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Abstract 

Owing to climate change, natural events with low probability but high impact, such as 

storms, flooding, extreme precipitation, heat waves, have an increasing frequency.  

Meanwhile, the integration of various energy vectors, particularly electricity and 

natural gas systems, has widely grown in recent years. Many technologies, for instance, 

combined heat and power, energy hubs, and electrolysis, enable the increasing coupling 

of multiple energy infrastructure, improving system flexibility and reliability. However, 

for interconnected systems, any failures in one system could propagate to other energy 

systems, causing significant cascading energy loss. Thus, the security of integrated 

electricity and natural gas systems under extreme weather should be better managed 

from an integrated perspective, where the concept of resilience emerges.  

From the perspective of mitigating system loss and reducing system recovering time, 

this thesis designs a resilient energy system that absorbs negative impact in the 

disruption stage and allows efficient recovery operations during the post-disruption 

stage. To evaluate system behaviours under extreme stress, Chapter 2 presents a 

comprehensive scheme of vulnerability assessment for multi-energy systems, including 

both electricity and natural gas systems. Different from conventional vulnerability 

assessment methods, this scheme employs a modified PageRank algorithm, which not 

only refers to the structural importance of complex systems but also considers the 

impact of energy flow conditions within the entire network. After accomplishing 

vulnerability assessment methods, the impact of a specific catastrophe on an integrated 

energy system is simulated and quantified in Chapter 3. Subsequently, this section 

proposes a methodology to evaluate the impact of seismic events on the security of 

integrated electricity and gas system, mainly focusing on pipelines leakage and 

connection loss of electricity substation/lines. A stochastic model and probability model 

are used to formulate the damage level based on earthquake severity. The seismic 

impact on the integrated system is classified by relating to pipe leak and electricity line 

failure. Load curtailment due to limited generation capacity and overloading 

transmission lines can be obtained. The seismic intensity is generated randomly based 

on Monte Carlo simulation so that a certain seismic intensity can be related to relevant 

load curtailment. Thus, this research can inform the design of more cost-efficient 

resilience enhancement schemes for mitigating seismic events, thus enhancing the 

supply security of integrated energy systems.  



 

7 

 

In the post-disruption recovery stage, to effectively mitigate system load loss and 

recovery time under hurricane stress, Chapter 4 and 5 then propose a new combined 

reconfiguration and operation method to enhance resilience for integrated energy 

systems. Systems are sectionalized and reconfigured by using natural gas valves, 

switches, and soft open points, energy storage, combined heat pump and electrolyser 

are operated to maximize the supply during the stress. To evaluate the efficiency of the 

proposed method, a resilience index that reflects both load loss and system recovery 

time is proposed. 

The proposed approaches can benefit both the system operators and customers with 

enhanced network security, reduced operation cost but low bills. The network and 

generation can both be strenghthened to protect the society’s lifeline. On the basis of 

this scheme, the energy supply of the whole system under extreme conditions would be 

promoted, so that the negative impact to customers and network owners can be 

mitigated. 
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1.1 Overview 

1.1.1 Global Climate Change and Increasing Extreme Events 

The global warming and the consequent climatic changes has become one of the major 

challenges of mankind. The main reasons of that could be fossil energies including coal, 

natural gas, and oil are utilised to generate most of global total energy. Additionally, 

the gases generated along with the combustion of fossil energies have significantly 

polluted the environment [1]. It is predicted that, without an immediate reduction of 

approximately 60% to 80% in total by 2100, the greenhouse gas emissions, most of 

which is carbon dioxide, would lead to a temperature rising of 2℃ [2].  

As a consequence, extreme events, claimed as low probability high impact event, is 

coccuring with increasing frequency, and may become one of the prominent threats to 

individuals and the energy system. Hence, more research attention is turned to assessing 

the structural vulnerability of infrastructure systems. However, due to climate change, 

it is increasingly critical as exetreme events’ frequency, intensity, and durations are 

expected to increase. Consequently, nature catastrophes might no longer be of low 

probability in the future, but also may have a high impact if proper stability 

enhancement strategies cannot be applied [3] [4]. Classified as malicious or non-

malicious, the major impact of extreme events can be characterized as physical damage, 

system faults and cascading failures [5]. For instance, in 2012, the U.S. northeastern 

states were attacked by Hurricane Sandy, which destroyed over 100,000 primary 

electrical wires, several substation transformers and numerous substations. Around 7 

million people were disconnected from the power grid. Relating to power interruptions 

in 13 provinces and 170 cities, China was struck by a severe ice storm in 2008, which 

directly resulted in the failure of 2,000 substations and the collapse of 8,500 towers [6]. 

Similarly, in the Great East Japan Earthquake during 2011, 4 million families were 

affected by a power outage for over seven to nine days. Same kind of blackout caused 

by extreme events also happened in India and Taiwan (in 2012 and 2017). In 2016, due 

to the strike of a tornado, over two 500-kV transmission lines, four 220-kV transmission 

lines, and eight 110-kV transmission lines were tripped in Jiangsu Province, China, 

which led to the power outage for 135 000 households [4].  Thus, to obtain system 

functionality, the impact of various nature events on energy systems must be 

investigated. 
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1.1.2 Global Climate Change and Increasing Extreme Events 

Different energy infrastructures such as electricity, gas, and district heat work 

separately in the traditional energy system. Nowadays, the incremental penetration of 

different energy resources is one of the significant features of modern energy systems. 

New technologies enable the high efficiency of utilising various energy carriers and 

increase system flexibility by means of exploiting every available energy carrier. 

Analysing the system from an integrated view has been proposed by many researchers. 

Generally, the integration of multiple energy carriers should allow the functions of input, 

output, converting, and storing between different energy resources. With the 

combination of different energy carriers, the integrated multi energy system is more 

flexible since the redundant pathways through the hub increase energy security and 

offer the possibility of operational optimisation when there is more than one way of 

supplying the loads. The innovation of combining different energy infrastructures as an 

integrated system reveals great opportunities and improvements. 

However, regarding extreme events, although the deployment of different energy 

resources would enhance the flexibility of system operation, this trend would also 

enlarge the system’s vulnerability to external and internal disruptions and increase the 

complexity of applying efficient service restoration schemes. For instance, referring to 

the high uncertainty of renewable resources, if an extreme event occurs at the time of 

peak load, then power systems may face a significant lack of power generation, and 

then, an unbalancing between power generation and demand can occur that may lead to 

major outages. Furthermore, in integrated energy systems, different extreme events may 

cause different effects on resilience depending on the type of energy resources applying 

in the system. Subsequently, for strengthening/healing energy system under extreme 

stress, three major challenges should be addressed: system vulnerability assessment, the 

impact evaluation of extreme events on the energy system, proper scheduling/operation 

scheme regarding different events. 
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1.1.3 Basic Concept of Resilience 

 

Fig. 1-1. The system performance regarding to extreme events 

Owing to frequent natural catastrophes, large blackouts that threat city lifelines and 

individual’s daily life can be triggered more easily than before. Subsequently, these 

kinds of events can be concluded as low-probability events that impose substantial 

consequences on energy systems, known as high impact and low-probability events. 

These weather related events are usually ignored in conventional reliability based 

studies. Moreover, mainly focusing on the prevention of system outage, few reliability 

studies consider the restoration strategy under/after natural catastrophe. Regarding 

catastrophic events, turning awareness to the concept of resilience would benefit the 

realistic modelling of energy systems since, in addition to being reliable, energy 

systems should also be resilient. 

To put it in details, resilience describes the capability of an object to fully recover to its 

original state after severe disruptions. Referred to energy systems, resilience defines the 

ability for the system to restore its full functionality after disruptions, i.e in networks or 

generation supply. Resilience enhancement strategy can be divided into two stages: the 

pre-disaster strengthening stage and the post-disaster recovery stage. Fig.1-1 illustrates 

system behaviour under a disruption after time 𝑡1. Subsequently, the system behaviour 

can be classified into 5 stages,  

• Stage 1, pre-disruption state between 𝑡0 and  𝑡1.  

• Stage 2, the disruption state between  𝑡1 and  𝑡2.  
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• Stage 3, post-disruption degraded state between  𝑡2 and  𝑡3.  

• Stage 4, system recovery progress between  𝑡3 and  𝑡4.  

• Stage 5, fully recovered state.  

Nevertheless, regarding physical damage, pure operation methods can not restore the 

system to its full functionality, an additional system reconstruction stage is needed. 

Thus, on the basis of the resilience polygon above, the system capability of 

absorbing/recovering disruptions can be reflected. 

Since the resilience concept has both long-term and short-term features, resilience 

enhancement schemes can be investigated in three categories, including resilience-

based planning, response, and restoration. Resilience-based planning studies include all 

long-term measures to improve the resilience of power systems such as plant 

management, network reconstruction programs, underground cables, and system 

hardware designs. Both resilience-based response and resilience based restoration are 

considered as short-term activities. The resilience-based response includes a day-ahead 

preventive response and dynamic emergency response. The system recovery 

approaches fall into the category of resilience restoration programs.  

1.2 Research Motivation 

The integration of various energy vectors, particularly electricity and natural gas 

systems, has widely grown in recent years. Many technologies, for instance, combined 

heat and power, energy hubs, and electrolysis, enable the increasing coupling of 

multiple energy infrastructure, improving system flexibility and reliability. In the 

meantime, due to the climate change, natural events with low probability but high 

impact, such as storms, flooding, extreme precipitation, heat waves, could cause severe 

damages to integrated energy systems. Any failures in one system could propagate to 

other energy systems, causing significant cascading energy loss. Thus, the security of 

multi energy systems under extreme weather should be better managed from an 

integrated perspective, where the concept of resilience emerges. moreover, further 

research shows that, compared to separate electricity and gas network, the investigation 

on the interdependency of integrated system shows an increased vulnerability. 

Consequently, it can be maintained that to promote system security, the response and 

behaviours of integrated energy systems should be investigated with high priority. 

However, referring to catastrophic events, the integrated system’s behaviour can be 
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even more complex since different extreme event may cause different effects on 

resilience depending on the type of applied energy resources.  For conventional 

reliability oriented system strengthening studies, low probability high impact events are 

usually ignored. Moreover, mainly focusing on the prevention of system outage, few 

reliability studies consider the restoration strategy under/after natural catastrophe. 

Consequently, effectively system loss reduction/recovery strategy should be 

investigated. 

To effectively mitigate system load loss and recovery time under extreme stress, based 

on proper system vulnerability/behaviour assessment method, a new combined 

reconfiguration and operation method to enhance resilience for integrated energy 

systems should be developed. Systems should be sectionalized and reconfigured by 

using natural gas valves, switches, and Soft Open Points. Energy storage, Combined 

heat pump and Electrolyser should be properly operated to maximize the supply during 

the stress.  

1.3 Problem Statement 

Although the resilience enhancement methods have been investigated by many 

researchers, there are still some challenges for enhancing the resilience of multi-energy 

system efficiently. For strengthening/healing energy system under extreme stress, there 

are three major challenges: system vulnerability assessment, the impact evaluation of 

extreme events on the energy system, proper scheduling/operation scheme regarding to 

different events: 

1.3.1 System Vulnerability Assessment for Integrated Energy System 

To deploy proper and precise system response under/after extreme disruptions, system 

structural vulnerability should be assessed first. However, for a system with multi 

energy carriers, conventional vulnerability quantification approaches may ignore the 

possibility of cascading failures between different energy systems. For instance, a 

damaged line in the power system may lead to reversed flow in nearby gas pipelines. 

Moreover, with different energy resources, those methods may also ignore the . Thus, 

an improved vulnerability assessment method that can evaluate both system 

connectivity and network energy flow should be developed. 
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1.3.2 Proper Impact Evaluation for Different Natural Catastrophe 

Regarding integrated energy systems, different extreme event may cause different 

effects on resilience depending on the type of energy resources applying in the system. 

Thus, for the second challenge, system behaviours under different extreme events 

should be assessed. And referring to impact quantification for natural catastrophes, 

seismic activities and hurricane attack are of major concerns now. 

The seismic modelling methods can be mainly categorized as three: direct methods, 

integral-equation methods, and asymptotic methods [6]. The first method refers to the 

mathematical expression based on a numerical mesh [7-9], the second method is related 

to wave field that oriented from point sources [10, 11] while the last method also 

considers wave filed but only gives an approximation to obtain the certain magnitude 

of seismic events [12-14]. In our work, the intensity of seismic activities is modelled 

by wave propagation described as peak ground acceleration and peak ground velocity. 

These variables are related to landslides, surface faulting and liquefaction-induced 

lateral spreading [15, 16]. It is seen that the higher the seismic level, the higher the 

PGA’s magnitude. However, these methods are physical models that cannot directly 

reflect the seismic impact on energy flows. Hurricane events mainly result in failures 

in integrated electricity and gas system by causing failures in electricity 

lines/substations and cascading reversed flow of gas pipes. Moreover, compared to 

transmission systems with less possible fly debris, distribution systems are more 

vulnerable to hurricane attacks [17]. However, regarding resilience improvement, most 

research considers the physical strengthening schemes of lines but ignores the necessary 

recovery of system functionality [18-20]. A comprehensive method to mitigate system 

load loss should be developed to efficiently manage system resilience. They dedicate 

the electricity systems, but do not consider how other systems may affect the electricity 

systems. 

On the basis of the analysis above, it can be seen that,  a proper impact evaluation that 

directly reflects impact on system energy flow and considers cascading effect between 

different energy vectors is necessary. 
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1.3.3 Efficient and Speedness System Recovery Operations 

Normally, the energy system under disruptions can be recovered based on topological 

reconfigurations and operation of distributed units. With various types of switches, 

distribution system topological structure can be reconfigured. Then, to further restore 

system functionality, elements such as distributed generators and energy storage are 

usually deployed and operated. Generally, distribution systems are operated in a radial 

configuration, where switch operations can be employed to offer efficient protection 

schemes and fast fault isolation. To restore system functionality, an emergency 

restoration method is proposed by [21] to provide an emergency power supply to critical 

loads in extreme natural catastrophes. A self-recovery method that sectionalizes 

distribution systems into Microgrid is presented by [22]. The on-outage portion of 

distribution systems are optimally sectionalized into self-supplied Microgrids, and then 

operable components are rescheduled to supply maximum load continuously. The 

cumulative duration of customers can be minimized by optimally scheduling available 

crews, and interruptions can also reduce the impact of post disasters [23]. To solve this 

problem, repair and restoration is modelled as a scheduling problem with soft 

precedence constraints. The reconfiguration-based methods to restore the service of 

power systems have been proposed in various papers. In [24-27] [28-29], the method is 

implemented in the form of an optimization model based on an optimal power flow 

model, where the maximum number of switching status (ON/OFF) is specified by the 

network operator. The lines of networks that should be switched to optimally improve 

the resilience of the power system are defined as variables in an operational planning 

program.  

To summarise, the research above can only offer resilience enhancement before or after 

a large disturbance in a short period. For a typical natural disaster that may last for a 

few days or even weeks, system damage cannot be recovered without repair. Regarding 

hurricane stress, one of the solutions can be offering dynamic reconfiguration/operation, 

triggered by load variation and wind speed variation.  
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1.4 Objectives and Contributions 

In this thesis, the resilience enhancement for interconnected electricity and gas system 

is investigated based on physical strengthening and operation methods. A structural 

vulnerability assessment algorithm is deployed to better address the system pre-disaster 

strengthening scheme. Further dynamic system restoration method has been developed 

according to dynamic demand variation. The main objectives and contributions are 

listed below,  

• To evaluate the complex energy flow accurately, an improved topological 

quantification scheme that considers different energy flows is developed. Proposed 

by Google, PageRank (PR) algorithm is one of the most commonly applied 

algorithms in Web ranking. Since this algorithm can not only validate the 

importance of web pages by their linkages structure but also consider the 

importance of all the pages that relate to the target page, PR algorithm is rather 

suitable for examining the structural vulnerability of integrated systems. Thus based 

on PR algorithm, an appropriate scheme is designed for structural vulnerability 

assessment, which can be applied to energy systems such as electrical systems, gas 

networks or multi-energy systems.  This method not only refers to the structural 

importance of complex systems but also considers the impact of energy flow 

conditions within the entire network.  

•  Owing to the fact that seismic stress can lead to excessive damage in both 

electricity and gas system while other extreme events (like Hurricane and flooding) 

may mainly affect the electrical components, the seismic impact on the integrated 

system can be seen as a typical low probability high impact event that should be 

investigated.  

This thesis presents a methodology to evaluate the impact of seismic events on the 

security of integrated electricity and gas system, in which seismic severity and 

probability is related to specific load curtailment. Instead of investigating economic 

loss by building a simplified model for energy systems, this scheme relates a certain 

intensity of seismic activities to a certain amount of load loss. Consequently, the 

damage caused by seismic stress is more precisely quantified. Subsequently, this 

research can inform the design of more cost-efficient resilience enhancement 

schemes for mitigating seismic events, thus enhancing the supply security of 

integrated energy systems. 
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• This thesis then presents a two-stage resilience enhancement scheme that considers 

pre-disaster strengthening and post-catastrophe system reconfiguration. The pre-

disaster stage evaluates load importance by an improved PageRank algorithm to 

help deploy the strengthening scheme precisely. Then, a combined soft open points 

and networked microgrids strategy are applied to enhance system resilience. A 

failure scenario generation and reduction algorithms are developed to simulate 

possible hurricane inducing system faults. Different from previous papers that 

classify load curtailment by investigating unbalanced supply and demand, this 

proposed method investigates the loss of load demand by investigating unsatisfied 

demand and overloaded transmission lines. 

• Lastly, this thesis offers a dynamic reconfiguration/operation method, triggered by 

load variation and wind speed variation. Subsequently, load curtailment can be 

mitigated timely and the recovering time would be reduced. To put it in detail, a 

new combined reconfiguration and operation method is introduced to enhance 

resilience for integrated energy systems. Systems are sectionalized and 

reconfigured by using natural gas valves, switches, and Soft Open Points(SOP). 

Energy storage, Combined heat pump (CHP) and Electrolyser are operated to 

maximize the supply during the stress. Thus, the reconfiguration of the system and 

operation of all units is formulated as a convex problem. The results illustrate that 

system resilience can be largely enhanced.  

1.5 Thesis Layout 

The rest of the thesis is organised as follows: 

Chapter two reviews the concept of resilience and related enhancement methods. 

Chapter three develops a vulnerability assessment method for multi energy 

system. Based on PR algorithm, this section mainly designs an appropriate scheme for 

structural vulnerability assessment, which can be applied to energy systems such as 

electrical systems, gas networks or multi-energy systems. 

Chapter three presents a methodology to evaluate the impact of seismic events 

on the security of integrated electricity and gas system, in which seismic severity and 

probability is related to specific load curtailment. 
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Chapter four designs a novel two-stage approach to minimise hurricane impact 

on distribution networks by automatic system operation. A dynamic hurricane model is 

developed which has a variational wind intensity and moving path. The chapter then 

presents a two-stage resilience enhancement scheme that considers pre-disaster 

strengthening and post-catastrophe system reconfiguration. 

Chapter five proposes a new combined reconfiguration and operation method to 

enhance resilience for integrated energy systems. Systems are sectionalized and 

reconfigured by using natural gas valves, switches, and Soft Open Points. Energy 

storage, Combined heat pump and Electrolyser are operated to maximize the supply 

during the stress. 

Chapter six concludes the main findings of the thesis and the major contributions. 

The potential research topics in future work are also introduced. 
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Chapter 2  Review of Energy Hub Optimisation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter reviews the concept of energy system’s resilience, together 
with the related enhancement approaches regarding to different  
extreme events 
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2.1 Resilience of Energy Systems  

As mentioned in Chapter 1, resilience metrics describes the system capability of 

recovery after severe disruptions, i.e in networks or generation supply. To establish 

resilient energy systems, the system behaviours should be quantified based on sufficient 

resilience metrics. Subsequently, proper system modelling methods and  related 

resilience metrics should be applied. Generally, resilience quantification can be divided 

into two stages: the pre-disaster strengthening stage and the post-disaster recovery stage. 

2.1.1 System Modelling 

The multi-energy system can be simulated based on the modelling of power flow, 

coupling components, storage units. Subsequently, a system with adjustable generation, 

topological structure and energy transfer ratio can be considered. 

• Power Flow 

For a power system consisting of n buses, the power flow can be given as 

 𝑉𝑖
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                                                                     (2-1)                                                       

where Pgi is the real power produced by the generator linking to bus i, Qgi is the reactive 

power produced by the generator linking to bus i, Pdi is the real power load of bus i, Qdi 

is the reactive power load of bus i. 

According to Kirchhoff’s law, the algebraic sum of flows in a network at any node is 

zero, which means that the gas demand at any point of a system should equal to the sum 

of ingoing and outgoing flows of all branches. Thus, it is can be obtained that [7, 8] 

𝐴𝑄 = −𝑄𝐷𝑒𝑚𝑎𝑛𝑑                                                                                                       (2-2)                                                     

where A is the Nodal matrix of the coefficient, Q is the Flow rate vector of branches, 

and  QDemand is the load demand vector. 

Normally, the gas flow in pipeline systems can be expressed by 

𝐴𝐺𝐴𝑇𝑃 + 𝑄 = 0                                                                                                        (2-3)                                                 

where G is the Admittance matrix, 𝐺 =
1

𝑆𝑞𝑛−1
, S is pipeline friction matrix for pipeline 

flow, n is the number of the gas node, and q is volume flow at gas nodes. 
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• Conversion 

For the coupling components, most of the units only convert one type of energy into 

another type of energy. Previous literature mainly investigated the energy transfer paths 

including heat pumps, electrolysers, heat exchangers, and some renewable generations. 

More specifically, electrolysers combust electricity to generate gas; heat pumps 

consume electricity to provide cooling or heating; renewable generations could be 

deployed to generate various energy to satisfy customer’s demand. 

2.1.2 Resilience Quantification 

As discussed in Chapter 1, resilience describe the system capability of 

absorbing/recovering disruptions. Hence, the system resilience can be quantified by 

conceptual framework and semiquantitative indices (adaptability, resourcefulness, 

robustness etc). Conceptual frameworks are usually based on fundamental elements of 

the resilience concept such as absorption capacity, adaptive capacity, and recovery 

capacity. Most of the resilience assessment approaches are categorized into conceptual 

frameworks that are based on the conceptual view of resilience and utilize suitable 

approaches for detection, adaptability, remediation, and restoration [3].  

The resilience quantification methods can be classified as qualitative evaluations and 

quantitative evaluations, in which the qualitative evaluations allow the different aspects 

and different security capabilities can be considered simultaneously while quantitative 

evaluations should be developed based on the quantification of system performances. 

On the basis of that, some researchers proposed a clear set of metrics to quantify power 

system disaster-related performance. And besides traditional triangle model, trapezoid 

model can also be applied using time-dependent metrics which relates to the critical 

system degradation and recovery features [4]. Moreover, researchers point out that the 

objectives of a security measurement framework should include the identification of 

the extreme events, the construction its own metrics and a proper evaluation 

methodology [5]. There are also some researchers integrate the concept, metrics, and 

quantitative frameworks for power system’s disaster-related performance evaluation [5] 

[6]. Those researchers are mainly focused on the quantification of networked system/ 

critical infrastructure systems security, they propose models for quantifying it based on 

the interdependencies of services and their adaptation, in which it combines 

performance and adaptability metrics as whole to evaluate the overall system. Then, 
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based on these general frameworks and metrics, the resilience quantification for energy 

systems can be developed. 

Normally, for the energy system, resilience is quantified as the difference between the 

standard performance level of the system and its real performance level  from the start 

of the disturbance until the system performance reaches the end of the recovery stage 

[7-9]. For instance, in [10], the blackout size defined as load curtailment/system load is 

formulated as a dimensionless resilience index. The calculation of this index requires 

power system parameters, forecasted events in affected areas, dispatch conditions, and 

outage characteristics. Then, the output results describes sampled scenarios, and 

probability distribution of load curtailment. To evaluate the resilience level of the 

distribution system, the percentage of supplied loads in different stages under damage 

scenarios is evaluated as the resilience metric [11],  this metric reflects the percentage 

of supplied energy (the production of the loss of load and the time duration) during the 

recovery process under damage scenario and the percentage of the expected supplied 

energy during the recovery process under all scenarios. However, although these 

methods consider the system loss regarding different characteristics, the dynamic 

system performance before/under/ after distuotions may still be ignored. 

