
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: Dec 15, 2025

Coordinated post-contingency dispatch of integrated energy system with multiple
participants based on distributed energy trading

Wang, Can; Bie, Zhaohong; Wu, Qiuwei; Li, Gengfeng; Xie, Haipeng

Published in:
International Journal of Electrical Power and Energy Systems

Link to article, DOI:
10.1016/j.ijepes.2021.107011

Publication date:
2021

Document Version
Early version, also known as pre-print

Link back to DTU Orbit

Citation (APA):
Wang, C., Bie, Z., Wu, Q., Li, G., & Xie, H. (2021). Coordinated post-contingency dispatch of integrated energy
system with multiple participants based on distributed energy trading. International Journal of Electrical Power
and Energy Systems, 130, Article 107011. https://doi.org/10.1016/j.ijepes.2021.107011

https://doi.org/10.1016/j.ijepes.2021.107011
https://orbit.dtu.dk/en/publications/5d2d714f-6b82-4c56-86e8-efb98854a551
https://doi.org/10.1016/j.ijepes.2021.107011


Submission to International Journal of Electrical Power & Energy Systems 

Coordinated post-contingency dispatch of integrated energy system with multiple 

participants based on distributed energy trading 

Can Wanga, Zhaohong Biea,*, Qiuwei Wub, Gengfeng Lia, Haipeng Xiea 
aState Key Laboratory of Electrical Insulation and Power Equipment, Smart Grid Key Laboratory of Shaanxi Province, Department of 

Electrical Engineering, Xi’an Jiaotong University, Xi’an, 710049, China 
bCentre for Electric Power and Energy, Department of Electrical Engineering, Technical University of Denmark, Kgs. Lyngby, Denmark 2800 

Abstract 

The electrical, natural gas and heating subsystems of an integrated energy system (IES) can be managed by multiple independent 

energy operators (participants), individually. In the face of contingency events, it is essential to coordinate these participants, who 

pursue their own profits, in order to optimize the post-contingency dispatch of the IES and reduce the system loss. Therefore, this 

paper proposes a novel coordinated post-contingency dispatch scheme for the IES with multiple participants. Firstly, an emergency 

energy market framework of the IES is developed based on a distributed energy trading mechanism, to coordinate the energy 

allocation among different participants during contingencies. Then, the post-contingency dispatch model of the IES is formulated to 

maximize the total social welfare of the IES during contingencies. Moreover, a distributed optimization algorithm for the IES is 

developed based on the alternating direction method of multipliers (ADMM) with self-adaptive penalty parameters, which provides the 

optimal emergency energy prices to effectively coordinate the decision-making process of participants. Finally, through case studies, 

the proposed method is compared to the traditional centralized dispatch method and decentralized method based on regulated energy 

prices to demonstrate the effectiveness of the proposed method. 

Keywords: Integrated energy system; Post-contingency dispatch; Load shedding; Energy market; Distributed optimization. 

 
 

Nomenclature    

A. Abbreviations  ,ij ts , ,
Sh

ts  State of branch ij  and compensator  at t  

IES Integrated energy system  ,
GS
z ts , ,mn ts  State of gas source z  and pipeline mn  at t  

ADMM Alternating direction method of multipliers  ,
GC

ts  State of gas compressor   at time t  

ESO Electricity system operator  ,
sp
ab ts , ,

rt
ab ts State of supply/return pipeline ab  at time t  

GSO Gas system operator  ,
CFB
c ts , ,

EB
w ts State of coal-fired boiler c  and EB w  at t  

HSO Heating system operator  ,
GE
v ts , ,

GB
d ts

 State of GE v  and GB d  at time t  

EETP Emergency energy trading platform  startt , endt  
The occurrence and predicted end time of a 
contingency event 

EB Electric boiler  gridC Electricity price of the upper grid 

GE Gas-fired generator  ESS
oC The depreciation cost of battery o   

GB Gas boiler  
RE
yC  The unit operation cost of renewable energy y  
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B. Indices and sets  GS
zC  Natural gas price of the gas source z  

t  Time interval (hours)  CFB
cC The unit operation cost of coal-fired boiler c  

i , j , Ele  Index and set of electric buses  , ,
P
e j tL , , ,

Q
e j tL  Active/reactive load on the bus j at time t  

m , n , Gas  Index and set of nodes in gas networks  , ,g m tL  Gas load on the node m  at time t  

a , b , Heat  Index and set of nodes in heating networks  , ,h a tL  Heat load on the node a  at time t  
ESS , RE  Set of batteries and renewable energy  ijr , ijx Resistance and reactance of electric branch ij  
Sh , br  Set of compensators and electric branches  ,

ESS
ch o , ,

ESS
dch o Charging/discharging efficiency of battery o  

GP , GC  Set of gas pipelines and compressors  GE
v Conversion efficiency coefficient of GE v  

GS , CFB  Set of gas sources and coal-fired boilers  EB
w The heating efficiency of EB w  

sp
HP , rt

HP  Set of supply and return heating pipelines  GB
d  The heating efficiency of GB d  

EB Set of electric boilers  mn  Weymouth constant of gas pipeline mn  
GE  Set of gas-fired generators  GC

