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Abstract

:

In the context of climate change, natural gas is becoming increasingly important for low-carbon development in China. The gap between the demand and supply of natural gas, domestically, and China’s high dependence on foreign sources, highlights the importance of ensuring a secure system for supplying natural gas in the country. This study applied ecological network analysis, a powerful systems-oriented method, to simulate interactions between different nodes of the natural gas supply system and to evaluate the system’s security level. Two network models were constructed at the regional and national layers, respectively, by dividing external natural gas suppliers into multiple regions and countries. These models were used to evaluate the overall security level and related characteristics of China’s natural gas supply system from 2000 to 2012. The results showed stable improvement in the system’s security during this period. With the exceptions of some specific indicators (e.g., the mutualism index (MI)), analyses of network information and structure yielded the mostly similar results for the two models. In conclusion, a regional layer (RL) network model is considered more economical than a national layer (NL) model for evaluating the overall security of China’s natural gas supply system, especially when available data are limited.
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1. Introduction


Natural gas is a cleaner and safer energy than either coal or oil, with a higher calorific value. In the prevailing context of climate change and growing environmental concerns, the demand for natural gas, worldwide, has been rising. The International Energy Agency (IEA) has predicted that the global demand for natural gas will increase by more than 50% by 2040, with China and the Middle East being the main consumers of natural gas [1].



In recent years, the rise in China’s natural gas consumption has occurred at an especially rapid pace in parallel with the country’s socioeconomic development. It has increased from 20.89 billion cubic meters in 2000 to 116.75 billion cubic meters in 2012 [2,3,4,5,6,7,8,9,10,11,12]. An analysis of historical data on the domestic production and consumption of natural gas in China has revealed that the country was self-sufficient in meeting its requirements for natural gas prior to 2007, but subsequently became a net importer of natural gas. The import volume of natural gas rapidly increased, and the degree of dependence on foreign suppliers of natural gas correspondingly rose steeply from 2.01% in 2007 to 26.56% in 2012. The extent of China’s dependence on foreign natural gas suppliers was projected to continue to rise, reaching about 35% by 2015 [13]. This heavy reliance on foreign suppliers of natural gas highlights the urgent need to conduct an investigation of the security of China’s natural gas supply system, especially when considering the increasing demand and consumption of domestic natural gas and the potential instability of the international market for natural gas.



This paper aims to systematically evaluate China’s natural gas supply security, by integrating the related factors involved in the supply process in a system. Concretely speaking, it tries to: (1) identify the key nodes with relatively great influence on the entire system; (2) investigate the primary properties of the system; and (3) establish a preliminary baseline for an assessment model of natural gas supply security.



The following sections are structured as follows: Section 2 introduces related literature review of natural gas supply analysis; the subsequent methodology describes how to construct the network models for China’s natural gas supply system, as well as related calculations; then the results of the study based on data during 2000–2012 and further discussion are presented; and the conclusions are presented in the last section of the paper.




2. Literature Review of Analysis of Natural Gas Supply System


A number of studies have analyzed natural gas supply systems in different countries, with most focusing on simulating the impact of a single factor on the system. These studies have examined economic factors (e.g., economic growth) [14,15,16,17,18], social factors (e.g., legislation and politics) [19,20,21,22,23], technical factors (e.g., improved mining technology) [24,25,26], and external environment factors (e.g., geopolitics of natural gas and international environment) [27,28,29,30,31]. There have also been some integrated studies, both quantitative and qualitative, that have analyzed the impacts of multiple factors on a natural gas supply system. Quantitative studies have analyzed the impacts of economic, social, environmental, and other factors on natural gas supply systems. In doing so, they have applied econometric models [32], distribution planning models [33], and system dynamics models [34,35,36] or have been based on various indicators (e.g., the diversity index of Shannon’s coefficient [37]). For instance, one study by Sun et al. [35], constructed a supply and demand systems model to simulate trends in natural gas supply and demand in China through the integration of endogenous, exogenous, and excluded factors. The study found that the impacts of China’s energy structure on natural gas supply and demand were more apparent than those of natural gas resources and investment levels [35]. Qualitative studies have also been conducted to assess the current situation of natural gas supply, identify key existing problems, and put forward potential solutions to these problems [38,39,40,41,42]. From the political, economic, and social perspectives, the status quo and development trends in the demand for and supply of natural gas in China have been analyzed, and the main problems have been identified. These include fierce competition over natural gas imports, single supply sources, lack of infrastructure, and fluctuating gas prices [41].



