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As the total mileage of natural gas pipeline network continues to increase, the topological structure of natural gas pipeline network will become more and more complex. The complicated topological structure of natural gas pipeline network is likely to cause inherent structural defects, which have serious impacts on the safe operation of natural gas pipeline network. At present, related researches mainly focused on the safe and reliable operation of natural gas pipeline network, which has become a research hotspot, but few of them considered the complexity of natural gas pipeline network and its potential impacts. In order to understand the complexity of natural gas pipeline network and its behaviors when facing structural changes, this paper studied the robustness of natural gas pipeline network based on complex network theory. This paper drew on the methods and experience of robustness researches in other related fields, and proposed a robustness evaluation method for natural gas pipeline network which is combined with its operation characteristics. The robustness evaluation method of natural gas pipeline network is helpful to identify the key components of the pipeline network and understand the response of the pipeline network to structural changes. Furthermore, it can provide a theoretical reference for the safe and stable operation of natural gas pipeline network. The evaluation results show that natural gas pipeline network shows strong robustness when faced with random disturbances represented by pipeline accidents or component failures caused by natural disasters, and when faced with targeted disturbances represented by terrorist disturbances, the robustness of natural gas pipeline network is very weak. Natural gas pipeline network behaves differently in the face of different types of random disturbances. Natural gas pipeline network is more robust when faced with component failures than pipeline accidents caused by natural disasters.
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INTRODUCTION
As the total mileage of natural gas pipeline network continues to increase, the topology of natural gas pipeline network will become more and more complex, and then gradually show a trend of system complexity (Ayala and Leong, 2013; Su et al., 2018; Lustenberger et al., 2019). The complicated topological structure of natural gas pipeline network is likely to cause inherent structural defects in natural gas pipeline network, which has serious impacts on the safe operation of natural gas pipeline network (Beyza et al., 2019; Chen et al., 2019; Cavalieri, 2020).
At present, related researches mainly focused on ensuring the safe and reliable operation of natural gas pipeline network which has become a research hotspot (Loktionov, 2018; Su et al., 2018; Almoghathawi et al., 2019; Chen et al., 2019; Chi et al., 2020; Hu et al., 2021). However, a detailed analysis of the current researches reveals that few studies have considered the complexity of natural gas pipeline network and its potential impacts. Therefore, the research on the complexity and robustness of natural gas pipeline network is not in-depth. The accidents that have occurred over the years have also highlighted the fragile side of the modern large-scale natural gas pipeline network system structure, and it objectively shows that the complexity and robustness research of natural gas pipeline network is imperative (Su et al., 2018; Munikoti et al., 2021).
Complexity is an inherent property of a large-scale network topology. Knowing this property not only helps to better grasp the controllability of the network system, but also helps to understand the dynamic behaviors that occur on the network, such as cascade effects, robustness, etc. Robustness evaluation is to evaluate the ability of a system to maintain its inherent functions in the case of structural changes. In related research fields, such as the electricity field, the research momentum of robustness is in the ascendant. Robustness researches mainly focus on changes in capabilities caused by changes in the system structure, and have scientific judgments on the fragility of natural gas pipeline network system, which can be used as a part of reliability researches (Carvalho et al., 2014; Wang et al., 2017; He et al., 2018; Sacco et al., 2019; Liu et al., 2020; Ramos and Batista, 2020).
As a combination of statistical physics and graph theory, complex network theory is an important method for studying complex systems which focus on the topological structure formed by the interaction of all units in the system and the dynamic behaviors that occur in the system. The view that structure determines function is the basis for understanding the researches of complex systems. At the beginning of the 21st century, the development of complex network theory has reached its own golden age. In recent years, its effective application in the fields of sociology, biology, etc. provides theory and technical support for the study of complexity and robustness of natural gas pipeline network (Ayala and Leong, 2013; Rădulescu and Nedelcu, 2017; Su et al., 2017, 2018, 2019; Lustenberger et al., 2019; Beyza et al., 2020).
There are few research materials related to robustness in the field of natural gas pipeline network. Therefore, the few references in the field of natural gas pipeline network have been referred to in this paper’s research process, and the ideas and methods of robustness researches in other fields have also been used for reference.
