and the safety stock is     k   m i n e   ( 0   < k   m i n e   < 1 )   times the stock capacity. For power-coal production, we assume that its base production is guided by power-coal consumption and imports in the previous year. If the actual inventory   I   N   m i n e , d     is in a reasonable range (lower than stock capacity   S   T   m i n e     and higher than safety stock     k   m i n e   S   T   m i n e    ), coal mines will produce power-coal at the base rate   p r   o   b    .   p r   o   b     is updated based on the previous year’s power-coal consumption data. When the actual inventory is lower than the safety stock     k   m i n e   S   T   m i n e    , the coal mine will produce at a higher rate   α · p r   o   b   ( α > 1 )  , and, once the inventory reaches the stock capacity, the coal mine production will stop.


  P r   o   d   =      0    ( I   N   m i n e , d   ≥ S   T   m i n e   )      p r   o   b        ( k   m i n e   · S   T   m i n e   ≤ I   N   m i n e , d   ≤ S   T   m i n e   )      α · p r   o   b        I   N   m i n e , d   ≤   k   m i n e   · S   T   m i n e           ,  



(1)






  I   N   m i n e , d   = P r   o   d   − M T   D   d   + I   N   m i n e , d − 1   ,  



(2)




where   P r   o   d     refers to the coal produced at day d;   M T   D   d     refers to the coal transported from coal mines to downstream at day d.



Considering that China’s coal production capacity elasticity has relatively strict restrictions, and capacity construction requires a long term investment, we assume that the minimum power-coal production capacity required in a year is equal to 12 times the maximum monthly power-coal production of the year.


  P r   o   r q , y   = 12 · C o a   l   p r o , m , m a x , y    



(3)








3.2.2. Import and Export Module


The import and export of coal in China is mainly transported by water, so the coal import and export module is connected to the port in the transportation module, and we set the daily import   I   M   d     and export volume   E   X   d    .




3.2.3. Transportation Module


In the transportation module, we mainly consider the following three transportation paths in Table 1. (A) Road transport: mainly used for short-distance transportation, and power-coal is directly transported from the mines to the nearby power plants and coal washings. (B) Rail transport: mainly used for medium and long-distance transportation, and power-coal is transported from coal mines to coal washing plants, and then transported to power plants after washing. (C) Combined railway and waterway transport: mainly used for long-distance transportation, and power-coal is transported from coal mines to washing plants for washing before being transported to ports and, finally, to power plants. These three transportation methods correspond to one or more coal streams in Figure 1. All the transport takes time.



  M T   D   d     is composed of coal transported from coal mines to washings   M T   W   d     and coal mines to power plants   M T   P P   d    :


  M T   D   d   = M T   W   d   + M T   P P   d    



(4)







For the transportation from coal mines to coal washings, it will be affected by two factors: coal consumption signals,   C   S   m    , and order signals from washing. As we assume the transportation is mainly by road, and the elasticity of transportation capacity is relatively high, washing plant stocks can be replenished quickly in the event of a shortage:


  M T   W   d   =      0    ( I   N   w a s h i n g , d   ≥ S   T   w a s h i n g   )      C   S   m   · W R      ( k   w a s h i n g   · S   T   w a s h i n g   ≤ I   N   w a s h i n g , d   ≤ S   T   w a s h i n g   )        k   w a s h i n g   · S   T   w a s h i n g   − I   N   w a s h i n g , d      ( I   N   w a s h i n g , d   ≤   k   w a s h i n g   · S   T   w a s h i n g   )        



(5)






  C   S   m   =   C o a   l   c s , m − 1   − c o a   l   i m , m − 1     30    



(6)






  W F   M   d   = M T   W   d −   t   M W     ,  



(7)




where   C   S   m     refers to the coal consumption signal, which equals to the daily coal consumption excluding coal imports in month m − 1;   W R   refers to the coal washing rate;   W F   M   d     refers to the coal received by washing from coal mines in day d;     t   M W     refers to the time spent in transit from mines to washing.