  Gas consumption coefficient of compressor  
GB  Set of gas boilers  max

  Maximal compression ratio of compressor   

( )f j , ( )t j  Set of parents and children buses of bus j   sp
ab  Resistance coefficient of supply pipeline ab  

( )f a , ( )t a  Set of parents and children nodes of node a   rt
ab  Resistance coefficient of return pipeline ab  

C. Variables  ,
sp

a tT , ,
rt

a tT  Supply/return sides temperatures of node a   

grid
tP , grid

tQ  Active/reactive power of upper grid at time t   ,max/ mingridP Maximal/minimal active power of upper grid 

, ,
ESS

ch o tP , , ,
ESS

dch o tP  Charging/discharging power of battery o at t   ,max/mingridQ  Maximal/minimal reactive power of upper grid 

,
RE

y tP  Power of renewable generation y  at time t   ,minRE
yP  Minimal active power of renewable energy y  

,ij tP , ,ij tQ  Active/reactive power flow in branch ij at t   
,

,
RE pre

y tP  
Predicted available active power of renewable 
energy y  at time t  

,ij tl  Line current square of branch ij  at time t   ,max
,

ESS
ch oP , ,max

,
ESS

dch oP  Maximal charging/ discharging  power 

,
Sh

tQ Reactive power of compensator   at time t   ,max/minESS
oE  

Maximal/minimal stored energy in battery o  

,
, ,

crt P
e j tL , ,

, ,
crt Q
e j tL Active/reactive load shedding on bus j at t   

,maxShQ , ,minShQ  Maximal/minimal reactive power of   

,
ESS
o tE Stored energy in battery o  at time t   

max
ijl  Maximal line current square of branch ij  

,i tu Voltage magnitude square on bus i  at time t   
max
ju , min

ju  Maximal/minimal voltage magnitude square  

,ij tR ,  , 
 
Introduced variables for the polyhedral 
approximation 

 ,maxGS
zG , ,minGS

zG  Maximal/minimal gas supply of gas source z  

,
GS
z tG Gas supply of gas source z  at time t   max

mnG  Maximal gas flow in gas pipeline mn  

,mn tG
 

Gas flow in pipeline mn  at time t   ,max/minGCG  
Maximal/minimal transportation capacity of 
compressor   

, ,
GC
suc tG  , , ,

GC
dis tG   Suction/discharge gas flow of compressor     max

m , min
m  Maximal/minimal gas pressure of node m  

, ,
GC
suc t , , ,

GC
dis t

 
Pressure at the inlet and outlet nodes of gas 
compressor   at time t   ,max/minCFB

cH  Maximal/minimal heat power of boiler c  

,m t , ,n t
 Gas pressure of node m  and n  at time t   ,maxsp

abM , ,maxrt
abM  Maximal mass flow of supply/return pipeline  

, ,
crt
g m tL

 Gas load curtailment on node m  at time t   ,max/minsp
a  

Maximal/minimal pressures at the supply side 
of node a  

,
CFB
c tH

 Heat power of coal-fired boiler c  at time t   ,max/minrt
a  

Maximal/minimal pressures at the return side 
of node a  

, ,inj a tH
 

Injected heat power of node a  from other 
nodes at time t  

 ,maxGE
vP , ,minGE

vP  Maximal/minimal electric power of GE v  

,
sp
ab tM , ,

rt
ab tM

 Mass flow rate in supply/return pipeline ab   ,maxGE
vG , ,minGE

vG  Maximal/minimal gas demand of GE v  

,
sp
a t , ,

rt
a t  Pressures in the supply/return side of node a   ,maxEB

wH , ,minEB
wH  Maximal/minimal heat power of EB w  
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, ,
crt
h a tL Heat load curtailment on node a  at time t   ,maxEB

wP , ,minEB
wP Maximal/minimal electric demand of EB w  

,
GE

v tP , ,
GE
v tG Electric power and gas demand of GE v  at t   ,maxGB

dH , ,minGB
dH Maximal/minimal heat power of GB d  

,
EB
w tH , ,

EB
w tP Heat power and electric demand of EB w at t   ,maxGB

dG , ,minGB
dG  Maximal/minimal gas demand of GB d  

,
GB
d tH , ,

GB
d tG Heat power and gas demand of GB d  at t     Special heat capacity of water 

D. Parameters  B  A large positive constant 

,
RE
y ts , ,

ESS
o ts  State of renewable energy and batteries at t   GHV Natural gas gross heating value 

 

1. Introduction 

Recently, to promote the utilization of renewable energy and enhance the reliability and flexibility of energy 

systems, the concept of the integrated energy system (IES) is proposed as a promising future urban or regional energy 

system [1], [2]. In the IES, previously independent electrical, heating, and natural gas networks are interlinked by various 

energy conversion components, e.g., gas-fired generators (GE), electric boilers (EB) and gas boilers (GB). To unlock the 

benefits of energy network integration, the optimal dispatch of the IES is extremely important. Especially, when the IES 

encounters contingency events (e.g., the failures of important components) that can lead to severe energy shortage, the 

post-contingency dispatch of the IES is essential, which can fully dispatch various energy resources to supply important 

loads, thereby minimizing the economic loss of the IES during contingencies. 