In the field of natural gas pipeline network, (Munikoti et al., 2021) proposed a modeling framework based on heterogeneous function graph theory (HFGT) for integrated infrastructure such as natural gas pipeline network, and analyzed the robustness of the network. This method quantifies the impact of full/partial and random/targeted disturbances on the system as a whole, simulates various disturbance scenarios, and uses several robustness indicators to comprehensively evaluate the robustness of the system. The research results show that protecting system information and reducing disturbance intensity are feasible measures to enhance the robustness of integrated infrastructure. In view of the uncertainties of wind power, electric load and gas load, (Wang et al., 2019) proposed a two-stage robust day-ahead dispatch model for the Integrated Electricity and Natural Gas System (IEGS). The simulation results show that the uncertainty level and uncertainty budget directly affect the worst case selected in the test system. The two-stage robust day-ahead scheduling model can be extended to other uncertain application scenarios, such as the interruption of power transmission lines and pipelines.
The current theories have become an effective analysis tool for the robustness evaluation of natural gas pipeline network. Each research property has proposed its own natural gas pipeline network robustness (vulnerability) analysis model or method, but the current research is insufficient: 1) these researches rarely consider the source of network vulnerability, and the network performance when the network structure changes; 2) these researches rarely consider the complex system characteristics of natural gas pipeline network.
In contrast, in the field of power grids and transportation networks, robustness research materials are relatively abundant. Crucitti (Crucitti et al., 2004) took the Italian power grid as the research object and established the robustness evaluation system of the power grid. The results show that the Italian power grid is very vulnerable under targeted disturbances, and its robustness is weak; Albert (Albert et al., 2004) analyzed the robustness of North American power grid. The robustness evaluation results show that North American power grids are weaker in robustness when facing targeted disturbances. The main steps of robustness research are as follows: building network model, establishing robustness evaluation indicators, simulating disturbances to change the network structure, and analyzing the results of evaluation indicators, and all of the above steps need to take into account the operation characteristics of the network itself. Due to the similarities among natural gas pipeline network, power grid and transportation network, it is feasible to study the robustness of natural gas pipeline network, whose system function is natural gas supply capacity, but the robustness evaluation method of natural gas pipeline network must be combined with the operation characteristics of natural gas pipeline network.
This research is an exploration of applying the emerging complex network science to the robustness analysis of natural gas pipeline network. This paper draws on the methodological experience of network robustness analysis in other research fields, and proposes a robustness evaluation method for natural gas pipeline network, combined with the operation characteristics of natural gas pipeline network. The robustness evaluation method can be used to distinguish key system components and understand the response of natural gas pipeline network to structural changes, so as to provide a theoretical reference for the safe and stable operation of natural gas pipeline network.
METHODS AND MATERIALS
Changes in the network structure will affect the function of the network and the dynamic behavior on the network. Therefore, it is of great theoretical significance to study the ability of the network to maintain its function when the structure is disturbed. This chapter proposes a method for evaluating the robustness of a natural gas pipeline network. This method focuses on analyzing the ability of the pipeline network to resist excessive changes in its gas supply capacity after the structure of the pipeline network is changed.
Definition of Robustness of Natural Gas Pipeline Network
As a large-scale complex system, the robustness of natural gas pipeline network needs to be defined with its own characteristics. The robustness of natural gas pipeline network refers to the ability of the pipeline network system to maintain its gas supply function without excessive changes when the topological structure changes due to changes in the internal or external environment. In the concept of the robustness of natural gas pipeline network, the factors that cause the change in the gas supply capacity need to be determined in conjunction with the operating characteristics of natural gas pipeline network:
1) Pipeline Accidents
Pipeline accidents refer to the general term for all incidents in which natural gas leaks and causes pipeline failure. According to relevant statistical data, the main causes of pipeline failure are external interference, construction or material defects, pipeline maintenance errors, and pipeline corrosion.
After carefully analyzing the causes of pipeline accidents, this paper divides the causes into two categories: accidental causes which is represented by natural disasters and pipeline aging, and purposeful causes which is represented by deliberate damage by a third party. According to the above two types of reasons, this study divides pipeline accidents into accidental pipeline accidents and purposeful pipeline accidents. When a certain pipeline in the pipeline network fails due to an accidental pipeline accident or a purposeful pipeline accident, the pipeline can be considered to have no gas transmission capacity, which means that the pipeline exits the pipeline network and causes structural changes, thereby affecting the supply of the pipeline network.