For the transportation from coal mines to coal power plants, we assume that the main transport is unwashed coal. At the same time, because the power plants are close to the coal mines, the consumption signal has a clearer and more direct guiding effect:


  M T   P P   d   = C   S   m   · ( 1 − W R )  



(8)






  P P F   M   d   = M T   P P   d −   t   M P      



(9)







For the transportation from coal washings to ports, basic transport capacity   T   r   w p     is set by the guiding of actual shipments for the same month in the last year. However, due to the limited elasticity of railway transport capacity, we assume that when there is a shortage in the downstream, transport capacity can be increased to     E   w p   · T   r   w p       E   r a i l   > 1   .  


  W T   P   d   =      0    ( I   N   p o r t , d   ≥ S   T   p o r t   )      T   r   w p , m        ( k   p o r t   · S   T   p o r t   ≤ I   N   p o r t , d   ≤ S   T   p o r t   )        E   w p   ·   r   w p , m      ( I   N   p o r t , d   ≤   k   p o r t   · S   T   p o r t   )        



(10)






  P F   W   d   = W T   P   d −   t   W P      



(11)







For the transportation from coal washing to coal power plants, we set a transport rate   R R   ( 0 < R R < 1 )   to build connection with transportation from coal washing to ports:


  W T   P P   d   =   W T   P   d     1 − R R   · R R  



(12)






  P P F   W   d   = W T   P P   d −   t   W P P      



(13)







For the transportation from ports to coal power plants, similar to Equation (10), basic transport capacity   T   r   p p p     and     E   p p p     elasticity are set:


  P T   P P   d   =      0    ( I   N   p l a n t , d   ≥ S   T   p l a n t   )      T   r   p p p , m        ( k   p l a n t   · S   T   p l a n t   ≤ I   N   p l a n t , d   ≤ S   T   p l a n t   )        E   p p p   · T   r   p p p      ( I   N   p l a n t , d   ≤   k   p l a n t   · S   T   p l a n t   )        



(14)






  P P F   P   d   = P T   P P   d −   t   P P      



(15)







In addition, in order to get closer to the actual coal order process, we consider the transport of coal mines downstream to be continuous, while there is a time interval     t   p o r t     between orders from power plants to ports and a time interval     t   w a s h i n g     between orders from ports to washing.




3.2.4. Consumption Module


In this model, the demand for power-coal needs to be input in advance to simulate the change of power-coal demand during the operation of the model, thereby causing the flow of coal flow. In practice, there are seasonal fluctuations and daily fluctuations in power-coal consumption. For seasonal fluctuations, we assume that the amplitude of the fluctuations increases as the power-coal consumption increases; for daily fluctuations, we introduce daily fluctuation coefficients to describe fluctuations. Then the coal consumption functions are as follows:


  C o a   l   c s , m   =   a   1   +   a   1   ∗ (   a   2     sin  ⁡      a   3   m +   a   4       +   a   5     cos  ⁡      a   6   m +   a   7     ) ,    



(16)






  C o a   l   c s , d   =   C o a   l   c s , m     30   + δ ( d ) ,  



(17)




where     a   1     represents the average demand for power-coal of each year;     a   1   ∗ (   a   2     sin  ⁡      a   3   m +   a   4       +   a   5     cos       a   6   m +   a   7     )     expresses the monthly fluctuation of coal demand in the form of a Fourier function;   δ ( d )   expresses the daily fluctuation of coal demand: ±10% of daily demand. Among them,     a   3   ~   a   7     are obtained by fitting the historical data.     a   1     is calculated as follows:


    a   1 , y   =   c o a   l   d e m a n d , y     12   ,  



(18)




where   c o a   l   d e m a n d , y     refers to coal demand in year y.




3.2.5. Stock Equation


For the stocks of each link   l  , the stock capacity is set to the stock inflow of     n   l     days in the last conversion cycle     T   l    , and the current day’s inventory is equal to the inflow minus the outflow plus the previous day’s inventory:


  S   T   l ,   T   l     =     n   l       T   l     ×   I n f l o w     T   l   − 1   ,  



(19)






  I n v e n t o r   y   d   =   I n f l o w   d   − O u t   f l o w   d   + I n v e n t o r   y   d − 1    



(20)









3.3. Validation of SD Model by Historical Data


Firstly, we need to validate the model with historical data. The selected years of historical coal consumption and production data are 2011–2020, with a 1-month time step. Historical coal import and export data come from the General Administration of Customs of China. Stock capacity and safety stock design of each link refer to Chinese government documents [36].



