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Facing the challenge of achieving the goal of carbon neutrality, China is decoupling the currently close 
dependence of its economy on coal use. The energy supply and demand decarbonization has substantial 
influence on the resilience of the coal supply. However, a general understanding of the precise impact 
of energy decarbonization on the resilience of the coal energy supply is still lacking. Here, from the 
perspective of network science, we propose a theoretical framework to explore the resilience of the coal 
market of China. We show that the processes of increasing the connectivity and the competition between 
the coal enterprises, which are widely believed to improve the resilience of the coal market, can undermine 
the sustainability of the coal supply. Moreover, our results reveal that the policy of closing small-sized coal 
mines may not only reduce the safety accidents in the coal production but also improve the resilience 
of the coal market network. Using our model, we also suggest a few practical policies for minimizing the 
systemic risk of the coal energy supply.

Introduction

As the world’s second-largest economy and a predominant con-
sumer of coal, accounting for over 50% of global demand, China 
also stands as the largest emitter of carbon dioxide (CO2), exert-
ing a significant global influence both economically and envi-
ronmentally [1–4]. While transitioning the economy away from 
coal dependency has emerged as a crucial development strategy, 
expected to result in a peak in China’s coal consumption, coal 
currently accounts for over 60% of the total fuel consumption 
for China’s electricity production, maintaining its dominant 
position in the country’s energy supply [1,5–7].

The COP28 conference, hosted in Dubai, successfully culmi-
nated in the first global assessment of climate action as stipulated 
by the Paris Agreement [8]. This event calls for the implementa-
tion of a structured shift away from fossil fuel dependency 
toward carbon-neutral energy solutions. Since coal is a predomi-
nant source of China’s CO2 emissions, accounting for 75% in 
2020 [9], China’s coal industry is increasingly facing interna-
tional and domestic pressures to reduce carbon emissions [1]. 
In response to these pressures and in recognition of its respon-
sibility in global climate mitigation, the Chinese government 
has set ambitious long-term goals, aiming to reach a carbon 

emissions peak by 2030 and achieve carbon neutrality by 2060. 
Facing the challenge of CO2 emissions reductions, China has 
implemented measures to foster a transition from patterns of 
excessive energy consumption and high CO2 emissions to a 
more sustainable trajectory [10–13] (see Fig. S1). Key steps in 
reducing coal use involve closing coal mines, imposing limits 
on coal consumption in certain regions, and promoting the 
deployment of clean energy sources [1,3,14]. Existing studies 
primarily focus on the effects of renewable energy and eco-
innovation on carbon emissions [12,13,15,16]. As far as we 
know, there are no theoretical studies that explore how China’s 
energy decarbonization efforts affect the resilience of its energy 
supply. Therefore, it is necessary to study the resilience of China’s 
coal market in the context of carbon neutrality.

The concept of resilience in complex systems was first intro-
duced by Holling to characterize an ecosystem’s ability to main-
tain its functionality in the face of perturbations [17]. Over the 
past couple of decades, research has predominantly focused on 
understanding the resilience of complex ecosystems [18–21]. 
It is only in recent years that significant attention has turned 
toward exploring the resilience of various economic systems, 
such as banking systems [22–24], global production networks 
[25–27], labor markets [28], and energy systems [29]. Complex 
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systems may encounter a tipping point, beyond which their func-
tionality deteriorates or collapses [30–36]. However, predicting 
the tipping point of resilience loss in such systems is challenging 
due to their large number of components. Several dimension-
reduction approaches have been proposed to transform high-
dimensional complex systems into effective low-dimensional 
systems [37–40]. Quantitative analysis of the simplified system 
enables the capture of key factors influencing the resilience of 
the original complex system [38,41,42]. More recently, a general 
dimension reduction approach, introducing a scaling factor for 
recovery rates, provides accurate estimates of the distance to tip-
ping points across mutualistic systems [39]. This method has 
shown promising performance in predicting tipping points in 
complex systems.

Similar to a variety of complex systems, the coal supply sys-
tem can also experience sudden regime shift from normal func-
tion to system collapse, often passing through a tipping point. 
This potential loss of resilience in the coal market will pose a 
threat to China’s energy security. Previous studies on the resil-
ience of energy supply markets have often treated the market 
as a whole, neglecting the intricate interactions among energy 
enterprises [43]. Some research endeavors have also attempted 
to explore the causal relationships among external factors such 
as clean energy consumption, financial globalization, indus-
trialization, and carbon emissions [44,45]. Therefore, it is nec-
essary to develop a more comprehensive framework capable 
of quantifying the impact of the complex interactions among 
energy enterprises and policy perturbations on the resilience 
of energy supply markets.