2.2 Impact Evaluation Regarding Different events 

Based on the analysis above, this section introduces methodologies to evaluate the 

impact of different natural events on the security of integrated electricity and gas system, 

in which events severity and probability is related to specific system behaivours. 

2.2.1 Seismic Stress on Electricity and Gas 

The seismic modelling methods can be mainly categorized as three: direct methods, 

integral-equation methods, and asymptotic methods [12]. The first method refers to the 

mathematical expression based on a numerical mesh [13-15], the second method is 

related to wave filed that oriented from point sources [16, 17] while the last method 

also considers wave filed but only gives an approximation to obtain the certain 

magnitude of seismic events [18-20]. The intensity of seismic activities can be modelled 

by wave propagation described as peak ground acceleration (PGA) and peak ground 

velocity (PGV). These variables are related to landslides, surface faulting and 

liquefaction-induced lateral spreading [21, 22]. It is seen that the higher the seismic 
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level, the higher the PGA’s magnitude. The relationship between PGA, PGV and 

seismic intensity is in [23]. 

To quantify the seismic loss of gas networks, a relationship needs to be established 

between the seismic intensity and overall pipeline leakage. In this thesis, for the gas 

networks, the seismic behaviour is classified by three steps: Firstly, the seismic intensity 

is quantified and related to certain PGV. Subsequently, the classification of how many 

damage holes would be distinguished. Then, the expectation of the size of damage holes 

and how much the gas pressure P would be affected can be obtained. Consequently, the 

loss of flow rate Q can be found. In this thesis, 5 damage scenarios are deployed to 

estimate the leakage loss. 

To address gas leakage caused by the seismic stress, the relationship between the 

damage quantity, or damage ratio, and seismic intensity is classified first. Normally, 

the damage ratio of the gas network can be described by the damage rate, which 

represents the number of damage points per kilometres of pipelines within the entire 

system. For instance, according to [16], for ductile iron, the damage rate is classified 

by PGV as 

𝐷𝑎𝑚𝑎𝑔𝑒 𝑟𝑎𝑡𝑒 =
 Damage points

Km
= 0.00003 × (PGV)2.25                                         (2-4)                                           

For typical seismic activities, the peak horizontal particle velocity is positively 

correlated with pipeline damage ratio [24]. Thus, the damage ratio can be assumed to 

grow linearly as the intensity of seismic stress increases. Normally the gas flow within 

a pipeline can be classified as,  

𝐴𝐺𝐴𝑇𝑃 +  𝑄 =  0                                                                                                   (2-5)                                          

where G is the admittance matrix of gas pipes, A is the connection matrix of the system, 

P is the pressure matrix of gas system node, and 𝑄 is flow rate vector of nodes.  

For the modelling of gas pipeline leakage, a general hydraulic method would require 

many unknown variables to quantify the leakage loss, for instance, the pressure drop, 

outlet flow and inlet pressure. Even if the inlet pressure is assumed to be constant, there 

would still be an unduly number of unknown variables [25]. Thus, instead of classifying 

pressure variation due to seismic damage, this research maintains the leakage loss by 
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investigating the equivalent orifice diameter (EOD) of damaged pipes. A leak damage 

expectation based on EOD analysis would be specified regarding the probability of 

various leakage scenarios. 

Paper [19] provides a probability model of the electricity system under earthquake 

attacks. Based on statistical analysis, this scheme concludes the seismic impact on 

distribution branches into four damage stages: minor damage 𝑑1, moderate damage 𝑑2, 

extensive damage 𝑑3, and the complete destruction 𝑑4. For distribution branch, each 

damage state refers to a certain level of connection loss. 𝑑1 refers to 4% connection 

loss (CL), 𝑑2 refers to 12% CL while 𝑑3, 𝑑4 represents for 50% CL, 80% CL 

respectively. Subsequently, for the same PGA, more severe damage states correspond 

to the lower probability of occurrence. However, the four damage states are not 

completely independent. Because a more severe damage state contains lower damage 

stages, the damage expectation 𝐷 𝐶𝐿can be characterised as,  

𝐷 𝐶𝐿 = 𝑃𝑛𝐶𝐿𝑛 + ∑ (𝑃𝐶𝐿,𝑖−1 − 𝑃𝐶𝐿,𝑖)𝐶𝐿𝑖−1
𝑛−1
𝑖=2                                                            (2-6)                                   

where i∈ [15 … , 𝑛] refers to four damage states.   

2.2.2 Hurricane Impact on System Components 

Because hurricane events mainly affect the distribution system’s branches, researchers 

major concerns is investigating the hurricane behaviours on distribution poles, 

conductors, and pylons. Subsequently, for typical distribution systems, there are three 

types of components that are particularly vulnerable to severe hurricane events: 

supporting towers (or pylon), distribution poles and distribution conductors.  

The failure probability of the pylons can be classified as [26], in which the wind speed 

of hurricane is related to the failure ith supporting pylon. The failure probability of the 

jth distribution pole is also described in [26]. Considering wind loading and tree wind-

throw, the failure probability of conductors between transmission poles can be 

concluded as [27], in which wind loading on the conductor and the limit of force on 

transmission lines is classified. Another factor that can cause line failure would be fly 

debris. The line failure owing to fly debris is investigated in [28], and the key features 

that determine this kind of failure are wind intensity, tree diameter, and local land cover 

information. Consequently, the failure probability for overall system branches can be 
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obtained. Since each branch can be in either functional or damaged state in the next 

time period, the 𝑘th failure scenario can be calculated according to [29]. 

2.2.3 Impact of Other Events 

Another event that would affect network components would be icing on transmission 

line. This type of regelation may cause conductor galloping and breaking, pole 

leaning/collapse, or insulator flashover. The influence of the temperature on the icing 

rate is complex and may be fitted by exponential regression [30], 

𝐴 = exp(𝛼𝑇) − exp(𝑏(𝑇 + 𝑐)) + 𝑑                                                                         (2-7) 

where a, b, c, d are constant coefficient and T is the temperature. 

The relationship between ice weight and equivalent ice thickness on the conductor can 

be specified as [31][32], 

𝐼𝑐𝑒 𝑊𝑒𝑖𝑔ℎ𝑡𝒈/𝒄𝒎 = 4 × 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝒎𝒎                                                                     (2-8) 

Subsequently, the failure probability of an iced conductor would be, 

𝑓 = {

0                                    𝑏 < 𝐷

𝑒𝑥𝑝 [
0.6931(𝑏−𝐷)

4𝐷
] − 1  𝐷 < 𝑏 < 5𝐷

1                                      𝑏 ≥ 5𝐷

                                                                 (2-9)          

where D is the diameter of conductor and b refers to the equivalent ice thickness. 

 

Fig. 2-1  Extreme events that affect network equipment 

There are also other events that have direct negative impact on energy systems. Figure 

2-1 illustrates the correlation between different events and impact on system 

components.  In this figure, deeper blue represents slighter impact while deeper red 
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leads to more disturbance. Specifically, the extreme temperature would lead to the 

variation of load demand and dynamic line rating, sometimes it can also be related to 

the generator outages and voltage instability. For the snow and precipitation, they 

mainly trigger cascading failures by affecting customers demand. 

 

2.3 Resilience Enhancement Methods 

For the pre-disaster strengthening stage, system behaviours under severe catastrophe 

need to be investigated. Subsequently, proper strengthening schemes can be deployed 

accordingly. For instnace, hurricanes can result in failures in distribution systems by 

causing fallen trees, fly debris and direct damage to pylons. Hence, compared to 

transmission systems with less possible fly debris, distribution systems are more 

vulnerable to hurricane attacks [33]. Thus, for distribution system under hurricane stress, 

the distributioin lines and pylons should be specifically strengthened regarding fallen 

trees, fly debris and direct damage. And to quantify system behaviours, a common 

method is to use operation cost or load shedding cost as key features in the literature 

[34, 35]. However, these metrics cannot directly reflect the decrease of system 

capability to satisfy load demand. Based on the analysis of system behaviours, a 

targeted hardening strategy is developed to improve distribution system reliability, 

which involves strengthening important distribution poles as well as poles with a high 

probability of failure by identifying risk-critical parts of the system [36]. A tri-level 

optimization model that considers the failure probability of hardened components is 

presented in paper [37]. To summarise, strengthening enhancements should be 

deployed according to hardening costs and weather parameters.  

For the post-disaster recovery stage, based on various types of switches, distribution 

systems can be easily reconfigured. Distribution networks are usually operated in a 

radial configuration, which allows the use of switch operations to offer efficient and 

inexpensive protection schemes as well as providing fast fault isolation. Furthermore, 

MGs can be scheduled to restore system functionality as well. To construct resilient 

distribution systems, paper [38] presents an emergency restoration method to provide 

an emergency power supply to critical loads facing extreme natural catastrophes. A self-

recovery method that sectionalizes the distribution system into microgrid is presented 

by paper [39]. According to this method, the on-outage portion of the distribution 

system will be optimally sectionalized into self-supplied MGs, and then the outputs of 
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dispatchable DGs will be rescheduled accordingly. Consequently, a reliable power 

supply is provided to the maximum loads continuously. Optimally scheduling available 

crews to minimize the cumulative duration of the customer interruptions can also reduce 

the impact of post disasters [40]. To solve this problem, the repair and restoration 

process can be modelled as a scheduling problem with soft precedence constraints, and 

subsequently, the problem is formulated as a scheduling problem.  

Subsequently, for both pre-disruption and post-disaster stage,  the detailed impact 

analysis of different extreme events on various system components is necessary to 

deploy proper enhancement schemes. For typical gas networks, extreme events mainly 

affect pipelines by causing gas leakage. This type of damage may not directly lead to 

destructions but would cause energy supply loss of gas generation due to insufficient 

supply. As a matter of fact, because of various types of forces, there is a large difference 

between the seismic response of buried pipes and above ground infrastructures[44]. In 

natural gas systems, the ground movements normally result in the pipeline leak. To 

evaluate the leakage rate, paper [45] defines an equivalent diameter 𝜇 to describe gas 

leakage, which points out that general gas leakage usually varies from 0 to 10mm/m. 

Although simplified analysis procedures are analysed, the unduly amount of 

assumptions evolved may lead to inaccurate results. Thus, after modifying some 

assumptions, a modified analysed method for buried pipes underground motion is 

presented [46], in which various types of fault movement are investigated. Nevertheless, 

though the physical performance of buried pipelines is distinguished, how gas leakage 

can be correlated with seismic intensity is still not clear. Paper [47] takes gas supply 

networks as an example and designs a probability density evolution approach to 

evaluate the seismic reliability of networks. However, in this model, the connectivity 

reliability is obtained but ignored the gas flow conditions. 

As for electrical systems, extreme events significantly impede the security of generation 

plants, substations and distribution circuits. The destruction of these elements may 

result in a significant load loss in electricity systems [48, 49, 50]. To evaluate the 

regional economic loss of disturbed electricity lifelines, paper [51] proposes a seismic 

performance quantification scheme based on a linear programming model. This method 

enables an input-output analysis that can not only validate the economic loss but also 

contributes to loss mitigation. The intensity detection of a seismic explosion is realised 

with the air-shock wave impact of drilling and blasting operations on electricity power 
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lines in paper [52]. However, more detailed consideration of power lines’ structure, 

shock resistance should be applied regarding the impact of seismic explosion loads. In 

paper [53], the repair costs and system downtime are analysed. The drawback of this 

model is that only the vulnerability of transformers and plants are analysed while 

system branches are ignored. 
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2.4 Chapter summary 

This chapter provides an overview of resilience in terms of definition, modelling, and 

metrics. 

It also reviews the resilience methods referring to pre-disturbance stage and post-

disaster stage. Different enhancement approaches are developed for system 

strengthening and service restoration, and the operative technologies of energy systems 

with other smart grid operating methods, such as micro grid and energy storage, are 

introduced.  

The main limitations of existing methods of resilience quantification/enhancement are: 

1) Conventional vulnerability quantification approaches cannot reflect the possibility 

of cascading failures between different energy systems. 2) The previous research may 

only offer resilience enhancement before or after a large disturbance in a short period. 

For a typical natural disaster that may last for a few days or even weeks, system 

damage cannot be recovered without repair. 
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Chapter 3  Review of Energy Hub Optimisation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Regarding to the system with multi energy carriers, this chapter presents 
a structural vulnerability assessment algorithm from the perspective of 
system topology. 

Structural 
Vulnerability 

Assessment of energy 
System Using a 
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Chapter Overview 

Owing to the rising incidence of extreme events, more awareness is turning to 

constructing resilient Multi-energy system (especially integrated electricity and gas 

system). As discussed in Chapter 1, energy system’s resilience can be divided into two 

aspects: physical resilience for system’s pre-disruption stage, operational resilience for 

the post-disruption recovery stage. Subsequently, for physical resilience oriented 

strengthening scheme, proper system structural vulnerability assessment should be 

deployed first.  

However, for the system that enable multi energy carriers, conventional vulnerability 

assessment methods may not evaluate the complex energy flow accurately. 

Subsequently, an improved topological quantification scheme that considers different 

energy flows should be developed. Proposed by Google, PageRank (PR) algorithm is 

one of the most commonly applied algorithms in Web ranking. Since this algorithm can 

not only validate the importance of web pages by their linkages ‘structure but also 

considerate the importance of all the pages that relate to the target page, PR algorithm 

is rather suitable for examining the structural vulnerability of integrated systems. Thus 

based on PR algorithm, this Chapter mainly designs an appropriate scheme for 

structural vulnerability assessment, which can be applied to energy systems such as 

electrical systems, gas networks or multi-energy systems. The main contributions of 

this section are:  

• The proposed algorithm is easy to implement. 

• This method not only refers to the structural importance of complex systems but 

also considers the impact of energy flow conditions within the entire network.  

• Comparing to conventional vulnerability quantification methods, this scheme can 

evaluate the system’s connectivity and popularity simultaneously. 
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3.1 Abstract 

Severe natural catastrophes may directly cause large-scale cascading failures in energy 

systems. This chapter presents a comprehensive scheme of vulnerability assessment for 

multi-energy systems, including both electricity and natural gas. Differing from 

cascading failure theory, this scheme employs PageRank algorithm to measure the 

structural importance of the integrated system. A modified weighted PageRank 

methodology is applied to determine the importance of nodes in both natural gas and 

electricity networks. The effectiveness of this scheme is demonstrated and analyzed via 

an integrated energy system in the case study. This algorithm can help identify the 

weakness in the integrate energy system so that purposeful planning and operation 

strategies can be deployed to increase the security. 

3.2 Introduction 

In last decades, extreme weather, claimed as low probability high impact event, is 

becoming one of the prominent threats to energy system reliability. Hence, more 

research attention is turned to assessing the structural vulnerability of infrastructure 

systems. However, due to the climate change, it is increasingly critical as their 

frequency, intensity, and durations are expected to increase. Consequently, extreme 

nature catastrophes might no longer be of low probability in the future, but also may 

have a high impact if proper stability enhancement strategies cannot be applied [1] [3]. 

Classified as malicious or non-malicious, the major impact of natural catastrophes can 

be characterized as faults, errors and failures [4]. For instance, in 2012, the U.S. 

northeastern states were attacked by Hurricane Sandy, which destroyed over 100,000 

primary electrical wires, several substation transformers and numerous substations. 

Around 7 million people were disconnected from the power grid. Relating to power 

interruptions in 13 provinces and 170 cities, China was struck by a severe ice storm in 

2008, which directly resulted in the failure of 2,000 substations and the collapse of 

8,500 towers [5]. Similarly, in the Great East Japan Earthquake during 2011, 4 million 

families were affected by a power outage for over seven to nine days. In 2016, due to 

the strike of a tornado, over two 500-kV transmission lines, four 220-kV transmission 

lines, and eight 110-kV transmission lines were tripped in Jiangsu Province, China, 

which led to the power outage for 135 000 households [3]. Therefore, the vulnerability 

assessment of energy infrastructure is required to enhance system functionality under 

unpredictable extreme natural events.  
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To enhance the security of energy systems, the vulnerability of system infrastructures 

needs to be analysed first. Panteli’s (2015) research provides a conceptual framework 

of post-disaster performance quantification for electrical systems. Since a stochastic 

approach is needed for capturing its random nature and impact on the different system 

components, a novel sequential Monte-Carlo-based time-series simulation model is 

applied to validate power systems security. At last, the notion of fragility curves is 

employed for applying weather- and time-dependent failure probabilities to system’s 

components[1]. Panteli (2017) also proposed a clear set of metrics to quantify power 

system disaster-related performance. And differ from traditional triangle model, a 

trapezoid is then introduced using time-dependent metrics which relates to the critical 

system degradation and recovery features. [6]. Bie (2017) concludes the concept, 

metrics, and a quantitative framework for power system’s disaster-related performance 

evaluation. It classifies the security quantification methods as qualitative evaluations 

and quantitative evaluations, in which the qualitative evaluations allow the different 

aspects and different security capabilities can be considered simultaneously while 

quantitative evaluations should be developed based on the quantification of system 

performances. Moreover, this research points out that the objectives of a security 

measurement framework should include the identification of the extreme events, the 

construction its own metrics and a proper evaluation methodology [3]. Queiroz’s 

research (2013) is focused on the quantification of networked system security as well, 

it proposes a model for quantifying it based on the interdependencies of services and 

their adaptation, in which it combines performance and adaptability metrics as whole 

to evaluate the overall system. The evaluation that considered critical infrastructure 

systems is also proposed in his research [4]. 

Developed by Google, PageRank (PR) algorithm is one of the most commonly applied 

algorithms in Web ranking. Since this algorithm can not only validate the importance 

of web pages by their linkages ‘structure but also considerate the importance of all the 

pages that relate to the target page, PR algorithm is rather suitable for examining the 

structural vulnerability of integrated systems. Thus based on PR algorithm, this chapter 

mainly designs an appropriate scheme for structural vulnerability assessment, which 

can be applied to energy systems such as electrical systems, gas networks or multi-

energy systems. This scheme not only refers to the structural importance of complex 

systems but also considers the impact of energy flow conditions within the entire 
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network. An integrated electric-gas system is modelled to verify the rationality of this 

modified PR algorithm. 

3.2.1 Energy Exchange Between the Two System 

In this chapter, the energy flow in the combined system is analyzed to offer initial 

ranking value for PR algorithm. The natural gas and power networks are combined by 

CHP units to represent multi-energy systems. Subsequently, a power transfer path with 

constant energy transfer ratio is considered in this system. 

For a power system consisting of n buses, the power flow can be given as 

  𝑉𝑖
𝑘+1̇ =

𝑃𝑖−𝑗𝑄𝑖

𝑉𝑖
�̂�
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𝑘

𝑌𝑖𝑖
                                                                   (3-1) 

where S is the injected complex power, Pgi is the real power produced by the generator 

linking to bus i, Qgi is the reactive power produced by the generator linking to bus i, Pdi 

is the real power load of bus i, Qdi is the reactive power load of bus i.  

According to Kirchhoff’s law, the algebraic sum of flows in a network at any node is 

zero, which means that the gas demand at any point of a system should equal to the sum 

of ingoing and outgoing flows of all branches. Thus, it is easy to obtain that [7, 8] 

𝐴𝑄 = −𝑄𝐷𝑒𝑚𝑎𝑛𝑑                                                                                                       (3-2)  

where A is the Nodal matrix of the coefficient, Q is the Flow rate vector of branches, 

and  QDemand is the load demand vector. 

Normally, the gas flow in pipeline systems can be expressed by 

𝐴𝐺𝐴𝑇𝑃 + 𝑄 = 0                                                                                                        (3-3) 

where G is the Admittance matrix, 𝐺 =
1

𝑆𝑞𝑛−1
, S is pipeline friction matrix for pipeline 

flow, n is the number of the gas node, and q is volume flow at gas nodes. 

 

3.2.2 PageRank Algorithm 

    Proposed by Sergey Brin and Larry Page in 1998, the PageRank algorithm is now 

the most widely used page ranking algorithm [7].  This algorithm states that if a page 

has important links to it, its links to other pages also become important. Therefore, 
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PageRank takes the backlinks into account and propagates the ranking through links: a 

page has a high rank if the sum of the ranks of its backlinks is high [8] . Moreover, PR 

algorithm has also been applied in many other fields such as social relationship analysis, 

complex networks. The original PR value is [7] 

𝑃𝑅(𝑢)  =  (1 − a) + 𝑎∑
𝑃𝑅(𝑣)

𝐷(𝑜𝑢𝑡)𝑣
𝐷(𝑖𝑛)𝑢

                                                                        (3-4) 

𝐷(𝑖𝑛)𝑢 denotes the set of pages that point to page u. 𝑃𝑅(𝑢) and 𝑃𝑅(𝑣)are rank values 

of page u and v, respectively. 𝐷(𝑜𝑢𝑡)𝑣 is the number of outgoing links of page v. 𝑎 is a 

dampening factor normally set to 0.85, which mitigates the impact of random visiting 

and maintains the convergent of its iteration. 

Thus the PR value of each page is related to both initial quality and linked pages. 

However, the more important webpages are, the more webpages are pointed to them or 

linked by them. By allocating larger rank values to more important pages, the developed 

PageRank algorithm, Weighted PageRank Algorithm, does not divide the rank value of 

a page evenly among its outlink pages. Each outlink page receives a value proportional 

to its importance (its number of inlinks and outlinks). The importance from the number 

of inlinks and outlinks is defined as 𝑤(𝑣,𝑢)
𝑖𝑛 , 𝑤(𝑣,𝑢)

𝑜𝑢𝑡  respectively [8]. 

𝑤(𝑣,𝑢)
𝑖𝑛 = 

𝐼𝑢

∑ 𝐼𝑝𝑝∈𝑅(𝑣)
                                                                                                                    (3-5) 

𝑤(𝑣,𝑢)
𝑜𝑢𝑡 = 

𝑂𝑢

∑ 𝑂𝑝𝑝∈𝑅(𝑣)
                                                                                                                   (3-6) 

where 𝐼𝑢 and 𝐼𝑝 represent the number of inlinks of page 𝑢 and page p, respectively. 𝑂𝑢 

and 𝑂𝑝 are the number of outlinks of page u and page p. Additionally, page p refers to 

the reference pages of v, defined as 𝑅(𝑣). 

Thereafter, the weighted PR value can be derived as 

𝑃𝑅(𝑢)  =  (1 − 𝑎) + 𝑎∑ 𝑃𝑅(𝑣)𝐷(𝑖𝑛)𝑢
𝑤(𝑣,𝑢)
𝑖𝑛 𝑤(𝑣,𝑢)

𝑜𝑢𝑡                                       (3-7) 

3.3 Methodology 

There is a number of research presented on applying PR algorithm to other complex 

systems [7]. As for integrated electric-gas systems, some notions should be adapted. 
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Table 3-1. The similarity between Web and energy network. 

Web Power system Gas network 

Page Bus Node 

Hyperlink Transmission 

line 

Pipeline 

Initial popularity of Pages Load 

capability 

Gas capability 

The structure of linkages between 

different Pages 

The structure 

of system 

The structure 

of network 

 

As shown in Table 3-1, the orientation of energy flow can be related to hyperlinks’ 

direction, load capability and gas demand correspond to the initial popularity of pages, 

the structure of combined electric-gas networks can be directly treated as the structure 

of Web. 

However, since the linkages of webpages maintain an equivalent weight contribution 

while the branches in energy grids may carry different amount of energy, eq. (7) cannot 

be directly applied to energy systems, which means the energy flowing condition should 

also be described in the ranking algorithm. 

Considering energy flowing condition, the weight contribution of each link (or branch) 

should be related to the energy carried by itself, thus the energy flowed by is assigned 

as the weight contribution of branches. In multi-energy systems, one can assume that, 

𝐼𝑥 should be the injected energy of bus x while 𝑂𝑥 should be the expert energy of bus 

x. And it is worth noticed that both 𝐼𝑥 and 𝑂𝑥 should maintain an absolute value.  