After proper processing of the data, the coal consumption from 2011 to 2020 is fitted by software. We create a fitting function in the form of Equation (16) and calculate     a   1     by using Equation (16), and then, by taking     a   1     and   m   as independent variables, the relevant fitting parameters are obtained as follows (Table 2 and Table 3):



Then we obtain the monthly power-coal demand function from 2011 to 2020 in Figure 2a, whose relative errors, shown in Figure 2b, are in the range of −18% to 48%, and we find that the fitting results in February of each year performed poorly. The possible reason is that there is usually the Spring Festival in China in February, and there may be large deviations in consumption data and statistical processes, so we drop the February data point. Then the relative errors are in range of −18% to 15% with 87.96% lower than   ±  10%.



We input the predicted value into the model to calculate the coal production to meet the coal demand, and, at the same time, reduce the error between the calculated data and the actual coal data by adjusting the stock parameters. Since the production data of power-coal cannot be obtained directly, we assume that the monthly production of thermal coal other than power-coal is equal to its monthly consumption. We then sum the model output with other thermal coal monthly production and compare it with thermal coal monthly production to find the errors. The errors are as follows (Table 4):



The results show high similarity between the simulation values of the SD model and the real values, with the relative errors being no more than 10% (most no more than 5%, maximum deviation 6.0%). The large data error in the first few years mainly comes from the setting of the initial values of the inventory in each link in the model, and the errors will be reduced to an acceptable range after the model runs stably for a period of time.




3.4. Scenario Setting


The planning of the coal supply chain involves multiple links, among which the planning and construction of coal mine production capacity is the long-term focus of the government. Coal mine production capacity is closely related to future coal demand and the inventory design of each link. Therefore, we firstly refer to the research of Song et al. [37] to determine the power-coal demand for a high demand situation (HD), a reference demand situation (RD), and a low demand situation at a five year-interval in the future by calculating the power-coal consumption under different coal-fired power generation scenarios, and obtain the year-by-year power-coal demand by polynomial fitting, as shown in Table 5 and Figure 3.



Considering the moderating role of stocks in the power-coal supply chain, we use the stocks design parameters obtained in the model validation section as the low stock scenario (LS), and then appropriately increase the number of days available for inventory as the high stock scenario (HS) (Table 6).



In addition, China’s coal export volume has been at a low level for a long time, and the power-coal export volume in 2022 was only 4 million tons. Therefore, we no longer consider the impact of coal export in all future scenarios.





4. Results and Discussion


4.1. The Results of Reference (MDLS) Scenario


In order to explore the relationship between the required capacity of power-coal and the consumption of power-coal, we define the calculation method of the redundancy coefficient:


    p r o d u c t i o n   c a p a c i t y   r e q u i r e d   c o n s u m p t i o n − i m p o r t    











Coal supply is mainly divided into two parts: production and import. The coal production capacity redundancy is mainly used to describe the quantity relationship between coal production capacity and the supplied power-coal consumption. Therefore, we have removed the coal consumption supplied by coal imports from the denominator. Due to the dynamic characteristics of the supply chain, redundancy is generally a value greater than one, and a larger value reflects that the supply chain needs a higher proportion of capacity construction.



MDLS is the most likely future scenario, which adopts the parameters obtained by historical data simulation and assumes that the future demand is in line with China’s dual carbon goals and carbon emission constraints. Figure 4a depicts redundancy changes from 2020 to 2060 in MDLS. The capacity redundancy of power-coal will experience a process of rising first and then falling, which means that the relationship between power-coal production capacity and power-coal consumption will undergo major changes at different stages. From a specific numerical point of view, the redundancy is projected to increase from 1.13 in 2020 to 1.20 in 2030. Therefore, under the current supply chain construction, due to the increase in demand and the increase in volatility, according to our forecast, at least 7% more power-coal production capacity needs to be built in 2030 to ensure that downstream shortages will not occur. After 2030, production capacity redundancy will peak at 1.32 in 2045, and then decline rapidly to 1.15 by 2060.