Here, we propose a simple and efficient framework to explore 
the resilience of China’s coal market from the viewpoint of net-
work science. Regarding the coal market as an energy ecosystem, 
we construct China’s coal market network from transaction data 
between coal enterprises and power plants. Utilizing dimension-
reduction methods and bifurcation analysis, we quantitatively 
investigate how network structures and several realistic pertur-
bations, including the shutdown of coal mines, cancellation of 
coal trade contracts, and changes in market environments, influ-
ence the resilience of the coal market reconstructed from empir-
ical data. We demonstrate, both analytically and numerically, 
that the proposed model can forecast the loss of resilience in the 
coal market. Astonishingly, we find that connectivity leads to a 
loss of resilience, contrary to its widely believed role in enhanc-
ing resilience for the coal market. In particular, we show that 
key steps toward China’s carbon neutrality, such as the closure 
of small-scale coal mines and the promotion of regional low-
carbon development, are effective and practical strategies for 
sustaining the resilience of the coal energy supply. Our study 
significantly improves our understanding of the resilience of the 
energy supply market. To our knowledge, this is the first study 
to examine the resilience of the energy market from the perspec-
tive of network science. Our approach effectively captures the 
systemic risks arising from mutual competition within the coal 
supply market, offering valuable insights for the systemic study 
of other attribute-like energy markets.

Results
A general framework for quantifying coal market 
network resilience
In China, the distribution of coal resources is highly uneven, with 
most power plants, particularly those along the southeastern 

coast, relying on coal imports from the major coal-producing 
regions in northern China. In 2018, the raw coal production in 
3 provinces—Shanxi, Shaanxi, and Inner Mongolia—comprised 
66.4% of China’s total production [6]. However, the majority of 
the top 10 provinces in terms of installed thermal power capacity 
do not correspond to the major coal-producing regions. This 
disparity highlights the fact that the majority of coal (approxi-
mately 75%) produced in coal-producing regions across the 
country is transported to other areas, naturally creating a network 
structure within China’s coal market. Building upon existing 
research that has identified the substantial influence of network 
structures on the resilience of ecosystems [18,19,25], financial 
networks [22–24], global food trade networks [25–27], and 
energy systems [29], it is imperative to address the risk of resil-
ience loss in the coal market from a network perspective, rather 
than solely focusing on individual coal mines.

We consider a coal market network of N components that 
represent coal mines or coal enterprises (in the following, coal 
mines for brevity). The coal mine i has a time-dependent coal 
production Ri(t), which is influenced by the coal mine j, con-
nected to i through a network of interactions, denoted by a 
weighted adjacency matrix C = (Cij). This matrix is defined as 
follows: for i, j = 1, 2, …, N, Cij > 0 if coal mines i and j supply 
coal for the same thermal power plant; otherwise, Cij = 0 (see 
Fig. 1).

In general, the dynamics of the coal production of each mine 
include 2 processes, viz., the intrinsic growth and the external 
market competition, which then obey

Here, the first term on the right-hand side of system (1) is 
known as the logistic growth with an intrinsic growth rate 
αi > 0 and a carrying capacity Ki (the maximal production abil-
ity of coal mines), and the parameter Ai stands for the Allee 
effect, according to which, for a low production (Ri < Ai), the 
coal production renders in a manner of negative growth. 
Moreover, the second term integrates all the influences of coal 
mines connected to coal mine i, where the function fi(Rj) 
depicts how coal mine j impacts i through the market competi-
tion. Throughout, we assume that fi(Rj) = θijRj with θij an inflow 
rate parameter. The depletion coefficient δ quantifies the 
strength of network interaction, where δ= 0 indicates the 
absence of any such interactions.

The model (1) is based on an understanding of the dynamics 
of the coal supply system and the foundational principles of 
network science. The cubic growth function in model (1) 
accommodates the existence of a stable sustainable state RH

i
, an 

unstable low-resilience state RL
i
, and a depleted state Ri = 0. This 

function has been successfully applied to model the dynamics 
of natural resources [26] and ecosystems [37]. By leveraging the 
foundational tenets of network science, the second term cap-
tures the competitive dynamics among coal mines through trade 
networks, which influence production outcomes. Despite its 
apparent simplicity, this model demonstrates its capacity to 
unveil the core characteristics and dynamic behaviors of the 
coal market network. It offers significant advantages in eluci-
dating the key influencing factors of the resilience of the coal 
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market, thereby providing valuable insights into this complex 
system.

Previous studies about the resilience of ecological networks 
show that the connectivity and average interaction strength 
have crucial impact on the resilience of ecosystems [18,19]. 
Akin to the ecological network, a loss of system (1)’s resilience 
can be induced by the changes of the intrinsic growth parameters 
and by the N2 elements in the network adjacency matrix C. To 
make it feasible to numerically calculate and mathematically 
analyze the resilience of the coal market network, we extend the 
dimension reduction framework proposed by Gao et al. in [37] 
to transform the high-dimensional system into the effective 
1-dimensional (1-D) model that not only captures the essential 
resilience of the high dimensional system but also predicts pre-
cisely the onset of the tipping point of ecological networks 
[37,38,41], even in the presence of noisy perturbations [42].