In the existing literature, there have been several studies on the optimal dispatch of the IES [3-7]. In [3], a day-ahead 

economic dispatch model of IES with reserve scheduling was presented considering the uncertainties from renewable 

energy. In [4], a stochastic day-ahead scheduling model of the IES was proposed, which develops a method to identify 

redundant gas network constraints. Moreover, Yu et al. [5] presented an optimization model to minimize the electricity, 

heat, and gas load shedding of the IES during component failures. In [6], an optimal load shedding model of the IES was 

presented considering power-to-gas devices and gas storages. Guo et al. [7] proposed a resilience-oriented stochastic 

configuration framework for the IES considering the integrated demand response, thereby reducing the worst-case cost in 

case of emergency events. 

The aforementioned studies mainly focus on the post-contingency dispatch of the IES in a centralized manner, 

which needs a centralized operator to coordinate and dispatch various resources of the entire system. Recently, to reduce 

management complexity and protect information privacy, the decentralized operation mode of the IES has been widely 

adopted, where the electrical, gas and heating subsystems of an IES can be managed by multiple energy operators 

individually [8], [9]. Each energy operator is an independent participant of the IES. Due to the independence of energy 

operators, each participant tries to maximize its own profits and cannot directly dispatch other participants. Therefore, 

when the IES encounters contingencies or emergency situations, each participant intends to obtain an adequate energy 

supply to minimize its load shedding. Nevertheless, due to the impacts of component failures, the energy supply of IES 
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may be very limited during contingencies, which will cause conflicts among the dispatch strategies of different 

participants [10]. Hence it is necessary to develop an effective post-contingency dispatch scheme to coordinate different 

participants and preferentially allocate the limited energy resources to the most important loads, thereby maximizing the 

social welfare of the entire IES during contingencies. However, the related research is rather limited so far. 

In the previous studies on electricity systems, the market mechanism provides an effective method to coordinate the 

energy dispatch of different entities [11]-[14]. Kim et al. [11] presented a framework of direct energy trading for multiple 

microgrids to stimulate the energy share among microgrids, thereby maximizing social welfare. In [12], a peer-to-peer 

energy market of distribution networks was formulated based on the multi-class energy management, and the alternating 

direction method of multipliers (ADMM) was employed to coordinate the trading between prosumers and the wholesale 

electricity market. In [13], a multi-agent transactive energy management framework for distribution systems was 

proposed, which motivates the participation of demand response. Besides, an emergency market mechanism for the 

multi-microgrid systems was presented in [14], which coordinates the electricity dispatch among microgrids during 

contingency events. 

As an emerging attractive concept, the multi-energy market of the IES has attracted considerable attention, which 

has a promising potential in optimizing the energy management of the IES [15]-[18]. Sorknæs et al. [15] introduced the 

concept of Smart Energy Markets, which integrates the electricity, heating, gas and fuel markets in future energy 

systems. Stiphout et al. [16] quantitatively analyzed the benefits of a multi-energy market by taking the advantages of 

energy system integration. In [17], a cooperative optimal operation model for multiple energy hubs was developed based 

on game theory. Furthermore, in [18], a bilateral gas-electricity market was presented based on locational marginal 

prices, which enhances the operational flexibility of gas and electricity systems. 

The above studies provide valuable references for the optimal dispatch of the IES. However, they mainly focus on 

the operation of IES under normal conditions. During contingencies, the network topology of the IES may be changed 

and the energy supply capacity of the IES may decrease dramatically [19], which will lead to inevitable load shedding to 

ensure system security. Thus, in the post-contingency dispatch, the financial aspects of load shedding have considerable 

impacts on the decision-making of participants, which is generally neglected in the previous energy market framework of 

the IES. Moreover, due to the impacts of failures, several common assumptions of the IES under normal conditions are 

no longer valid during contingencies, e.g., the constant-flow mode of heating networks [20]. Overall, to the best of the 

authors’ knowledge, the coordinated post-contingency dispatch for the IES with multiple participants has not been 

studied so far. 

Therefore, this paper proposes a novel coordinated post-contingency dispatch scheme for multiple participants of the 
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IES to reduce the economic loss of the entire IES in face of contingencies. The multi-energy markets are integrated with 

the emergency energy dispatch of the IES to effectively stimulate the participants to share their resources with other 

participants during contingencies. Besides, considering the impacts of contingencies, the economic cost of load shedding 

is treated as an important concern in the energy dispatch of participants, and the mathematical models of electricity, gas 

and heating networks during contingencies are formulated. Furthermore, to coordinate the energy allocation among 

participants, a distributed emergency energy trading algorithm for the IES is developed. The main contributions are 

summarized as below: 

1) A novel emergency energy market framework is proposed for the IES, which coordinates the energy dispatch 

among the electricity system operator (ESO), gas system operator (GSO) and heating system operator (HSO) during 

contingency events. 

2) The post-contingency dispatch scheme of the IES is developed considering the energy network models and 

impacts of various component failures, which aims at minimizing the total operation cost of the IES during 

contingencies. Several linearization techniques are used to reduce the computational complexity of non-convex energy 

network models. 

3) A distributed emergency energy trading algorithm for the IES is developed based on the ADMM with self-

adaptive penalty parameters, which can provide the emergency energy trading prices to coordinate the energy allocation 

among different participants, as well as ensuring the privacy and profits of each participant. 