From the perspective of capacity building, the required capacity of power-coal will increase from 2.08 billion tons in 2020 to 2.74 billion tons in 2030, as shown in Figure 4b, with a growth of 0.42 billion tons in coal consumption. The increase in production capacity is much greater than the increase in consumption. By calculating the incremental data capacity redundancy for this period, which equals to 1.32, we can find that the increase in the fluctuation of power-coal consumption puts forward extremely high requirements for the construction of the power-coal supply chain. Between 2030 and 2045, the required capacity and consumption of power-coal will gradually decrease. Power-coal consumption, excluding imports, will reduce from 2.28 billion tons to 0.56 billion tons, a reduction of 75.44%, which will outpace the reduction in required capacity of power-coal from 2.74 billion tons to 0.75 billion tons, a reduction of 72.63%. Beyond 2045, the required capacity and consumption of power-coal will continue to decline, but more slowly. By 2060, power-coal consumption is expected to be 0.20 billion tons, supplied through a production capacity of 0.21 billion tons and imports of 0.02 million tons.



It is worth noting that the peak time of capacity is not consistent with the peak time of the redundancy, which is due to different driving forces behind the increase in the production redundancy at different times. Prior to 2030, the increase in power-coal capacity redundancy is mainly due to seasonal fluctuations and growing power-coal consumption. From 2030 to 2045, due to the setting of the model parameters, the coal stock capacity and safety stock limits will be set according to the coal consumption of the previous year. Therefore, due to the rapid decline in power-coal consumption, the inventory setting will be at a relatively very high level, which leads to a high demand for coal mine capacity. After 2045, since the decline rate of power-coal consumption has slowed down, the inventory setting returns to a reasonable level and the redundancy will return to a lower level.




4.2. Comparison of Multiple Scenarios with Coal Import as Usual


In order to show the impact of power-coal consumption and stock strategy on required power-coal capacity, we compared capacity construction of coal mines under multiple scenarios in Figure 5. The construction trend of coal mining capacity is consistent with the consumption trend of power-coal. As power-coal consumption initially rises and then falls, power-coal production capacity also rises first and then declines in all scenarios. The peak of power-coal production capacity coincides with the peak of power-coal consumption, which occurs in 2030. In the HS scenarios, due to the need to maintain a higher inventory level, 17 million tons of new capacity should be built in 2020 compared to the LS scenarios.



In the MDHS scenario, starting from 2025, the high stock strategy begins to reduce capacity demand, resulting in a reduction of 15 million tons in peak capacity demand in 2030. The maximum capacity is reduced to 2.49 billion tons, saving more than 250 million tons of construction of production capacity compared to the MDLS scenario. After 2030, continuing to maintain a high stock strategy will increase the production capacity burden in some years. For example, in 2040, due to high stock, the capacity demand will increase by 40 million tons, only a 2.38% increase, which is within an acceptable range.



Similarly, under the scenarios of LDHS and LDLS, increasing stock also effectively reduces the demand for power-coal production capacity in 2030, directly resulting in a reduction of 240 million tons per year. At the same time, after 2030, the capacity reduction effect caused by high stock will still play an important role, which will still reduce the required power-coal production capacity by 350 million tons in 2035.



Under the scenarios of HDHS and HDLS, the demand for power-coal production capacity increases with the increase in power-coal consumption each year. In the HDLS scenario, the peak demand for power-coal capacity will reach 3.33 billion tons in 2030. The high stock strategy still plays a certain role in the high demand scenario, reducing the demand for power-coal production capacity to 3.23 billion tons under the HDHS scenario. However, compared to the lower demand scenarios, the same high stock strategy is less effective in terms of capacity reduction, mainly due to increased seasonal fluctuations due to high power-coal demand. Therefore, in response to the pressure on the supply chain brought about by high demand, it is necessary to build higher inventories and increase a certain amount of transportation flexibility to ensure inventory accumulation. At the same time, the situation caused by the high stock strategy, where the production capacity demand maintains at a relatively high level after the production capacity peaks, also appears in the high demand scenarios. This means that the high inventory strategy cannot play a role in reducing production capacity in any period. In the stage of declining power-coal consumption, a reasonable reduction in stock may be a more economical method.