Thus, the modified weight factor 𝑤(𝑣,𝑢)
𝑖𝑛 𝑤(𝑣,𝑢)

𝑜𝑢𝑡  can be derived as, 

𝑒𝑊(𝑣,𝑢)
𝑖𝑛 = 

𝑒𝑢
𝑖𝑛

∑ 𝑒𝑝
𝑖𝑛

𝑝∈𝑅(𝑣)
                                                        (3-8) 

𝑒𝑊(𝑣,𝑢)
𝑜𝑢𝑡 = 

𝑒𝑢
𝑜𝑢𝑡

∑ 𝑒𝑝
𝑜𝑢𝑡

𝑝∈𝑅(𝑣)
                                                                                         (3-9) 

In which 𝑒𝑥
𝑖𝑛 represents the sum of inflow energy of node x, 𝑒𝑥

𝑜𝑢𝑡 refers to the sum of 

outflow energy of node x. 

Subsequently, for the modified PR value of multi-energy systems, one can write, 
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𝑃𝑅(𝑢)  =  (1 − 𝑎) + 𝑎∑ 𝑃𝑅(𝑣)𝐷(𝑖𝑛)𝑢
𝑒𝑊(𝑣,𝑢)

𝑖𝑛 𝑒𝑊(𝑣,𝑢)
𝑜𝑢𝑡                                             (3-10) 

On the premises of that, the modified PR value not only describes the structure of the 

entire system but also considers the amount of energy carried by each branch. 

To verify the practicability of this scheme, the process of this assessment algorithm is 

implemented as, 

Table 3-2. The flowchart of vulnerability assessment algorithm. 

Algorithm 

            Step 1:  Specify the structure of sample systems and its 
input data. 

            Step 2: Compute load flow calculation to analyze the 
energy flowing condition of the entire system, which shows 
node injections and branch flow rates. 

            Step 3: Compute adjacency Matrix that represents the 
structure of sample systems, by which the number of inlinks 
and outlinks of each node are specified. 

            Step 4: Assign energy flowed by as the weight 
contribution value of each branch. 

            Step 5: Specify the weight factor 𝑒𝑊(𝑣,𝑢)
𝑖𝑛  𝑒𝑊(𝑣,𝑢)

𝑜𝑢𝑡  for 
each linkage. 

            Step 6: Set the initial PR values to their absolute energy 
injection. 

            Step 7: Maintain the PR value of each node by iterative 
calculation. 

            Step 8: Validate the vulnerability based on each node’s 
ranking value. 

 

 

3.4  Result analysis 

In this section, IEEE 15-node gas system combined with IEEE 14-bus electricity system 

by a CHP unit is employed to verify the rationality of this modified algorithm. By 

establishing a connection between node 3 and bus 1, a variable system with constant 

energy transfer ratio is obtained. The structure of the entire system is given in Figure 3-

1. 
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Figure 3-1. The structure of the test system 

 

Table 3-2. The branch flow of the electric system 

Branch 1-2 1-5 2-3 2-4 2-5 3-4 4-5 4-7 4-9 5-6 

Power 

flow  

1.57 0.75 0.71 0.55 0.40 -0.24 -0.63 0.34 0.17 0.48 

Branch 6-11 6-12 6-13 7-8 7-9 9-10 9-14 10-11 12-13 13-14 

Power 

flow  

0.05 0.06 0.12 0.08 0.22 0.03 0.06 -0.02 0.01 -0.04 

 

Table 3-3. The branch flow of the gas network 

Branch 1-3 2-4 3-4 3-5 4-7 6-9 8-11 10-13 

Gas flow 7.455 7.023 -1.503 4.798 4.302 4.767 4.272 4.766 

Branch 12-14 13-14 13-15 14-15 5-6 7-8 9-10 10-12 

Gas flow 4.272 0.201 0.301 0.200 4.767 4.272 4.766 4.272 

 

The energy flows are listed above. The unit of power flow is 100MW, and 10^6 SCF 

for gas flow. Subsequently, the energy injection of each branch will be applied as the 

initial weight of PR algorithm. For the electrical system, branch 1-2 maintains the 

largest power flow while branch 12-13 carries the lowest. Additionally, comparing to 

branch 1-2 to 5-6, branch 6-11 to 13-14 carries lower energy flows which could be 
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related to the complex linkage structure of branch 1-2 to 5-6. As for the gas network, 

branch 1-3 carries the largest gas flow while branch 13-14 obtains the lowest, and 

branches 1-3 and 2-4 carries more energy than other branches. 

The ranking values of electric system are shown as,  

 

Figure 3-2. The Ranking Value of the Electricity System 

 

 

Figure 3-3. The Ranking Value of the Gas Network 

 

As Figure 3-2 illustrates, because bus 1 is one of the linkage points of two different 

energy systems, it maintains the highest ranking value. Those buses such as buss 3, 7, 

8, 11 and 14, which only obtain single inlink or with no outlinks are related to the lowest 

ranking value. Due to the fact that the only output of bus 5 injects to bus 6, bus 5 and 

bus 6 can be seen as an entirety, subsequently, which maintains three inlinks and three 

outlinks leads to a high ranking value as well. Consequently, the more important 

injections and exports the node maintained, the higher ranking value that node would 
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have. That is, nodes that have more prominent linkage obtain larger weight. 

Additionally, the node that enabling more energy flow in nearby areas has higher 

ranking as well. From Figure 3-3, it is obvious that the linkage point, node 3, has the 

largest ranking value while nodes without inlinks or without outlinks.  Nodes 1, 2 and 

15 have the least important roles in the system. As node 15 has no outlinks, the node 

14 can be seen as the functional end of the unidirectional track that origins from node 

1, which means it maintains a high quantity of energy injection. Hence it also obtains a 

large ranking value.  

To validate the rationality of this algorithm, this section then applies load curtailment 

analysis by removing important nodes. Based on PTDF, assuming when a node gets 

removed the nearby branches would also be disconnected, then the results would be 

shown as Table 3-4. Comparing with ranking results of Figure 3-2 and 3-3,  although 

removing of high ranking nodes (electricity node 1, 5, 6, 13 and gas node 1, 10, 11, 12, 

13, 14) can also lead to relatively severe loss,  the most important node assessed by 

these two methods are not the same. For instance, the highest ranked gas nodes are 3, 

14 while gas nodes can lead to most severe loss are 1, 3, 13. The reason for that 

difference could be the modified PR algorithm can not quantify the energy/importance 

transfer effect when line/node outage happens. Subsequently, it can be concluded that 

nodes enhance more energy flow through injections and exports maintain the highest 

ranking value while nodes with no injections or no exports maintain the least.  And 

nodes with more important linkage leads to larger weight as well. 

Table 3-4. The system loss owing to outage of important nodes 

ElectricityNode 1 5 6 10 13    

Loss (%) N/A 38.32 34.03 25.97 36.26    

GasNode 1 3 8 10 11 12 13 14 

Loss (%) N/A N/A 31.01 34.20 33.77 32.28 39.75 33.36 

 

3.5 Extra Analysis 

To further evaluate the rationality of this algorithm, a combined 33 electricity bus with 

13 gas nodes template is applied as the second test system to provide extra analysis. If 

negelect the gas network, owing to electricity side’s radial structure, its node 

importance would be decided by the overall importance of its located branch. For 
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instance, the ranking value of node 19 would be determined by the capacity of node 20-

22. While the node importance of gas network would only be decided by its 

connectivity and capacity. Thus, the relationship between load capacity and assessed 

importance can be better illustrated in this section. The electricity nodes that have 

largest initial capacity are set to node 25 and node 33. 

 

Fig.3-4 The 33 bus with 13 node test system 

 

Fig. 3-5 The assessed importance of electricity side 

 

Fig. 3-6 The assessed importance of gas side 
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Figure 3-5 shows the assessed importance of system nodes. It can be seen that, except 

the balance node bus 1 and nearby node bus 2, the most vulnerable nodes are node 3-6 

(the topologically most important nodes). For the other nodes in the same branch, the 

ranking values of node 7-18 maintain a downward tendency. Similarly, the ranked 

importance of nodes in branch 19-22 show a gradual descending as well. However, 

since node 22 and node 33 are allocated with highest initial popularity, a sudden surge 

occurs in the ranking value of node 23. The reason for that would be more rank value 

are transformed from node 25 to 23-24. For the same reason, the assessed importance 

of node 26-33 obtain relatively high value as well. To summarise, the result shows that 

the rank value of each node is determined by both system structure and its initial load.  

Figure 3-6 shows the assessed importance of gas nodes. Similar to electricity side, the 

node has important linkage relates to higher ranking value. However, differing from 

electricity side’s radial structure, the gas network obtains more connection nodes. Thus, 

there is no downward tendency shown in the importance of gas nodes. Basically, nodes 

with more important linkage leads to higher ranking values. 

3.6 Conclusion and Disscussion 

Based on the analysis above, it can be seen that nodes confirm to two features can lead 

to higher ranking value: Firstly, or architecturally, the linkage nodes of two systems 

and nodes that have more prominent linkage obtain higher values. Secondly, from the 

perspective of energy flow, those nodes that enable more energy flow in nearby areas 

maintain higher weights. Thus, it can be concluded that this scheme not only refers to 

the structural importance of complex systems but also considers the impact of energy 

flow conditions within the entire network. Subsequently, system behaviours under 

extreme events can be then analysed.  

However,  regarding the results of load curtailment analysis shown in Table 3-4, the 

most important node assessed by these two methods are not the same. This difference 

can be related to the fact that this modified PR algorithm can not quantify the 

energy/importance transfer effect when line/node outage happens. In other words, the 

drawback of this PR based method would be, it may ignore some features of energy 

systems, like energy/importance transfer regarding system outage. 
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3.7  Chapter Summary  

This chapter introduces a structural vulnerability assessment method for the integrated 

electricity and gas system. The assessment process is mathematically formulated by a 

topological algorithm that considers both system structural and different energy flow. 

The proposed algorithm is easy to implement, and not only refers to the structural 

importance of complex systems but also considers the impact of energy flow conditions 

within the entire network. Comparing to conventional vulnerability quantification 

methods, this scheme can evaluate the system’s connectivity and popularity 

simultaneously. 

The results illustrate that system nodes conform to two features can be more vulnerable: 

Firstly, or architecturally, the linkage nodes of two systems and nodes that have more 

prominent linkage obtain higher values. Secondly, from the perspective of energy flow, 

those nodes that enable more energy flow in nearby areas maintain higher weights. 

Consequently, this scheme not only refers to the structural importance of complex 

systems but also considers the impact of energy flow conditions within the entire 

network, and this modified PR algorithm can be basically verified as rational. 
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Chapter 4  Optimal Operation of Interconnected Energy 

Hubs by Using Decomposed Hybrid Particle Swarm and Interior-Point Approach 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter proposes a methodology to evaluate the impact of seismic 
events on the security of integrated electricity and gas system, mainly 
focusing on pipelines leakage and connection loss of electricity 

substation/lines. 

Impact analysis for the 
Integrated Electric and Gas 

System under Seismic 
Stress  
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Chapter Overview 

After accomplishing system vulnerability assessment, the impact of a specific 

catastrophe on an integrated energy system can be simulated and quantified. Owing to 

the fact that seismic stress can lead to excess damage in both electricity and gas system 

while other extreme events (like Hurricane and flooding) may mainly affect the 

electricity components, the seismic impact on the integrated system can be seen as a 

typical low probability high impact event that should be investigated. 

This section presents a methodology to evaluate the impact of seismic events on the 

security of integrated electricity and gas system, in which seismic severity and 

probability is related to specific load curtailment. The results clearly illustrate the 

damage consequences under seismic events in terms of both probability and severity 

levels. Subsequently, this research can inform the design of more cost-efficient 

resilience enhancement schemes for mitigating seismic events, thus enhancing the 

supply security of integrated energy systems. 

The main contributions are:  

• The importance/vulnerability of branches is assessed by a developed evaluation 

method. Accordingly, system resilience can be enhanced by strengthening the 

most vulnerable branches, providing strengthening strategy with lower costs but 

higher efficiency. 

• Different from studies that mainly concerns connectivity loss based on graph 

theory but ignore realistic damage to system components and functionality, this 

scheme specifies seismic damage by investigating the energy flow change within 

the entire integrated energy system. Based on that, the seismic impact on system 

components and system functionality would be more clearly described.  

• Instead of investigating economic loss by building a simplified model for energy 

systems, this scheme relates a certain intensity of seismic activities to a certain 

amount of load loss. Consequently, the damage caused by seismic stress is more 

precisely quantified.  

• In this chapter, the load loss is estimated by overloading transmission lines 

caused by seismic stress and decreased generation capacity caused by gas leakage 

and isolated generators. Consequently, it allows system operators and owners to 

comprehend how seismic damage would affect the energy system capability and 
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integrity. Moreover, it considers the seismic impact on both system generation 

and demand, which may provide more options for grid companies and customers 

to react. 
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4.1 Abstract 

Seismic events can cause devastating impacts on overground and underground energy 

system infrastructures. This chapter proposes a methodology to evaluate the impact of 

seismic events on the security of integrated electricity and gas system, mainly focusing 

on pipelines leakage and connection loss of electricity substation/lines. A stochastic 

model and probability model are used to formulate the damage level based on 

earthquake severity. The seismic impact on the integrated system is classified by 

relating to pipe leak and electricity line failure. Load curtailment due to limited 

generation capacity and overloading transmission lines can be obtained. The seismic 

intensity is generated randomly based on Monte Carlo simulation so that a certain 

seismic intensity can be related to relevant load curtailment. An integrated energy 

system with a 30-busbar electricity system and a 6-node natural gas network is used to 

demonstrate the effectiveness of the proposed method. The results clearly illustrate the 

damage consequences under seismic events in terms of both probability and severity 

levels.  This research can inform the design of more cost-efficient resilience 

enhancement schemes for mitigating seismic events, thus enhancing the supply security 

of integrated energy systems. 

4.2 Introduction 

The interconnection of various energy vectors has widely grown in recent years, 

especially between electricity and natural gas systems. Many technologies, for instance, 

combined heat and power (CHP) unit, energy hub, and micro-grid enable the increasing 

combination of those two energy systems. In the meantime, due to the climate change, 

low probability high impact natural events could cause severe consequences to the 

interconnected energy systems. Any failure of the interconnections may lead to 

significant energy loss and the impact could propagate to the other networks. Therefore, 

the security of integrated electricity and gas system needs to be assessed.  

Due to that seismic activities damage both overground and underground parts of energy 

systems, how integrated energy systems would behave and react regarding seismic 

activities should be taken into consideration. From the topological point of view, paper 

[1, 2] quantify the seismic impact on integrated electricity and gas system in terms of 

connectivity loss, power loss and impact factor on the affected population. Based on 

that, further research [3]   shows that, compared to separate electricity and gas network, 
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the investigation on the interdependency of gas and electricity system shows an 

increased vulnerability. Consequently, it can be maintained that to promote system 

security, the response and behaviours of integrated gas and electricity should be 

investigated with high priority. 

The seismic modelling methods can be mainly categorized as three: direct methods, 

integral-equation methods, and asymptotic methods [4]. The first method refers to the 

mathematical expression based on a numerical mesh [5-7], the second method is related 

to wave filed that oriented from point sources [8, 9] while the last method also considers 

wave filed but only gives an approximation to obtain the certain magnitude of seismic 

events [10-12]. In this chapter, the intensity of seismic activities is modelled by wave 

propagation described as peak ground acceleration (PGA) and peak ground velocity 

(PGV). These variables are related to landslides, surface faulting and liquefaction-

induced lateral spreading [13, 14]. It is seen that the higher the seismic level, the higher 

the PGA’s magnitude. The relationship between PGA, PGV and seismic intensity is in 

[15]. 

TABLE 4-1 

RANGES OF PGA, PGV AND SEISMIC INTENSITY 

Intensity Ⅰ Ⅱ~Ⅲ Ⅳ Ⅴ Ⅵ Ⅶ Ⅷ Ⅸ 

PGA 

(%g) 

<0.17 0.17-

1.4 

1.4-

3.9 

3.9-

9.2 

9.2-

18 

18-

34 

34-

65 

65-

124 

PGV 

(cm/s) 

<0.1 0.1-

1.1 

1.1-

3.4 

3.4-

8.1 

8.1-

16 

16-

31 

31-

60 

60-

116 

  

For typical gas networks, seismic activities mainly affect pipelines by causing gas 

leakage. This type of damage may not directly lead to destructions but would cause 

energy supply loss of gas generation due to insufficient supply. As a matter of fact, 

because of various types of forces, there is a large difference between the seismic 

response of buried pipes and above ground infrastructures[13]. In natural gas systems, 

the ground movements normally result in the pipeline leak. To evaluate the leakage rate, 

paper [16] defines an equivalent diameter 𝜇 to describe gas leakage, which points out 

that general gas leakage usually varies from 0 to 10mm/m. Although simplified analysis 

procedures are analysed, the unduly amount of assumptions evolved may lead to 

inaccurate results. Thus, after modifying some assumptions, a modified analysed 

method for buried pipes underground motion is presented [17], in which various types 

of fault movement are investigated. Nevertheless, though the physical performance of 

buried pipelines is distinguished, how gas leakage can be correlated with seismic 
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intensity is still not clear. Paper [18] takes gas supply networks as an example and 

designs a probability density evolution approach to evaluate the seismic reliability of 

networks. However, in this model, the connectivity reliability is obtained but ignored 

the gas flow conditions. 

As for electrical systems, seismic activities significantly impede the security of 

generation plants, substations and distribution circuits. The destruction of these 

elements may result in a significant load loss in electricity systems [14, 19, 20]. To 

evaluate the regional economic loss of disturbed electricity lifelines, paper [6] proposes 

a seismic performance quantification scheme based on a linear programming model. 

This method enables an input-output analysis that can not only validate the economic 

loss but also contributes to loss mitigation. The intensity detection of a seismic 

explosion is realised with the air-shock wave impact of drilling and blasting operations 

on electricity power lines in paper [21]. However, more detailed consideration of 

electricity power lines structure, shock resistance should be applied regarding the 

impact of seismic explosion loads. In paper [22], the repair costs and system downtime 

are analysed based on MATPOWER. The drawback of this model is that only the 

vulnerability of transformers and plants are analysed while system branches are ignored. 

Referring to graph theory, a seismic vulnerability assessment strategy for 

interdependent critical systems is developed in paper [3]. In this scheme, the structural 

vulnerability is quantified by evaluating the seismic impact on population and energy 

supply. The shortcoming of this method is that the graph theory can only evaluate the 

structural vulnerability but ignores the change of power flows.  

This chapter designs a novel method to assess the performance of integrated natural gas 

and electricity systems under seismic stress. Subsequently, the connection loss of 

transmission lines and seismic leakage of gas pipelines is extensively assessed, where 

the first task is achieved by building a probabilistic model and the other is estimated by 

modelling several damage scenarios. It proposes a novel seismic damage quantification 

method considering both the seismic loss caused by the lack of generator capacity and 

demand curtailment to meet network power flow constraints. Different from previous 

researches which mainly focus on economic loss and damage rate, the proposed method 

investigates the change of natural gas pipeline leakage and electricity system loss. The 

vulnerability of system branches is assessed. This evaluation is established based on the 
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analysis of each branch’s disconnection impact on system load curtailment. A figure is 

then derived which clearly shows each branch’s importance respectively.  

The main contributions are:  

• Other than studies that mainly concerns connectivity loss based on graph theory 

but ignore realistic damage to system components and functionality, this scheme 

specifies seismic damage by investigating the energy flow change within the 

entire integrated energy system. Based on that, the seismic impact on system 

components and system functionality would be more clearly described.  

• Instead of investigating economic loss by building a simplified model for energy 

systems, this scheme relates a certain intensity of seismic activities to a certain 

amount of load loss. Consequently, the damage caused by seismic stress is more 

precisely quantified.  

• In this method, the load loss is estimated by overloading transmission lines due to 

seismic stress and decreased generation capacity caused by gas leakage and 

isolated generators. Consequently, it allows system operators and owners to 

comprehend how seismic damage would affect the energy system capability and 

integrity. Moreover, it considers the seismic impact on both system generation 

and demand, which may provide more options for grid companies and customers 

to react. 

• The weight of branches on system security is assessed by a developed evaluation 

method. Accordingly, system resilience can be enhanced by strengthening the 

most vulnerable branches, providing strengthening strategy with lower costs but 

higher efficiency. 

The rest of the paper is organized as follows: Section II investigates the seismic 

response of the gas network. In Section III, the response of electricity systems to seismic 

events is studied and in Section IV, a case study is presented. Section V concludes this 

chapter. 

4.3 The Seismic Behaviors of Gas Network 

This section investigates the performance of gas pipelines under seismic events. A 

mathematical expression of pipe leakage is presented, in which the seismic damage is 

separated into two aspects: the damage quantity and the damage quality. The first aspect 

can be related to different seismic intensity while the other aspect specifies the leakage 
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rate. Consequently, a relationship between the gas leakage rate and the seismic intensity 

is established. 

4.3.1. The Damage to Buried Pipelines 

To quantify the seismic loss of gas networks, a relationship needs to be established 

between the seismic intensity and overall pipeline leakage. In this chapter, for the gas 

networks, the seismic behaviour is classified by three steps: Firstly, the seismic intensity 

is quantified and related to certain PGV. Subsequently, equation (1) allows the 

classification of how many damage holes would be generated by the seismic stress. 

Then, the expectation of the size of damage holes and how much the gas pressure P 

would be affected can be obtained. Consequently, the loss of flow rate Q can be found. 

In this Chapter, 5 damage scenarios are deployed to estimate the leakage loss. 

To address gas leakage caused by the seismic stress, the relationship between the 

damage quantity, or damage ratio, and seismic intensity is classified first. Normally, 

the damage ratio of the gas network can be described by the damage rate, which 

represents the number of damage points per kilometres of pipelines within the entire 

system. According to [14], for ductile iron, the damage rate is classified by PGV as 

𝐷𝑎𝑚𝑎𝑔𝑒 𝑟𝑎𝑡𝑒 =
 Damage points

Km
= 0.00003 × (PGV)2.25                                         (4-1) 

Thus, the intensity of seismic activities can be related to a certain damage ratio of a gas 

network. 

4.3.2. The Estimation of Leakage Amount 

However, although the damage rate for overall pipelines is obtained, the gas leakage 

amount for each damage orifice on pipes still need to be investigated. 

For typical seismic activities, the peak horizontal particle velocity is positively 

correlated with pipeline damage ratio [23]. Thus, the damage ratio can be assumed to 

grow linearly as the intensity of seismic stress increases. Normally the gas flow within 

a pipeline can be classified as,  

𝐴𝐺𝐴𝑇𝑃 +  𝑄 =  0                                                                                                    (4-2) 

where G is the admittance matrix of gas pipes, A is the connection matrix of the system, 



 

68 

 

P is the pressure matrix of gas system node, and 𝑄 is flow rate vector of nodes.  

However, to model the gas pipeline leakage, a general hydraulic method would require 

many unknown variables to quantify the leakage loss, for instance, the pressure drop, 

outlet flow and inlet pressure. Even if the inlet pressure is assumed to be constant, there 

would still be an unduly number of unknown variables [24]. Thus, instead of classifying 

pressure variation due to seismic damage, this chapter maintains the leakage loss by 

investigating the equivalent orifice diameter (EOD) of damaged pipes. A leak damage 

expectation based on EOD analysis would be specified regarding the probability of 

various leakage scenarios according to Table 4-Ⅱ [25]. 

For standard buried pipelines, seismic stress mainly causes five types of damage: 

annular disengagement, round crack, longitudinal crack, local crack of the pipe wall 

and local tear of the pipe wall. The EOD of damaged pipe regarding different scenarios 

can be derived as, 

𝑑1 = 2√𝑡𝑘𝐷                                                                                                               (4-3) 

𝑑2 = 2√𝜃𝐷                                                                                                                (4-4) 

𝑑3 = 2√𝐿𝐷𝜃/𝜋                                                                                                         (4-5) 

𝑑4 = 2√𝑘1𝑘2𝐷                                                                                                          (4-6) 

𝑑5 = 2√𝑘𝑤𝐷                                                                                                             (4-7) 

where 𝑑1, 𝑑2, 𝑑3, 𝑑4, 𝑑5 are the EOD for these five scenarios respectively, D is the 

diameter of the damaged pipe, 𝜃 is the opening angle, L is the length of the crack and 

can be taken as the length, w is the width of split and 𝑡, 𝑘, 𝑘1𝑘2 are constant that set as 

10~16 mm, 1% and 5% respectively. Because the opening angle 𝜃 and width of split w 

are largely determined by pipeline material, their values are set to 0.1° and 12 mm from 

observations. The criteria of adjusting these variables follows [25]. 