2) Component Failures
In addition to natural gas pipelines, a long-distance natural gas pipeline network also consists of a first station, a gas compressor station and other parts. These components themselves have a certain failure rate. When the external or internal environment changes, these components may fail, which will affect the gas supply capacity to a certain extent.
Method Framework
The framework of studying the robustness of natural gas pipeline network in this paper is shown in Figure 1. The first step to evaluate the robustness of natural gas pipeline network is to determine the robustness definition of natural gas pipeline network. The second step is to summarize robustness research models in related fields. The third step is to establish an index system for identifying key components of the pipeline network model and establish a complex network model for the pipeline network. The fourth step is to determine the robustness evaluation indexes and scenarios. The fifth step is to propose a robustness evaluation system and algorithm. And the last step is to draw conclusions by case studies.
[image: Figure 1]FIGURE 1 | The research framework of natural gas pipeline network’s robustness evaluation method.
Modeling Method for Complex Network Model of Natural Gas Pipeline Network
The first step of the robustness evaluation method is the complex network modeling of the network topology. The modeling method of this part is briefly summarized in this section.
Each element in the pipeline network is mapped to the complex network model according to the corresponding relationship in Table 1. The network structure changes caused by each element are different. For example, the failure of the transmission station is equivalent to the node exiting the network, which causes the structure to change and the function is reduced, and the failure of the pipeline section is equivalent to the edge exiting the network, resulting in structural changes and service performance reduce.
TABLE 1 | The relationship between the complex network and pipeline network table.
[image: Table 1]Other simplification principles and steps are as follows:
① Only the network topology is considered, and the operating hydraulic and thermal conditions of each pipeline section in the network are not considered for the time being.
② Establish an undirected graph with a weight of 1, assuming that the length of each pipeline section is the same, the pipeline diameter is the same, the design pressure is the same, the relative roughness of the pipeline section is the same, and the undirected graph is at the network level.
③ Ignore the internal structure of the valve chamber, compression station, etc., and treat them as part of the pipeline section.
④ For a given piece of pipeline network, traverse the pipeline network information in turn, transform each element into the corresponding part of the complex network according to the above principles, and then number the nodes and edges according to certain rules and store them in the corresponding data table.
After the above simplifications and steps, the actual natural gas pipeline network can be transformed into a complex network with N nodes and K edges. A large sparse matrix can be used to represent the network, and a series of calculations and statistics can be performed.
Key Node and Key Edge Identification Method Based on Pipeline Network Topological Structure
The criticality of each element in natural gas pipeline network is not only related to the properties of each element, such as pipeline length, pipeline diameter and other parameters, but also related to the gas supply task to which each element is “allocated” during the operation of the pipeline network. This research assumes that the attributes and tasks of each component are almost the same. Based on this assumption, the importance of each component is related to its topological structure attributes.
Key Node Identification Method
There are many indicators for judging the importance of nodes, which can be summarized into three categories: degree category, center category, and betweenness category. The degree indicators reflect the importance of the component at the connection level, the central indicators reflect the influence of the component in the entire network, and the betweenness indicators reflect the degree of contribution of each component to the network efficiency. The indicators constructed in this paper is an improvement or combination of one or more of the above three categories and they are as follows:
1) Central value of local proximity
This paper defines the local proximity center value as the sum of its own proximity center value and the proximity center value of adjacent nodes, as shown in Eq. 2.1:
[image: image]
where [image: image] represents the central value of the proximity of the node[image: image], [image: image] represents the neighboring node of the node[image: image], and [image: image] represents the central value of the proximity of the node[image: image].
2) Local node betweenness
On the basis of node betweenness, local node betweenness is defined as its own node betweenness plus the node betweenness of adjacent nodes, as shown in Eq. 2.2:
[image: image]
where [image: image] represents the node betweenness of the node[image: image], [image: image]represents the neighbor node of the node[image: image], and [image: image] represents the node betweenness of the node[image: image].
3) Local node degree
The local node degree is defined as its own node degree plus the node degree of adjacent nodes, as shown in Eq. 2.3:
[image: image]
where [image: image] represents the node degree of the node[image: image], [image: image] represents the neighbor node of the node [image: image], and [image: image] represents the node degree of the node [image: image].