4.3. The Impact of the Proportion of Coal Import


The import of power-coal is an important source of China’s power-coal supply. In order to reduce the energy dependence on foreign countries, China hopes to reduce the proportion of coal imports to a certain extent. This will bring pressure and impact to China’s power-coal supply chain, especially in the period of rising power-coal consumption before 2030. Figure 6 depicts the demand for power-coal with low imports (imports make up 5% of consumption) and normal imports (imports make up 10% of consumption) under various scenarios from 2021 to 2030. In all scenarios, a reduction in power-coal imports will result in an increase in peak power-coal demand in 2030. As the import and export module and the production module are located at different points in the power-coal supply chain, and since both stock strategy and power-coal demand will affect the construction of supply chain, the substitution relationships between power-coal production capacity and import volume differ across scenarios. Among these scenarios, the MDHS scenario sees the largest increase in capacity demand, reaching 233 million tons. In the MDLS, LDLS, LDHS, HDLS, and HDHS scenarios, the required production capacity of power-coal increases by 130 million tons, 122 million tons, 70 million tons, 166 million tons, and 18 million tons, respectively. Regardless of the demand scenarios, high inventories can still help improve the resilience of the power-coal supply chain, making the required capacity lower than the low stock scenarios. This reflects that high stock, y, has a synergistic effect in coping with import reductions, which is conducive to the independence of power-coal supply.




4.4. Sensitivity Analysis of Seasonal Fluctuations


In our model, seasonal fluctuations become the most important factor affecting supply chain resilience, so we hope to explore the impact of different magnitudes of seasonal fluctuations on supply chains. In the case of sufficient production capacity, we increased the fluctuation range by 100–650% (26–97.5%) based on the seasonal fluctuation range of historical data (13%), and we observed the performance of the power-coal supply chain. Figure 7 shows the gap between power-coal demand and power-coal supply brought by different fluctuations under the MDLS and MDHS scenarios.



Under the MDLS scenario, in the case of a 100% increase in seasonal fluctuations, there is no obvious gap in power-coal consumption, which indicates that the resilience of the power-coal supply chain is still sufficient to withstand the impact of seasonal fluctuations. With the continuous increase in seasonal fluctuations, the gap of thermal coal will grow rapidly with the increase in power-coal consumption, up to 0.74 billion tons in 2034. Since we ensure sufficient production capacity, this shortage mainly comes from insufficient transportation capacity. Under the MDHS scenario, it can be found that the high stock strategy effectively suppresses the emergence of the gap in power-coal consumption, but, in the case of extremely high volatility subject to the key constraint of transportation capacity, a gap in power-coal consumption will still appear.



The allocation of power-coal capacity, inventory, and transportation capacity will become increasingly important for China’s energy security and power security in the future, and, considering that coal consumption needs to be controlled, coal capacity construction must also be limited. This study mainly focuses on the cooperation between each link, and the internal configuration method of each link is also worth studying. Wang et al. [38] started from the allocation of coal mine energy in Shandong Province, and reserved redundant capacity under the condition of ensuring economy by optimizing the coal production distribution of coal mines. Yang et al. [39] modeled the deviations of Chinese government policies in terms of economy, environment, energy security, etc., analyzed the time lag of coal policies, and proposed a policy combination to reduce new production capacity and improve socio-economic characteristics





5. Policy Implications


By using a system dynamics model to analyze China’s power-coal supply chain, various problems and insights have been uncovered that can guide future planning and construction of the supply chain.



Firstly, seasonal fluctuations in power-coal consumption have been increasing and will lead to very high levels of power-coal capacity demand in certain months of the year, especially during summer. This will also lead to a rapid increase in the capacity redundancy coefficient before 2030, which means that the construction of coal mine capacity still needs to continue.



Secondly, the high stock strategy is conducive to reducing production capacity redundancy during the period of rising consumption, but it will lead to an increase in production capacity redundancy during the period of consumption decline, causing a huge time lag (more than ten years) between the exit of production capacity and the decline in demand. Therefore, different stock strategies should be adopted during the rising and falling periods of consumption. During the rising period, high stock should be adopted, and during the falling period, stock should be reduced to avoid the stagnation of production capacity exit.



Thirdly, the reduction of coal imports will undoubtedly lead to an increase in the demand for coal mine capacity, but the high stock strategy will effectively reduce the impact on the supply chain caused by the reduction of imports.



Finally, if seasonal fluctuations in demand increase sharply in the future, it is not just coal mine production capacity and stock strategy that will constrain the power-coal supply; transport capacity will become an important constraint, especially under severe fluctuations.