All of these studies are undoubtedly important for understanding the current situation of natural gas supply systems. However, two key issues require further investigation. These relate to how the natural gas supply “system” operates, how the system can operate sustainably, and perform with enough security. The system can be more effectively regulated only after determining its composition and developing a better understanding of the interactive relationships among its different components which enable it to operate.



In light of these concerns, this study evaluates the security level of China’s natural gas supply system by applying the method of ecological network analysis. This is a powerful general tool for simulating and quantifying both direct and indirect relationships among different components within an entire system [43,44,45], which has been widely applied in simulations of economic systems [46], urban energy metabolism systems [47], and the nitrogen cycle [48], etc. Both simple and complex network models for the natural gas supply system were constructed and compared, based on the consideration that the system’s division into components could influence the structure and size of the constructed model and further influence certain properties of the system (e.g., the connectivity, efficiency, and resilience) simulated by the model. This could ultimately influence the security level of the natural gas supply system [49].




3. Methodology


3.1. The Concerns of Natural Gas Supply Security


There is no well-acknowledged concept of energy security, due to its characteristics of complexity, multidiscipline, and dynamics. The widely used concept of energy security developed by IEA [50] is referred to in this paper, which is defined as “the stable physical availability of energy at an affordable price while considering environment impacts”, emphasizing both the stability of energy supply and the security of energy use. Specifically, we pay attention to the natural gas supply security with a holistic perspective, concerning whether the natural gas supply system can perform well in efficiency and resilience and finally operate sustainably. Considering the multiple interactive factors related to natural gas supply as a network system, the natural gas supply security can be represented by the overall sustainability of the system and analyzed by investigating the system properties.




3.2. Data Sources


The construction of network models for China’s natural gas supply system requires a considerable quantity of data, whose availability may determine the final structure and size of the network models to a certain extent. The required data mainly include natural gas production, refining, reserve, and consumption in China, as well as those on imports and exports of natural gas to and from China. Most of the required data can be collected from relevant official statistical yearbooks. For example, the China Energy Statistical Yearbooks [2] contain data on the country’s production, imports, and exports of natural gas, as well as on the refinement and consumption of natural gas in China. The detailed data of China’s natural gas imports to and exports from different areas (e.g., countries and regions) can be collected from the China Customs Statistics Yearbooks [51,52,53,54,55,56,57,58,59,60,61,62,63]. And the data of imports and exports of natural gas for those related areas can be obtained from the BP Statistical Review of World Energy (2001–2013) [64].




3.3. An Ecological Network Model of China’s Natural Gas Supply System


Considering the merit of ecological network analysis in holistically simulating and analyzing systems with multiple components and complex interactions, it is adopted herein to measure the overall security level of China’s natural gas supply system and reveal the concrete characteristics of the system. A system’s compartmentalization greatly influences the construction of a network model, which is closely related to the availability of data. Focusing on the division of supply sources, two network models of China’s natural gas supply system were built by dividing the external supply sources from different layers, when combining with the data availability. The first was the regional layer (RL), based on the division of China’s external suppliers of natural gas into different regions (e.g., the Middle East and Africa). A second network model was constructed on the national layer (NL), with China’s external suppliers of natural gas being subdivided into the main exporting countries (e.g., Turkmenistan, Qatar, Australia, and Indonesia) and other countries. Different ways of compartmentalizing the system may lead to different results. For this study, we, therefore, established two models on different layers and compared the results obtained with each model.