Applying the dimension reduction framework (see Methods) 
to system (1) yields an effective 1-D system as

where Reff is the effective average coal production of the whole 
coal market, ηeff = θeffβeff with the macroscopic parameter βeff 

characterizing the combined effect of the microscopic descrip-
tion Cij of the inter competition. In addition, αeff, Aeff, Keff, and 
θeff account for the effective growth rate, the Allee effect, the 
carrying capacity, and the inflow rate, respectively, when aver-
aged across the network structure.

To proceed, we take ηeff, a value fully determined by the 
network topology and the average outflow rate θeff, as a bifurca-
tion parameter for the 1-D reduced system (2), where a trivial 
solution R∗

eff
= 0 for ηeff > 0 represents the depleted state. This 

system also possesses a stable steady state RH
eff

 and an unstable 
steady state RL

eff
 when 0 < 𝜂eff < 𝜂c

eff
. The state RH

eff
 corresponds 

to the sustainable state of the coal market, in which the average 
coal production is high. The low-production state RL

eff
 is unsta-

ble and may transit to the desired sustainable state RH
eff

 or the 
undesired depleted state R∗

eff
= 0. However, there is a tipping 

point after which the system loses its resilience, and the precise 
loci of the resilience loss is calculated as

as shown in Fig. 2A (see Methods).
Clearly, an increase of ηeff induces the system to lose its resil-

ience. Notice that the parameter θeff depends on the transac-
tions between the coal mines and the thermal power plants, 
which need to meet the electricity demand. So, θeff usually 
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plant A
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Fig. 1. Coal market network in China’s major coal production areas. (A) A schematic for coal market network constructed from the bipartite network of coal mines and thermal 
power plants. For those 2 coal mines supplying coal to the same thermal power plant, a link between these two coal mines exists. Regarding each coal mine as a node, and 
the link between coal mines as edges, then a coal market network can be built. (B) China’s coal market network is built according to the strategy in (A). Here, different colors 
represent coal mines in different provinces. The network consists of 100 coal mines that account for over 60% total coal output in China, and 6 of which are isolated nodes. 
(C to E) The coal market network of Shanxi, Inner Mongolia, and Shannxi provinces.
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changes more slowly than Rj, and it is reasonably assumed to 
be fixed in all the simulations, i.e., θij = θ. Thus, ηeff is fully 
determined by the network topologies. Using the dimension 
reduction method, we have mapped the original system (1) into 
the (Reff, ηeff) space. Therefore, we can predict the system’s response 
to the variations of the parameter ηeff, where the variations could 
be induced by connectivity changes, node/link losses, and link 
weights changes, and so on [37,41]. As such, we focus on study-
ing the influence of the network complexity measurements and 
a few realistic perturbations on the resilience of the coal market 
network.

The resilience of the coal market network may be influenced 
by various factors such as network topology, node dynamics, 
coupling methods and interaction strengths. In the following, we 
place particular emphasis on the influence of network topology 
including network connectivity, heterogeneity, and modularity.

Influence of network connectivity
Connectivity, an indicator that describes how well parts of the 
network connect to one another, has an important impact on 
the stability of complex networked systems [18,19,46]. This 
impact is influenced by many factors such as node dynamics, 
network topology, and the nature and intensity of interactions 
among components. Bardoscia et al. [24] reported that connec-
tivity can undermine the stability of financial systems by creat-
ing cyclical structures that amplify financial distress. Recent 
studies on the sustainability of natural resources have shown 
that a network’s interconnectedness may increase or decrease 
its resilience, depending on the network structure [26].

Here, we use some generic networks to construct the net-
works for the coal market. Specifically, we take αi ≡ 0.5, Ai ≡ 0.2, 
Ki ≡ 1, θ= 0.95, and δ= 0.2, so that, as shown in Fig. 2A, the 
reduced system (2) has a tipping point �c

eff
= 0.76, after which 

its resilience is lost. To demonstrate the efficacy of the dimen-
sion reduction method in our coal market system, we per-
formed numerical simulations for the original system (1) with 
the Erdős–Rényi (ER) random topologies containing N nodes. 
We assume that any 2 nodes are connected with the probability 
p, and the weights are randomly taken from the standard 
Gaussian normal distribution N(μ, σ2) with μ > 0. Depending 
on μ and σ, the distribution has to be truncated to avoid nega-
tive weights and the truncated distribution shifted to keep its 

mean value equal to μ. We can see from Fig. 2B that as the 
connectivity p increases, ηeff increases. The probability that the 
system exhibits a resilient state (approaching a stable steady 
state RH

eff
) as a function of the connectivity is shown in Fig. 2C. 