4) Comprehensive evaluation index
This paper proposes a comprehensive evaluation indicator to consider the importance of nodes, as shown in Eq. 2.4:
[image: image]
where [image: image] is the local node degree of the node [image: image], [image: image] is the local proximity centrality of the node[image: image], and [image: image] is the local node betweenness of the node [image: image].
The above indicators not only take into account the importance of the nodes themselves, but also consider the importance of adjacent nodes. However, the above indicators do not incorporate the operating characteristics of natural gas pipeline network. Next, improvements will be made to each indicator.
Natural gas pipeline network is characterized by directional flow, and the nodes have functional differences, which can be divided into gas source nodes and gas demand nodes. The calculation basis of the original proximity centrality and node betweenness is all possible node pairs in the network. However, due to the characteristics of directional flow, only consideration can be taken when calculating the proximity centrality and node betweenness of natural gas pipeline network. For some node pairs, not all node pairs can be included in the calculation, so this research changes the central value of proximity and node betweenness.
The changed central value of proximity is shown in Eq. 2.5:
[image: image]
where [image: image] is the modified central value of the proximity, the gas source node set M and the gas demand node set T, [image: image] is the order of the network, and [image: image] is the shortest path length between a certain gas source node and a certain gas demand node.
The changed node betweenness is shown in Eq. 2.6:
[image: image]
where [image: image] is the changed node betweenness, gas source node set M and gas demand node set T, [image: image] is the order of the network, [image: image] is the number of the shortest path between a certain gas source node and a certain gas demand node, [image: image] is the number of the shortest path that passes [image: image] between the source node and a certain gas demand node.
Therefore, the improved central value of local proximity is shown in Eq. 2.7:
[image: image]
where [image: image] is the center value of the improved proximity of the representative node i, j is the neighbor node of the node i, and [image: image]is the center value of the improved proximity of the node j.
The improved local node betweenness is shown in Eq. 2.8:
[image: image]
where [image: image]represents the improved node betweenness of the node i, j represents the neighbor node of the node i, and [image: image]represents the improved node betweenness of the node j.
The improved comprehensive index of node importance is shown in Eq. 2.9:
[image: image]
The improved evaluation index of key nodes takes into account the importance of the node itself and the importance of adjacent nodes, and also combines the operating characteristics of natural gas pipeline network.
Key Edge Identification Method
At present, the indicators for judging key edges in various fields are relatively uniform. A common judgment index is the betweenness number. According to the operating characteristics of natural gas pipeline network, its improvement can better analyze the importance of the connection of natural gas pipeline network.
With reference to the method for improving the evaluation index of key nodes, the changes to the evaluation index of key edges are as follows:
[image: image]
where [image: image] is the modified edge betweenness, M is the gas source node set, T is the gas demand node set is, N is the number of nodes in the network, [image: image] is the number of the shortest path between the node[image: image] and the node [image: image], and [image: image] is the number of the shortest path that passes [image: image] between the node [image: image] and the node [image: image].
THE ROBUSTNESS EVALUATION METHOD OF NATURAL GAS PIPELINE NETWORK
Evaluation Index
There are many indicators for evaluating changes in network functions. In this study, combined with the operating characteristics of natural gas pipeline network, the following indicators are used:
1) Relative efficiency ratio of pipeline network
Pipeline network efficiency refers to its own transmission efficiency under the condition that the pipeline network meets the gas supply requirements within a certain range. The pipeline network efficiency in this paper is defined as follows:
[image: image]
where M is the number of nodes in the gas source node set, T is the number of nodes in the gas demand node set, [image: image]is the shortest path length between the node i and the node j.
The relative efficiency ratio of the pipeline network used in this study reflects the degree of change in the transmission efficiency of the pipeline network, and its expression is shown in Eq. 2.12:
[image: image]
where [image: image]represents the relative efficiency ratio of the pipeline network, E is the pipeline network efficiency of the remaining pipeline network, E0 is the pipeline network efficiency of the original pipeline network. When the network is not destroyed, the relative efficiency ratio of the network is 1, and when the network is completely destroyed, the relative efficiency ratio of the network is 0.