The probabilities of that 5 damage scenarios regarding different pipe materials are 

shown in Table  4-2. For each type of pipe, the possible damage scenarios are listed 

with its probability. Subsequently, the overall expectation of EOD for a single pipe leak 

would be, 
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𝐸𝑂𝐷 = ∑ 𝑃𝑖𝑑𝑖
𝑛=5
𝑖=1                                                                                                       (4-8) 

where 𝑃𝑖 refers to the probability of different leak scenarios, 𝑑𝑖 is EOD under the five 

damage scenarios. 

TABLE 4-2 

 THE PROBABILITY OF LEAK SCENARIOS FOR PIPELINES OF VARIOUS MATERIALS [25] 

 

Pipe 

Materi

al 

Annul

ar 

disen

gage

ment 

round 

crack 

longit

udina

l 

crack 

Local 

loss 

of 

pipe 

wall 

Loca

l tear 

of 

pipe 

wall 

Cast 

Iron 

0.3 0.5 0.1 0.1 N/A 

Ductil

e Iron 

0.8 N/A 0.1 0.1 N/A 

Rivete

d Steel 

0.6 N/A 0.3 0.1 N/A 

Welde

d   

Steel 

N/A N/A N/A N/A 1.0 

Joint 

Concr

ete 

1.0 N/A N/A N/A N/A 

 

Hence, a specific relationship is established between the seismic intensity and general 

natural gas loss. When the diameter and material of pipelines are classified, the gas 

leakage can be obtained accordingly.  

4.3.3. The Coupling of Electricity and Gas system 

In this chapter, the electricity system and gas network is integrated by a single 

transportation pathway. A Combined Heat and Power plant (CHP) is assumed to be 

installed in the gas network to convert gas to electricity at node C, and its efficiency 

would be 𝑃𝐺𝐶𝐻𝑃, the power output of CHP, over 𝑃𝐺𝐺𝑎𝑠, the gas energy input of CHP. 

𝑦 =
𝑃𝐺𝐶𝐻𝑃

𝑃𝐺𝐺𝑎𝑠
                                                                                                                   (4-9) 

4.4 Seismic Response of Electricity System 

This section designs a seismic loss estimation methodology for electricity systems, 

which mainly considers the seismic damage to lines. A probabilistic model of loss 

expectation regarding each level of seismic arrack is proposed. Then, the system 

performance quantification schemes are developed.  
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4.4.1. Connection Loss 

Although the seismic behaviour of various types of electricity infrastructures have been 

assessed, a scheme that quantifies the performance of overall systems is desirable to 

address the power flow change within the entire system. For electricity systems, seismic 

events mainly affect its functionality by damaging components such as generation plant, 

substation and distribution circuits. This scheme mainly considers the seismic damage 

on distribution branches, as it’s the key feature to establish reliable energy supply and 

satisfy customer demand. generally, seismic events disturb distribution branches by 

shaking pylons and destroying conductors, and thus the connection cables can be 

considered as the most vulnerable targets of the transmission system that faces seismic 

threats. 

 

Fig. 4-1.  Fragility curve of transmission lines 

As shown in Figure 4-1, paper [14] provides a probability model of the electricity 

system under earthquake attacks. Based on statistical analysis, this scheme concludes 

the seismic impact on distribution branches into four damage stages: minor damage 𝑑1, 

moderate damage 𝑑2, extensive damage 𝑑3, and the complete destruction 𝑑4. 

Consequently, for a given level of ground acceleration, these curves in Figure 4-1 

describe the probability of reaching or exceeding each damage state. For distribution 

branch, each damage state refers to a certain level of connection loss. 𝑑1 refers to 4% 

connection loss (CL), 𝑑2 refers to 12% CL while 𝑑3, 𝑑4 represents for 50% CL, 80% 

CL respectively. Subsequently, for the same PGA, more severe damage states 

correspond to the lower probability of occurrence [1].  
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TABLE 4-3 

DAMAGE ALGORITHM FOR THE ELECTRICITY SYSTEM 

Damage 

state 

Median(g) β 

slight/minor 0.28 0.30 

moderate 0.40 0.20 

extensive 0.72 0.15 

complete 1.10 0.15 

 

Although each level of seismic stress is related to a certain distribution of damage states, 

a damage expectation is necessary to obtain a certain percentage of transmission loss 

due to seismic events.  

4.4.2. Damage Expectation of Connection Loss of Electricity Systems 

TABLE 4-4 
SEISMIC DAMAGE TO THE ELECTRICITY SYSTEM 

Damage 

state  

Loss estimation  

Connection loss 

(CL)  

Probability  

Slight  4%  𝑃1  

Moderate  12%  𝑃2  

Extensive  50%  𝑃3  

Complete  80%  𝑃4  

 

To establish the overall CL for a certain level of PGA, the damage expectation should 

be determined. However, the four damage states are not completely independent. 

Because a more severe damage state contains lower damage stages, the damage 

expectation 𝐷 𝐶𝐿can be characterised as,  

𝐷 𝐶𝐿 = 𝑃𝑛𝐶𝐿𝑛 + ∑ (𝑃𝐶𝐿,𝑖−1 − 𝑃𝐶𝐿,𝑖)𝐶𝐿𝑖−1
𝑛−1
𝑖=2                                                          (4-10)  

where i∈ [15 … , 𝑛] refers to four damage states.   

Thus, as long as the magnitude of PGA is specified, the failure rate of branches within 

the entire system can be obtained properly.  

4.4.3. Load Loss Estimation 

Due to seismic stress, line failures would significantly affect energy system security, 

especially the problem of unbalanced energy generation and demand. Referred to 

unsatisfied load demand, necessary load curtailment should be considered.  
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Thus, this scheme mainly considers load curtailment in two aspects: Firstly, the 

decrease of generators’ capacity caused by gas leakage and isolated power plants would 

lead to unsatisfied load demand. Secondly, when a line failure occurs, other lines would 

be overloaded due to increasing power flow. Thus, proper load curtailment is conducted 

to relieve the overloading. This chapter curtails load that cannot be satisfied based on 

each demand sensitivity factor to a system component. The demand sensitivity factor 

can be classified as, 

𝑆𝐹𝑛 =
∆𝐵𝑟𝑎𝑛𝑐ℎ 𝑖

∆𝐷𝑒𝑚𝑎𝑛𝑑
                                                                                                        (4-11)         

where ∆𝐵𝑟𝑎𝑛𝑐ℎ i is the power flow fluctuation along the branch i while ∆𝐷𝑒𝑚𝑎𝑛𝑑 

represents for the amount of the curtailed load. 

4.4.4. Load Loss Estimation 

The overall implementing steps of this seismic damage assessment scheme for 

integrated electricity and gas system is illustrated in Figure 4-3. For a given level of 

seismic events, the PGA and PGV are explicit values, and subsequently, the leakage 

rate and the number of failure branches can be obtained. The locations of gas leakage 

and failure electricity branches are randomly selected. The integrated power flow within 

the entire network is then conducted to determine load curtailment. Due to the 

overloading transmission lines and limited generation capacity, proper load curtailment 

strategies should be employed related to a certain intensity of seismic activities. 

Furthermore, a resilience enhancement strategy for system branches would be proposed 

based on the analysis of loss load due to transmission lines’ outage. Subsequently, the 

implementation steps can be specified as, 

2 Generating seismic intensity randomly 

3 Maintaining the pipeline leakage loss and connection loss within the natural gas 

network and electricity system respectively. 

4 Classify reduced generation capacity including both CHP output and power plant. 

5 Determine the load curtailment due to decreased generation capacity and 

overloading transmission line. 
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6 Relating the amount of load curtailment to the intensity of generating seismic 

activity. 

7 The vulnerability assessment of transmission lines. 

Investigate the 

seismic damage to 

electricity 

transmission 

system

Set seismic 

intensity

Investigate the 

pipeline leak owing to 

seismic stress

Estimate seismic damage 

to system components

The overall loss 

owing to seismic 

damage

Investigate the size of 

damage holes

Investigate the 

damage points of 

pipelines
Electricity load loss 

owing to reducing 

generation capability 

and overloading 

transmission lines

Gas leakage 

loss

 

Fig.  4-2.  Implementation of seismic damage. 

 

4.5 Case Study 

4.5.1. The Test System 

In this section, a combined 6 nodes gas network and IEEE 30 busbars electricity 

network is used for demonstrating the developed model. As shown in Figure 4-3, the 

gas network contains the main gas supply, 4 demand nodes and 7 pipelines. A gas-fired 

CHP C is located at node C of the gas network and then connected to busbar 2. The 

efficiency of gas-fired generation deployed at busbar 2 is set to 80%. 

The Monte Carlo simulation is conducted 10000 iterations to simulate the performance 

of the integrated system under seismic damage, regarding the randomly generated 

intensity of seismic activity. During each iteration 1) for the gas network, the pipe 

leakage is generated, randomly at the pipes in the system, and thus the generation of 
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this gas supply can be determined. 2) For the electricity system, the expected line loss 

ratio can be calculated by equation (10) under the simulated seismic intensity. The lost 

lines are randomly selected from the 41 branches. Thus, the system power flow changes 

and lost loads can be accordingly quantified. Furthermore, the importance of each 

branch will be illustrated by a box plot figure, which compares each branches’ 

disconnecting impact within all the simulations. 

Table 5 shows the original demand of system electricity busbars, the overall original 

load would be classified as 189.2 MW. Loss load assessment would then be 

distinguished and investigated in the following analysis.  

 
Fig.  4-3.  The test system 

As for the gas network, its demand nodes 2, 3, 4 and 5 are set with maximum gas flow 

mode (generating as much as the substation can to satisfy those load demand), in which 

their gas demand (50, 100, 150 and 100 MW) would be satisfied at any time. The gas 

supply obtains a fixed capacity that equals to 600 MW. Subsequently, to minimise the 

decline of gas transferred to electricity, the CHP at node C, which has 200 MW original 

demand, is operated under Max pressure mode. 
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TABLE 4-5 

ORIGINAL LOAD DEMAND 

Bus 

No  

Demand 

(MW)  

Bus  No  Demand 

(MW)  

2  21.7  17  9  

3  2.4  18  3.2  

4  7.6  19  9.5  

7  22.8  20  2.2  

8  30  21  17.5  

10  5.8  23  3.2  

12  11.2  24  8.7  

14  6.2  26  3.5  

15  8.2  29  2.4  

16  

  

3.5 

  

30  10.6  

  Total  189.2  

 

4.5.2. Result Analysis 

In this section, the sampled seismic intensity is set to Ⅷ, thus PGA is 0.45g (45%g) and 

PGV is 60 cm/s. Considering equation (10), since each PGA can be related to a certain 

probability of several damage states, the damage expectation of CL is then classified as 

12.5% of 41 branches (5.125), which indicates the number of failed transmission lines 

is 5. Hence, 5 failure lines are randomly selected from 41 branches. In addition, another 

variable that is affected by seismic damage is the generation of CHP output. For the 

seismic intensity of 60 cm/s, the damage rate among the gas network is determined as 

0.00003. If the overall length of gas pipes is 3.5 km, there will be 1 damage point. The 

locations of gas leaks are randomly generated among all gas pipelines. Assume all pipes 

within the gas network are constructed by Ductile Iron, based on the probabilities of 

that 5 damage scenarios, the damage expectation of EOD can then be estimated as 5cm. 

Subsequently, system leakage loss due to seismic damage is maintained based on 

Pipeline Studio, a pipeline analysis software that can model a wide range of steady-

state and transient analysis of pipe systems. Based on the Benedict-Webb-Rubin 

equation, the hydraulic analysis function of natural gas and the liquid pipeline is 

employed. 

 



 

76 

 

TABLE 4-6   

OUTFLOW OF GAS NETWORK DUE TO SEISMIC DAMAGE 

Component

s 

Mode of 

control 

Pressure 

(BARG) 

Flow  

(MW) 

CHP6 Max pressure 110 62.3~69.8 

Gas 

demand2 

Max flow 109.3 50 

Gas 

demand3 

Max flow 109.4 100 

Gas 

demand4 

Max flow 109 150 

Gas 

demand5 

Max flow 109.9 100 

Leak Leak sim 109.1 130.2~138 

Supply7 Max flow 109.4 600 

 

 

As shown in Table 4-6, the gas leakage varies from 130.2 MW to 137.5 MW, 

consequently, the energy transferred from gas to electricity would be 49.84~55.84 MW. 

Since the busbar 2 within the electricity system maintains a 12 MW’s capability, the 

overall generation in busbar 2 would be 61.84~67.84 MW. For instance, the upper left 

figure converges in the area with the highest density, which is between -20~0 MW, and 

this interval can be seen as the effect of 0.45g seismic activity.  However, the results 

indicate that owing to the seismic activities, the power flow carried by system branches 

can maintain an extreme value that may reach the limit of its capacity. Thus, the main 

reasons for the extreme value are: i) Although only 5 transmission lines have failures, 

the majority of remaining branches are not effective enough to satisfy load demand: ii) 

Some branches could obtain more power flow when the directions of power flows on 

other branches reverse.  

Thus, the conclusion is that some of the system branches could be required to satisfy 

more demand when seismic damage occurs. Subsequently, when this condition happens, 

overloading transmission lines would be generated, and the necessary load curtailment 

scheme should be applied to meet the transmission lines’ capacity limit. 
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Fig. 4-4.  The non-zero demand change for bus 21 

 

A sample demand change that related to overloading transmission lines and the shortage 

of generation capacity is illustrated in Figure 4-4. This figure illustrates the PDF of the 

quantity of none zero load curtailment (changeless conditions removed) on bus 21 in 

10000-time simulation, in which x axis refers to the amount of its demand change while 

y axis is the probability density among 10000-time simulation. It can be seen that, when 

proper load curtailment is employed, the power demand curtailment on bus 21 can be 

generally assessed as higher than 16 MW, which is nearly 100% of its overall demand. 

The relatively high probability for bus 21 to completely lose its demand(17.5 MW) 

indicates the high possibilities for its load gets completely curtailed owing to seismic 

activities. 

 
Fig. 4-5.  The non-zero demand change for bus 24 
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Same as Figure 4-4, Figure 4-5 shows the overall non-zero demand change (changeless 

conditions removed) for bus 24. As the result illustrates, load curtailment between 8~9 

MW maintains a higher occurrence. Although the most likely demand curtailment for 

bus 24 is 8.9 MW, its demand curtailment lower than 1 MW has a high probability as 

well. The reason for that case can be there is a high probability for bus 24 gets 

completely isolated from the main grid while line failures may only obtain a minor 

impact on it. 

 

Fig.  4-6.  The lost load for the whole system under seismic intensity Ⅷ 

 

To conclude the seismic impact on the integrated electricity and gas system, the lost 

load is assessed by summarising load curtailment. As shown by Figure 4-6, for seismic 

activities that maintain Ⅷ’s intensity, the expectation interval of load curtailment would 

be 46.25~48.73 MW, which indicates that there would be the highest possibility for this 

system to have load curtailment of 46.25~ 48.73 MW.  

Figure 4-6 also illustrates that, since there is also a high probability for a zero load 

curtailment condition, the probability for this integrated system to maintain its full 

functionality is relatively high. The states that represent the loss load between 10 and 

20 MW have a relatively high chance, which may relate to the contribution of the 

isolated load. When load isolation occurs, the load would be considered as completely 

lost. Nevertheless, this condition may occur more frequently than predicted, and in that 

case, the quantity of loss load would vary from 3.2 MW to 30 MW, which leads to a 

downward trend between 0~30 MW. There is another peak of 100~180 MW, and in 

that case, the majority of system load get curtailed, this system will be divided into 
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several islanded networks. Because this chapter mainly refers to the distribution circuit, 

the islanded networks would be seen as completely lost. Moreover, regarding the whole 

system, the most possible load curtailment due to isolated networks would be around 

140 MW. 

 

 
Fig. 4-7. The loss load due to branch outage 

 

Since 5 branches are disconnected in each simulation, the load curtailment related to 

each branch disconnection can be identified. Figure 4-7 is a box plot that compares load 

curtailment for every faulty transmission line. Red marks represent average values 

while black lines describe the median values. The outliers have been removed. It can 

be observed that branches 28, 29, 30 and 36 contribute to the highest load curtailment 

far larger than other. Consequently, branches 28, 29, 30 and 36 can be seen as the most 

vulnerable transmission lines in this system. Besides, for the majority of remaining 

transmission lines, the median of their load curtailment obtain similar values, which 

indicates that these branches may have a similar contribution to system security. 

When seismic intensity is set to Ⅶ (0.30g), the CL would be 50%×4%+25%×12%=5% 

of 41 branches. This indicates that the failure of 2 lines would be generated by a seismic 

attack. Regarding the gas network, since PGV is between 16-31 cm/s, the damage points 

of pipelines would be less than 1. Consequently, the gas pipeline network is assumed 

to have no damage. Fig. 8 shows the electricity load loss under Ⅶ seismic stress, where 

the results can be divided into two categories: 1) minor loss case from 0-50 MW, 2) 

severe loss load case from 145-155MW. In the minor case, the most likely expectation 

interval is between 7.63-9.98 MW while for the severe case, the most likely expectation 

interval is between 152.34-155.01MW.  
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Fig.  4-8.  The lost load for the whole system under the seismic intensity of VI 

 

4.5.3. Multi Connection Case 

Since the previous test system integrates the electricity and gas system only by a single 

connection, this section provides a more realistic test case with more interconnections. 

As shown in Figure 4-9, three CHPs are installed at the Gas nodes 2, 6, 3 to convert 

energy from gas to electricity, subsequently, they are operated under Max pressure 

mode. 

 

Fig.  4-9.  The test system with Multi internal connections 
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For seismic stress with intensity Ⅷ, the overall loss load is shown in Figure 4-10. The 

confident interval of load curtailment is classified as 68.52~71.03 MW. Thus the most 

possible load loss for this system can be seen as between 68.52~71.03 MW. Comparing 

to the test system with a single interconnection, this system seems more vulnerable to 

seismic stress. The reason for that is probably that more interconnections between the 

two systems allow a more severe mutual effect under seismic stress. 

Similar to Figure 4-7, Figure 4-11 indicates that the most vulnerable branches are 

branch 16, 28-33 and 36. It can be seen that those branches near to interconnections 

between the electricity and gas system are extremely vulnerable (such as branch 16, 36). 

Comparing to the result of a single connection case, more branches behave vulnerably 

to seismic stress and the estimated overall load loss is much higher. This may indicate 

that more interconnections between electricity and gas system may expose the system 

to higher impact of seismic stress. 

 

Fig.  4-10.  The lost load for the whole system 
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Fig.  4-11.  The lost load due to branch outage 

Assuming the distance between seismic epicentre and different substations are the same, 

then all substations would experience a PGA of 0.45g. After 10000 times of Monte 

Carlo simulation, the PDF of load loss would be, 

 

Fig.  4-12.  The lost load due to substation damage 

 

As shown in Figure 4-12, the results can also be categorised into two kinds: 1) minor 

loss case from 0-60 MW, 2) severe loss load case from 140-180MW. In the minor case, 

the most likely expectation interval is between 25.38-27.93 MW while for the severe 

case, the most likely expectation interval is between 167.93-171.43MW. 
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4.6 Conclusion and Disscussion 

In this section, a statistic model of seismic activity is developed and applied to 

integrated electricity and natural gas systems. It considers the impact of seismic events 

on both electricity transmission lines and gas pipes, quantified in terms of load loss. It 

is worth noticing that the damage caused by seismic attacks can be related to certain 

load loss of the integrated electricity and gas system. Hence, resilience enhancement 

strategies can be deployed regarding the assessed system loss. 

Other findings would be, as shown in 4.5.2, for short pipelines in gas networks, seismic 

intensity lower than Ⅶ may not cause direct load loss but with increasing length, the 

consequence would become severe. Moreover, the results analysis for lost load due to 

substation damage indicates that although this research mainly focuses on the fragility 

of transmission lines, the framework can be easily applied to other network assets, such 

as substations. The results may also indicate that more interconnections between 

electricity and gas systems may expose the system to more extreme impact of seismic 

stress. And from the analysis above, the drawback of this method can be concluded as, 

for less severe seismic stress, the impact on systems under different intensities can not 

be precisely distinguished. 
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4.7 Chapter Summary  

In the presented method by this chapter, the connection loss of transmission lines and 

seismic leakage of gas pipelines is extensively assessed, where the first task is achieved 

by building a probabilistic model and the other is estimated by modelling several 

damage scenarios. It proposes a novel seismic damage quantification method 

considering both the seismic loss caused by the lack of generator capacity and demand 

curtailment to meet network power flow constraints. Different from previous researches 

which mainly focus on economic loss and damage rate, the proposed method 

investigates the change of natural gas pipeline leakage and electricity system loss. The 

vulnerability of system branches is assessed. This evaluation is established based on the 

analysis of each branch’s disconnection impact on system load curtailment. A figure is 

then derived which clearly shows each branch’s importance respectively.  

In this chapter, a statistic model of seismic activity is developed and applied to 

integrated electricity and natural gas systems. It considers the impact of seismic events 

on both electricity transmission line and gas pipes, quantified in terms of load loss. the 

key findings include 1) The damage caused by seismic attacks can cause certain load 

loss of the integrated electricity and gas system. Thus, system security can be enhanced 

by applying proper strengthen strategies. 2)For short pipelines in gas networks, seismic 

intensity lower than Ⅶ may not cause direct load loss but with increasing length, the 

consequence would become severe. 3)For systems with more interconnections between 

electricity and gas, severer load loss is caused by Ⅷ  level seismic events, which 

indicates more interconnections may lead to higher vulnerability. It is due to due to the 

cascading impact of failures. 

Moreover, although this method mainly focuses on the fragility of transmission lines, 

the framework can be easily applied to other network assets, such as substations. This 

research can help system operators to assess the performance of their integrated energy 

systems under seismic attacks and thus inform them to deploy appropriate strengthening 

schemes and measures to enhance energy system resilience.
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Chapter 5  Chance-Constrained Optimization for 

Multi Energy Hub Systems in a Smart City 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter designs a novel two-stage approach to minimise hurricane 
impact on distribution networks by re-disaster strengthening and post-
catastrophe automatic system operation. 

Resilience Enhancement for 
the Electricity system under 

hurricane stress 
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Chapter Overview 

Based on the impact and vulnerability studies of extreme events proposed by previous 

sections, this chapter mainly focus on the Post-disruption system Recovery scheme. 

Hurricane events can cause severe consequences to the secure supply of electricity 

systems. This chapter designs a novel two-stage approach to minimise hurricane impact 

on distribution networks by automatic system operation. A dynamic hurricane model is 

developed which has a variational wind intensity and moving path. The paper then 

presents a two-stage resilience enhancement scheme that considers pre-disaster 

strengthening and post-catastrophe system reconfiguration. The pre-disaster stage 

evaluates load importance by an improved PageRank algorithm to help deploy 

strengthening scheme precisely. Then, a combined soft open points (SOP) and 

networked microgrids (MGs) strategy are applied to enhance system resilience. A 

failure scenario generation and reduction algorithms are developed to simulate possible 

hurricane inducing system faults. Different from previous papers that classify load 

curtailment by investigating unbalanced supply and demand, this proposed method 

investigates the loss of load demand by investigating unsatisfied demand and 

overloaded transmission lines.  

The main contributions of this chapter are:  

• Based on the coordination of SOPs and Networked MGs, it presents a two-stage 

resilience enhancement scheme that considers pre-disaster strengthening and 

post-catastrophe system reconfiguration.  

• The pre-disaster stage evaluates load importance by an improved PageRank 

algorithm to help deploy strengthening scheme precisely. 

• The damaged system cannot be reconfigured by this method, while the traditional 

reconfiguration can only mitigate the power loss. 

• The hurricane model is better dynamically modelled that has a variational wind 

intensity and a moving path. 