The research process and findings have significant policy implications for the construction of China’s future power-coal supply chain. These implications include:




	(1)

	
Implement a forward-looking overall layout strategy for the thermal coal supply chain, and fully consider the coordination and cooperation of all links in the thermal coal supply chain. In view of the complexity and uncertainty of the thermal coal supply chain, we strongly recommend that the future planning of thermal coal supply should comprehensively consider multiple factors of supply chain dynamics, including coal production, import policies, transportation capacity, demand changes, etc., by strengthening production capacity Coordination of redundancy, inventory, and shipping capacity will enable efficient management of uncertainties, such as future demand and import fluctuations. The current policy should give priority to the overall forward-looking layout, rather than simply reducing production capacity or increasing inventory, and to implementing multi-faceted and coordinated measures to ensure the resilience of the thermal coal supply chain.




	(2)

	
According to the historical tasks in different periods, timely adjustment of the inventory strategy of the thermal coal supply chain will ensure sufficient supply of thermal coal during the rising period of thermal coal consumption, as well as the operation economy of the thermal coal supply chain and the orderly withdrawal of coal mines during the declining period of thermal coal consumption. The fluctuation of thermal coal demand is closely related to factors such as economic development, climate change, and energy structure. Under the current and future international and domestic situation, the fluctuation of thermal coal demand caused by various factors is very likely to become a balance between thermal coal supply and demand. In order to cope with possible future fluctuations in thermal coal demand, this should be implemented before the peak demand for thermal coal arrives. Before 2030, it will be necessary to increase thermal coal capacity redundancy and increase inventory and transportation capacity. Otherwise, the increase in thermal coal consumption fluctuations accompanying the rise in thermal coal demand will bring instability risks to the thermal coal supply chain, which may lead to thermal coal supply gaps and cause power security issues. After the coal consumption peaks, it is necessary to adjust the inventory strategy accordingly, which may involve moderately reducing the inventory level to reduce the overall operating costs of the supply chain.




	(3)

	
In order to realize the independent power coal supply, it is necessary to increase the inventory construction of each link. Because it is affected by the complex international trade situation, diplomatic situations among countries, and global carbon emission reduction, the import of thermal coal in the future is difficult to predict. In order to prevent the long-term import shortage of coal due to international coal prices, international trade restrictions, and other issues, it is necessary to increase the overall inventory level of the thermal coal supply chain and ease the pressure on the coal production side brought about by the reduction in imports.




	(4)

	
Sufficient electricity and coal transportation capacity shall be maintained for a long time. The future seasonal fluctuations of thermal coal consumption are likely to be much higher than historical fluctuations, and this will pose a challenge to the thermal coal transportation capacity between various links. Therefore, it is necessary to always maintain a strong coal transportation capacity and reserve sufficient thermal coal transportation flexibility in order to avoid the shortage of power coal supply caused by transportation.










6. Conclusions


In this study, we establish and apply a national-level power-coal supply chain system dynamics model to analyze the planning and construction of the power-coal supply chain in China for the future. Firstly, using the model calculations, we confirm that the existing empirical power-coal planning method may no longer be applicable due to large fluctuations in the consumption in the future. Secondly, we establish four scenarios and compare the buffering effect of high stock in the power-coal supply chain, which helps to effectively reduce capacity construction and related investment. Finally, we discuss the impact of imports to reflect the positive effect of increased stock building on reducing dependence on power-coal imports. This study provides a new reference for China to balance carbon reduction and power security issues.



The major findings are as follows: (1) The near-term coal capacity redundancy coefficient will continue to rise, from 1.13 in 2020 to 1.2 in 2030, under the MDLS scenario. (2) No matter how high or low the future demand is, the high stock strategy will help reduce the capacity redundancy of power-coal mines, and the maximum capacity construction will be reduced by more than 250 million tons under the MDHS scenario. However, in the period of declining demand after 2030, a high stock strategy may cause a delay in the exit of power-coal mine production capacity. (3) In all scenarios, a high stock strategy helps to cope with increased demand for power-coal mine capacity due to import cuts. (4) Under severe seasonal fluctuations, transportation capacity will also become a key factor limiting power-coal supply.



The research process and findings present the following policy implications: (1) comprehensive factors such as production capacity redundancy, stock, and transportation capacity should be considered in order to ensure resilience. (2) The current policy should prioritize forward-looking layouts and multifaceted measures to address fluctuations in demand and imports, rather than solely reducing production capacity or increasing stock. (3) It is important to increase production capacity redundancy and improve stock and transportation capacity before the peak in demand, and adjust the strategy accordingly once the peak is reached. (4) Strong coal transportation capacity must be maintained at all times, and the import ratio should be stable in order to guarantee resilience in power coal supply chains.