The RL network model of China’s natural gas supply system was developed through the integration of various nodes within the natural gas supply system as shown in Figure 1. The following sectors: production, refining, consumption, reserve, and transit constituted the internal system within China. A further five nodes comprised China’s external suppliers of natural gas, namely, the Middle East, Africa, Europe, the Asia-Pacific region, and North and South America. Figure 2 shows the NL network model established for China’s natural gas supply system. Here, external suppliers were Turkmenistan, Qatar, Australia, Indonesia, Malaysia, Yemen, the Russian Federation, Nigeria, Egypt, Trinidad and Tobago, Oman, Algeria, and other countries (e.g., India and Panama) from which China imported lower quantities of natural gas.
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Figure 1. Network model of China’s natural gas supply system on the regional layer (RL). X1 (Pro.): natural gas production sector, X2 (Ref.): natural gas refining sector, X3 (Con.): natural gas consumption sector, X4 (Res.): natural gas reserve sector, X5 (Tra.): natural gas transit sector, X6 (M.E.): Middle East, X7 (Afr.): Africa, X8 (Eur.): Europe, X9 (A.P.): Asian-Pacific region, X10 (N.S.A.): North and South America, fij: flow from node j to node i, zi: flow into node i from outside the network, yj: flow out of the network from node j. 
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Figure 2. Network model of China’s natural gas supply system on the national layer (NL). X1 (Pro.): natural gas production sector, X2 (Ref.): natural gas refining sector, X3 (Con.): natural gas consumption sector, X4 (Res.): natural gas reserve sector, X5 (Tra.): natural gas transit sector, X6 (Tur.): Turkmenistan, X7 (Qat.): Qatar, X8 (Aus.): Australia, X9 (Ind.): Indonesia, X10 (Mal.): Malaysia, X11 (Yem.): Yemen, X12 (Rus.): the Russian Federation, X13 (Nig.): Nigeria, X14 (Egy.): Egypt, X15 (T.T.): Trinidad and Tobago, X16 (Oma.): Oman, X17 (Alg.): Algeria, X18 (O.C.): other countries, fij: flow from node j to node i, zi: flow into node i from outside the network, yj: flow out of the network from node j. 
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3.4. Network Information Analysis


Network information analysis can be conducted to quantify the activity level and organizational ability of a system. Whether or not a system is able to maintain long-term development mainly depends on two attributes: its efficiency (A) and resilience (Φ) [65,66]. Both of these attributes are related to the system’s diversity and connectivity and are complementary.


   A =   ∑   i = 1   n + 2     ∑   j = 0  n   f  i j      log  2     f  i j    T  ..      f  i .    f  . j       



(1)






   ∅ = −   ∑   i = 1   n + 2     ∑   j = 0  n   f  i j      log  2      f  i j   2     f  i .    f  . j       



(2)






    T  ..   =   ∑   i = 1   n + 2     ∑   j = 0  n   T  i j     



(3)




where fij represents the flow from node j to i, fi. represents all flows into node i, f.j represents all flows from node j, T.. represents the total system’s throughput, and n represents the number of nodes in the network system. Exogenous inputs come from node 0; usable exports enter node n + 1, and unusable exports enter node n + 2 [67]. Concretely speaking, yj in the model means the usable exports from node j to n + 1, zj means the inputs from the environment (node 0) to node j, and dissipation collected in node n + 2 is not considered herein.



Considering the complexity of interactions between efficiency and resilience, the value C, also termed the development capacity (sustainability) of a system, was introduced to express the overall security level of the natural gas supply system:


   C = A + ∅ = −   ∑   i = 1   n + 2     ∑   j = 0  n   f  i j      log  2     f  i j      T  ..       



(4)







With high sustainability (C), it implies that the system performs well in both efficiency (A, the system’s capacity to perform in a sufficiently organized and efficient manner as to maintain its integrity over time [68]) and resilience (Ø, the system’s ability to respond to the disturbances and maintain its structure and functions based on diversity of actions and flexible alternative positions and pathways [69,70,71]), and reaches a balance between them. Under such circumstance, the natural gas supply system also possesses high security level.