2) The largest subgraph ratio of the pipeline network
The failure of a certain component of natural gas pipeline network is equivalent to the temporary withdrawal of the component from the network, which causes a change in the network structure, and even changes the connected network to a disconnected network. In this study, the maximum subgraph ratio of the pipeline network is used to reflect the degree of change in the gas supply range of the pipeline network, which is defined as follows:
[image: image]
where [image: image] represents the maximum subgraph ratio of the pipeline network, [image: image] is the number of nodes in the maximum subgraph of the pipeline network, and [image: image] is the number of nodes in the initial network.
Disturbance Scenarios
Natural gas pipeline network robustness evaluation method chooses two disturbance scenarios including random disturbances and targeted disturbances. Random disturbances mainly correspond to accidental pipeline damage caused by pipeline aging and natural disasters, while targeted disturbances mainly correspond to planned pipeline damage or shutdown caused by terrorist disturbances and pipeline construction. The changes reflected in the network structure after any disturbance on the pipeline network needs to be improved based on the operating characteristics of natural gas pipeline network.
In the pipeline network model of this study, pipeline sections, valve chambers, compression stations, etc. are all components of the edge, so the disturbance on the edge is equivalent to the actual pipeline accident or the original failure of the compressor.
When a pipeline accident occurs, the pipeline needs to be inspected and repaired. The pipeline section does not have any gas supply capacity, which is equivalent to completely removing the pipeline section from the network, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Edge’s disturbance schematic diagram.
When the compressor and other components fail, the entire connection side will act as a gas storage. From a structural point of view, the network structure has not changed, but the gas supply capacity has changed. This study believes that any failure can be equivalent to a certain network structure change, and the structure change leads to a decrease in its gas supply capacity. Therefore, in this case, this study does not delete the connected edge where the compressor fails, but changes the weight of this edge from 1 to 100, as shown in Figure 3. In fact, the edge of the network that is removed due to a failure is equivalent to the weight of the edge changes from one to [image: image].
[image: Figure 3]FIGURE 3 | Edge’s disturbance schematic diagram.
Algorithm Design of Robustness Evaluation Method for Natural Gas Pipeline Network
The above sections have elaborated the research ideas of the robustness evaluation method in detail, and designed the robustness research algorithm according to the research ideas.
1) Disturbance modes
① Pipeline accidents: delete the corresponding connection from the network.
② Compressor and other components failures: the side is not deleted, but the weight is changed from 1 to 100.
2) Disturbance scenarios
① Random disturbances: randomly select edges from the network to delete or change the weight to 100.
② Targeted disturbances: purposefully select an edge to delete or change its weight to 100.
3) The overall algorithm flow chart and simulation flow charts
The overall algorithm flow chart is shown in Figure 4. The first step is to establish a complex network model of the pipeline network. The second step is to calculate the network size and the number of connected edges. The third step is to evaluate the critical nodes and critical paths of the network. The fourth step is to choose disturbance mode. The fifth step is to choose disturbance scenario. The sixth step is to run a simulation. The seventh step is to calculate changes in the network. The eighth step is to check if it is less than the predetermined number of nodes. The nineth step is to draw the corresponding evaluation index change curve. The last step is to evaluate the robustness of the pipeline network.
[image: Figure 4]FIGURE 4 | The overall algorithm flow chart.
The disturbance mode one simulation algorithm flow chart in the overall flow chart is shown in Figure 5. The first step is to use edge betweenness to rank the importance of connecting edges. The second step is to choose disturbance scenario. The third step is to remove edges from the network according to the disturbance mode. The fourth step is to check whether the network is connected. The fifth step is to calculate the network efficiency ratio. And if the network is disconnected, calculate the maximum subgraph ratio. The sixth step is to check whether the number of deleted nodes is less than the set valued. The seventh step is to draw the network efficiency ratio change curve.
[image: Figure 5]FIGURE 5 | Disturbance model one simulation algorithm flow chart.
The disturbance mode two simulation algorithm flow chart in the overall flow chart is shown in Figure 6. The first step is to use edge betweenness to rank the importance of connecting edges. The second step is to choose disturbance scenario. The third step is to set the edge weight according to the disturbance mode. The fourth step is to calculate the network efficiency ratio. The fifth step is to check whether the number of deleted nodes is less than the set value. The last step is to draw the network efficiency ratio change curve.