Despite its benefits, this study has some limitations. Given the large and complex nature of the real supply chain system at the national level, our model building required several simplifications. For instance, we ignore the coal transportation matching relationship between multiple regions and the actual transportation network construction. At the same time, we simply integrated multiple coal mine nodes, transportation nodes, and power plant nodes in the supply chain into four links. Additionally, the order processing of each link in the supply chain was simplified. Furthermore, due to unpredictable future development, we made certain regulations on future consumption fluctuations, such as maintaining seasonal and daily fluctuations at a fixed ratio. The main reason for all the above assumptions is the insufficient amount of information available and the uncertainty of future development. Besides power-coal, China still has other thermal coal and coking coal supply chain systems that need more sufficient attention. We also noticed that the relationship between coal supply and demand is closely managed with the coal market and coal-related policies in other studies, while electricity consumption has a high correlation with macroeconomic indicators. Our model lacks a characterization of these economically relevant modules



Therefore, in future research work, we consider expanding the boundaries of the model. On the one hand, other types of coal could be included in our supply chain model, and on the other hand, the impact of macroeconomic volume and the coal market on thermal coal supply and demand could be more fully considered. In terms of model resolution, we hope to collect more sufficient data on the coal supply chain network and expand the model to the multi-regional level. In addition, in our future work, we hope to pay attention to the configuration of each link in the supply chain, and use the optimal method to obtain the most economical method for production capacity, transportation capacity, and inventory construction.
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Nomenclature




	
Power Coal Flows

	
Parameters




	
   M T   D   d     

	
Coal transported from coal mines to downstream in day d.

	
   p r   o   b     

	
Basic coal production capacity of mines




	
   M T   W   d     

	
Coal transported from coal mines to washings in day d

	
   S   T   l     

	
Stock capacity of link   l  




	
   M T   P P   d     

	
Coal transported from coal mines to power plants in day   d  

	
     k   l     

	
Safety stock coefficient of link   l  




	
   W F   M   d     

	
Coal from coal mines received by washings in day   d  

	
   P r   o   r q , y     

	
Minimum power-coal production capacity required in year   y  




	
   M T   P P   d     

	
Coal transported from coal mines to power plants in day   d  

	
   C o a   l   p r o , m , m a x , y     

	
Maximum monthly power-coal production of the year   y  




	
   P P F   M   d     

	
Coal from coal mines received by power plants in day   d  

	
   C   S   m     

	
Coal consumption signal of month   m  




	
   W T   P   d     

	
Coal transported from coal washings to ports in day   d  

	
   T   r   w p , m     

	
Basic transport capacity between coal washings and ports in month   m  




	
   P F   W   d     

	
Coal from coal washings received by power ports in day   d  

	
     E   w p     

	
Elasticity of transport capacity between coal washings and ports




	
   W T   P P   d     

	
Coal transported from coal washings to power plants in day   d  

	
   T   r   p p p , m     

	
Basic transport capacity between coal ports and power plants in month   m  




	
   P P F   W   d     

	
Coal from coal washings received by power plants in day   d  

	
     E   p p p     

	
Elasticity of transport capacity between ports and power plants




	
   P T   P P   d     

	
Coal transported from coal ports to power plants in day   d  

	
   W R   

	
Coal washing ratio




	
   P P F   P   d     

	
Coal from coal ports received by power plants in day   d  

	
   R R   

	
Transport rate




	
   I   M   d     

	
Coal imports in day   d  

	
   C o a   l   c s , m     

	
Coal consumption in month   m  




	
   E   X   d     

	
Coal exports in day   d  

	
   C o a   l   c s , d     

	
Coal consumption in day   d  




	
   I   N   l , d     

	
Actual inventory of link   l   stock in day d

	
   δ ( d )   

	
Daily fluctuation of power-coal consumption




	
   P r   o   d     

	
Coal produced by coal mines in day d
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Table A1. Fitting parameters and parameter settings.






Table A1. Fitting parameters and parameter settings.