Clearly, there is a transition from the resilient state to the non-
resilient state (undesirable depleted state) when the connectivity 
exceeds the critical point which corresponds to the tipping point 
of �c

eff
. Although �c

eff
 obtained in (3) is fully determined by the 

node dynamics and is independent of the network topology, 
the resilience loss strongly depends on the connectivity of the 
underlying networks. The impact of connectivity on the resil-
ience of coal market network with the Watts–Strogatz small-
world [47] and Barabási–Albert scale-free [48] topologies are 
further demonstrated in Supplementary Materials (see Figs. S2 
and S3). All these results reveal a negative role of the inter-
connectedness in sustaining the resilience of the coal market 
network, which is different from the existing results on the 
resilience of global resources network and labor market 
[26,28]. In fact, coal is a kind of bulk product with high trans-
portation costs restricting the flow of coal between regions. 
Compared with other resource networks, the real coal market 
network has lower connectivity, which is beneficial to sustain-
ing its resilience.

Influence of network heterogeneity and modularity
Real-world networks are often highly heterogeneous, which 
affects significantly the dynamic performance of complex net-
works. China’s coal market network is heterogeneous due to the 
uneven geographical distribution of coal resources; see also the 
degree distribution in Fig. S4. So, we explore the influence of 
the network heterogeneity on the resilience of the coal market 
network. Using the method outlined in [49], we generate several 
scale-free networks with different values of the power exponent 
γd. As shown in Fig. 3A, the network size has a weak impact on 
the network resilience. Unlike the case of the homogeneous ran-
dom networks, for any given network size, the lager the exponent 
γd for the coal market network, the larger the desirable steady 
state Reff becomes. This clearly indicates that heterogeneity is 
beneficial to the resilience of the coal market network. This can 
be demonstrated by the results on the effect of network hetero-
geneity with respect to the parameter ηeff; see Fig. 3B.
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Fig. 2. Network connectivity and resilience of coal market networks with ER random topologies. (A) Bifurcation diagram for the steady states RH,L,∗
eff

 of the reduced system 

(2) as the parameter taeff changes. Here, the loci of the resilience loss is calculated using Eq. 3 as �c
eff

= 0.76 for the parameters specified in the main text. (B) Monotonic 
change of the bifurcation parameter ηeff with the connectivity parameter p. (C) The probability of system (1) exhibiting a sustainable state changes with the connectivity 
of the ER random topologies containing N = 100 nodes. The elements Cij in the topologies are randomly taken from the Gaussian normal distribution N(μ, σ2) with μ = 
0.2 and σ = 0.04. The displayed results are calculated through averaging 100 realizations and the initial states are randomly selected near the steady state RH
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Modularity that measures the strength of division of a net-
work into modules (or communities), has substantial impor-
tance in maintaining the function of social and economical 
systems [20,23,26]. Nodes within modules have much more 
frequent interactions than those in different modules. As shown 
in Fig. 1 and also in Fig. S5, the empirical coal market network 
exhibits in a highly modular manner. Thus, we turn to explore 
the impact of modularity on the resilience of the coal market 
network. By generating modular networks with different num-
bers of modules (see Methods), Fig. 4A shows the effective mean 
coal output as a function of the local connectivity (the connec-
tivity of each module). As displayed in Fig. 4B, the networks 
with higher modularity have smaller bifurcation parameter ηeff, 

which thus implies that the modularity is beneficial to sustain-
ing the resilience of the coal market network. Additionally, for 
a fixed number of modules, increasing local connectivity can 
decrease the resilience of the coal market network, which is 
similar to the results shown in Fig. 2 and in Figs. S2 and S3 of 
Supplementary Materials.

Resilience of China’s coal market network
To achieve the goal of carbon neutrality, China needs to change 
its energy supply structure and implement policies to decarbon-
ize the energy supply and demand [39], including reducing coal 
consumption and substantially increasing the share of new or 
renewable energy [4,50]. Behind the energy decarbonization 
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are profound changes in the coal market, such as the closures 
of coal mines and the transaction cancellation due to regional 
low-carbon development, and the depression of the whole coal 
market caused by the energy demand decarbonization. Indeed, 
these realistic perturbations of the coal market can be mim-
icked by the changes of N2 parameters Cij in the adjacency 
matrix. For instance, the closures of coal mines can be simu-
lated by removing the nodes from the networks, and the cancel-
lation of coal transaction can be modeled by deleting the 
existing links. In addition, the depression of the whole coal 
market may lead companies to reduce coal purchases, which 
can be simulated by a global decrease of link weights between 
coal mines.

By 2002, China had more than 25,000 small-sized coal mines 
with an annual output of less than 300,000 tons, accounting 
for 90% of China’s total coal mines and 30% of the total coal 
output. The problem of safety production in small-sized coal 
mines is serious. In 1998, the death toll from safety accidents 
in small-sized coal mines accounts for more than 70% death 

toll of all coal mines in China [6]. Since 2005, the Chinese 
government has begun to shut down those small-sized coal 
mines that do not have the conditions for safe production. 
Some medium coal mines have also been closed simply due 
to the regional low-carbon development policy [3]. Moreover, 
the carbon neutrality goal calls for a 28% in 2035 and then 
further to 59% in 2050, renewable energy in primary energy 
supply, which implies that more and more coal mines will be 
closed [3].