The rest of this paper is organized as follows. Section 2 presents the emergency energy market framework for IES. 

In Section 3, the post-contingency dispatch model of IES is proposed. Section 4 describes the distributed emergency 

energy trading algorithm. Section 5 verifies the effectiveness of the proposed method via extensive case studies. Finally, 

Section 6 concludes this paper. 

2. The emergency energy market framework for IES 

This paper presents a novel emergency energy market framework to coordinate the energy dispatch among different 

participants of IES during contingencies. To simplify the illustration, we choose a typical mode of IES which contains an 

electricity system, a natural gas system and a heating system as the example [21]. The electricity system, gas system and 

heating system of IES are managed by one ESO, GSO and HSO, respectively. The diagram of the IES is shown in Fig. 1. 

As shown in Fig. 1, in the IES, the ESO purchases electricity from the upper grid and dispatches the renewable 

energy and batteries to supply the load of electric consumers. If the electricity supply is insufficient, ESO can also buy 

natural gas from GSO to run gas-fired generators. GSO supplies the load of natural gas consumers using the output of gas 

sources, as well as providing gas supply to ESO and HSO. And HSO purchases gas from GSO to run gas boilers and 
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buys electricity from ESO to run electric boilers, thereby supplying the load of heat consumers. 

 

Fig. 1  The diagram of an IES with multiple participants 

During contingency events (e.g., the outage of the upper grid), the IES may face severe energy shortage. And 

according to the studies on the reliability of IES [6, 22], the failures of components generally can last for several hours. It 

means the post-contingency dispatch problem of IES is an optimal operation problem in the duration of contingency 

events. In post-contingency dispatch, the limited energy resources should be preferentially allocated to the most 

important loads, thereby maximizing total social welfare [14]. However, since these participants are independent, ESO 

may be unwilling to curtail the non-critical load of electric consumers to preferentially supply the electric demand of 

HSO, if ESO is not fairly compensated. It will hinder the emergency energy allocation of the entire IES. To coordinate 

the emergency energy allocation among these participants, an emergency energy market framework of IES is developed 

based on a distributed energy trading mechanism. The block diagram of the proposed market for IES is shown in Fig. 2. 

 

Fig. 2  The diagram of the emergency energy market for the IES 

In the face of contingency events, the ESO, GSO and HSO will respectively make post-contingency dispatch 

decisions according to the event types, occurrence time and predicted duration of contingencies, thereby minimizing their 
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operation cost (including the economic cost of load shedding). Besides, in post-contingency dispatch, one participant can 

sell/purchase energy to/from other participants, to fully utilize its surplus energy or supplement the energy shortage. As 

previously mentioned, due to the independence of participants, there may be a mismatch between the energy demand of 

buyers and the supply of sellers during contingencies, which will hinder the emergency energy trading of IES. Therefore, 

to coordinate the distributed energy trading among these participants, an emergency energy trading platform (EETP) is 

introduced in this paper. This platform acts as an auctioneer [12] (not a control center) in the emergency energy market of 

IES, which can adjust the emergency energy prices to balance the energy demand of buyers and the supply of sellers. 

Based on the emergency market framework, the corresponding energy trading and settlement process is shown in Fig. 3. 

 

Fig. 3  The energy trading and settlement process of the emergency energy market for IES 

As shown in Fig. 3, when the IES encounters a contingency event, the emergency energy market will be activated. 

Then, each participant conducts the post-contingency dispatch respectively. Afterward, participants need to submit their 

energy supply/demand plan (in the duration of contingency) to the EETP. If the demand of buyers and the supply of 

sellers are unbalanced, the EETP will adjust the emergency energy prices at energy coupling components and broadcast 

the updated energy prices to participants, thereby stimulating participants to regulate their demand/supply plan 

individually. After several iterations, the demand plan of buyers and the supply plan of sellers balance, and the 

emergency energy prices stop changing. Then participants will trade energy with each other and pay corresponding 

energy purchase cost or obtain revenue according to the last updated energy prices until the end of the contingency. 
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Finally, the emergency energy market is shut down and the IES returns to normal conditions. Overall, the designed 

emergency energy market of IES has the following features: 

1) Optimize the post-contingency dispatch of IES: In the designed emergency energy market, the participant who 

needs to supply the most important loads is willing to accept the highest emergency energy price, thereby purchasing 

more energy from other participants. It will result in the limited energy resources of IES are preferentially allocated to the 

most important loads, which can maximize the social welfare of the entire IES during contingencies. 

2) Stimulate participants to share energy voluntarily with economic measures: In post-contingency dispatch, the 

EETP stimulates the coordination of participants by adjusting the emergency energy prices. To obtain more revenue, one 

participant will voluntarily curtail its less important loads to supply the more important demand of other participants, 

without requiring mandatory intervention. 

3) Protect the information privacy of each participant: In the designed market framework, the participants of IES 

make post-contingency dispatch decisions independently. Therefore, only limited information needs to be exchanged 

among participants and the EETP. A vast amount of private information data of participants (e.g., the data of consumers) 

will not be shared among participants. It can also reduce the communication burden and the delay of communication. 