• The load curtailment due to hurricane attacks is more precisely described by 

considering both unbalanced load demand and also the impact of line 

overloading.  
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5.1 Abstract 

Hurricane events can cause severe consequences to the secure supply of electricity 

systems. This chapter designs a novel two-stage approach to minimise hurricane impact 

on distribution networks by automatic system operation. A dynamic hurricane model is 

developed which has a variational wind intensity and moving path. The paper then 

presents a two-stage resilience enhancement scheme that considers pre-disaster 

strengthening and post-catastrophe system reconfiguration. The pre-disaster stage 

evaluates load importance by an improved PageRank algorithm to help deploy 

strengthening scheme precisely. Then, a combined soft open points (SOP) and 

networked microgrids (MGs) strategy are applied to enhance system resilience. Load 

curtailment is quantified considering both power unbalancing and the impact of line 

overloading. To promote computational efficiency, particle swarm optimization (PSO) 

is applied to solve the designed model. A 33-bus electricity system is employed to 

demonstrate the effectiveness of the proposed method. The results clearly illustrate that 

the impact of hurricanes on load curtailment, which can be significantly reduced by 

appropriate network reconfiguration strategies. This model provides system operators 

a powerful tool to enhance the resilience of distribution systems against extreme 

hurricane events, reducing load curtailment.   

5.2 Introduction 

A smart energy city enables flexible management of energy infrastructure to efficiently 

meet demand. Within a smart energy city, the energy hub concept can coordinate 

multiple energy carriers to optimally satisfy demand [1-5].  

Due to the climate change, low probability high impact natural events could cause 

severe consequences to electricity systems. Because any failures of the distribution 

systems may cause significant energy loss, the security of the electricity system has to 

be assessed and managed properly. Due to that severe hurricane events can damage 

pylons and distribution lines, the behaviours of the electricity system under hurricane 

attacks should be investigated with high priority. Thus, more concerns are paid to 

constructing resilient distribution systems. Resilience describes the capability of an 

object to fully recover to its original state after severe disruptions. Referred to power 

systems, resilience defines the ability for the system to restore its full functionality after 

disruptions, i.e in networks or generation supply. Resilience enhancement strategy can 
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be divided into two stages: the pre-disaster strengthen stage and the post-disaster 

recovery stage. 

For Pre-disaster strengthening stage, system behaviors under severe hurricanes need to 

be investigated first. To quantify system response, a common method is to use operation 

cost or load shedding cost as key features in the literature [1, 2]. However, these metrics 

cannot directly reflect the decrease of system capability to satisfy load demand. Based 

on the analysis of system behaviours, a targeted hardening strategy is developed to 

improve distribution system reliability, which involves strengthening important 

distribution poles as well as poles with a high probability of failure by identifying risk-

critical parts of the system [3]. A tri-level optimization model that considers the failure 

probability of hardened components is presented in paper [4]. According to hardening 

costs and weather parameters, there are three different hardening strategies for each line 

to strengthen enhancement.  

For the post-disaster recovery stage, based on various types of switches, Medium 

voltage  distribution systems can be easily reconfigured. MV distribution networks are 

usually operated in a radial configuration, which allows the use of switch operations to 

offer efficient and inexpensive protection schemes as well as providing fast fault 

isolation. Furthermore, MGs can be scheduled to restore system functionality as well. 

To construct resilient distribution systems, paper [5] presents an emergency restoration 

method to provide an emergency power supply to critical loads facing extreme natural 

catastrophes. A self-recovery method that sectionalizes the distribution system into 

microgrid is presented by paper [6]. According to this method, the on-outage portion of 

the distribution system will be optimally sectionalized into self-supplied MGs, and then 

the outputs of dispatchable DGs will be rescheduled accordingly. Consequently, a 

reliable power supply is provided to the maximum loads continuously. Optimally 

scheduling available crews to minimize the cumulative duration of the customer 

interruptions can also reduce the impact of post disasters [7]. To solve this problem, the 

repair and restoration process can be modelled as a scheduling problem with soft 

precedence constraints, and subsequently, the problem is formulated as a scheduling 

problem. Paper [8] provides a SOP based reconfiguration scheme to minimize the 

power loss of the distribution system. To mitigate the propagation system fault, the fast 

fault recovery mode of SOP is introduced. 
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Generally, as an important type of extreme events, hurricanes can result in failures in 

distribution systems by causing fallen trees, fly debris and direct damage to pylons. 

Hence, compared to transmission systems with less possible fly debris, distribution 

systems are more vulnerable to hurricane attacks [9]. However, regarding strengthening 

strategies, most work mainly considers the physical strengthening schemes of lines but 

ignore the necessary supply of system important load [2, 3]. A comprehensive method 

to combine pre-strengthening and post-reconfiguration should be developed to 

efficiently manage systems for resilience enhancement. 

This chapter investigates the resilience enhancement of the distribution system based 

on SOPs and networked MGs under hurricane events.  A dynamic hurricane model with 

time-series intensity is deployed. Hurricane event is modelled as a moving circular 

region with time-varying wind profiles. A failure scenario generation and reduction 

algorithms are developed to simulate possible hurricane inducing system faults. 

Different from previous papers that classify load curtailment by investigating 

unbalanced supply and demand, this proposed method investigates the loss of load 

demand by investigating unsatisfied demand and overloaded transmission lines.  

The main contributions of this chapter are:  

• Based on the coordination of SOPs and Networked MGs, it presents a two-stage 

resilience enhancement scheme that considers pre-disaster strengthening and 

post-catastrophe system reconfiguration.  

• The pre-disaster stage evaluates load importance by an improved PageRank 

algorithm to help deploy strengthening scheme precisely. 

• The damaged system cannot be reconfigured by this method, while the traditional 

reconfiguration can only mitigate the power loss. 

• The hurricane model is better dynamically modelled that has a variational wind 

intensity and a moving path. 

• The load curtailment due to hurricane attacks is more precisely described by 

considering both unbalanced load demand and also the impact of line 

overloading.  



 

94 

 

 The rest of the paper is organized as follows: Section II investigates the hurricane 

response of the electricity system. In section III, the reconfiguration scheme is studied. 

A case study is presented in section Ⅳ and Ⅴ. 

5.3 Impact Evaluation for Hurricane Stress 

Because hurricane events mainly affect the distribution system’s branches, this section 

is organized to investigate the hurricane behaviours on distribution poles, conductors, 

and pylons. Accordingly, a probabilistic model that describes system branch loss is 

proposed. Subsequently, the load curtailment caused by branch loss is then used as the 

main metric to quantify system behaviours. 

5.3.1. Distribution Circuits’ Fragility  

For typical distribution systems, there are three types of components that are 

particularly vulnerable to severe hurricane events: supporting towers (or pylon), 

distribution poles and distribution conductors.  

The failure probability of the pylons can be classified as [10],  

 𝑃𝑓,𝑃𝑦𝑙𝑜𝑛,𝑖 = 𝑚𝑖𝑛{2 × 10
−7𝑒0.0824𝑥𝑖 , 1}                                                                    (5-1) 

where 𝑥𝑖 represents the wind speed of hurricane at the ith supporting pylon. 

The failure probability of the jth distribution pole is [10], 

 𝑃𝑓,𝑃𝑜𝑙𝑒𝑠,𝑗 = 𝑚𝑖𝑛{0.0001𝑒0.0421𝑥𝑗 , 1}                                                                       (5-2) 

Considering wind loading and tree wind-throw, the failure probability of conductors 

between transmission poles is [11], 

𝑃𝑓,𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠,𝑘 = 𝑚𝑎𝑥{𝑃𝑓,𝑤𝑖𝑛𝑑,𝑘, 𝑃𝑓,𝐷𝑒𝑏𝑟𝑖𝑠,𝑘}                                                             (5-3) 

𝑃𝑓,𝑤𝑖𝑛𝑑,𝑘 = 𝑚𝑖𝑛{𝐹𝑤𝑖𝑛𝑑,𝑘/𝐹𝑓𝑜𝑟𝑐𝑒,𝑘, 1}                                                                         (5-4) 

where 𝐹𝑤𝑖𝑛𝑑 refers to the wind loading on the conductor,  𝐹𝑓𝑜𝑟𝑐𝑒 is the limit of force on 

transmission lines. 𝑃𝑓,𝐷𝑒𝑏𝑟𝑖𝑠  is the probability of tree wind-throw near to the jth 

conductor. 

The 𝑃𝑓,𝐷𝑒𝑏𝑟𝑖𝑠 can be classified as [2],  

𝑃𝑓,𝐷𝑒𝑏𝑟𝑖𝑠 =
𝑒ℎ(𝑆𝑘)

1+𝑒ℎ(𝑆𝑘)
                                                                                                   (5-5) 
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ℎ(𝑆𝑘) = 𝑎𝑠 + 𝑘𝑠(𝑐𝑠𝑆𝑘)𝐷𝐻
𝑏𝑠                                                                                        (5-6) 

where 𝑆𝑘 is the wind intensity at conductor k, 𝐷𝐻 is the tree diameter at its breast height, 

𝑘𝑠 is a terrain effect factor that determined by local land cover information, 𝑎𝑠, 𝑏𝑠 and 

𝑐𝑠 are constants for tree species. 

Consequently, the failure probability for overall system branches 𝑃𝑓,𝑏𝑟 is 

𝑃𝑓,𝑏𝑟𝑖𝑗𝑘 = 1 −∏ (1 − 𝑃𝑓,𝑃𝑦𝑙𝑜𝑛)∏ (1 − 𝑃𝑓,𝑃𝑜𝑙𝑒𝑠)
𝑚
𝑗=1 ∏ (1 −𝑙

𝑘=1
𝑛
𝑖=1

                                                 𝑃𝑓,𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟𝑠)                                                                  (5-7) 

5.3.2. Failure Scenarios  

Each branch can be in either functional or damaged state in the next time period. Hence, 

the 𝑘th failure scenario is [4], 

𝑃𝑓,𝑆𝑘 = ∏ 𝑃𝑓,𝑏𝑟𝑖
𝐷
𝑖=1 ∏ (1 − 𝑃𝑓,𝑏𝑟𝑗)

𝐹
𝑗=1                                                                          (5-8) 

where 𝐷  and 𝐹  are the sets of damaged and functional branches at the 𝑘 th failure 

scenario. 𝑃𝑓,𝑏𝑟𝑖 is the probability of the 𝑖th branch to be damaged in the next time stage. 

However, to generate failure scenarios, there is an unduly amount of possibilities if 

considering all possible combinations of failure branches. For a system with 𝑁 

branches, there would be 2𝑁  possible failure scenarios. Since this complex problem 

cannot be solved by normal approaches, proper scenarios generation and reduction 

algorithms are needed. In this chapter, when possible failure scenarios are less than the 

manageable size 𝜎𝑚𝑎𝑛 , the scenarios generation algorithm would be applied. When 

failure scenarios are larger than the selected threshold  𝜎𝑡ℎ𝑟  the scenarios reduction 

mode is [5].  

𝑐(𝜔𝑖, 𝜔𝑗) = |𝜔𝑖 − 𝜔𝑗|                                                                                               (5-9) 

𝑚𝑖𝑛 {∑ 𝑝𝜇𝑚𝑖𝑛𝜇∈𝑗 𝑐(𝜔𝑖, 𝜔𝑗), 𝑗
′ = 𝑆 − 𝑠}                                                              (5-10) 

𝑚𝑖𝑛𝑙∈{1,…,𝑆}𝑝𝑙 𝑚𝑖𝑛  𝑐(𝜔𝑙, 𝜔𝑗)                                                                                   (5-11) 

The selected threshold and manageable size are 100 and 500 respectively. For equations 

(9) (10) (11), the relative closeness to other scenarios and that scenario’s own 

probabilities are considered as the main metrics to quantify reduction algorithm’s 

efficiency. Subsequently, 𝑐(𝜔𝑖, 𝜔𝑗) represents the distance between scenario  𝑖 and 𝑗, S 
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equals to the initial set of scenarios for reduction algorithms. Since 𝑗 denotes optimal 

delated scenarios  𝑗′ would be the fixed cardinality. The final version of scenario 

reduction algorithm is in equation (11), which not only considers the probability 𝑝𝑙, but 

also considers the distance between scenarios 𝑐(𝜔𝑖, 𝜔𝑗). Accordingly, scenarios similar 

or with lower probability would be filtered. 

5.3.3. Load Curtailment  

This scheme mainly considers load curtailment owing to hurricane attack in three 

aspects: caused by the decrease of generators’ capacity, line outage and isolated loads. 

On the other hand, when line failure occurs (including all types of distribution circuit’s 

damage), other lines would be overloaded due to increasing power flow, proper load 

curtailment is required to ease the burden. This chapter curtails load demand based on 

demand sensitivity factor between branches and nodes.  

The power flow equation can be expressed as, 

𝑉𝑖
𝑘+1̇ =

𝑃𝑖−𝑗𝑄𝑖

𝑉𝑖
�̂�
−∑ 𝑌𝑖𝑗

𝑖−1
𝑗=1 𝑉�̇�

𝑘+1
−∑ 𝑌𝑖𝑗

𝑛
𝑗=𝑖+1 𝑉�̇�

𝑘

𝑌𝑖𝑖
                                                               (5-12) 

where S is the injected complex power, Pgi is the real power produced by the generator 

linking to bus i, Qgi is the reactive power produced by the generator linking to bus i, Pdi 

is the real power load of bus i, Qdi is the reactive power load of bus i. 

The load curtailment would be assessed as, 

𝐿𝐿𝑙𝑖𝑛𝑒 = ∑ 𝐿𝐿𝑙𝑖𝑛𝑒
𝑛
𝑘=1 + ∑ 𝐿𝐿𝐵𝑢𝑐𝑘

𝑚
𝑘=1 + 𝐿𝐿𝑖𝑠𝑜                                                         (5-13) 

where, n is the number of overloading transmission line, m is the number of buckling 

turbine tower, 𝐿𝐿𝑙𝑖𝑛𝑒 , 𝐿𝐿𝐵𝑢𝑐𝑘 , 𝐿𝐿𝑖𝑠𝑜 is the load curtailment owing to overloading line, 

tower buckling and isolated load respectively. 

5.3.4. Hurricane Modelling  

Based on paper [12, 13] [2], this chapter proposes a dynamic hurricane model that 

maintains a variable wind profile (position and intensity). Referring to the response of 

energy systems, the typical hurricane modelling has two features: moving path and 

variational wind intensity [2] [3] [4]. Since the inner area of a hurricane can have 

different wind intensity, our model divides that area into 3 concentric circular regions, 

and subsequently, each region maintains different wind intensity. Figure. 5-1 describes 
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the wind speed variation in 3 regions of the hurricane, the wind speed is low during 

early morning and middle day but high during later morning and evening time.  

Consequently, the affected lines of each d time can be distinguished [17]. 

In the aftermath of extreme hurricane events, aiming to recover system functionality as 

much as possible, the post-catastrophe system reconfiguration should be considered. In 

this section, an improved system reconfiguration scheme is proposed based on soft open 

points (SOP) and networked microgrids (MG). Particle swarm optimization (PSO) is 

applied to enhance computational efficiency.  

The combination of system reconfiguration with support components, SOP and 

networked MGs, is introduced in details. The proposed reconfiguration strategy is 

divided into two stages: Firstly, it deploys networked MGs to critical loads based on 

the PageRank algorithm. Then, it reconfigures the system to minimize curtailed load 

due to hurricane attack. If load isolation or islanded sub-system appears, network MGs 

will be scheduled to supply these islands when it is possible.  

 

Fig. 5-1 Time-varying wind profiles 

5.3.5. Soft Open Points and Networked Micro Grids 

Regarding extreme events, the post-disaster system cannot allow switch operation and 

further reconfiguration, since damaged branches cannot be switched on again. Thus, in 

this chapter, SOPs are installed to provide the possibility of reconfiguration. And since 

SOPs are normally grounded, this chapter assumes that they would not be affected by 

hurricane stress, and can only be switched on at the post-disaster stage.  
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On the basis of Back-to-Back voltage source controllers (VSCs), SOP is deployed in 

place of normally open points to provide active power control, reactive power 

compensation and voltage regulation under fault conditions of system operations [8, 

14]. Referring to normal system operation condition, SOP can be operated in two modes: 

power flow control mode and supply restoration mode. The first mode can not only 

provide a dual closed-loop current-controlled strategy but also regulate the active and 

reactive power while the second restoration mode can benefit nearby loads with fast 

power supply recovery [8].  

 

Fig. 5-2 The operational principle of SOPs 

 

The voltage deviation offered by SOP would be, 

𝑓𝑑𝑒𝑣 = ∑ |𝑈𝑡,𝑖
2 − 1|

𝑁𝐼
𝑖=1  (𝑈𝑡,𝑖 ≥ 𝑈𝑀𝑎𝑥||𝑈𝑡,𝑖 ≤ 𝑈𝑀𝑖𝑛)                                                 (5-14) 

where 𝑈𝑡,𝑖 is the voltage of node i at time t, 𝑈𝑀𝑎𝑥 and 𝑈𝑀𝑖𝑛 are the voltage constraints. 

Subsequently, the SOP would mitigate the fault voltage after reconfiguration. 

In details, during a system fault, the SOP can first provide independent fault voltage 

control via controlling the voltage waveform dynamically within milliseconds then 

enabling transient control. Moreover, even if without the help of active sources at the 

receiving end, the VSC can build its own voltage [14, 15]. If the system fault should be 

isolated, various control strategies can be applied to limit transient overvoltage and 

overcurrent of VSCs, by which that network disturbances or faults on one connected 

feeder can be isolated from the other side by VSCs [14, 16]. 
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Networked MGs can promote self-healing capability of electricity systems. For 

abnormal system conditions, MGs can be used as extra generation capacity [17, 18]. 

Moreover, when a fault occurs inside the MG, it can be isolated but fully supply itself 

by switch operation modes and avoid bringing disruptions to the main grid [7, 18]. Thus, 

regarding the network reconfiguration scheme proposed by this research, the networked 

MGs can help reduce overall load curtailment by 1) Be placed to vulnerable loads to 

offer extra generation 2) Provide supply restoration for isolated sub-systems. 

5.3.6. PSO Optimization-based System Reconfiguration 

In order to maintain proper switch operations for Post-Catastrophe electricity systems, 

a searching algorithm should be developed regarding all possible combinations. 

However, using normal 0-1 optimization may lead to combination explosion, even if 

the graph theory-based circuit simplification method were applied, there would still be 

an unduly amount of computation results. Hence, PSO optimization is applied to 

mitigate the complexity of the computation process. 

The solution searching algorithm based on PSO can be classified as [19-22] 

 

{
 
 
 
 
 
 

 
 
 
 
 
 
𝑃𝑃𝑏𝑒𝑠𝑡𝑖 = min{∑ 𝐿𝐿𝑙𝑖𝑛𝑒

𝑛
𝑘=1 +∑ 𝐿𝐿𝐵𝑢𝑐𝑘

𝑚
𝑘=1 + 𝐿𝐿𝑖𝑠𝑜} 

𝑉𝑖
𝑡+1 = 𝛼𝑉𝑖

𝑡 + 𝛽1𝑟1(𝑃𝑏𝑒𝑠𝑡𝑖 − 𝑥𝑖
𝑡) + 𝛽2𝑟2(𝐺𝑏𝑒𝑠𝑡𝑖 − 𝑥𝑖

𝑡)

𝑥𝑖
𝑡+1 = 𝑥𝑖

𝑡 + 𝑉𝑖
𝑡+1

𝛼𝑡+1 = 𝛼𝑚𝑎𝑥 − 𝑡 ×
𝛼𝑚𝑎𝑥−𝛼𝑚𝑖𝑛

𝑡𝑚𝑎𝑥

𝑆(𝑉𝑖) =
1

1+𝑒−𝑉𝑖

𝑉𝑐,𝑀𝑖𝑛 ≤ 𝑉𝑐 ≤ 𝑉𝑐,𝑀𝑎𝑥
𝐼𝑐,𝑀𝑖𝑛 ≤ 𝐼𝑐 ≤ 𝐼𝑐,𝑀𝑎𝑥
  𝑟1, 𝑟2 = 𝑟𝑎𝑛𝑑{0,1}

𝑖𝑓  𝑟1, 𝑟2 < 𝑆(𝑉𝑖(𝑡 + 1)), 𝑥𝑖
𝑡+1 = 1

 𝑖𝑓  r1, r2 > S(Vi(t + 1)), 𝑥𝑖
𝑡+1 = 0  

                                    (5-15) 

 

where 𝑃𝑏𝑒𝑠𝑡𝑖 is the best position experienced by 𝑖th particle, 𝑃𝑃𝑏𝑒𝑠𝑡𝑖is the load level 

regarding best choice, 𝐺𝑏𝑒𝑠𝑡𝑖  is the best particle of the entire population, 𝑉𝑖
𝑡  is the 

present velocity, 𝑥𝑖
𝑡 is the current position, 𝛼, 𝛽1 and 𝛽2 refers to inertia weights and 

weighting factors of the stochastic acceleration terms respectively,   𝑟1, 𝑟2 are numbers 

randomly chosen from a uniform distribution [0,1], 𝑉𝑐 is the voltage constraint, 𝐼𝑐 is the 
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current constraint, 𝑆(𝑉𝑖) is a sigmoid limiting transformation that can update particles 

velocity.  

Regarding the post-disaster system, the combination of switch operations can be seen 

as the position experienced by particles. For instance, if there are 30 branches and 5 of 

them should be switched off, each combination represents for a possible position and 

would be recorded by searching particles. In this chapter, the best position of PSO 

optimization is set to minimum load curtailment, subsequently, the reconfiguration 

scheme with minimum load curtailment would be proposed. 

5.3.7. The Weight of Load by PageRank 

To classify the critical load that should be placed with MGs, the importance of each 

load should be distinguished. Hence, a load importance assessment method developed 

on the basis of PageRank algorithm is applied. 

PageRank algorithm is a commonly used algorithm that quantifies the weight of pages 

in a web network. Since the weight of each node is related to both initial quality and 

linked nodes, the developed PageRank algorithm divides the weight proportional to 

each nodes’ importance (its number of inlinks and outlinks). The importance of the 

number of inlinks and outlinks is defined as 𝑤(𝑣,𝑢)
𝑖𝑛 , 𝑤(𝑣,𝑢)

𝑜𝑢𝑡  respectively [23]. 

𝑤(𝑣,𝑢)
𝑖𝑛 = 

𝐼𝑢

∑ 𝐼𝑝𝑝∈𝑅(𝑣)
                                                                                                     (5-16) 

𝑤(𝑣,𝑢)
𝑜𝑢𝑡 = 

𝑂𝑢

∑ 𝑂𝑝𝑝∈𝑅(𝑣)
                                                                                (5-17) 

where 𝐼𝑢 and 𝐼𝑝 represent the number of inlinks of page 𝑢 and page p, respectively. 𝑂𝑢 

and 𝑂𝑝 are the number of outlinks of page u and page p. Additionally, page p is the 

reference page. 

However, different from Web links that maintain the same weight among the entire 

network, branches of the energy system can carry a different amount of energy. Thus, 

for energy systems, 𝐼𝑢  and 𝐼𝑝  can be replaced with 𝑒𝑥
𝑜𝑢𝑡  and 𝑒𝑥

𝑖𝑛 , in which 𝑒𝑥
𝑖𝑛 

represents for the sum of inflow energy of node x, 𝑒𝑥
𝑜𝑢𝑡 refers to the sum of outflow 

energy of node x. 

Subsequently, the weight of system nodes can be written as 

𝑃𝑅(𝑢)  =  (1 − 𝑎) + 𝑎∑ 𝑃𝑅(𝑣)𝐷(𝑖𝑛)𝑢
𝑒𝑊(𝑣,𝑢)

𝑖𝑛 𝑒𝑊(𝑣,𝑢)
𝑜𝑢𝑡                                              (5-18) 
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5.4 Demonstration 

A typical 33 bus electricity system with 3 SOPs and 2 networked MGs will be used to 

validate the proposed scheme. A dynamic hurricane model will be developed based in 

papers [12] [2], both severity and probability are considered. The system 

reconfiguration scheme would be applied after the hurricane leaves this region.  

TABLE 5-1 

IMPLEMENTATION STEPS 

Implementation steps 

1. Apply the PageRank algorithm to assess 

vulnerable nodes and deploy distributed 

generators. 

2. Simulate failure rate for each branch. 

3. If the number of failure scenarios is larger 

than the manageable size, apply scenarios 

reduction algorithm. And if the number of 

failure scenarios is less than the selected 

threshold, apply scenarios generation 

algorithm. 