As such, we first explore the influence of the closures of coal 
mines on the resilience of the coal market network. Figure 5A 
displays Reff, the effective mean coal production, as a function 
with respect to fn, the removal fraction of the coal mines. Here, 
we sorted the coal mines according to their outputs. Two strate-
gies are, respectively, adopted: Prioritizing the closures of small-
sized coal mines or large-sized coal mines. As shown in the 
simulated results in Fig. 5A, the steady state moves in the direc-
tion of higher values of Reff as the fraction of the closed coal 
mines goes up. This trend corresponds to a decrease of ηeff (see 
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depression. (D) The points of ηeff − Reff, computed using the original system and shown in (A) to (C), are well consistent with the resilience function obtained in the 1-D reduced 
system. The weights in (C) are taken from the Gaussian normal distribution N(μ, σ2) with μ = 1 and σ = 0.2. The weights in (A) and (D) and the other parameters are the same 
as those used in Fig. 2.
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Fig. S6) and thus an increase in the resilience of the coal market 
network. Although closing large-sized coal mines can signifi-
cantly improve the resilience of the coal market network, large-
sized coal mines usually have better production conditions 
ensuring the safety. Thus, closing large-sized coal mines can 
affect the coal market supply. Hence, our findings imply that 
the closure of small-sized coal mines can not only decrease 
safety accidents but also enhance the resilience of the coal mar-
ket network.

It is widely believed that the electricity demand is inevitably 
influenced by the variations of economy growth and seasonal 
changes [51]. As the main fuel consumption of China’s electricity 
production, the coal demand changes according to the fluctua-
tions of economic growth and seasonal changes. This definitely 
leads to a cancellation or an increase of the coal transactions 
between the coal mines and the thermal power plants, which, 
as introduced above, corresponds to the removal/introduction 
of the links in the network. Moreover, the energy demand 
decarbonization toward carbon neutrality could also lead to 
the cancellation of long-term coal contracts between coal mines 
and thermal power plants. Figure 3B shows the influence of 
link removal, fl, on the resilience of China’s coal market net-
work, since link removal reduces the connectivity of the net-
work. In addition, the more competitive the market, the denser 
the coal market network. Thus, an overly competitive coal 
market network undermines the stability of coal supply, which 
is confirmed by the simulations in Fig. 5C, where the reduction 
of link weights, fw, is taken into account.

This implies that a fully competitive coal market probably 
undermines the stability of the coal supply and that limiting 
the competitions among the coal mines can enhance the resil-
ience of the coal market. Figure 5D further demonstrates the 
efficacy of the 1-D reduced system. Such an efficacy is due to 
the fact that the above realistic perturbations lead to the varia-
tions of the bifurcation parameter ηeff for the 1-D reduced sys-
tem (see Figs. S6A to C). We also use the dimension reduction 
method to predict the resilience loss of the coal market net-
works in the provinces of Shanxi, Inner Mongolia, and Shannxi 
(see Fig. S7) and the ER networks (see Fig. S8).

Notice that Fig. 5A to C and Fig. S1 clearly show a high 
consistency in the results obtained numerically by the original 
high-dimensional system (1) and by the 1-D reduced system 
(2). Particularly in Fig. 5D, we further display the steady state 
Reff for the original system (1) and the resilience function for 
the reduced system (2), respectively. Clearly, the variations of 
the original system can be captured by the resilience function 
based on the reduced model. All these confirm that the dimen-
sion reduction method is an effective way to quantify the resil-
ience of the coal market networks.

China has consistently emphasized its firm commitment on 
multiple occasions: striving to reach the peak of carbon dioxide 
emissions by 2030 and achieve carbon neutrality by 2060. As 
reported in [3] where carbon neutrality-oriented emission reduc-
tion trajectories are given in 3 scenarios, eliminating fossil fuel 
consumption is one basis of the energy system transformation. 
The coal supply after reaching its peak in 2025 are shown in Fig. 6A 
(also reported in Fig. 3 of [3]), which should decrease year by year 
for achieving carbon neutrality. Here, 2 scenarios are considered 
that reaching peak in 2025 (PEAK25) and 2030 (PEAK30). The 
evolutions of the coal production under the designed emission 
reduction trajectories are displayed in Fig. 6B.

In the simulations, consider the carrying capacity K of each 
coal mine as its maximum allowable coal production capacity, 
which is regulated by policies. Normalizing the carrying capac-
ity such that K = 1 in 2025, and that of each year after 2025 are 
normalized according to the proportion of their coal supply to 
that of 2025.