In this section, we introduce the framework of the designed emergency energy market for the IES. However, it is 

noteworthy that the proposed market framework is not limited to the IES with only one ESO, GSO and HSO. Based on 

the structure of distributed energy trading among participants, the proposed emergency energy market is also applicable 

to the IES with multiple electrical subsystems, gas subsystems and heating subsystems. 

3. The post-contingency dispatch model of the IES 

In this section, the mathematical model for the post-contingency dispatch of IES is presented, which aims to 

maximize the total social welfare of IES during contingency events. It is worth noting that the post-contingency dispatch 

model of IES is presented in a centralized formulation in this section. And in Section 4, the decentralized solution 

algorithm for this model based on the proposed emergency market framework will be introduced. Moreover, in the post-

contingency dispatch, it is necessary to conduct the optimal energy dispatch decisions as rapidly as possible, thereby 

effectively reducing the loss caused by contingency events. However, the mathematical models of electricity, gas, and 

heating networks generally are non-convex and nonlinear, which brings huge computational complexity. Therefore, to 

speed up the calculation of the post-contingency dispatch model, several linearization techniques are used to reduce the 

computational complexity of non-convex energy network models. 

3.1. Objective Function 

The objective function of the post-contingency dispatch model for IES is to minimize the total operation cost of IES 
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in the duration of contingencies, which means maximizing the total social welfare. The total operation cost in (1) contains 

the electricity generation cost, the depreciation cost of batteries [23], the supply cost of gas sources, the operation cost of 

coal-fired boilers, as well as the economic cost of electric, gas and heat load shedding. 

 
, , , , , , ,

,
, , , , , , , , ,

min ( )
end

RE ESS GS CFB
start

Ele Gas Heat

t
grid grid RE RE ESS ESS ESS GS GS CFB CFB

t y y t o ch o t dch o t z z t c c t
t t y o z c

crt crt P crt crt crt crt
e j e j t g m g m t h a h a t

j m a

C P C P C P P C G C H

C L C L C L

    

  


    




   


    

   

 (1) 

where ,
crt
e jC  denotes the curtailment cost of the electric load on bus j ,  ,

crt
g mC  is the curtailment cost of gas load on node 

m , and ,
crt
h aC  is the curtailment cost of heat load on node a . In post-contingency dispatch, the more important the load of 

a consumer is, the higher its load curtailment cost is, which can result in that the limited energy resources will be 

preferentially allocated to the most important loads [10, 24]. 

3.2. The electricity system constraints 

Generally, the electricity system of an IES is the distribution system. Therefore, the AC power flow model [25] is 

employed in this paper. The active power balance (2) and reactive power balance (3) are as follows: 

,
, , , , , , , , , , , , , ,

( ) ( )

( ) ( ) , ,
RE ESS GE EB
j j j j

grid RE ESS ESS GE EB P crt P Ele
j t y t dch o t ch o t ji t ij t ij ij t v t w t e j t e j t

i t j i f jy o v w

P P P P P P r l P P L L t j
    

                  (2) 

 ,
, , , , , , , ,

( ) ( )

( ) , ,
Sh
j

grid Sh Q crt Q Ele
j t t ji t ij t ij ij t e j t e j t

i t j i f j

Q Q Q Q x l L L t j



 

            (3) 

If the electric bus j  is connected to the upper grid, the parameter j  equals to 1; otherwise, it equals to 0. 

RE
j , ESS

j , GE
j and EB

j denote the set of renewable energy generators, batteries, gas-fired generators and electric 

boilers connected to the bus j , respectively. 

During contingency events, the components of electricity system may be in the outage state, which has severe 

impacts on system operation. Considering the impacts of component failures, the parameters which denote the states of 

components are introduced to the system constraints. For instance, in (4), grid
ts  is a parameter which denotes the state of 

the upper grid at time t . If the upper grid is in the normal condition, 1grid
ts   and the active power of upper grid will be 

limited between its maximal and minimal values; if the upper grid is in the outage state, 0grid
ts   and the power of upper 

grid will be limited to 0. Besides, in (16)-(19), the parameter ,ij ts  denotes the state of the electric branch ij  at time t . If 

the branch ij  is in the outage state, , 0ij ts   and the active and reactive power flow in the branch ij  will be limited to 0 

according to (17). Moreover, since the parameter B  is a large positive constant and ,ij ts  equals 0, the constraint (19) 

which refers to the relationship between the power flow in branches and the voltage of their connected buses will be 



10 Author name / International Journal of Electrical Power & Energy Systems (2020) 000–000 

relaxed for the branch ij . Similarly, the states of other components are considered in system constraints, as follows: 

 ,min ,max ,grid grid grid grid grid
t t ts P P s P t    (4) 

 ,min ,max ,grid grid grid grid grid
t t ts Q Q s Q t    (5) 

 ,min ,
, , , , , ,RE RE RE RE RE pre RE

y t y y t y t y ts P P s P t y      (6) 

 ,max
, , , ,0 , ,ESS ESS ESS ESS

ch o t o t ch oP s P t o      (7) 

 ,max
, , , ,0 , ,ESS ESS ESS ESS

dch o t o t dch oP s P t o      (8) 