[image: Figure 6]FIGURE 6 | Disturbance model two simulation algorithm flow chart.
RESULTS AND DISCUSSIONS
This section uses natural gas pipeline network robustness evaluation method proposed in this paper to evaluate the robustness of the actual natural gas pipeline network, and identifies the key components in the network according to the key component identification method.
The Complex Network Modeling of Natural Gas Pipeline Network
According to the modeling rules, simplification principles and modeling steps in the evaluation method, the actual natural gas pipeline network is abstracted into a complex network, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | The complex network model diagram of natural gas pipeline network.
In this paper, the pipeline network robustness evaluation focuses on the connection relationship at the topological structure level, so it is assumed that the length of each pipeline section is the same, the pipeline diameter is the same, the design pressure is the same, and the relative roughness of the pipeline section is the same. The network is an undirected graph with a weight of 1.
The network has a total of 44 nodes and 59 edges. All nodes are divided into two categories. The node classification information of all nodes of gas source node and gas demand node (gate station) is shown in Table 2.
TABLE 2 | The node classification table.
[image: Table 2]Identification of Key Nodes
Node Influence
The improved central value of local proximity is used as a part of evaluating the criticality of each node. The central value of local proximity can well reflect the influence of the node. The central value information of the local proximity of each node is shown in Figure 8. The central value of the local proximity of the node 12, the node 31, and the node 29 is obviously larger than that of other nodes.
[image: Figure 8]FIGURE 8 | The statistical diagram of each node’s local closeness centrality value.
According to the relative size of the central value of the local proximity of each node, the influence of each node is sorted. Table 3 lists the top 10 nodes with the central value of the local proximity.
TABLE 3 | The node’s influence degree sorting table.
[image: Table 3]The Degree of Contribution of Nodes to Network Efficiency
The improved local node betweenness is used as a part of the critical degree of the evaluation node. The betweenness of local nodes reflects the contribution degree of nodes to network efficiency. The local node betweenness value of each node is shown in Figure 9. The contribution of node 38, node 41, and node 42 to network efficiency is obviously higher than that of other nodes.
[image: Figure 9]FIGURE 9 | The statistical diagram of each node’s local betweenness centrality value.
According to the relative size of each node’s local betweenness, the efficiency contribution degree of each node is ranked. Table 4 lists the top 10 nodes.
TABLE 4 | The node’s efficiency contribution sorting table.
[image: Table 4]The Importance of Node Location
The local node degree is used as a part of evaluating the criticality of nodes. The node degree reflects the importance of the position of the node in the network. The local node degree information of each node is shown in Figure 10. The local node degree of node 29, node 12, and node 11 is significantly higher than other nodes.
[image: Figure 10]FIGURE 10 | The statistical diagram of each node’s local degree.
According to the relative size of the local node degree of each node, the position importance degree of each node is sorted. Table 5 lists the top 10 nodes in terms of importance degree.
TABLE 5 | The node’s position importance sorting table.
[image: Table 5]Comprehensive Indicators to Judge Key Nodes
The importance of the position of the node, the influence of the node in the network, and the contribution of the node to the network efficiency are considered at the same time. Using the comprehensive index proposed in this paper, sorting according to the value of the comprehensive index, the top 14 important nodes are listed in Table 6.
TABLE 6 | The node’s importance sorting table.
[image: Table 6]It can be seen from Table 6 that node 31, node 29, and node 38 are the three most critical nodes and need to be protected.
Identification of Critical Path
The improved edge betweenness number is used to measure the relative importance of each edge. The greater the betweenness of an edge, the more critical it is. According to the value of each edge, the edges in the pipeline network are sorted. The sorting results are shown in Table 7 (due to the large number of edges, this paper only lists the top 20 edges).
TABLE 7 | The edge’s importance sorting table.
[image: Table 7]Evaluation of Pipeline Network Robustness
According to the operating characteristics of natural gas pipeline network, different disturbances have different effects on the pipeline network structure.