	Parameter
	Value
	Unit





	     k   m i n e     
	0.5
	-



	     k   w a s h i n g     
	0.4
	-



	     k   p o r t     
	0.4
	-



	     k   p l a n t     
	0.4
	-



	   W R   
	0.741
	-



	   R R   
	0.6
	-



	     E   w p     
	50%
	-



	     E   p p p     
	50%
	-



	α
	20%
	-



	     t   M W     
	1
	Day



	     t   W P     
	1
	Day



	     t   W P P     
	2
	Day



	     t   P P P     
	2
	Day



	     t   p o r t     
	3
	Day



	     t   w a s h i n g     
	2
	Day
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Table A2. Model initialization.






Table A2. Model initialization.





	Parameter
	Value
	Unit





	   I   N   m i n e     
	10
	Million tons



	   I   N   w a s h i n g     
	12
	Million tons



	   I   N   p o r t     
	70
	Million tons



	   I   N   p l a n t     
	90
	Million tons



	   p r   o   b     
	5
	Million tons per day



	   T   r   w p , m     
	4.25
	Million tons per day



	   T   r   p p p , m     
	5
	Million tons per day



	   S   T   m i n e     
	14
	Million tons



	   S   T   w a s h i n g     
	15
	Million tons



	   S   T   p o r t     
	95
	Million tons



	   S   T   p l a n t     
	106
	Million tons
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Figure 1. Simplified power-coal supply chain. 
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Figure 2. (a) Coal consumption data fitting results; (b) Relative errors from 2011 to 2020. 
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Figure 3. Polynomial fitting results for power-coal demand in HD, MD, and LD from 2020 to 2060. 
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Figure 4. (a) Coal mine production capacity redundancy coefficient from 2020 to 2060 in MDLS; (b) Power-coal supply and consumption from 2020 to 2060 in MDLS. 
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Figure 5. Power-coal production capacity required in multiple scenarios. 
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Figure 6. Power-coal import impact in multiple scenarios, where the purple bars represent demand for power-coal mine production capacity under the condition of import cuts and the green bars represent demand for power-coal mine production capacity under normal import conditions. Subfigures (a–f) compare the production capacity demand under six different scenarios. 
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Figure 7. Supply gap for coal consumption from 2020 to 2060 in (a) MDLS and (b) MDHS. Gap is mainly caused by insufficient transportation capacity, not insufficient production capacity. 
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Table 1. Transportation paths and corresponding coal flow(s).






Table 1. Transportation paths and corresponding coal flow(s).





	Transportation Path
	Power-Coal Flow(s)





	Road transport
	Coal mines to coal power plants; coal mines to coal washings



	Rail transport
	Coal washings to coal power plants; coal washings to ports; coal ports to coal power plants



	Combined railway and waterway transport
	Coal washings to ports; coal ports to coal power plants
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Table 2. Fitting parameters of coal consumption (a).
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	y
	2011
	2012
	2013
	2014
	2015





	     a   1     
	1.541
	1.531
	1.594
	1.602
	1.564
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Table 3. Fitting parameters of coal consumption (b).
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	      a   2      
	      a   3      
	      a   4      
	      a   5      
	      a   6      
	      a   7      





	0.082
	1.058
	−1.119
	0.096
	1.050
	0.246
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Table 4. Errors between model output and actual coal production volume.
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	Year
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020





	Error
	−2.1%
	−5.8%
	−6.0%
	1.5%
	−3.8%
	3.1%
	0.7%
	−2.0%
	−1.6%
	−1.1%
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Table 5. Power-coal demand in HD, MD and LD from 2025 to 2060.






Table 5. Power-coal demand in HD, MD and LD from 2025 to 2060.





	Year
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	HD
	2.57
	3.08
	2.52
	1.54
	0.79
	0.47
	0.34
	0.28



	MD
	2.23
	2.50
	2.07
	1.28
	0.62
	0.35
	0.28
	0.20



	LD
	2.21
	2.39
	1.93
	1.15
	0.53
	0.26
	0.21
	0.19
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Table 6. Stock parameters in LS and HS.






Table 6. Stock parameters in LS and HS.





	Link
	Mine Stock
	Washing Stock
	Port Stock
	Plant Stock





	LS
	1.5–3 days
	2–5 days
	4–10 days
	4–10 days



	HS
	1.5–3 days
	4–10 days
	12–30 days
	12–30 days
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