 , 1 , , , , , ,
,

1
( ), ,ESS ESS ESS ESS ESS ESS

o t o t ch o ch o t dch o tESS
dch o

E E P P t o
        (9) 

 ,min ,max
, , ,ESS ESS ESS ESS

o o t oE E E t o      (10) 

 , , 0,
start end

ESS ESS ESS
o t o tE E o     (11) 

 ,min ,max
, , , , ,GE GE GE GE GE GE

v t v v t v t vs P P s P t v      (12) 

 , , , ,GE GE GE GE
v t v v tP G GHV t v      (13) 

 ,min ,max
, , ,EB EB EB EB

w w t wP P P t w      (14) 

 ,min ,max
, , , , ,Sh Sh Sh Sh Sh Sh
t t ts Q Q s Q t           (15) 

 2 2
, , , , ,, , , 1br

ij t ij t i t ij t ij tP Q u l t ij if s       (16) 

 , , ,0, 0, , , 0br
ij t ij t ij tP Q t ij if s       (17) 

 max
, ,0 , , br

ij t ij t ijl s l t ij      (18) 

 2 2
, , , , , , ,( 1) 2( ) ( ) (1 ) , , br

ij t i t j t ij ij t ij ij t ij ij ij t ij ts B u u r P x Q r x l s B t ij             (19) 

 min max
, , , Ele

j j t ju u u t j      (20) 

 ,
, , , ,0 , ,crt P P Ele

e j t e j tL L t j      (21) 

 ,
, , , ,0 , ,crt Q Q Ele

e j t e j tL L t j      (22) 

 , ,
, , , , , , , , 0, ,P crt Q Q crt P Ele

e j t e j t e j t e j tL L L L t j      (23) 

Eq. (4) and (5) limit the active and reactive power from the upper grid. Eq. (6) denotes the limits of renewable 

energy output. Eq. (7) and (8) limit the range of the charging and discharging power of batteries, since we have 

considered the depreciation cost of batteries in the objective (1), the charging and discharging power of one battery will 

not be greater than zero simultaneously [12]. Eq. (9) represents the relationship between the stored energy in batteries and 

their charging/discharging power. Eq. (10) denotes the limits of the stored energy in batteries. Eq. (11) ensures that the 

stored energy in one battery at the last hour equals to that at the first hour in the scheduling time horizon [17], to 

guarantee the electricity adequacy after the contingency event. Eq. (12) limits the range of electric power of gas-fired 

generators. Eq. (13) refers to the electric power of gas-fired generators depends on their gas consumption. Eq. (14) limits 

the range of electricity supply to electric boilers. Eq. (15) denotes the bounds of the reactive power of compensators. Eq. 
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(16)-(18) limit the range of active and reactive power flow in electric branches. Eq. (19) refers to the relationship 

between the power flow in branches and the nodal voltage. Eq. (20) denotes the bounds of the voltage at each bus. Eq. 

(21) and (22) limit the range of active and reactive load shedding. Eq. (23) denotes the active and reactive load shedding 

of an electric consumer should have a constant power factor [26]. 

The power flow model is non-convex and nonlinear due to (16). Since the electricity distribution systems usually are 

radial networks, the second-order cone relaxation is an effective method to deal with the non-convex constraint [25]. 

Thus, (16) can be replaced by the inequality constraint (24): 

 2 2 2
, , , , , ,(2 ) (2 ) ( )ij t ij t i t ij t i t ij tP Q u l u l      (24) 

Although (24) is convex, it is still nonlinear. Therefore, we further employ the polyhedral approximation to replace 

(24) with a set of linear constraints [8]. Firstly, (24) can be divided into two conic quadratic constraints (25) and (26): 

 2 2
, , ,(2 ) (2 )ij t ij t ij tP Q R   (25) 

 2 2
, , , , ,( ) ( )ij t i t ij t i t ij tR u l u l     (26) 

Since (25) is a conic quadratic constraint of dimension 2, it can be approximated with the linear constraints [27]: 
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2
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ij t

ij t
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R

  
 
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 
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 





   
    


 

 
 

 
 



 
 
   
   

 
 

  (27) 

In (27), we can adjust the parameter   to control the error of polyhedral approximation, and the detailed analysis 

can be found in [8]. The approximation constraints of (26) are as similar as (27). Through the above approximations, the 

non-convex and nonlinear power flow model is converted to an elegant linear model, which can reduce the computational 

complexity of the post-contingency dispatch model. 

3.3. The natural gas system constraints 

In this paper, the steady-state natural gas flow model based on the Weymouth equation is employed to depict the gas 

system constraints, which is widely used in the planning and operation of IES [28]. Furthermore, considering the 

structure of gas systems and impacts of contingencies, the failures of gas sources, pipelines and compressors are 

considered in gas system constraints, as follows: 

 
, ,

, , , , , , , , , , , , , ,
GS Gas GC GC GE GB
m m dis m suc m m m

GS GC GC GE GB crt Gas
z t mn t dis t suc t v t d t g m t g m t

z n v d

G G G G G G L L t m 
      

                (28) 
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 ,min ,max
, , , , ,GS GS GS GS GS GS

z t z z t z t zs G G s G t z      (29) 

 2 2
, , , , , ,sgn( , ) , 1mn t m t n t mn m t n t mn tG if s       (30) 

 max max
, , , , , GP

mn t mn mn t mn t mns G G s G t mn       (31) 