As observed in Fig. 6B, Reff converges to stable states in dif-
ferent scenarios. One can see that the smaller values of K, the 
lower the steady output of coal in the market, which means that 
restricting the maximum allowable production capacity of coal 
mines can significantly reduce coal supply, thereby reducing 
carbon emissions. However, it is not conducive to the resilience 
of the coal network. After 2045, the coal supply is almost less 
than 20% of that in 2025 as displayed in Fig. 6A, and the steady 
coal supply tends to zero observed in Fig. 6B, which implies 
that the resilience of the coal market network is totally lost and 
it aligns well with the theoretical results in Fig. 2. When the 
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Fig. 6.  Influence of the energy supply decarbonization. (A) Carbon neutrality-oriented coal supply reduction trajectories under scenarios PEAK25 and PEAK30. (B) The 
evolution of Reff in different scenarios and years. Dashed and solid lines represent scenarios PEAK25 and PEAK30, respectively.
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coal supply is at a low level, a further reduction of the maximum 
allowable production capacity of coal mines may lead to an 
unexpected collapse of coal supply. Reducing the maximum 
coal production capacity will inevitable damage the resilience 
of the coal market network. Thus, for maintaining the energy 
supply, it is necessary for the Chinese government to make 
appropriate adjustments of the maximum allowable capacity 
of coal mines during the process of carbon neutrality.

All the above results suggest that network complexity, such 
as network connectivity and average interaction strength, has 
significant influence on the resilience of China’s coal market 
network. Since removal nodes or links can decrease the net-
work connectivity and decreasing the link weights can reduce 
the average interaction strength among the nodes, reducing the 
network complexity plays positive roles in promoting the resil-
ience. Interestingly, this viewpoint is contrary to the results 
reported from the social and economic systems, where amplify-
ing complexity (i.e., especially increasing connectivity) often 
results in a stronger resilience [26,28]. In fact, increasing the 
connectivity of the coal market network can cause excessive 
competition among the coal mines, which naturally yields an 
undesirable low steady state of coal output. To further demon-
strate our viewpoint, using China’s coal transaction data from 
2011 to 2020, we calculate and depict in Fig. 7 the effective 
mean output and the bifurcation parameter ηeff, respectively, 
for China’s coal market network. The empirical pieces of evi-
dence show that the coal market network with lower connectiv-
ity owns relatively higher average output and that almost all 
empirical data are captured by the resilience function of the 
1-D reduced system.

Conclusion
Coal, as the primary energy source in China, accounts for 75% 
of the country’s carbon emissions [9]. Faced with the challenge 
of achieving carbon peak emissions before 2030 and carbon 
neutrality before 2060, China’s energy consumption is transi-
tioning from fossil-based to nonfossil energy sources. China’s 
carbon neutrality goals are expected to significantly enhance 

air quality and safeguard public health [52]. However, the sub-
stitution of nonfossil energy for coal is not feasible in the very 
short term. Consequently, coal will continue to play a pivotal 
role in China’s economic development and civilization for the 
next several decades. The policies aimed at decarbonizing energy 
supply and demand are bound to have a significant impact on 
the resilience of the coal market. Although numerous studies 
have explored the risks and resilience of energy supply [43,53], 
previous research has predominantly treated the energy market 
as a whole, overlooking its intricate microscopic details. In real-
ity, the coal market is a complex system composed of numerous 
coal mines. Drawing upon detailed transaction data between 
coal mines and thermal power plants, we have reconstructed 
China’s coal market network, thereby enabling an analysis of 
the resilience of the coal market from a perspective of network 
science.

Policy interventions and fluctuations in coal demand may 
result in a loss of resilience of the coal market. Such a loss could 
lead to coal enterprise bankruptcies and market depression, 
which in turn could threaten electricity supply and economic 
development. Consequently, an exploration of the factors that 
determine the resilience of the coal market is of urgent impor-
tance. Inspired by the resilience theory developed for ecosys-
tems, we have proposed a new framework for quantifying the 
resilience of China’s coal market. The coal market network is 
characterized by a high-dimensional parameter space, encom-
passing the intrinsic dynamics of individual coal mines and the 
complex interactions between them. Consequently, studying 
its resilience directly is impractical, and causal testing may offer 
some insights [54]. Our framework, which collapses the high-
dimensional coal network onto a 1-D reduced system, enables 
us to capture some fundamental mechanisms of resilience loss 
using generic and real coal networks reconstructed from empir-
ical data.

While the model can effectively utilize network topology 
derived from real data, the parameter settings remain empirical. 
The challenge lies in obtaining model parameters that better 
align with real-world conditions based on empirical data. This 
issue is crucial for ensuring the model’s accuracy and relevance 
to practical scenarios. The energy structures and markets differ 
greatly across different countries [55,56]. Therefore, a direction 
for future research is to improve the model by incorporating a 
wider range of influencing factors, thereby better capturing the 
actual situations when applying the model to a greater number 
of countries.