3.5. Network Structure Analysis


By calculating the weight (W) of each node within the system, an analysis of the network’s structure could be performed to identify the nodes with the most influence on the entire natural gas supply system. The final calculations are expressed by Equations (5)–(8) [70,72]:


G = gij = fij/Tj



(5)






   N =    (  I − G  )    − 1     



(6)






   Y = N * diag  ( T )    



(7)






   W =     ∑   i = 1  n   y  i j       ∑   i = 1  n    ∑   j = 1  n   y  i j       



(8)




where G represents the direct flow of the system, N represents the integral flow of the system, diag (T) is the diagonalized through-flow vector, and W indicates the weight of different nodes within the natural gas supply system.




3.6. Network Properties


This study also investigated the primary properties of the system, including synergism, mutualism, dominance of indirect effects, and homogenization [44], by applying the RL and NL network models. Based on these properties, we could analyze the potential influence of the system’s size on its characteristics, and their influence, consequently, on its overall security level.



3.6.1. Network Synergism and Mutualism


The network utility matrix was first introduced by Patten to express relative benefit/cost relationships within interactive networks [73]. The sign of each element in the utility matrix (usually including the direct utility matrix D and the integral utility matrix U) denotes the relationship between each pair of nodes within the network. The values of D and U can be calculated using Equations (9) and (10):


    d  i j   =    (   f  i j   −  f  j i    )     T i      



(9)






   U =    (  I − D  )    − 1     



(10)




where dij (the element in matrix D) denotes the utility of the flow from node j to i.



Usually, the (+) and(−) signs and (0) indicate what is obtained, lost, and neutrality, respectively [74]. The nine combinations of signs that can occur for pairs of nodes are shown in Table 1.
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Table 1. The nine sign combinations for relationships of paired nodes in the network system.
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Signs

	
Relationship

	
Signs

	
Relationship

	
Signs

	
Relationship






	
(+, +)

	
mutualism

	
(+, −)

	
exploitation

	
(−, +)

	
altruism




	
(−, −)

	
competition

	
(+, 0)

	
anabolism

	
(0, +)

	
commensalism




	
(−, 0)

	
catabolism

	
(0, −)

	
amensalism

	
(0, 0)

	
neutralism








The nine binary relationships reflect observable direct and unobservable indirect between the two nodes [74]. Referring to the definition of relationships in ecology, these relationships can reflect the direction and effect of the interaction between nodes [75]. The basic assumption is that energy (or food, materials) transfer is beneficial, i.e., not toxic or detrimental. Mutualism (+, +) and competition(−, −) means that each node benefits or harms from their interaction, respectively. The exploitation (+, −) means that energy transfers from the lost (−) to the obtained (+) node, and the obtained node performs like the predators in the ecosystem. Correspondingly, in the relationship of altruism (−, +), the lost node performs like the prey in the ecosystem. When there is no interaction between the two nodes, it is expressed as neutralism (0, 0). Anabolism (+, 0) and commensalism (0, +) express the relationships where one node benefits from the other without affecting it. Correspondingly, catabolism (−, 0) and amensalism (0, −) mean one node is harmed while the other is unaffected.







The mutualism index (MI) was also applied to measure the degree of mutualism of the system under study [70]:


   MI =   Sign U  ( + )    Sign U  ( − )      



(11)




where    Sign U  ( + )  =   ∑  ​  max  (  Sign  (   u  i j    )  ,   0  )     and    Sign U  ( − )  =   ∑  ​  − min  (  Sign  (   u  i j    )  ,   0  )    .



More positive than negative relationships were found to exist within the system when MI > 1, thus indicating the occurrence of mutualism. When MI < 1, there were more negative than positive relationships within the system, implying that certain unfavorable relationships required attention and management [74,76].




3.6.2. The Dominance of Indirect Effects


We could compare the contribution of indirect and direct flows to the entire network using the following equation:


    I D  =   ∑   i , j = 1  N   n  i j   −  g  i j   −  e  i j   /   ∑   i , j = 1  n   g  i j     



(12)




where eij represents the unit matrix. When I/D > 1, this means that indirect flows play a central role in the natural gas supply system.