 , , , , (1 ), ,GC GC GC GC
dis t suc tG G t         (32) 

 ,min ,max
, , , , , ,GC GC GC GC GC GC
t suc t ts G G s G t           (33) 

 ,min ,max
, , ,GE GE GE GE

v v t vG G G t v      (34) 

 ,min ,max
, , ,GB GB GB GB

d d t dG G G t d      (35) 

 max
, , , , ,, , , 1GC GC GC GC

dis t suc t tt if s            (36) 

 min max
, , , Gas

m m t m t m         (37) 

 , , , ,0 , ,crt Gas
g m t g m tL L t m      (38) 

where GS
m  and Gas

m  denote the set of gas sources and gas nodes connected to node m . ,
GC
suc m  and ,

GC
dis m  are the set of 

gas compressors leaving and entering node m . GE
m  and GB

m are the set of gas-fired generators and gas boilers 

connected to node m , sgn( )  is the sign function. 

Eq. (28) denotes the gas balance on each gas node. Eq. (29) limits the output of gas sources considering the failures 

of gas sources. Eq. (30) and (31) denote the direction of gas flow in pipelines depends on the pressures of their connected 

nodes. Eq. (32) represents the gas consumption to run gas compressors [3]. Eq. (33) denotes the limits of transportation 

capacity of compressors. The limits of gas supply to gas-fired generators and gas boilers are (34) and (35). Eq. (36) 

denotes that the gas pressures of the inlet nodes and outlet nodes of compressors are limited by the maximal compression 

ratio. The nodal gas pressures are limited in (37). Eq. (38) denotes the limits of gas load shedding. 

In the gas system constraints, the Weymouth equation (30) is non-convex and nonlinear. In the planning and 

operation of IES, an outer approximation approach based on Taylor series expansion around fixed pressure points is 

widely used to linearize the Weymouth equation [29, 30], which can effectively reduce the computational complexity of 

gas flow models. If the direction of gas flow in the pipeline mn  is from node m  to node n , we can use the following 

linear inequalities (39) to replace (30): 

 , ,
, 2 2 2 2

( ), , , ( , )
( ) ( ) ( ) ( )

m m t n n t GP Fix
mn t mn m n mn

m n m n

G t mn
 

 

   


   
        

     
 (39) 

where Fix
mn  is the set of fixed pressure points ( , )m n

   . These fixed points are generated by choosing multiple values 

from the gas pressure bounds of node m  and node n . Generally, using around 20 pairs of fixed points can provide a 

sufficient approximation of the Weymouth equation [31]. 
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Furthermore, considering the gas flow in a pipeline can be bidirectional, two new variables , ,,mn t mn tG G   and a binary 

variable ,mn t  are introduced, and Weymouth equation (30) is finally replaced by a set of constraints [29], as follows: 

 , , , , , GP
mn t mn t mn tG G G t mn       (40) 

 max
, ,0 , , GP

mn t mn t mnG G t mn      (41) 

 max
, ,0 (1 ) , , GP

mn t mn t mnG G t mn       (42) 

 , ,
, ,2 2 2 2

( ) (1 ) , , , ( , )
( ) ( ) ( ) ( )

m m t n n t GP Fix
mn t mn mn t m n mn

m n m n

G B t mn
 

 

   
     

          
     

 (43) 

 , ,
, ,2 2 2 2

( ) , , , ( , )
( ) ( ) ( ) ( )

n n t m m t GP Fix
mn t mn mn t m n mn

n m n m

G B t mn
 

 

   
 

 
   

   

   
         

     
 (44) 

where ,mn tG   denotes the gas flow from node m  to node n  at time t , and ,mn tG   denotes the gas flow from n  to m . 

Since the gas pressure bounds of node m  and node n  may be different, we choose different fixed pressure points 

( , )m n
    and ( , )m n

     in (43) and (44), respectively. 

Compared to the piecewise linearization approach which is widely used to approximate the Weymouth equation [6], 

the approximation approach based on Taylor series expansion generates fewer binary variables (only one binary variable 

for one pipeline at each time interval), thereby effectively reducing the computational complexity. 

3.4. The heating system constraints 

A heating system usually contains a supply pipeline network and a return network. The typical hydraulic-thermal 

model of heating systems is non-convex and nonlinear [32], which is difficult to solve. Therefore, in the previous studies 

on the operation and market of IES, the constant-flow mode of heating networks is widely used, which assumes the mass 

flow rates in heating pipelines keep constant in the entire scheduling time horizon [8]. However, due to the impacts of 

contingencies, the topology of heating networks may be changed, which means the constant-flow assumption may be 

infeasible in the post-contingency dispatch of IES. 