We have specifically investigated the impact of connectivity, 
modularity, and heterogeneity within the coal market network, 
as well as the effects of several realistic perturbations due to 
changes in energy policies aimed at achieving China’s carbon 
neutrality target, on the resilience of the coal market network. 
In previous studies, network connectivity is often reported as a 
crucial and positive factor in sustaining the resilience of ecosys-
tems [19] and social and economic systems [26,28]. Our research 
has revealed that the coal market network exhibits low con-
nectivity and a correspondingly low risk of resilience loss. This 
finding contrasts with the conventional belief that increasing 
connectivity enhances network resilience [26,28]. Additionally, 
the coal market network often exhibits low connectivity due 
to the high transportation costs associated with coal as a bulk 
commodity, which restricts long-distance coal flows. Moreover, 
coal mines, particularly small-scale operations, often prefer to 
sell coal to local thermal power plants. To secure coal supply, 
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thermal power plants often source from multiple coal enter-
prises, thereby increasing the connectivity of the coal market 
network. As discussed earlier, this increase in connectivity 
implies a heightened risk of resilience loss and a reduction in 
the average coal output of the mines. Therefore, there exists a 
trade-off between the objectives of thermal power plants, which 
include enhancing the security of coal supply and improving 
the resilience of the coal market network.

To mitigate safety hazards in coal production and to advance 
the low-carbon development strategy, China has closed numer-
ous coal mines with suboptimal production conditions. From 
a network science perspective, we examined the impact of coal 
mine closures on the resilience of the coal market network by 
treating mine closures as the removal of nodes from the net-
work. Our analysis revealed that the closure of small-scale coal 
mines can enhance the resilience of the coal market. This is 
attributed to the fact that such closures can sustain the network 
at a relatively high average output, as demonstrated in Fig. 5A 
and Fig. S1A.

Furthermore, our analysis has demonstrated that an increase 
in the intensity of interaction among coal mines can diminish the 
resilience of the coal market network (as illustrated in Fig. 5C and 
Fig. S8B). This finding contrasts with the established understand-
ing in other domains, such as labor markets, where greater con-
nectivity is generally associated with increased resilience.

Our findings hold significant implications for the design of 
energy policy. To achieve the goal of carbon neutrality, decar-
bonizing the energy supply is indispensable. As indicated by a 
recent study, the share of renewable energy in primary energy 
supply is projected to surpass that of fossil fuels by 2050 [3]. 
However, the transition to a nonfossil energy future is a gradual 
process, and coal will continue to dominate China’s energy sup-
ply for the foreseeable future. Consequently, maintaining the 
stability of the coal supply is crucial for China’s economic devel-
opment. Policies that aim to reduce the reliance on coal by 
restricting the production of all coal mines could inadvertently 
lead to an undesired low steady state of average output for all 
mines, which is detrimental to the coal supply. In light of our 
results, the closure of small-scale coal mines has been shown to 
significantly enhance the resilience of the coal market. Therefore, 
a policy that eliminates the production capacity of small-scale 
mines with outdated technology while allowing the larger enter-
prises to operate at full capacity could represent an effective 
approach to reducing the share of coal in the energy mix.

Our investigations have indicated that reducing the con-
nectivity of the coal market network may enhance its resilience. 
However, the market behavior of thermal power plants, which 
purchase coal from multiple enterprises to stabilize their 
thermal coal supply, can lead to an increase in network con-
nectivity, thus intensifying competition within the coal market. 
Our framework allows for the simulation of a decrease in con-
nectivity by removing links or reducing link weights within the 
network. Given the uneven geographical distribution of coal 
resources in China and the recognition that modularity is ben-
eficial for enhancing the resilience of the coal market network, 
one potential policy intervention could involve restricting long-
distance coal trade. Policymakers should also promote low-
carbon development strategies, such as the widespread adoption 
of renewable energy and the continued phase-out of energy-
intensive industries, particularly in economically developed 
regions like the Yangtze River Delta and Pearl River Delta. This 
approach can enhance the modularity of China’s coal market 

network. Moreover, intense competition, which corresponds to 
strong interactions, is detrimental to the resilience of the coal 
market network. Policy makers should encourage power plants 
to establish long-term contracts with multiple coal enterprises. 
This strategy not only reduces connectivity and competition 
within the coal market network but also mitigates coal prices 
and production costs for downstream enterprises. Furthermore, 
the government should incentivize the construction of more 
thermal power plants in major coal-producing regions and 
enhance the technology for long-distance electricity transmis-
sion. By doing so, cross-regional coal trade can be significantly 
reduced, thereby diminishing the connectivity of the coal mar-
ket network.

Our results further indicate that moderately regulating the 
maximum production capacity of coal mines is an effective 
means to align with the decarbonization requirements of the 
energy supply, thus contributing to the achievement of carbon 
peaking and carbon neutrality. However, this measure inherently 
compromises the resilience of the coal network, as evidenced in 
Fig. 6B. Given the significance of the coal mining industry, it is 
not advisable to abruptly reduce the production capacity of all 
coal mines. Instead, a comprehensive suite of policies should be 
implemented concurrently to preserve the resilience of the coal 
network and ensure China’s energy security.

Overall, China has set forth its carbon neutrality goal and 
crafted national mitigation strategies. The ongoing phase-out 
of coal and the expansion of renewable energy are critical to 
this goal. However, these efforts also pose a near-term threat 
to China’s energy security, as renewable energy sources are still 
a long way from fully replacing coal. Therefore, it is crucial to 
pay greater attention to the impact of energy supply decarbon-
ization on the coal supply. Facing the challenge of carbon neu-
trality, China’s energy policy must not only adhere to low-carbon 
emissions requirements but also ensure the security of energy 
supply. Policymakers must strike a balance between carbon 
emission reduction and energy security.