3.6.3. Network Homogenization


Homogenization was also assessed to compare the distribution of the resource between direct and integral flows [77]. Homogenization occurred when the coefficient of variation of G (marked as CV(G)) was greater than coefficient of variation of N (marked as CV(N)),implying that the network flow was more evenly distributed in the integral matrix than in the direct matrix.






4. Results and Discussion


4.1. Overall Security Level of China’s Natural Gas Supply System


As indicated in Figure 3, the overall security (Curve C) of China’s natural gas supply system evidenced stable improvement from 2000 to 2012, while efficiency (Curve A) and resilience (Curve Φ) both increased during the same period. The growth in natural gas imports and the decrease in exports (see Figure 4) contributed to the increase in the security level of the natural gas supply system. Specifically, the first evident growth phase relating to security was observed from 2003 to 2004. This may have been associated with the remarkable reduction in the volume of gas exports that occurred in 2003 and 2004. Another phase of greater growth occurred from 2009 to 2010, coinciding with the import of liquefied natural gas into China which began in 2010. Subsequently, the amount of liquefied natural gas imports increased gradually. This growth trend is consistent with the continuous increase of the sustainability of China’s natural gas industry from 2008 to 2013 [78], which is found mainly contributed by growing supply and demand of natural gas, beneficial policy, technological innovation, and the reformation of the gas market in China.
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Figure 3. Changes in the security level of China’s natural gas supply system from 2000 to 2012 based on network models: (a) The RL and (b) The NL. 
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Figure 4. The changes of China’s natural gas supply from 2000 to 2012. 
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In relation to the performance of the system at different layers (RL and NL), the study revealed that trends were generally similar at these layers and that the values of A, Φ, and C at the RL were higher than those at the NL. These findings indicate that security may have decreased with a decline in the system’s connectivity (Table 2). Moreover, resilience (Φ) contributed more to the overall security of the natural gas supply system than did efficiency (A).
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Table 2. The connectivity and link density of the two models at different layers.
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Parameters of the Network

	
Regional Layer (RL)

	
National Layer (NL)






	
N

	
10

	
18




	
L

	
31

	
64




	
Connectivity (L/N2)

	
0.31

	
0.1975309




	
Link density (L/N)

	
3.1

	
3.5555556








Note: N represents the number of nodes in the network, and L represents the number of links in the network.








4.2. The Structure of China’s Natural Gas Supply System


Figure 5 and Figure 6 depict changes in the contributions of different nodes to the natural gas supply system during four selected years (2002, 2005, 2008, and 2012). These figures depict the results for the RL and NL network models, respectively.
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Figure 5. The weights of different nodes of China’s natural gas supply system from 2000 to 2012 based on a network model constructed on the RL. The first column, named Wsup, indicates the weights of supply sources, including internal sources. Within the Wsup column, the blue column at the bottom, denoted as W1, indicates the production sector. External sources are shown in other colors in the first column. They are denoted as W6, W7, W8, W9, and W10, representing the weights of the Middle East, Africa, Europe, Asia-Pacific, and North and South America, respectively. The second, third, and fourth columns represent the weights of the sectors of refining, consumption, and reserve, respectively, denoted as W2, W3, and W4. 
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The study revealed that the weights of the different nodes showed similar and basically stable structures during the study period, regardless of the layer of the network model (RL or NL) used. In both models, the supply sources had the maximum weight, followed by the consumption and refining sectors, and last by the reserve sector. This is accordant with the general results of other studies [35,36,79]. With systems-oriented evaluation based on ENA model, the weights obtained in this study can show the relative influence of different sectors on the overall natural gas supply security in a more quantitative and concise way, which is beneficial for forthcoming systematic optimization.
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Figure 6. The weights of different nodes of China’s natural gas supply system from 2000 to 2012 based on a network model constructed on the NL. The first column, named Wsup, indicates the weights of supply sources, including internal sources. Within the Wsup column, the blue bar at the bottom, denoted as W1, indicates the production sector. External sources are shown in other colors in the first column. They are denoted as W8, W9, W10, W12, and W18, representing the weights of Australia, Indonesia, Malaysia, the Russian Federation, and other countries, respectively. However, the weights of other countries were too small to be displayed in this figure. The second, third, and forth column represent the weights of the refining, consumption, and reserve sectors are indicated by W2, W3, and W4, respectively. 
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The analysis indicated that the production sector (W1) strongly influenced the natural gas supply system and that an increase in its weight was maintained prior to 2010. However, in 2010, the introduction of liquefied natural gas in China resulted in a decrease in the weight of the domestic production sector. The impact of the consumption sector (W3) on the system increased over time during the study period. However, the impacts of the refining (W2) and reserve (W4) sectors on the system were minimal. On the one hand, it implies that the domestic production and consumption of natural gas should be maintained to assure stable development of China’s natural gas supply system. On the other hand, it reminds us to greatly strengthen the strategic reserve to improve adaptability in response to emergencies and the overall level of China’s natural gas supply security.