4. Choose the most possible failure scenarios as 

the assumed failure scenario. 

5. Obtain load curtailment of the overall 

network. 

6. Find the best reconfiguration strategy 

 

Obtain Branch 

failure probability

Apply scenarios 

reduction algorithm

Apply scenarios 

generation 

Failure scenarios > manageable size

Y

N

N

Obtain the best system 

reconfiguration 

Y
Failure

 scenarios > threshold

Generate failure 

scenarios

Deploy distributed 

generation

Dynamic 

hurricane model

Initialize failure 

scenarios

Assess vulnerable 

nodes

 

Fig. 5-3 Implementation of the proposed scheme 

 

Based on the simulation of the proposed hurricane model, the following step is to 

quantify the wind intensity that each branch would experience at each recorded time. 
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Subsequently, possible failure scenarios of overall system branch loss are built 

according to equations (8-11). If the number of failure scenarios is bigger than 1000, 

only reduction algorithm will be used. If the number of possible scenarios is between 

100 to 1000, scenario generation algorithm will be first used, followed by the scenario 

reduction algorithm. After 10000 times of Monte Carlo simulation, 3 typical scenarios 

are selected to demonstrate the results. Finally, the PSO optimization is applied to find 

the most proper reconfiguration to mitigate load loss. The flowchart of implementation 

steps is illustrated as below.  

5.5 Result Analysis 

This section uses the following test system in Figure 5-4 to demonstrate the designed 

model. The test system contains 33 bus, 3 networked MGs and 5 SOPs, and the dashed 

line represents for SOPs. The initial switch operation would be 32 switches normally 

opened and 5 switches normally closed.  

 

Fig. 5-4 The assessed importance of system nodes 

Figure 5-4 shows the assessed importance of system nodes. It can be seen that, except 

the balance node bus 1, the most vulnerable nodes are 22, 25, and 33. Additionally, this 

result shows the rank value of the test system when all the SOPs are switched on. Thus, 

after assessing the importance of each node (with SOP installed), the bus 22, bus 25 

and bus 33 are selected to be replaced by networked MGs. 

Consequently, since the networked MGs is capable to fully empower itself, even if 

buses 22, 25 and 9 are isolated from the main grid (by hurricane attack or 

reconfiguration), their load is completely curtailed. It is assumed that the hurricane path 
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is linear across the whole grid. As shown in figure 5-5, the region inside the red circle 

is under the influence of maximum wind speed, while the region inside the blue circle 

and yellow circle maintains 82.5% and 50% impact of the maximum wind speed. The 

radius of the circles is 1km, 2km and 3km respectively. For the modelled hurricane, the 

closer system equipment to the centre, the higher hurricane intensity they would 

experience. Consequently, each electrical equipment would experience dynamic 

variational hurricane stress. 

1 2 3 4 5 6

19 20 21 22

7
8 9 10 11 12 13 14 15 16 17 18

23 24 25

26 27 28 29 30 31 32 33

SOP

Hurricane 
trajectory

Hurricane Inner 
region

Hurricane mid 
region

Hurricane outer 
region

 

Fig. 5-5 The test system and simulated hurricane 

 

Figure 5-5 shows areas affected by wind speed variation of the hurricane. As shown in 

Figure 5-1, it can be seen that the hurricane intensity rises nearly 50% over time. 

Moreover, according to (8), each possible failure would result in more vulnerable 

system components at the next time stage. Thus, the upper east part of system branches 

may obtain a higher failure probability.  

The affected branches of each time period are listed in Table 5-2. Since SOPs are 

operated under normal condition during hurricane attack, only 34 other branches would 

be affected, subsequently, the total failure scenarios would be 234.  
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TABLE 5-2 

TIME-SERIES AFFECTED BRANCH 

Time 

period (h) 

Affected branch 

3 N/A 

6 N/A 

9 2-19, 19-20, 20-21, 21-22, 7-21 

12 5-6, 6-7, 6-26, 7-8, 8-9, 9-10, 10-11,11-12, 20-21, 21-22, 26-27, 27-28, 

28-29 

15 6-7, 7-8, 8-9, 9-10, 10-11, 11-12, 12-13, 13-14, 14-15, 18-33,  26-27, 27-

28, 28-29, 29-30, 30-31, 31-32, 32-33 

18 11-12, 12-13, 13-14, 14-15, 15-16, 16-17, 17-18, 18-33, 29-30, 30-31, 31-

32, 32-33 

21 18-33 

24 N/A 

 

The selected threshold 𝜎𝑡ℎ𝑟   and manageable size 𝜎𝑚𝑎𝑛  are set to 1000 and 100. 

Subsequently, if failure scenarios were more than 1000, only reduction algorithm would 

be used, and if possible scenarios were between 100 to 1000, scenario generation 

algorithm would be used first and then deploy the scenario reduction algorithm. After 

10000 times Monte Carlo simulation, 100 scenarios are classified as the most possible 

failure scenarios to be studied.  

 

Fig. 5-6 The failure scenarios over 24 hours 

 

Since this is still an unduly amount of finding the best reconfiguration choice for these 

conditions, only 3 representative scenarios are selected to be used for validating the 

proposed strategy. The first scenario refers to minor damage, in which branches 6-7 and 

32-33 are faulted transmission lines caused by hurricane attacks. The second and third 

scenarios correlate to more severe conditions, where the faulted lines are 9-10, 10-11, 

28-29, 30-31 and 7-8, 17-18, 28-29 respectively. Figure 5-6 shows the variation of 
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possible failure scenarios over 24 hours, where s1-s5 represent the scenarios of 1 failure 

branches to 5 failure branches respectively. Furthermore, owing to the rising wind speed, 

possible failure scenarios would increase rapidly between 12 and 18. 

5.5.1. The first Scenario 

In this scenario, branch 6-7 and branch 32-33 are destroyed by hurricane attack which 

means branch 6-7, 32-33 cannot be re-switched on at any time. Thus, including 5 SOPs, 

there are 3 switched off branches before reconfiguration starts. 

Consequently, according to the assumption before, only 5 branches of the test system 

are allowed to be switched off, the purpose of system reconfiguration under 2 damage 

branch condition would be searching for possible switch operation that relates to lowest 

load curtailment. With the help of PSO optimization, the best solution is switching off 

branches 9-15, 11-12 and branch 25-29. Consequently, the supply restoration mode 

SOPs would be 8-21, 12-22 and 18-33. Since no load get isolated from the main grid, 

the Networked MGs are still fixed to provide an extra capability for system vulnerable 

nodes. The overall generation of Networked MGs is 1.3 MW, the sum of the maximum 

capacity of all MGs. Subsequently, all the MGs are fully allocated to restore curtailed 

load demand. Thus, to summarize, based on SOPs and Networked MGs, the 

reconfiguration scheme recovers 50. 69% of the curtailed load. 

TABLE 5-3 

THE RECONFIGURATION RESULT FOR SCENARIO ONE 
 Before 

Reconfiguration 

After 

Reconfiguration 

Switched off 

branches 

6-7, 32-33 

 

6-7, 9-15, 11-

12, 25-29, 32-

33 

In used SOPs N/A 8-21, 12-22, 18-

33 

MG supply (MW) 0 1.3 

Load curtailment 

(MW) 

3.03 1.49 

Curtailment 

reduction 

N/A 50.69% 

 

As shown in Table 5-3, by changing system topological structure, the load curtailment 

owing to hurricane disturbance is mitigated from 3.03 MW to 1.49 MW. The efficiency 

of this time’s reconfiguration is relatively high may relate to the system maintains a 

radial structure with no isolated load.  
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Fig. 5-7 The voltage magnitude for system nodes 

Figure 5-7 shows voltage at all nodes.  Most of the load obtain its previous voltage 

value while branches between node 8, node 11 and branches between node 12, node 18 

obtain increasing voltage. Relating to the change of branch connection, the increasing 

voltage is caused by the separation of branch 7-18. Consequently, other branches that 

maintain the same voltage as before can be related to the voltage deviation offered by 

SOPs 

5.5.2. The Second Scenario 

For the second scenario, the reconfigure algorithm failed, even if the branches are 

arranged to higher capacity with more flexible constraints, the algorithm can still not 

offer a solution. Thus, it seems not possible to reconfigure the test system with the limit 

of only 5 switches can be operated. 

If ignoring the constraint of allowed switch operation, a possible solution would be, as 

Figure 5-8 illustrated, reconfigure the system with branches 9-15 and 8-21 switched off, 

then schedule Networked MGs to restore isolated sub-systems. According to this plan, 

the in-used SOPs are 25-29, 12-22 and 18-33. Although bus 14-18 and 31-33 are 

isolated into two island systems, the SOP 18-33 connect them together and allow them 

to be supplied by re-scheduled MGs. Subsequently, the MG placed in bus 22 and 25 

(the other MG has already be deployed to bus 33) are reroute to restore the islanded 

sub-system and the overall reconfigure efficiency would be 30.75%. 
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TABLE 5-4 

THE FIRST RECONFIGURATION RESULT FOR SCENARIO TWO 

 Before 

Reconfiguration 

After 

Reconfiguration 

Switched off 

branches 

9-10, 13-14, 
28-29, 30-31 

 

N/A 

Load curtailment 

(MW) 

Total N/A 

Load curtailment 

reduction 

N/A N/A 

 

TABLE 5-5 

THE SECOND RECONFIGURATION RESULT FOR SCENARIO TWO 

 Before 

Reconfiguration 

After 

Reconfiguration 

Switched off 

branches 

9-10, 13-14, 
28-29, 30-31 

 

9-10, 13-14, 28-

29, 30-31, 9-15, 

8-21 

In used SOPs N/A 25-29, 12-22, 

18-33 

Overall MG 

supply (MW) 

0 0.78 

Load curtailment 

(MW) 

Total 1.23 

Load curtailment 

reduction 

N/A 30.75% 

 

5.5.3. The Third Scenario 

Although only 3 branches are disturbed by hurricane activities, the load curtailment 

owing to hurricane disturbance is 3.86 MW, nearly the total load of this system. Caused 

by hurricane attack, this condition may relate to two islanded sub-systems, bus 29-33 

and bus 8-17. It can also be seen that only bus 29-33 is restored from island mode by 

reconfiguration, which may refer to the limited capacity of SOP 7-21 and 12-22 that 

cannot fully supply the load demand of bus 8-17. 

Then, since buses 8-17 are islanded, the system must enter the MG coordination mode 

that all Networked MGs should be allocated to restore the islanded sub-system. 

Assuming the branches that connect Network MGs and isolated circuits would not be 

overloaded, the curtailed load demand would be completely restored (0.87MW) owing 

to MG coordination.  

Since all the Networked MGs are coordinated to restore the isolated bus 8-17, the 

supply to the main grid decreases, the reconfigure efficiency, 34.97%, is relatively low. 



 

108 

 

Thus the final load restoration for this scenario would be 1.35 MW, which not only 

includes loss load recovery based on system reconfiguration but also refers to restored 

islanded subsystems by MG allocation.  

TABLE 5-6 

THE RECONFIGURATION RESULT FOR SCENARIO THREE 

 Before 

Reconfiguration 

After 

Reconfiguration 

Switched off 

branches 

7-8, 17-18, 28-29 

 

7-8, 8-21, 12-22,  

17-18, 28-29 

In used SOPs N/A 9-15, 18-33, 25-

29 

Overall MG 

supply (MW) 

0 0.87 

Load curtailment 

(MW) 

3.86 2.51 

Load curtailment 

reduction 

N/A 34.97% 

 

Fig. 8 shows the voltage profile of system nodes before and after reconfiguration. Since 

the hurricane attack leads to the isolation of buses 8-17 and buses 29-33, the voltage 

profiles, before reconfiguration of these nodes are not recorded while for the 

reconfigured system the voltage profiles of islanded buses, buses 8-17, are ignored.  

 

Fig. 5-8 The voltage magnitude for system nodes 
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Fig. 5-9 The load curtailment per branch loss 

Figure 5-9 shows the CDF of load curtailment for 100 scenarios is shown below, it can 

be seen that the most rapid growth of this cumulative probability appears between 3.6 

MW to 4MW. And the confidence interval is between 2.2MW to 4.0 MW, which can 

indicate that the most possible load loss caused by this modelled hurricane would be 

2.2 MW to 4.0 MW. Figure 5-10 illustrates load curtailment against the number of 

branch loss. The black bar in each box is its median value of load curtailment and the 

box describes its upper and lower boundaries. According to the simulated results, if 2 

branches are damaged by the hurricane, the median value of load curtailment is around 

1.5 MW, and the minimum and maximum are approximately 1.4 MW and 2.2 MM. For 

the cases with 4 branches lost, the median value and upper, lower quartile values are 

very close, and thus it can be concluded that the load curtailment due to 4 branches loss 

is close to 3.75 MW. The consequence becomes worse for the cases with 5 branches 

lost, with median, minimum and maximum almost overlap at the value of 4 MW. 

It is noted that all electricity branches are assumed to be installed with switches and this 

is the case in practice. In order to fast and reliably reconfigure distribution systems, 

many SOPs have been installed because of their best performance. Thus, it is feasible 

to implement our proposed in practice. In terms of reliability, as it acquires data from 

SCADA and thus should be cyber secured. However, in some cases, the algorithm of 

PSO might take longer time to find optimal solutions and in the worst case might not 

converge due to the high dimensionality and complexity of the problem. These issues 

can compromise the reliability of the system. However, there are backup optimisation 
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methods can be designed to complement the proposed approach to ensure the robustness 

of the system and this is the research problem we will explore. 

Fig. 5-10 The load curtailment per branch loss 

5.6 Conclusion and Disscussion 

This research proposes a two-stage scheme to enhance distribution system resilience 

against hurricanes based on coupling SOPs and networked MGs. It indicates that a 

variational hurricane event with regional time-series wind intensity can cause certain 

load curtailment, and the consequences are decided by the importance of load. The 

result shows that the proposed method of post-disaster power systems facilitated by the 

installation of SOPs and networked MGs can help minimize load curtailment. From the 

analysis above, it is worth noticing that the proposed scheme is not a permanent 

repairment, but a temporary restoration that can be applied to mitigate the loss until 

possible repairs can be taken, and thus system security can be enhanced. 

The proposed strategy enhance the resilience of distribution systems under extreme 

hurricane events. Subsequently, less costly investment is needed in the system, which 

would eventually benefit customers with enhanced security but low bills. However, the 

coordination of pre-disaster strenghthening and post-disaster should be considered to 

further reduce the investment/budget. 



111 

5.7 Chapter Summary 

This chapter investigates the resilience enhancement of the distribution system under 

hurricane events based on SOPs and networked MGs. A dynamic hurricane model with 

time-series intensity is deployed. Hurricane event is modelled as a moving circular 

region with time-varying wind profiles. A failure scenario generation and reduction 

algorithms are developed to simulate possible hurricane inducing system faults. 

Different from previous papers that classify load curtailment by investigating 

unbalanced supply and demand, this proposed method investigates the loss of load 

demand by investigating unsatisfied demand and overloaded transmission lines. 

On the basis of the work above, it can be seen that a variational hurricane event with 

regional time-series wind intensity can cause certain load curtailment, and the 

consequences are decided by the importance of load. The reconfiguration of post-

disaster power systems facilitated by the installation of SOPs and networked MGs can 

help minimize load curtailment. Based on the coordination of SOPs and networked 

MGs, temporary restoration can be applied to mitigate the loss until possible repairs 

can be taken, and thus system resilience can be enhanced. Consequently, this work 

provides system operators with a powerful tool to enhance the resilience of distribution 

systems under extreme hurricane events with reduced load loss. 



112 

5.8 Reference 

[1] Y. Lin, B. Chen, J. Wang, Z. Bie, A Combined Repair Crew Dispatch Problem for

Resilient Electric and Natural Gas System Considering Reconfiguration and DG 

Islanding, IEEE Transactions on Power Systems, (2019). 

[2] S. Ma, B. Chen, Z. Wang, Resilience enhancement strategy for distribution systems

under extreme weather events, IEEE Transactions on Smart Grid, (2016). 

[3] A.M. Salman, Y. Li, M.G. Stewart, Evaluating system reliability and targeted

hardening strategies of power distribution systems subjected to hurricanes, Reliability 

Engineering & System Safety, 144 (2015) 319-333. 

[4] D.N. Trakas, M\. Panteli, N.D. Hatziargyriou, P. Mancarella, Spatial risk analysis

of power systems resilience during extreme events, Risk Analysis, 39 (2019) 195-211. 

[5] K.P. Schneider, F.K. Tuffner, M.A. Elizondo, C.-C. Liu, Y. Xu, D. Ton, Evaluating

the feasibility to use microgrids as a resiliency resource, IEEE Transactions on Smart 

Grid, 8 (2016) 687-696. 

[6] Z. Wang, J. Wang, Self-healing resilient distribution systems based on

sectionalization into microgrids, IEEE Transactions on Power Systems, 30 (2015) 

3139-3149. 

[7] Y. Tan, F. Qiu, A.K. Das, D.S. Kirschen, P. Arabshahi, J. Wang, Scheduling post-

disaster repairs in electricity distribution networks, IEEE Transactions on Power 

Systems, (2019). 

[8] W. Cao, J. Wu, N. Jenkins, C. Wang, T. Green, Operating principle of Soft Open

Points for electrical distribution network operation, Applied Energy, 164 (2016) 245-

257. 

[9] P.L.M. DE VET, R.T. MCCALL, J.P. DEN BIEMAN, M.J. STIVE, M. Van

Ormondt, Modelling dune erosion, overwash and breaching at Fire Island (NY) during 

Hurricane Sandy, in:  The Proceedings of the Coastal Sediments 2015, World Scientific, 

2015. 

[10] M. Ouyang, L. Duenas-Osorio, Multi-dimensional hurricane resilience assessment

of electric power systems, Structural Safety, 48 (2014) 15-24. 



 

113 

 

[11] J. Winkler, L. Duenas-Osorio, R. Stein, D. Subramanian, Performance assessment 

of topologically diverse power systems subjected to hurricane events, Reliability 

Engineering & System Safety, 95 (2010) 323-336. 

[12] S. Ma, B. Chen, Z. Wang, Resilience enhancement strategy for distribution systems 

under extreme weather events, IEEE Transactions on Smart Grid, 9 (2016) 1442-1451. 

[13] M.W. Horner, J.A. Downs, Optimizing hurricane disaster relief goods distribution: 

model development and application with respect to planning strategies, Disasters, 34 

(2010) 821-844. 

[14] W. Cao, J. Wu, N. Jenkins, C. Wang, T. Green, Benefits analysis of Soft Open 

Points for electrical distribution network operation, Applied Energy, 165 (2016) 36-47. 

[15] C. Trujillo, D. Velasco, J. Guarnizo, N. Díaz, Design and implementation of a VSC 

for interconnection with power grids, using the method of identification the system 

through state space for the calculation of controllers, Applied Energy, 88 (2011) 3169-

3175. 

[16] B. Jacobson, Y. Jiang-Hafner, P. Rey, G. Asplund, M. Jeroense, A. Gustafsson, M. 

Bergkvist, HVDC with voltage source converters and extruded cables for up to±300 kV 

and 1000 MW, Proc. CIGRÉ, (2006) B4-105. 

[17] B. Chen, C. Chen, J. Wang, K.L. Butler-Purry, Sequential service restoration for 

unbalanced distribution systems and microgrids, IEEE Transactions on Power Systems, 

33 (2017) 1507-1520. 

[18] Z. Wang, B. Chen, J. Wang, C. Chen, Networked microgrids for self-healing power 

systems, IEEE Transactions on smart grid, 7 (2015) 310-319. 

[19] Z.-k. Li, X.-y. CHEN, K. Yu, H.-m. LIU, B. Zhao, Hybrid particle swarm 

optimization for distribution network reconfiguration, in:  Proceedings of the CSEE, 

2008, pp. 35-41. 

[20] T. Niknam, An efficient hybrid evolutionary algorithm based on PSO and HBMO 

algorithms for multi-objective distribution feeder reconfiguration, Energy Conversion 

and Management, 50 (2009) 2074-2082. 

[21] D. Das, A fuzzy multiobjective approach for network reconfiguration of 

distribution systems, IEEE transactions on power delivery, 21 (2005) 202-209. 



114 

[22] A.M. Imran, M. Kowsalya, A new power system reconfiguration scheme for power

loss minimization and voltage profile enhancement using fireworks algorithm, 

International Journal of Electrical Power & Energy Systems, 62 (2014) 312-322. 

[23] Y. Shen, C. Gu, P. Zhao, Structural Vulnerability Assessment of Multi-energy

System Using a PageRank Algorithm, Energy Procedia, 158 (2019) 6466-6471. 



115 

Chapter 6  Chance-Constrained Multi Energy System

Optimisation with Correlated Wind Generation 

This chapter designs a novel approach to restore system functionality 
and enhance the resilience in response to hurricanes based on 
coordinated dynamic system reconfiguration and operation. 

Resilience Oriented 
Operation and 

Reconfiguration for the 
Intergrated Electricity and 

Gas System 
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Chapter Overview 

In Chapter 5, a Post-disaster system recovery method has been proposed. However, this 

research can only offer service restoration before or after a short period disturbance. 

For a typical natural disaster that may last for a few days or even weeks, system damage 

cannot be recovered without repairment. Regarding seismic stress and following 

aftershocks, one of the solutions can be offering dynamic reconfiguration/operation, 

triggered by load variation and seismic attack. Based on this method, load curtailment 

can be mitigated timely and the recovering time would be reduced. 

To effectively mitigate system load loss and recovery time, this chapter proposes a new 

combined reconfiguration and operation method to restore service for integrated energy 

systems. Systems are sectionalized and reconfigured by using natural gas valves, 

switches, and Soft Open Points (SOP). Energy storage, Combined heat pump (CHP) 

and Electrolyser are operated to maximize the supply during the stress. Thus, the 

reconfiguration of the system and operation of all units is formulated as a mix integer 

linear program. The results illustrate that system service can be sufficiently restored.  

The main contributions of this chapter are: 

• It presents a system operation method by operating electric/gas storage, CHP and

electrolyser to restore system service under hurricane stress.

• It proposes a new dynamic reconfiguration scheme for integrated energy systems

so that load curtailment and recovery time can be reduced.

• It designs a comprehensive service index that considers both system damage and

recovery time to more precisely describe resilience enhancement achieved by this

method.
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6.1 Abstract 

Seismic events and following aftershocks can cause devastating impacts on overground 

and underground energy system infrastructures. This chapter designs a novel approach 

to restore the system functionality in response to seismic stress by using coordinated 

dynamic system reconfiguration and operation. First, seismic impact on system 

infrastructures is evluated, considering substations, pipes and distribution lines. Load 

curtailment is assumed to be caused by the overloading of system branches, buckling 

towers, reversed gas flows, and isolated sub-circuits. Smart system operation and 

reconfiguration are coordinatedly applied by using combined soft open points (SOP) 

and energy storage units, aiming to restore system service by minimizing load 

curtailment and system recovering time. Service index is quantified considering both 

load curtailment and recovering time. A representative integrated electricity and gas 

system is employed to demonstrate the effectiveness of the proposed method. Results 

illustrate that the adverse impact of seismic on systems can be effectively reduced by 

the proposed dynamic service restoration method. The model provides system operators 

with a powerful tool to restore the functionality of distribution systems under seismic 

events. 

6.2 Introduction 

The integration of various energy vectors, particularly electricity and natural gas 

systems, has widely grown in recent years. Many technologies, for instance, combined 

heat and power (CHP), energy hubs, and electrolysis, enable the increasing coupling of 

multiple energy infrastructure, improving system flexibility and reliability. In the 

meantime, due to the climate change, natural events with low probability but high 

impact, such as storms, flooding, extreme precipitation, heat waves, could cause severe 

damages to integrated energy systems. Any failures in one system could propagate to 

other energy systems, causing significant cascading energy loss. Thus, the security of 

integrated electricity and natural gas systems under extreme weather should be better 

managed from an integrated perspective, where the concept of system restoration 

emerges.  