Analysis of the Robustness Performance of the Pipeline Network Under Random Disturbances
Firstly, the robustness of natural gas pipeline network in the face of pipeline accidents caused by natural disasters is analyzed. The pipeline accident caused by a natural disaster in the pipeline network is equivalent to a random disturbance on the pipeline network model. In this case, any pipeline section where the accident occurred will not have the ability to transport gas, which means that any disturbed side will completely exit the network.
Figure 11 and Figure 12 are graphs showing the change of the pipeline network robustness evaluation index as the degree of network damage increases. In the random disturbance mode, as the number of deleted edges increases, the efficiency ratio of the pipeline network continues to decrease. When the number of deleted connections is less than 10, the rate of decrease of the pipeline network efficiency ratio is slower, and when the number of deleted connections is between 10 and 20, the rate of decrease of the pipeline network efficiency ratio increases significantly. When the scale of damage is small, the pipeline network can maintain its ability. In other words, the pipeline network has a threshold phenomenon, which has strong robustness. When the number of deleted edges reaches half of the total number of network connections, the network’s efficiency has dropped to 0.2. As the number of deleted connections increases, the scale of the network changes step by step, but when the number of deleted nodes reaches 25, the maximum subgraph order of the network changes significantly. At this time, the network has been divided into multiple subgraphs.
[image: Figure 11]FIGURE 11 | The diagram of pipeline network efficiency ratio.
[image: Figure 12]FIGURE 12 | The diagram of pipeline network maximum subgraph ratio.
Secondly, analyze the robustness of natural gas pipeline network in the face of component failures. A component failure in the pipeline network is equivalent to a random disturbance on the pipeline network model. In this case, any pipeline section where the accident occurred has gas storage capacity. The disturbanceed edges were not deleted from the network, but only affected the network’s gas transmission function.
Figure 13 is a graph showing the change of the pipeline network robustness evaluation index as the degree of network damage increases. In the random disturbance mode, as the number of deleted edges increases, the rate of decrease of the pipeline network efficiency ratio is slower. There is a threshold phenomenon in the pipeline network, that is, it has strong robustness. When the number of deleted edges reaches half of the total number of connected edges in the network, the efficiency of the network has dropped to 0.4, and a certain gas supply capacity can still be maintained. As the network structure remains unchanged, the largest subgraph of the network does not change.
[image: Figure 13]FIGURE 13 | The diagram of pipeline network efficiency ratio.
The Robustness Evaluation of the Pipeline Network Under Targeted Disturbances
The following analyzes the robustness of natural gas pipeline network in the face of terrorist disturbances. When the pipeline network is disturbanceed by a terrorist disturbance, it is equivalent to a targeted disturbance on the pipeline network model. The core of a targeted disturbance lies in purpose. In this case, it is equivalent to any side that is ‘targeted disturbance’ will completely withdraw from the network. In the targeted disturbance mode, this paper only considers the situation of completely exiting the network.
Figure 14 and Figure 15 are graphs showing the changes of the pipeline network robustness evaluation index as the degree of network damage increases. In the targeted disturbance mode, the pipeline network does not show a threshold phenomenon. When the number of deleted edges of the network is less than 3, the efficiency ratio of the pipeline network drops sharply, and the maximum subgraph ratio has an obvious step. As the number of deleted edges continues to increase, the pipeline network efficiency ratio has shown a relatively stable rate of decline. When the number of deleted edges reaches half of the total number of connected edges in the network, the pipeline network efficiency ratio is close to 0.2. As the number of deleted connections increases, the scale of the network changes step by step, but when the number of deleted nodes reaches 15, the maximum subgraph order of the network obviously changes, and the network at this time has been divided into multiple subgraphs.
[image: Figure 14]FIGURE 14 | The diagram of pipeline network efficiency ratio.
[image: Figure 15]FIGURE 15 | The diagram of pipeline network maximum subgraph ratio.
Analysis of Robustness Evaluation Results of Natural Gas Pipeline Network
First, compare and analyze the robustness of the pipeline network when faced with pipeline accidents caused by natural disasters and the robustness of the pipeline network when faced with component failures, as shown in Figure 16.
[image: Figure 16]FIGURE 16 | The network robustness diagram under the random disturbance caused by different reasons.