Of the external supply sources, Australia (W8), Indonesia (W9), and Malaysia (W10) exerted the greatest influence on the system at the NL, with Australia having the greatest weight, followed by Malaysia. However, both Australia and Indonesia showed a downward trend in weight during the study period, although Indonesia’s weight increased slightly. At the NL, other countries (W18) were predominant among the external suppliers of natural gas during the study period although the amount of imported natural gas is much less than that imported from other external sources. However, it should be noted that the weight of other countries declined gradually during this period as the influence of certain external suppliers (e.g., Australia, Indonesia, Malaysia, and the Russian Federation) on China’s natural gas supply system also began to gradually increase. This implies growing diversification of natural gas supplies in China which may, in turn, contribute to greater sustainability of the system. It reminds that we need to further decrease dependence on a small number of supply sources and strengthen cooperation with more countries and areas to balance different supply sources, and develop new supply sources to gradually diversify the suppliers.




4.3. The Properties of China’s Natural Gas Supply System


Table 2 shows differences in some of the basic parameters of the two models of China’s natural gas supply system on different layers. These differences indicate that the NL network model, which is a more complex model, showed much lower connectivity and a slightly higher link density than the simpler network RL model. This implies that when the number of nodes increases, the system’s connectivity cannot increase synchronously in the absence of sufficient links.



As indicated in Figure 7, China’s natural gas supply system was mainly affected by direct flows, with indirect effects being dominant only during certain years (2009 and 2010) according to the NL network model. Similarly, the degree of homogenization only exceeded one during the same two years for the NL model.
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Figure 7. Dominance of indirect effects and homogenization of China’s natural gas supply system based on network models on the RL and the NL. 
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Based on an analysis of utility, three broad stages were evident in the relationships between pairs of nodes from 2000 to 2012. These occurred during the following years: 2000–2006, 2007–2008, and 2009–2012. Figure 8 depicts the situation using the following years as examples: 2006, 2008, and 2011.



The application of both models on different layers indicated that the diversity and complexity of relationships between different nodes increased during the study period. Changes in the signs of the integral utility matrix were more apparent than those of the direct utility matrix, with relationships of competition and mutualism showing increases over time. During the early stage, mutualism was only apparent between the same pairs of nodes. However, it was also observed between different nodes at a late stage, for example, between the reserve and production sectors.



Given differences in the external suppliers in the two models, relationships between nodes during any of the three stages correspondingly differed. However, at any point in time, relationships among the production, refining, consumption, reserve, and transit sectors were almost identical for the two models.