Due to that seismic activities damage both overground and underground parts of energy 

systems, how integrated energy systems would behave and react regarding seismic 

activities should be taken into consideration. The seismic intensity can be quantified by 
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peak ground velocity (PGV), peak ground acceleration (PGA). Subsequently, from the 

topological point of view, paper [1, 2] quantify the seismic impact on integrated 

electricity and gas system in terms of connectivity loss, power loss and impact factor 

on the affected population. Based on that, further research [3]  shows that, compared to 

separate electricity and gas network, the investigation on the interdependency of gas 

and electricity system shows an increased vulnerability. Consequently, it can be 

maintained that to promote system security, the response and behaviours of integrated 

gas and electricity should be investigated with high priority.  

With various types of switches, distribution system topological structure can be easily 

reconfigured. In addition, distributed generators and energy storage can be scheduled 

to restore system functionality. Normally, distribution systems are operated in a radial 

configuration, where switch operations can be employed to offer efficient protection 

schemes and fast fault isolation. To enhance distribution system security, an emergency 

restoration method is proposed by [4] to provide an emergency power supply to critical 

loads in extreme natural catastrophes. A self-recovery method that sectionalizes 

distribution systems into Microgrid is presented by [5]. The on-outage portion of 

distribution systems are optimally sectionalized into self-supplied Microgrids, and then 

operable components are rescheduled to supply maximum load continuously. The 

cumulative duration of customers can be minimized by optimally scheduling available 

crews, and interruptions can also reduce the impact of post disasters [6]. To solve this 

problem, repair and restoration is modelled as a scheduling problem with soft 

precedence constraints.  

The reconfiguration-based methods to enhance the service of power distribution 

systems have been proposed in various papers. In [7-10] [11-13], the method is 

implemented in the form of an optimization model based on an optimal power flow 

model, where the maximum number of switching status (ON/OFF) is specified by the 

network operator. The lines of networks that should be switched to optimally improve 

the resilience of the power system are defined as variables in an operational planning 

program. However, this research can only offer resilience enhancement before or after 

a large disturbance short period. For a typical natural disaster that may last for a few 

days or even weeks, system damage cannot be recovered without repairment. Regarding 

seismic attack and following aftershocks, one of the solutions can be offering dynamic 
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reconfiguration/operation, triggered by load variation and aftershocks. Based on this 

method,  load curtailment can be mitigated timely and the recovering time would be 

reduced. 

To effectively mitigate system load loss and recovery time under seismic stress, this 

chapter proposes a new combined reconfiguration and operation method to restore the 

service for integrated energy systems. Systems are sectionalized and reconfigured by 

using natural gas valves, switches, and Soft Open Points (SOP). Energy storage, 

Combined heat pump (CHP) and Electrolyser are operated to maximize the supply 

during the stress. Thus, the reconfiguration of the system and operation of all units is 

formulated as a convex problem that can be solved by searching algorithm. To evaluate 

the efficiency of the proposed method, a service index that reflects both load loss and 

system recover time is proposed. An integrated 33-bus and 13-gas-node energy system 

is used to verify the proposed method. Results illustrate that overall load curtailment 

and system recovering time can be significantly reduced.  

The main contributions of this chapter are:  

▪ It presents a system operation method by operating switches/valves, electric/gas 

storage, CHP and electrolyser to restore system service under seismic attack. 

▪ It proposes a new dynamic reconfiguration scheme for integrated energy systems 

so that load curtailment and recovery time can be reduced. 

▪ It designs a comprehensive service index that considers both system damage and 

recovery time to more precisely describe restoration level achieved by this method. 

The rest of the paper is organized as follows: Section II investigates the seismic impact 

on the integrated electricity and gas system. In section III, the overall operation scheme 

is studied. A service index is presented in section IV. The case study is proposed in 

section V, Ⅵ. Lastly, the section Ⅶ concludes this chapter. 

. 
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6.3 Impact Evaluation of Seismic Stress 

The functionality of IEGS is mainly affected by disturbing system branches, substations, 

and pipes. The flowing reversed flow in the gas network would be quantified 

accordingly. Consequently, a model that quantify system performance under seismic 

stress is proposed. Subsequently, load curtailment related to seismic attack is used as 

part of the metrics to assess system functionality. The relationship between seismic 

intensity and PGA, PGV can be classified by Table 6-1. 

TABLE 6-1 

RANGES OF PGA, PGV AND SEISMIC INTENSITY 

Intensity Ⅰ Ⅱ ~

Ⅲ 

Ⅳ Ⅴ Ⅵ Ⅶ Ⅷ Ⅸ 

PGA 
(%g) 

<0.17 0.17-
1.4 

1.4-
3.9 

3.9-
9.2 

9.2-
18 

18-
34 

34-
65 

65-
124 

PGV 
(cm/s) 

<0.1 0.1-
1.1 

1.1-
3.4 

3.4-
8.1 

8.1-
16 

16-
31 

31-
60 

60-
116 

 

6.3.1. Circuits Fragility  

In order to address gas leakage caused by the seismic stress, the relationship between 

the damage ratio and seismic intensity should be classified first. Representing the 

number of damage points per kilometres of pipelines, the model of damage rate for gas 

networks is applied then. For ductile iron [14], the damage rate is derived as, 

𝐷𝑎𝑚𝑎𝑔𝑒 𝑟𝑎𝑡𝑒 =
 Damage points

Km
= 0.00003 × (PGV)2.25                                         (6-1) 

After relating the intensity of seismic activities to a certain damage ratio of gas networks, 

the leakage amount in each damage point should be quantified. Subsequently, this 

chapter maintains the leakage loss by investigating the equivalent orifice diameter 

(EOD) of damaged pipes. A leakage expectation based on EOD analysis would be 

specified regarding the probability of various leakage scenarios. 

Regarding typical buried pipelines, seismic stress mainly causes five types of damage: 

annular disengagement, round crack, longitudinal crack, local crack of the pipe wall 

and local tear of the pipe wall. The EOD of damaged pipe considering different 

scenarios can be derived as [15], 
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𝑑1 = 2√𝑡𝑘𝐷                                                                                                               (6-2) 

𝑑2 = 2√𝜃𝐷                                                                                                               (6-3) 

𝑑3 = 2√𝐿𝐷𝜃/𝜋                                                                                                        (6-4) 

𝑑4 = 2√𝑘1𝑘2𝐷                                                                                                         (6-5) 

𝑑5 = 2√𝑘𝑤𝐷                                                                                                            (6-6) 

where 𝑑1 , 𝑑2 , 𝑑3 , 𝑑4 , 𝑑5  are the EOD under different damage scenarios, D is the 

diameter of damaged pipes, 𝜃 is the opening angle, L is the length of the crack and can 

be taken as the length, w is the width of split and 𝑡, 𝑘, 𝑘1𝑘2 are constant that set as 

10~16 mm, 1% and 5% respectively. Because the opening angle 𝜃 and width of split w 

are mainly determined by pipeline material, their values are set to 0.1° and 12 mm from 

observations.  

The probabilities of 5 damage scenarios regarding different pipe materials are shown in 

Table 6-Ⅱ. For each material, the probability of possible damage scenarios are listed. 

Subsequently, the overall expectation of EOD at a damage point would be, 

𝐸𝑂𝐷 = ∑ 𝑃𝑖𝑑𝑖
𝑛=5
𝑖=1                                                                                                     (6-7) 

where 𝑃𝑖 refers to the probability of different leak scenarios, 𝑑𝑖 is EOD under the five 

damage scenarios. 

TABLE 6-2 

 THE PROBABILITY OF LEAK SCENARIOS FOR PIPELINES OF VARIOUS MATERIALS [15] 

Pipe 
Materia
l 

Annula
r 
diseng
ageme
nt 

round 
crack 

longit
udinal 
crack 

Local 
loss of 
pipe 
wall 

Local 
tear 
of 
pipe 
wall 

Cast 
Iron 

0.3 0.5 0.1 0.1 N/A 

Ductile 
Iron 

0.8 N/A 0.1 0.1 N/A 

Riveted 
Steel 

0.6 N/A 0.3 0.1 N/A 

Welded   
Steel 

N/A N/A N/A N/A 1.0 

Joint 
Concret
e 

1.0 N/A N/A N/A N/A 
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The seismic activities can lead to four damage states of electricity lines. For distribution 

branch, each damage state refers to a certain level of connection loss. The slight damage 

state refers to 4% connection loss (CL), moderate stage refers to 12% CL while 

extensive damage, complete damage represents for 50% CL, 80% CL respectively. The 

probability of each damage state is shown in Table 6-3. 

TABLE 6-3 

DAMAGE ALGORITHM FOR THE ELECTRICITY SYSTEM 

Damage 
state 

Median(g) β 

slight/minor 0.28 0.30 
moderate 0.40 0.20 
extensive 0.72 0.15 
complete 1.10 0.15 

 

To establish the overall CL regarding different seismic intensity, the damage 

expectation should be determined. However, the four damage states are not completely 

independent. Because a more severe damage state contains lower damage stages, the 

damage expectation 𝐷 𝐶𝐿can be characterised as,  

𝐷 𝐶𝐿 = 𝑃𝑛𝐶𝐿𝑛 + ∑ (𝑃𝐶𝐿,𝑖−1 − 𝑃𝐶𝐿,𝑖)𝐶𝐿𝑖−1
𝑛−1
𝑖=2                                                            (6-8)  

where i∈ [1 … , 𝑛] represents four damage states.   

6.3.2 Load Curtailment 

The load curtailment is mainly computed in two aspects: first, generation has 

insufficient capacity due to pylon/compressor buckling or isolated sub circuits. 

Secondly, when line outage occurs (including all types of circuit’s damage), some 

branches can be overloaded or  flow reversed owing to increasing energy flow, load 

curtailment should be deployed to ease the burden. This scheme curtails load based on 

demand sensitivity factor between branches and nodes.  

The load curtailment is assessed as, 

𝐿𝑙𝑜𝑠𝑠 = ∑ 𝐿𝑙𝑖𝑛𝑒
𝑛
𝑘=1 + ∑ 𝐿𝐵𝑢𝑐𝑘

𝑚
𝑘=1 + 𝐿𝑖𝑠𝑜 + 𝐿𝑟𝑒𝑣                                                        (6-9) 

where, n is the quantity of overloading transmission line, m is the number of buckling 

turbine tower, 𝐿𝑙𝑖𝑛𝑒 , 𝐿𝐵𝑢𝑐𝑘 , 𝐿𝑖𝑠𝑜 are the line outage, tower buckling and load curtailment 

respectively. 𝐿𝑟𝑒𝑣  is the load curtailment owing to reversed gas flow. All load 
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curtailment is classified by its sensitive factor based on PTDF. 

6.4 System Operation Strategy 

This section designs a combined operation and reconfiguration scheme for the damaged 

system to recover its functionality based on switches and gas valves. As the damaged 

lines and pipes cannot be repaired in a short time, the dynamic load loss minimization 

before repair should be established according to load profile. The operation of the 

electricity system and gas network, storage units, and coupling components are 

conducted simultaneously to find the best reconfigure strategies. 

6.4.1. Integrated Operation of Electric Switches and Gas Valves 

Assuming all branches of a system are installed with switches/valves, then the system 

topology can be fully changed by switch/valve operation. Thus, to maintain optimal 

solutions for system post-catastrophe topology, an operation algorithm should be 

developed.  

The power flow equation can be expressed as, 

𝑉𝑖
𝑘+1̇ =

𝑃𝑖−𝑗𝑄𝑖

𝑉𝑖
�̂�
−∑ 𝑌𝑖𝑗

𝑖−1
𝑗=1 𝑉�̇�

𝑘+1
−∑ 𝑌𝑖𝑗

𝑛
𝑗=𝑖+1 𝑉�̇�

𝑘

𝑌𝑖𝑖
                                                               (6-10) 

where S is the injected complex power, Pi is the real power produced by the generator 

linking to bus i, Qi is the reactive power produced by the generator linking to bus i, 𝑌𝑖 

denotes the element of the admittance matrix Y. 

 For gas networks, if assuming all pipes are installed with valves, valve operation is 

similar to the switch operation of the electricity system. The gas flow nodal balance 

equation is 

   𝐴𝐺𝐴𝑇𝑃 +  𝑄 =  0                                                                                                (6-11) 

where G is the admittance matrix of gas pipes, A is the connection matrix of the system, 

P is the pressure matrix of gas system node, and 𝑄 is flow rate vector of nodes. 

The switch and valve operation is written as below. Where Equation (12) is the 

objective function to maintain minimum gas loss based on proper switch operation, (13) 

is the particle velocity’s upgrade function, (14) is the particle location’s upgrade 
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function, (15) describes inertia weights, (16) is the sigmoid limiting transformation. 

Equations (17) and (18) refer to the voltage constraint and current constraint. Equation 

(22) is the parameter constraint and (23-24) are the particle location’s constraints. 

Where 𝑃𝑏𝑒𝑠𝑡𝑖  is the best position experienced by 𝑖 th particle, 𝐺𝑏𝑒𝑠𝑡𝑖  is the best 

particle of the entire population ever achieved, 𝑉𝑖
𝑡 and 𝑥𝑖

𝑡 are the present velocity and 

position of particle i at tth iteration, 𝛼, 𝛽1 and 𝛽2 refer to inertia weights and weighting 

factors of the stochastic acceleration terms respectively,  𝑟1, 𝑟2 are numbers randomly 

chosen from a uniform distribution [0,1], 𝑉𝑐 is the voltage constraint, 𝐼𝑐 is the branch 

current constraint, 𝑆(𝑉𝑖) represents for a that can update particle velocity. 

𝑃𝑏𝑒𝑠𝑡𝑖 = 𝑚𝑖𝑛{∑ 𝐿𝐿𝑙𝑖𝑛𝑒
𝑛
𝑘=1 + ∑ 𝐿𝐿𝐵𝑢𝑐𝑘

𝑚
𝑘=1 + 𝐿𝐿𝑖𝑠𝑜 +∑ 𝐿𝐿𝑟𝑒𝑣

𝑛
𝑘=1 + ∑ 𝐿𝐿𝑑𝑒𝑚𝑎𝑛𝑑

𝑚
𝑘=1 }                 

(6-12) 

𝑉𝑖
𝑡+1 = 𝛼𝑉𝑖

𝑡 + 𝛽1𝑟1(𝑃𝑏𝑒𝑠𝑡𝑖 − 𝑥𝑖
𝑡) + 𝛽2𝑟2(𝐺𝑏𝑒𝑠𝑡𝑖 − 𝑥𝑖

𝑡)                                        (6-13) 

𝑥𝑖
𝑡+1 = 𝑥𝑖

𝑡 + 𝑉𝑖
𝑡+1                                                                                                    (6-14) 

𝛼𝑡+1 = 𝛼𝑚𝑎𝑥 − 𝑡 ×
𝛼𝑚𝑎𝑥−𝛼𝑚𝑖𝑛

𝑡𝑚𝑎𝑥
                                                                                 (6-15) 

𝑆(𝑉𝑖) =
1

1+𝑒−𝑉𝑖
                                                                                                          (6-16) 

𝑉𝑐,𝑀𝑖𝑛 ≤ 𝑉𝑐 ≤ 𝑉𝑐,𝑀𝑎𝑥                                                                                                (6-17) 

𝐼𝑐,𝑀𝑖𝑛 ≤ 𝐼𝑐 ≤ 𝐼𝑐,𝑀𝑎𝑥                                                                                                  (6-18) 

𝐷𝐹𝑗
𝑡+1 × 𝐷𝐹𝑗

𝑡 ≥ 0                                                                                                    (6-19) 

𝑃𝑐,𝑀𝑖𝑛 ≤ 𝑃𝑐 ≤ 𝑃𝑐,𝑀𝑎𝑥                                                                                               (6-20) 

𝐹𝑐,𝑀𝑖𝑛 ≤ 𝐹𝑐 ≤ 𝐹𝑐,𝑀𝑎𝑥                                                                                                (6-21) 

  𝑟1, 𝑟2 = 𝑟𝑎𝑛𝑑{0,1}                                                                                                  (6-22) 

𝑖𝑓  𝑟1, 𝑟2 < 𝑆(𝑉𝑖(𝑡 + 1)), 𝑥𝑖
𝑡+1 = 1                                                                          (6-23) 

 𝑖𝑓  r1, r2 > S(Vi(t + 1)), xi
t+1 = 0                                                                          (6-24) 
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Then, the constraints different from electricity system are: (19) prevents inversed 

pipeline flow, in which 𝐷𝐹𝑗
𝑡  represents the direction of pipeline 𝑗  at time 𝑡 , (20) 

describes the pressure constraint, in which 𝑃𝑐 refers to pipeline pressure, (21) is the flow 

constraint of pipes, in which 𝐹𝑐 represents the gas flow of pipes. The solution searching 

algorithm would establish the best valve operation that optimally decides closed pipes 

and maximally avoids curtailed gas demand. The minimum curtailed gas load can be 

derived by maintaining properly closed pipes and regulating reversed gas flow. 

Furthermore, regarding network damage, the algorithm that searches for properly 

closed pipes would start from the pipes that nearby the pipe leak/crack. 

6.4.2. Electricity Storage 

The energy level of storage at time step t+1, charging and discharging energies of the 

previous time step t can be described as in (25). The battery energy level at the final 

time step is assumed to be equal to its initial level at the beginning of the optimization, 

as restricted in (27). Equations (26), (28)-(29) are the capacity constraints of electricity 

storage. 

 

𝐸𝐸𝑠
𝑡+1 = 𝐸𝐸𝑠

𝑡 − µ𝐸𝑐ℎ𝑃𝐸𝑐ℎ
𝑡 − 𝑃𝐸𝑑𝑖𝑠

𝑡 /µ𝐸𝑑𝑖𝑠                                                                    (6-25) 

𝐸𝐸𝑠
𝑀𝑖𝑛 ≤ 𝐸𝐸𝑠

𝑡 ≤ 𝐸𝐸𝑠
𝑀𝑎𝑥                                                                                                 (6-26) 

0 ≤ 𝑃𝐸𝑑𝑖𝑠
𝑡 ≤ 𝑃𝐸𝑠

𝑀𝑎𝑥                                                                                                    (6-27) 

−𝑃𝐸𝑠
𝑀𝑎𝑥 ≤ 𝑃𝐸𝑐ℎ

𝑡 ≤ 0                                                                                                 (6-28) 

 

where µ𝐸𝑐ℎ  describes electricity storage units charging efficiency and µ𝐸𝑑𝑖𝑠  is the 

discharging efficiency.  

6.4.3. Gas Storage 

The natural gas storage serves as an adjustable supply/demand entities when gas well 

capacity or pipeline transmission cannot guarantee supply security. It is assumed that  
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natural gas storage units can discharge to support external systems, but the directions 

of pipeline flow are fixed. Subsequently, gas storage level consitrant is restricted in (30) 

and the storage capacity constraints are described in equations (32), (33)-(34). 

 

𝐸𝐺𝑠
𝑡+1 = 𝐸𝐺𝑠

𝑡 − µ𝐺𝑐ℎ𝑃𝐺𝑐ℎ
𝑡 − 𝑃𝐺𝑑𝑖𝑠

𝑡 /µ𝐺𝑑𝑖𝑠                                                                   (6-29) 

𝐸𝐺𝑠
𝑀𝑖𝑛 ≤ 𝐸𝐺𝑠

𝑡 ≤ 𝐸𝐺𝑠
𝑀𝑎𝑥                                                                                                (6-30) 

𝐸𝐺𝑠
𝑡 (𝑡 = 0) = 𝐸𝐺𝑠

𝑡 (𝑡 = 24)                                                                                     (6-31) 

0 ≤ 𝑃𝐺𝑑𝑖𝑠
𝑡 ≤ 𝑃𝐺𝑠

𝑀𝑎𝑥                                                                                                   (6-32) 

−𝑃𝐺𝑠
𝑀𝑎𝑥 ≤ 𝑃𝐺𝑐ℎ

𝑡 ≤ 0                                                                                                 (6-33) 

 

Similar to the electricity system, µ𝐺𝑐ℎ describes its charging efficiency and µ𝐺𝑑𝑖𝑠 is its 

discharging efficiency. 

6.4.4. Soft Open Points 

𝑓𝑑𝑒𝑣 = ∑ |𝑈𝑡,𝑖
2 − 1|

𝑁𝐼
𝑖=1  (𝑈𝑡,𝑖 ≥ 𝑈𝑀𝑎𝑥||𝑈𝑡,𝑖 ≤ 𝑈𝑀𝑖𝑛)                                                (6-34) 

where (35) describes the voltage deviation offered by the SOP. 

6.4.5. Energy Interface 

The energy interface is regarded as the transformation medium between different 

energy systems. This section models the operation and constraints of interface units 

including SOP, electrolyser and CHP. 

1)Electrolyser 

𝑉𝑒(𝑡) = ηe ×
 𝑃𝑒(𝑡)

𝐻𝐻𝑉
                                                                                                   (6-35) 

𝐺𝐿𝑖 ,𝑀𝑖𝑛 ≤ 𝐸𝑃𝑡𝐺,𝑖 ≤ 𝐸𝐿𝑖,𝑀𝑎𝑥̅̅ ̅̅ ̅̅ ̅̅ ̅                                                                                    (6-36) 
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𝑃𝑡𝐺 𝑀𝑖𝑛 ≤ 𝐸𝑃𝑡𝐺 ≤ 𝑃𝑡𝐺 𝑀𝑎𝑥                                                                                      (6-37) 

2)CHP 

 𝑃𝐻𝑒(𝑡) = ηH ×  𝑃𝐻𝑔(𝑡)                                                                                         (6-38) 

𝐺𝐿 𝑀𝑖𝑛 ≤ 𝐸𝐺𝑡𝑃 ≤ 𝐸𝐿 𝑀𝑎𝑥̅̅ ̅̅ ̅̅ ̅̅ ̅                                                                                          (6-39) 

𝐺𝑡𝑃  𝑀𝑖𝑛 ≤ 𝐸𝐺𝑡𝑃 ≤ 𝐺𝑡𝑃 𝑀𝑎𝑥                                                                                     (6-40) 

where (36) and (39) represent the time-varying energy conversion of electrolyser and 

CHP, (37)(38) and (40)(41) describe the input/output limits and capacity constraints for 

electrolyser and CHP respectively. 

6.5 Service Index 

In this chapter, the service index is classified as the integration domain between normal 

load level and load level, 

𝑅 = ∑ 𝑃𝑓,𝑛
𝑁
1 ×

∫ 𝑁𝐿(𝑡)
𝑇0
0 𝑑𝑡−𝑅𝑆𝑛

∫ 𝑁𝐿(𝑡)𝑑𝑡
𝑇0
0

                                                                                (6-41) 

where N is the number of failure scenarios, 𝑃𝑓,𝑛 describes the failure probability of 

scenario n, 𝑇0 is the period of hurricane duration, 𝑁𝐿(𝑡) is the normal load level, 𝑅𝑆𝑛 

is the area of actual load level along with time series. 

Thus, this chapter sets the objective of the reconfiguration algorithm to maximize 

service index. The objective function of the overall problem is as follows, 

 

𝑀𝑎𝑥 𝑆𝑒𝑟𝑣𝑖𝑐𝑒 = 𝑅 𝑃𝑏𝑒𝑠𝑡                                                                                           (6-42) 

𝑃𝑏𝑒𝑠𝑡 = 𝑚𝑖𝑛{𝑃𝑏𝑒𝑠𝑡𝑖 + 𝑃𝑏𝑒𝑠𝑡𝑗}                                                                            (6-43) 

 (𝐸𝑃𝑡𝐺,1||𝐸𝑃𝑡𝐺,2)&&(𝐸𝐺𝑡𝑃) = 1                                                                               (6-44) 
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where (43) is the objective function, 𝑅 𝑃𝑏𝑒𝑠𝑡  refers to the resilience index when the 

switches and valves are operated according to 𝑃𝑏𝑒𝑠𝑡. Equation (45) is the operational 

constraints of CHP and Electrolysers. 

6.6 Implementation 

Fig. 1 shows the implementation steps of the proposed system reconfiguration and 

operation method. The implementation steps are as follows: 
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Fig. 6-1 Implementation steps 

 

a) Based on the proposed model, the seismic intensity is quantified by PGA and 

PGV.  

b) Subsequently, the model of pipe leakage, electricity line/substation’s loss can be 

computed. 

c) Based on the model of EOD and damage rate, the pressure loss/gas loss of pipes 

can be obtained. For the electricity system, the system loss can be described by 

applying different fragility curves. Consequently, overall load curtailment and 

related 𝑅 loss can be figured out. 

d) After 10000 times of Monte Carlo simulation, the simulated system damage is 

computed to evaluate the proposed method.  
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e) Subsequently, the searching algorithm is applied to find the most proper 

reconfiguration to enhance service index. Although reconfiguration/operation 

requires different components of electrical and gas systems, their searching can 

both be optimized by the same solver algorithm.  

f) In the final stage, the system restoration achieved by a different combination of 

operations is compared.  