Pipeline accidents or component failures caused by natural disasters in the pipeline network are equivalent to random disturbances on the pipeline network. When the number of disturbanceed nodes is less than 7, the gas supply capacity of the pipeline network is less affected, indicating that the pipeline network has a threshold phenomenon under random disturbances, and the pipeline network has better robustness. When the number of disturbanceed nodes is between 7 and 10, the robustness of the pipeline network is similar. When the number of disturbanceed nodes is greater than 10, the impact on the pipeline network is significantly different. The impact of pipeline accidents caused by natural disasters on the pipeline network has undergone a step change, and the rate of decline in the efficiency of the pipeline network has gradually increased. When the number of disturbanceed nodes reaches half of the total number of nodes, the efficiency of the pipeline network has lost about 80%. The impact of component failure on the pipeline network is relatively stable, and the rate of decrease in the efficiency of the pipeline network is gradually reduced. When the number of disturbanceed nodes reaches half of the total number of nodes, the efficiency of the pipeline network loses about 60%.
There are similarities and differences between the robustness evaluation results of natural gas pipeline network facing pipeline accidents caused by natural disasters and the robustness evaluation results of natural gas pipeline network facing component failures. The same point is that the pipeline network can show strong robustness. The difference is that when the number of disturbanceed nodes is greater than a certain value, the impact of pipeline accidents caused by natural disasters on the gas supply capacity of the pipeline network will gradually expand, while component failures have a gentler impact on the gas supply capacity of the pipeline network. Therefore, on the whole, the robustness of the pipeline network when faced with pipeline accidents caused by natural disasters is weaker than that of the pipeline network when faced with component failures.
Secondly, the robust performance of the pipeline network facing random disturbances and the robust performance of the pipeline network facing targeted disturbances are compared and analyzed, as shown in Figure 17.
[image: Figure 17]FIGURE 17 | The network robustness diagram under the random disturbance and the targeted disturbance.
The pipeline network reacts differently to random disturbances and targeted disturbances. When the pipeline network faces a targeted disturbance, there is no threshold effect. When the number of disturbanceed nodes is less than 3, the gas supply capacity of the pipeline network drops quickly. When the number of disturbanceed nodes is greater than 3, the gas supply capacity of the pipeline network has a “cliff-breaking” drop, losing about 10% of its capacity. As the number of disturbance nodes continues to increase, the gas supply capacity of the pipeline network continues to decline. Compared with the response of the pipeline network to a targeted disturbance, the pipeline network has a threshold effect when facing a random disturbance and is more robust. When the number of deleted nodes is less than 10, the gas supply capacity of the pipeline network decreases slowly, and 70% of the original gas supply capacity can still be maintained. Therefore, the robust performance of the pipeline network facing random disturbances is stronger than the robust performance of the pipeline network facing targeted disturbances.
CONCLUSION
As the scale of the pipeline network continues to expand, natural gas pipeline network gradually shows the characteristics of a complex network. At present, researches aimed at ensuring the safe and reliable operation of natural gas pipeline network has become a research hotspot, but very few studies have considered the complexity of natural gas pipeline network and its possible impacts. In order to understand the complexity of natural gas pipeline network and its behaviors when facing structural changes, this paper studies the robustness of complex natural gas pipeline network based on complex network theory.
Based on the complex network theory and combined with the operating characteristics of natural gas pipeline network, this paper proposes a method for evaluating the robustness of natural gas pipeline network. The method includes a method for identifying key components of natural gas pipeline network, through which key components in the pipeline network can be identified, so as to strengthen the understanding of the vulnerability of the pipeline network and take effective measures to prevent accidents before they occur.
Based on the above method, this paper evaluates the robustness of natural gas pipeline network. The evaluation results show that natural gas pipeline network can show strong robustness when facing random disturbances represented by pipeline accidents or component failures caused by natural disasters, and when facing targeted disturbances represented by terrorist disturbances, the performance of natural gas pipeline network is vulnerable. Natural gas pipeline network behaves differently when facing different random disturbances. The pipeline network performs more robust when facing random disturbances represented by component failures than when facing random disturbances represented by pipeline accidents caused by natural disasters.
In this study, the hydraulic and thermal conditions of natural gas pipeline network were not considered, and only a preliminary exploration of the robustness of natural gas pipeline network was done. In order to make researches on the robustness of natural gas pipeline network better serve the engineering, it is indispensable to study the combination of hydraulic and thermal analysis of the pipeline network.
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