Figure 9 shows changes in the MI from 2000 to 2012 which differed for the two models. Thus, the MI generally increased for the RL model during the study period, whereas it generally decreased for the NL model. Moreover, it was lower than one prior to 2009 and higher than one after that time for the RL model. Conversely, the MI was higher than one prior to 2009 and lower than one after that time for the NL model.
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Figure 8. Direct and integral utility of China’s natural gas supply system in 2006, 2008, and 2011 based on network models on: (a) the RL and (b) the NL. Mutual relationships between two sectors are shown in different colors, whose direct and integral utilities were also isolated in two boxes. Pro.: natural gas production sector, Ref.: natural gas refining sector, Con.: natural gas consumption sector, Res.: natural gas reserve sector, Tra.: natural gas transit sector, M.E.: Middle East, Afr.: Africa, Eur.: Europe, A.P.: Asian-Pacific region, N.S.A.: North and South America, Tur.: Turkmenistan, Qat.: Qatar, Aus.: Australia, Ind.: Indonesia, Mal.: Malaysia, Yem.: Yemen, Rus.: the Russian Federation, Nig.: Nigeria, Egy.: Egypt, T.T.: Trinidad and Tobago, Oma.: Oman, Alg.: Algeria, O.C.: other countries. 
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With more interactive nodes, the NL model possessed higher diversity and resilience than RL model, which contributes to the mutualism attribute of the system. Thus, there were more positive relationships within the system than negative ones (i.e., MI>1) before 2009. However, when the nodes continued increasing and surpassed a certain range, the system’s connectivity could not increase synchronously in the absence of sufficient links and thus caused the decline of MI during a certain period. This is also coherent with the fact shown in Figure 8 that more negative relationships amongst external supply sources appeared at the late stage. Subsequently, the system developed maturely and showed mutualism attribute again. On the contrary, the RL model showed more negative relationships within the system than positive ones (i.e., MI<1) before 2009 due to its lower diversity and resilience. When the nodes continued increasing and reached an inflection point, the system began to show mutualism attribute.
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Figure 9. Mutualism index (MI) values of China’s natural gas supply system from 2000 to 2012 for network models on the RLs and NLs. 
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Combining with the historical data shown in Figure 4, another finding is that there might exist certain time lag between the reflection of the change of the system’s property (shown in 2009) and the actual change of the situation of the natural gas supply (happened in 2007). This time lag of the system’s response should be considered in the future research and decision-making.





5. Conclusions


To realistically simulate the operation of China’s natural gas supply system, this study applied ecological network analysis which connects all nodes within a network and quantitatively measures the inherent relationships among them. This analysis provides a new systemic perspective for assessing and evaluating the overall security level of China’s natural gas supply system from 2000 to 2012. Moreover, the study examined the influence of different nodes on the entire supply system, as well as the pattern of interactions among nodes. The basic properties of the system (including synergism, mutualism, dominance of indirect effects, and homogenization) were also measured, as these are helpful for decision-makers concerned with improving the security level of China’s natural gas supply system.



For this study, two network models were simultaneously constructed and compared, based on the consideration that the division of the system into nodes could influence its structure, size, connectivity, and other essential properties. Focusing on the natural gas supply security, the two models differed in the division of external supply sources, i.e., one divided the external supply sources into different regions while another divided into different countries. Change trends relating to security from 2000 to 2012 were similar for the two models. However, the model on the RL showed a slightly higher security level than the model at the NL. The influences of different nodes on the entire system within the two models also revealed a similar structure. This was observed in the ranking of the supply sources and the consumption, refining, and reserve sectors, indicating that there is a need to considerably strengthen the strategic reserve. A comparison of the two models based on network utility analysis showed differential impacts of external suppliers on the regional and national layers. In particular, the MI in the two models differed significantly. MI should be applied with caution for different models in light of the need to fully understand the underlying cause of significant variations.



To conclude, the RL network model is a simpler model that is more economical for evaluating the overall security level of China’s natural gas supply than the more complex NL model. This is especially the case when limited data are available. When sufficient data on both gas imports and exports for China and other countries are available, the NL network model can be applied to provide more direct guidance for policy decisions relating to the trade of international natural gas.



For comparative purposes, the network model was constructed on two different layers with the aim of providing a reference for the construction of future models. However, this was only an initial attempt. In further studies, more data can be collected over a longer timeframe to explore the potential evolution principle of the natural gas supply system. Second, the network model can be further refined. For example, the consumption sector can be subdivided and the performance of natural gas consumption can be evaluated; or the importing countries of natural gas from China can be further refined to develop more complete model on the NL. A third area for future work entails combining other methods (e.g., system dynamics) to integrate the impacts of other factors (e.g., social, economic, and technological factors) on the natural gas supply system.
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