 

6.7 Case Study 

As shown in Fig. 2, the test system contains 33 bus, 2 electrolysers, a CHP and 5 SOPs. 

The electric storage device is placed at bus 22 while the gas storage is installed at node 

35. The initial switch operation would be 32 switches normally closed and 5 switches 

normally opened. In Fig. 2, the dash lines represent for soft open points, in which the 

lines between 33 and 46, 18 and 35 are equipped with electrolysers, the branch 39-2 is 

facilitated by the CHP. Subsequently, it is assumed that the seismic attack and following 

aftershock would damage the system twice. The seismic acitivity and aftershock would 

happen at the time of 13:30 and 17:30 respectively. 

In this section, the sampled seismic intensity and the first aftershock is set to Ⅶ and Ⅵ 

respectively, the subsequent aftershock would be seen as harmless to the system. Thus 

PGA is 0.25%g (aftershock 0.18g) and PGV is 31 cm/s. the damage expectation of CL 

is then classified as 3% of 37 branches (1.11), which indicates the number of failed 

transmission lines is 1. Similarly, the aftershock would lead to a failure line as well. For 

the seismic intensity of 31 cm/s, the damage rate among the gas network is determined 

as 0.0068. If the overall length of gas pipes is 15 km, there will be 1 damage point. The 

locations of gas leaks are randomly generated among all gas pipelines. Assume all pipes 

within the gas network are constructed by Ductile Iron, based on the probabilities of 

that 5 damage scenarios, the damage expectation of EOD can then be estimated as 3cm. 

Subsequently, system leakage loss due to seismic damage is maintained based on 

Pipeline Studio, a pipeline analysis software that can model a wide range of steady-

state and transient analysis of pipe systems. Based on the Benedict-Webb-Rubin 

equation, the hydraulic analysis function of natural gas and the liquid pipeline is 

employed. 
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Fig. 6-2 The test system 

A dynamic load profile is developed based on seasons, occupants, and house type. Five 

classifications, including 3 electricity and 2 heat load profiles, are simulated as Figure 

3. The load of buses 1-18,  buses 19-25, and the rest of buses, are assumed to follow 

the first, second, and third load profile respectively; the load of gas nodes with odd 

serial numbers are assumed to vary according to the first space heating profile while 

nodes with even serial numbers follow the second heating profile. For the couplings 

between the two systems, the CHP would always be switched on with adjustable output 

in response to the electrical demand. In this chapter, the load profiles are assumed to 

generate for winter weekdays.  

Regarding the seismic stress, branch 28-29 and pipe 2 are chosen to be damaged by 

extreme events at the time of 13:30, the state of the test system would become 1 

switched off line, 1switched off pipe with 5 SOPs not in-use, which can be regarded as 

the initial searching point of the searching algorithm. Then, at the time of 17:30, branch 

12-13 is damaged and switched off. The algorithm is implemented to search for optimal 

switch/valve operations to minimize recovery time and loss load under the premise of 

maintaining electricity system’s structure and preventing gas network’s reversed gas 

flow.  
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Fig. 6-3 Time-series load profiles for 5 types of load 
 

The gas network would be immune from the aftershock (damage point <1). Thus, in the 

final results, there would be 5 switches, 1 valve off (including SOPs not in used and the 

damaged branches), but the number of pipes that would be closed is not fixed. 

Assuming the number of reconfiguring operations for the test system within one day is 

5, to address the large load loss according to sharp demand variations, the triggered 

time would be at 1:30, 8:30, 11:30, 17:30 and 20:30, according to the load profile. 

Subsequently, the restoration results of A) Dynamic Reconfiguration with Multi 

Operations B) Conventional Reconfiguration with Multi Operations C) Conventional 

Reconfiguration with Single Operation would be compared 

6.7.1 Dynamic Reconfiguration with Multi Components 

In this section, both dynamic reconfiguration and dynamic operation would be deployed, 

the resilience index at time 1:30 (damage line 28-29) and 17:30 (damage line 12-13, 

28-29) would be 0.554 and 0.306 respectively.  

At 1:30, the system is reconfigured to a structure that only applies one SOP, in that case 

only the damaged branch 28-29 is switched off. The percentage enhanced resilience 

compared with the original system would be 44.04% at that time. At 8:30 when the load 

of buses 26-33 increases rapidly, the reconfiguration choice would be to switch off the 

SOP in 25-29, and switch on SOP 18-33. Subsequently, since the load slightly changes 

in 3 hours, the reconfigured solution at 11:30 approximately remains the same. In other 

words, there is no need for an extra reconfiguration at 11:30. The efficiency of resilience 

L
O

A
D

 D
E

M
A

N
D

 (
M

W
)

electric load 1 electric load 2 electric load 3

gas load 1 gas load 2

4

3

2

1



 

133 

 

enhancement at this time period is still regarded as 48.27%. At 17:30 when branch 12-

13 is damaged by varied wind stress and the demand for buses 26-33 starts to decrease, 

the switched-off branches are 12-13 and 28-29, while SOP 9-15 and 18-33 are turned 

on, leading to an efficiency of 29.57%. Lastly, when the demand of buses 26-33 drops 

back to a lower stage at 20:30, branches 11-12, 12-13 and 28-29 are turned off while 

SOP 12-22, 18-33 and 25-29 are turned on. The efficiency would be 34.28%.  

TABLE 6-4 

RECONFIGURATION RESULTS FOR THE ELECTRICITY SYSTEM 

1:30 

 Before Re After Re 
off mode branches 28-29, 8-21, 9-15, 12-

22, 19-33, 25-29 
28-29, 8-21, 9-15, 
12-22, 18-33 

In used SOPs  25-29 

Resilience index  0.554 0.798 

Resilience 
enhancement 

44.04% 

8:30 

 Before Re After Re 
off mode branches 28-29, 8-21, 9-15, 12-

22, 19-33, 25-29 
28-29, 8-21, 9-15, 
12-22, 25-29  

In used SOPs  18-33 

Resilience index  0.549 0.814 

Resilience 
enhancement 

48.27% 

11:30 

 Before Re After Re 

off mode branches 28-29, 8-21, 9-15, 12-
22, 19-33, 25-29 

28-29, 8-21, 9-15, 
12-22, 25-29 

In used SOPs  18-33 

Resilience index  0.815 0.815 

Resilience 
enhancement 

N/A 

17:30 

 Before Re After Re 

off mode branches 12-13, 28-29, 8-21, 9-
15, 12-22, 19-33, 25-
29 

12-13, 28-29, 8-
21, 9-15, 12-22 

In used SOPs  9-15, 18-33 

Resilience index  0.306 0.482 

Resilience 
enhancement 

29.57% 

20:30 

 Before Re After Re 

off mode branches 12-13, 28-29, 8-21, 9-
15, 12-22, 19-33, 25-
29 

12-13, 28-
29, 11-12, 8-21, 
9-15 

In used SOPs  
12-22, 18-

33, 25-29 

Resilience index  0.318 0.427 

Resilience 
enhancement 

34.28% 
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Fig. 6-4 The charging/discharging condition of storage units  

 

Fig. 4 shows the power output of system energy storage units in scenario 1, where 

positive and negative outputs respectively indicate discharging and charging the storage 

units. It can be seen that the charging cycle of the electric storage is from 1:30 to 6:30 

and 8:30 to 17:30 while its discharging cycle is from 0:00 to 1:30, 6:30 to 8:30 and 

17:30 to 0:00. Referring to system recovering and loss load mitigation, the second 

discharging cycle can be related to increasing load demand while the third discharging 

cycle is determined by the significant load loss among branch 19-22. For the gas storage 

unit, the discharging cycle occurs from 18:30 to 8:30 and the charging cycle is between 

8:30 to 18:30. Owing to the fact that there is only 1 charging/discharging cycle of the 

gas storage unit, it can be concluded that when the gas system is immune to an extreme 

event, only variational load demand can affect its system topology and the whole 

reconfiguration process can be seen as arranging it to support the electricity system. 

  For the gas network, reversed pipe flow would be triggered by the loss of pipeline 2. 

Thus, the gas network can not be only operated to fully support the electric system, it 

needs to prevent reversed pipe flow and minimize loss load. At 1:30, although the two 

types of load demand remain stable, the second class of load is 3 times higher than the 

first load type. The reversed gas flow appears in pipe 9, and after the closure of valves 

in pipe 2 and 9, the curtailed load can be slightly recovered as 9.66%. Then, at 8:30, the 

pipe closure driven by the reconfiguration would be pipe 2, 12. Moreover, the operation 
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for the reversed pipe 15 would trigger much more load loss reduction, which leads to 

more resilience enhancement. 

TABLE 6-5 
RECONFIGURATION RESULTS FOR GAS NETWORK 

1:30 

 Before Re After Re 

off mode Pipes Pipe 2 Pipe 2, 9 

Reversed pipes 9 N/A 

Resilience index  0.652 0.715 
Resilience 
enhancement 

9.66% 

8:30 

 Before Re After Re 

off mode Pipes Pipe 2 Pipe 2, 15 

Reversed pipes 15 N/A 

Resilience index  
0.627 0.853 

Resilience 
enhancement 

36.04% 

11:30 

 Before Re After Re 

off mode Pipes Pipe 2 Pipe 2, 12 

Reversed pipes 12，15 N/A 

Resilience index  0.471 0.464 
Resilience 
enhancement 

-1.49% 

17:30 

 Before Re After Re 

off mode Pipes Pipe 2 Pipe 2 

Reversed pipes N/A  N/A 

Resilience index  0.597 0.584 

Resilience 
enhancement 

-2.18% 

20:30 

 Before Re After Re 

off mode Pipes Pipe 2 Pipe 2, 9, 12 

Reversed pipes 9，12，15 N/A 

Resilience index  0.443 0.765 

Resilience 
enhancement 

72.69% 

 

During lunchtime, the first type of load reaches its peak value and trends to be stable, 

and the other type of load stays at a low level of consumption. It can be seen that the 

reversed gas flows appear in pipes 12, 15. According to the reconfiguration algorithm, 

the best solution would be further closing valves in pipe 12 to prevent the reversion of 

pipe 12,15. However, the efficiency is around -1.49%, which means to prevent reversed 

pipes load demand should be further curtailed. At 17:30, the first type of load demand 

decreases while the second type of demand rapidly grows. At this time only pipe 2 gets 

reversed. The two types of load maintain with similar variations at the final time step, 

the reversed gas flows are in pipes 9, 12, 15. If valves in pipe 9, 12 are closed and use 

pure load curtailment method to prevent the reversion of pipe 15, the load loss would 

be reduced by 72.69%. 
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Thus, the overall resilience enhancement for the electricity system can be obtained as  

39.28%, while for the gas network it only maintains an enhancement of 22.94%.    

6.7.2 Conventional Reconfiguration with Multi Operations 

 

TABLE 6-6 

RECONFIGURATION RESULTS FOR THE OVERALL SYSTEM 

` Before 

Reconfiguration 

After 

Reconfiguration 

Switched off 

branches 

12-13, 28-29 12-13, 28-
29, 25-29, 18-
33 

In used SOPs N/A 8-21, 9-15, 12-

22 

Resilience index  0.306 0.377 

Overall 

enhancement 

N/A 23.20% 

 

 

Fig. 6-5 The charging/discharging condition of storage units 

In this scenario, reconfiguration would only be operated once while system components’ 

repeated actions are allowed to recover the system under branch 12-13, 28-29 and pipe 

2’s damage. Regarding Table  6-Ⅲ, it can be seen that although components such as 

energy storage units, CHP and electrolysers are allowed to be operated multiple times, 

the system can only be enhanced by 23.20%. The reason for this relatively low 

efficiency can be related to the limitation of its original topological structure. 
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For scenario 2, the operation of system energy storage units is shown in Fig.5. It can be 

seen that the discharging cycle of the electric storage is from 0:00 to 1:30, 6:30 to 9:30, 

11:30 to 15:30 and 17:30 to 0:00 while its charging cycle is from 1:30 to 6:30, 8:30 to 

11:30 and 15:30 to 17:30. As for the gas storage unit, the discharging cycle occurs at 

18:30 to 1:30 and 8:30 to 11:30 and the charging cycle is between 1:30 to 8:30 and 

11:30 to 17:30. Additionally, the operation results of interface units in scenario A/B are 

shown in Table 6-5. Consequently, it is seen that the storage and interface units are 

more frequently operated to offer loss load mitigation and recover system functionality 

when the reconfiguration can only be applied once. 

TABLE 6-7 

CONPUTATIONAL RESULTS FOR THE INTERFACE UNITS 

Time` 𝐶𝐻𝑃𝐴 𝐸𝑙𝑒1𝐴 𝐸𝑙𝑒2𝐴 𝐶𝐻𝑃𝐵 𝐸𝑙𝑒1𝐵 𝐸𝑙𝑒2𝐵 

0:30 0.43 0.12 0.14 0.43 0.16 0.17 

1:30 0.42 0.08 0.11 0.42 0.17 0.18 

8:30 0.31 0.11 0.12 0.45 0.19 0.18 

11:30 0.39 0.16 0.17 0.47 0.16 0.16 

17:30 0.42 0.2 0.2 0.46 0.17 0.18 

20:30 0.47 0.18 0.2 0.47 0.18 0.16 

0:30 0.43 0.12 0.14 0.43 0.16 0.17 

 

6.7.3 Conventional Reconfiguration with Single Operation 

In this scenario, reconfiguration and system components would only be operated once 

to recover the system under branch 12-13 28-29 and pipe 2’s damage.  

TABLE 6-8 

RECONFIGURATION RESULTS FOR THE OVERALL SYSTEM 

 Before 

Reconfiguration 

After 

Reconfiguration 

Switched off 

branches 

12-13, 28-29 12-13, 28-29, 9-

15, 18-33 

In used SOPs N/A 8-21, 12-22, 25-

19 

Overall Storage 

units supply 

(MW) 

0 0.81 

Resilience 

index  

0.306 0.354 

Resilience 

enhancement 

N/A 17.64% 
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Table 6-4 shows the results after the whole recovery. Three SOPs 8-21, 12-22 and 25-

19 are activated and the total supply of gas/electricity storage at the reconfigure time is 

0.81 MW. The structure of this reconfigured system is slightly different from the 

previous solution but still maintains a radial structure. Although nearly all types of load 

profiles trends to drop at the final time step, the related load loss is still relatively high 

owing to the limitation of system structure. Thus, the overall enhancement efficiency 

would be 17.64%. 

6.8 Conclusion and Disscussion 

This section proposes a combined scheme to enhance the resilience of integrated energy 

systems against seismic events, based on reconfiguration and smart system operation. 

And both recovery time and system loss can be mitigated by this smart operations 

scheme. Compared to conventional single reconfiguration, the combined dynamic 

reconfiguration method with smart operation can offer more significant resilience 

enhancement.  

The work in this section provides system operators with a powerful tool to restore the 

service of integrated energy systems under extreme seismic events with reduced load 

loss and recovery time. However, the proposed method for the gas network 

enhancement is not stable and sometimes it can even cause the reduction of service 

index. Thus, although the reversed pipes can always be prevented, this method can not 

always offer steady gas loss reduction for the gas network. 
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6.9 Chapter Summary 

This chapter introduces a novel approach to enhance the resilience in response to 

hurricanes by using coordinated dynamic system reconfiguration and operation. First, 

a time-varying hurricane model is developed, with a variational wind intensity and 

moving path. Load curtailment is assumed to be caused by the overloading of system 

branches, buckling towers, reversed gas flows, and isolated sub-circuits. Smart system 

operation and reconfiguration are coordinatedly applied by using combined soft open 

points (SOP) and energy storage units, aiming to enhance system resilience by 

minimizing load curtailment and system recovering time. Resilience index is quantified 

considering both load curtailment and recovering time. A representative integrated 

electricity and gas system is employed to demonstrate the effectiveness of the proposed 

method. Results illustrate that the adverse impact of hurricanes on systems can be 

effectively reduced by the proposed resilience enhancement method. This method 

Provides system operators a powerful tool to enhance the resilience of integrated energy 

systems under extreme hurricane events. Compared to conventional reconfiguration, 

the combined dynamic reconfiguration method with smart operation can offer more 

significant resilience enhancement. Moreover, for a specific system, both recovery time 

and system loss can be mitigated by smart operations together with multi reconfiguring 

the integrated energy system.  

However, the proposed method for the gas-side network enhancement is not stable and 

sometimes it can even cause the reduction of resilience index. Thus, although the 

reversed pipes can always be prevented, this method can not offer a steady enhancement 

for the gas network.
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Chapter 7  Conclusion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter summarises the thesis by outlining the major contributions 
and findings from the research. 

Conclusion  

and  

Future Work 
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As discussed before, owing to the deployment of various energy vectors, and increasing 

probability of natural events, more awareness is turning to resilience enhancement 

schemes for the energy system. This thesis benefits system operators to assess the 

performance of their integrated energy systems under extreme events (seismic or 

hurricane) and thus inform them to deploy appropriate strengthening schemes and 

measures to enhance energy system resilience. Moreover, the work in this thesis also 

provides a powerful tool to restore the service of integrated energy systems with 

reduced load loss and recovery time. Subsequently, least costly investment is needed in 

the system, which would eventually benefit customers with enhanced security but low 

bills.   

 

Conclusion 

 

Structural Vulnerability Assessment for the Energy System 

This chapter introduces an algorithm for structural vulnerability assessment of the 

integrated electricity and gas system. The advantages of this proposed algorithm are 1) 

it’s easy to implement 2) it not only refers to the structural importance of complex 

systems but also considers the impact of energy flow conditions within the entire 

network. 3) Comparing to conventional vulnerability quantification methods, this 

scheme can evaluate the system’s connectivity and popularity simultaneously.  

The results indicate that, system nodes conform to two features can be more vulnerable: 

Architecturally, nodes that have more prominent linkage obtain higher rankings. Then, 

from the perspective of energy flow, nodes that enable more energy flow in nearby 

areas have higher weights. However,  regarding the results of load curtailment analysis 

shown in Table 3-4, the most important node assessed by PTDF are not the same. This 

difference indicates that the drawback of this method is it may ignores some important 

features of energy systems, like energy/importance transfer regarding system outage. 

Thus, practically, the important nodes assessed by this algorithm are basically accurate 

while the assessed most important nodes may not be that precise. Moreover, applying 

this method for multi-energy systems would require a fixed grid structure, any change 

in system structure may leads to inaccurate results. 
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System Behaviour Evaluation Regarding to Seismic Stress  

In Chapter 3, a statistical model of seismic activity is developed and deployed to 

quantify seismic impact on energy systems. Regarding the electricity and gas system, 

the results show that the seismic impact can be evaluated as certain load loss. 

Furthermore, the framework can be easily applied to other network assets, such as 

substations. According to the results of multi-connection case, more interconnections 

between electricity and gas system may expose the system to higher impact of seismic 

stress. The possible reason can be, more interconnections can lead to longer overall 

length of pipes/lines, then lead to more severe loss. The deficiency of this method is, 

for seismic stress with lower intensity, this assessment model may ignore its minor but 

long term impact on system components (the impact that would not cause direct load 

loss but still needs to be repaird).  

Physical and Operational Resilience Enhancement for the System under 

Hurricane Attack 

On the premises of the previous research, this chapter proposes a two-stage scheme to 

enhance distribution system resilience against hurricanes with coupling SOPs and 

networked MGs. The result shows that the proposed method of post-disaster power 

systems facilitated by the installation of SOPs and networked MGs can help minimize 

load curtailment.  

To summarize, the proposed scheme is not a permanent repairment, but a temporary 

restoration that can be applied to mitigate the loss until possible repairs can be taken, 

and thus system security can be enhanced. Based on the analysis above, this research 

can help system operators to assess and promote the performance of their integrated 

energy systems under hurricane and thus inform them to deploy appropriate 

strengthening schemes and measures to enhance energy system resilience. The 

inadequacy of this work is, the coordination of pre-disaster strenghthening and post-

disaster recovery should be considered to further reduce the investment/budget. 

Dynamic Resilience Enhancement for the Integrated Electricity and Gas System 

To enhance system resilience timely and efficiently, this chapter proposes a dynamic 

scheme to enhance the resilience of integrated energy systems against seismic stress, 

based on reconfiguration and smart system operation. Through the extensive case study, 

it can be concluded that compared to conventional reconfiguration, the combined 
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dynamic reconfiguration method with smart operation can offer more significant 

resilience enhancement. 

According to the case study, although the proposed research can enhance the resilience 

of integrated energy systems with reduced load loss and recovery time, the gas network 

enhancement is not stable and sometimes can even cause reduction of the resilience 

index. Subsequently, the reversed pipes can be prevented by applying this method while 

the gas side enhancement may not be steady. Thus, for practical multi energy system in 

the furture, the resilience enhancement may not only require integrated operations but 

also needs individual operation/protection regarding various energy vectors. 

 

Future Work 

 

More Robust System Strengthening Approaches 

For the system strengthening stage, another approach for optimal planning of 

distribution networks or microgrids is to use robust optimization methods, which are 

usually based on traditional N-K contingency analysis. On the premises of that, a two-

stage model considering the worst scenarios can be developed with the temporal and 

spatial uncertainty feature of extreme events. Subsequently, similar to Chapter 4, a 

combined method can be applied based on the hardening of network components and 

optimal planning of DGs and storages. As for transmission system, the following 

methods can be considered in the future: Firstly, regarding hurricane events or extreme 

precipitation, transmission lines can be undergrounded to cope with negative impact. 

Then, strengthen the transmission network foundations and elements using more robust 

types of materials. Subsequently, enhancing the reserve capacity and redundancy by 

constructing new transmission equipment. At the last stage, applying active controlling 

of the transmission systems using switches for system reconfiguration and flexible 

transmission systems devices for controlling the power flow of transmission lines. 

Flexible System Restoration Methods 

Based on the application of microgrids management, an effective solution to the system 

recovery stage of both transmission and distribution systems can be applied. For 
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instance, one of the appropriate techniques for microgrid-oriented resilience 

enhancement scheme is utilizing the percolation theory using an analytical hierarchical 

process. Moreover, hierarchical outage management can also be used to boost the 

resilience of distribution systems consisting of several microgrids. On the premises of 

that, the healthy parts of the distribution system can be divided into several islanded 

microgrids in order to prevent the bursting of outages. Subsequently, the critical loads 

would be detected accordingly and appropriate load shedding can be deployed. Thus, 

the system functionality can be restored immediately after an extreme event. 

Stable Operation of Renewable Resources 

Although the use of renewable technologies can play an important role in network 

power balancing. High penetration of renewable resources applied in the energy system 

has negative impact on establishing resilient energy systems as well. For instance, the 

occurrence time of extreme events would play a more critical role in the resilience of 

energy systems with high penetration. Referring to the high uncertainty of renewable 

resources, if an extreme event occurs at the time of peak load, then power systems may 

face a significant lack of power generation, and then, an unbalancing between power 

generation and demand can occur that may lead to major outages. Another key 

challenge is, in power systems with high penetration, different extreme events may 

cause different effects on resilience depending on the type of renewable resources 

applying in the system. Thus, for the further study of establishing resilient multi energy 

systems, three major challenges should be addressed: 1) The uncertainty of renewable 

resources, power generation and negative impact of extreme events 2) The challenge of 

protection coordination 3) The stability challenges including frequency and voltage 

regulation. 

Coordination of Planning and Operation 

Since in most of the previous studies, only one of the resilience dimensions has been 

investigated, such as the restoration time or the curtailed loads. Therefore, a resilience 

improvement method considering the coordination of both system planning and 

operation strategy should be investigated. In order to further enhance system resilience, 

a possible correlation mechanism between scheduling and operation should be 

investigated. For instance, based on optimal scheduling schemes, the upper limit of 
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system maximum restorability can be enhanced. Then, by applying the proper operation 

method, the system functionality can be restored more rapidly and efficiently. 

 

 

 

 

 

 

 

 

 

 

 

 

 