Methods

Reducing higher-dimensional system into 1-D 
effective system
Let fi(Rj) = θijRj with θij, the inflow rate parameter. Then, system 
(1) becomes

Note that system (4) is of higher-dimension, containing a large 
number of interacting components and higher-dimensional 
parameter space that depends on the node dynamics and the 
network topologies. Therefore, the classic framework for study-
ing the resilience of lower-dimensional systems cannot be used 
to analyze the resilience of the higher-dimensional system (4). 
In light of the framework proposed in Ref. [37], we define an 
operator by
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where x = {x1, …, xN} ∈ RN, sout
j

 is the out-degree of node j. 
Then, system (4) can be reduced to a 1-D effective system as

where Reff = L(R) represents the effective mean coal output 
of the coal market network, βeff = L(sin) is an effective con-
trol parameter combining the influence of network topolo-
gies, and sin is the in-degree vector of nodes. Here, we set 
θij = θj and 𝜃eff = L

(
�⃗𝜃
)

 with �⃗𝜃 =

{

𝜃1, … , 𝜃N

}

. In addition, 

�⃗𝛼 =

{

𝛼1, … , 𝛼N

}

, �⃗A =

{

A1, … ,AN

}

, and ��⃗K =

{

K1, … ,KN

}

  
are the parameter vectors specifying the set parameters char-
acteristics for each node.

Note that L
(
�⃗a ◦ �⃗b

)
= L

(
�⃗a
)
L
(
�⃗b
)

, where ∘ is Hadamard’s 
product. Then, the above equation can be rewritten as

where 𝛼eff = L
(
�⃗𝛼
)
, Aeff = L

(
�⃗A
)

, and Keff = L
(
��⃗K
)

.
Denote by ηeff = θeff βeff. Then, we obtain the final form as

where

Bifurcation analysis of 1-D effective system
Based on the above preliminary introduction and preparations, 
we firstly analyze the case of fixed points of Eq. 5, which are 
found by equating F(ηeff, Reff) to zero, namely,

Obviously, the above equation has a trivial solution R∗

eff
= 0, 

representing the depleted state. Besides, to obtain the active 
state R∗

eff
> 0, we let

Thus, the other equilibria exist for

Thus, the bifurcation point corresponds to the critical value

As indicated by the above theoretical analysis, Eq. 2 depicts 
2 regimes, separated by a critical value �c

eff
. In the first regime of 

𝜂eff > 𝜂c
eff

, the system features a single steady state: R1 ≜ R∗

eff
= 0, 

while, in the second regime of 0 < 𝜂eff < 𝜂c
eff

, the system has 3 

potential steady states: R1 = R∗

eff
, R2 =
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2
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. In 

the first regime, the derivative 𝜕F

𝜕Reff

||||R∗
eff

< 0 represents a stable 

nonresilient phase; however, in the second regime, 𝜕F

𝜕Reff

||||R∗
eff

< 0 

and 𝜕F

𝜕Reff

||||RH
eff

< 0 indicate that the steady states R∗,H
eff

 are stable. 

The derivative at the intermediate steady state RL
eff

 satisfies 
𝜕F

𝜕Reff

||||RL
eff

> 0, so that RL
eff

 is unstable. Hence, a fluctuation eas-

ily drives the system below RL
eff

 to the state of resilience loss.

Generation of modular networks
We generate homogeneous modular networks as follows. For 
a modular network with N nodes and m modules, all modules 
are constructed using the ER networks with the same network 
size and local connectivity cl. Then, connecting any 2 nodes 
from different modules takes a probability of cg.

Reconstruction of China’s coal market network
In China, 72.5% coal is used for electricity generation in 2020. 
Thus, the coal market network can be naturally reconstructed 
by the transaction data between the coal mines and the power 
plants. Two coal mines are said to be connected if they supply 
the thermal coal to the same power plant. In this way, the coal 
market network is the projection network of the bipartite coal-
electricity networks (see Fig. 1). Although there are more than 
1,000 coal mines in China, most of them are small-sized and 
the top 30 coal enterprises account for more than 60% of the 
total coal output.

Moreover, it is difficult to obtain the transaction data of the 
small-sized coal mines.

Thus, in Fig. 1, we reconstructed China’s coal market net-
work, which consists of 100 coal mines located mainly in the 
3 provinces of Shanxi, Inner Mongolia, and Shannxi. Actually, 
the enterprises in these 3 provinces account for over 60% total 
coal output of China. When we consider the influence of some 
realistic perturbations on the resilience (see Fig. 5), the coal 
networks in 2020 was used to test the validity of the 1-D reduced 
system.

The coal market networks, which are reconstructed from 
the history transaction data from 2011 to 2020, allow us to 
further demonstrate the efficacy of the theoretical framework 
we established in Results (refer to Fig. 7).
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