According to the studies on the reliability evaluation of district heating systems [33, 34], the topology changes of 

heating networks due to component failures mainly influence the hydraulic characteristics, and [20] shows that the mass 

flow rates have few impacts on the heat losses in pipelines. Therefore, in this paper, we employ the variable flow and 

constant temperature model in [35] to depict the constraints of heating systems considering component failures, which 

assumes the nodal temperatures are fixed and the mass flow rates can be adjusted. The heating system constraints are 

(45)-(59). (Besides, we can also use the more detailed variable flow and variable temperature model in post-contingency 

dispatch and linearize it with the piecewise McCormick relaxation [36]. However, although this model is more accurate, 

it is also more time-consuming.) 
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 , , , , , , , , , , ,
CFB EB GB
a a a

CFB EB GB crt Heat
c t w t d t inj a t h a t h a t

c w d

H H H H L L t a
  

           (45) 

 , , , , , ,
( ) ( )

( ) ( )sp sp sp rt
inj a t ba t ab t a t a t

b f a b t a

H M M T T
 

      (46) 

 , , , , ,| | , , , 1sp sp sp sp sp sp sp
ab ab t ab t a t b t HP ab tM M t ab if s         (47) 

 , , , , ,| | , , , 1rt rt rt rt rt rt rt
ab ab t ab t a t b t HP ab tM M t ab if s         (48) 

 , , , ,
( ) ( ) ( ) ( )

( ) ( ) 0sp sp rt rt
ba t ab t ba t ab t

b f a b t a b f a b t a

M M M M
   

        (49) 

 ,min ,max
, , , , ,CFB CFB CFB CFB CFB CFB

c t c c t c t cs H H s H t c      (50) 

 , , , ,EB EB EB EB
w t w w tH P t w     (51) 

 ,min ,max
, , , , ,EB EB EB EB EB EB

w t w w t w t ws H H s H t w      (52) 

 , , , ,GB GB GB GB
d t d d tH G GHV t d      (53) 

 ,min ,max
, , , , ,GB GB GB GB GB GB

d t d d t d t ds H H s H t d      (54) 

 ,max ,max
, , , , ,sp sp sp sp sp sp

ab t ab ab t ab t ab HPs M M s M t ab       (55) 

 ,max ,max
, , , , ,rt rt rt rt rt rt

ab t ab ab t ab t ab HPs M M s M t ab       (56) 

 ,min ,max
, , ,sp sp sp Heat

a a t a t a         (57) 

 ,min ,max
, , ,rt rt rt Heat

a a t a t a         (58) 

 , , , ,0 , ,crt Heat
h a t h a tL L t a      (59) 

where CFB
a , EB

a and GB
a denote the set of coal-fired boilers, electric boilers and gas boilers connected to the node a . 

In heating system constraints, (45) denotes the nodal heating power balance, (46) represents the injected heating 

power of a node depends on the injected mass flow and the nodal temperatures, which interlinks the hydraulic model and 

thermal model. Besides, based on the aforementioned constant temperature assumption, the fixed temperatures ,
sp

a tT  and 

,
rt

a tT  can be treated as constants in (46). Eq. (47) and (48) denote the mass flow in one pipeline depends on the pressures 

of connected nodes. Eq. (49) denotes the continuity of mass flow, which means the mass flow that enters a node in the 

supply network should equal to the mass flow that leaves the node in the return network. Eq. (50) denotes the limits of 

heat power of coal-fired boilers. Eq. (51) denotes the relationship of the heat power and electricity demand of electric 

boilers, and (52) represents the limits of heat power of electric boilers. Eq. (53) denotes the relationship of the heat power 

and gas consumption of gas boilers, and (54) denotes the limits of heat power of gas boilers. Eq. (55) and (56) denote the 

bounds of the mass flow in pipelines. Eq. (57) and (58) denote the limits of nodal pressures. Eq. (59) limits the heat load 

shedding. 

In heating system constraints, the mass flow equations (47) and (48) are non-convex and nonlinear, which are 
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similar to gas flow equations (30) and (31). Thus, we can introduce two new variables , ,,sp sp
ab t ab tM M   and a binary variable 

,
sp
ab t , then approximate the mass flow equation (47) with the Taylor series expansion, as follows: 

 , , , , ,sp sp sp sp
ab t ab t ab t HPM M M t ab       (60) 

 ,max
, ,0 , ,sp sp sp sp

ab t ab t ab HPM M t ab      (61) 

 ,max
, ,0 (1 ) , ,sp sp sp sp

ab t ab t ab HPM M t ab       (62) 

 
, ,

, , , , ,
, ,, ,

( ) ( )1
(1 ) , , , ( , )

2

sp sp sp sp
a t b t a bsp sp sp sp sp sp Fix

ab t ab t HP a b absp sp sp
ab a b

M B t ab
 

 

 



     
          

 
 (63) 

 
, ,

, , , , ,
, ,, ,

( ) ( )1
, , , ( , )

2

sp sp sp sp
b t a t b asp sp sp sp sp sp Fix

ab t ab t HP a b absp sp sp
ab b a

M B t ab
 

 

 




 
   

 

     
         

 
 (64) 

where ,
sp
ab tM   denotes the mass flow from node a  to b  at time t , while ,

sp
ab tM   represents the mass flow from node b  to 

a . ,
sp
ab t  is a binary variable which denotes the actual direction of mass flow. , ,( , )sp sp

a b
    and , ,( , )sp sp

a b
     are fixed 

pressure points chosen from the pressure bounds of node a  and node b . Based on these approximations, we can 

linearize the non-convex and nonlinear constraint (47). For (48), the approximation method is similar. 

4. The distributed emergency energy trading algorithm for the IES 

In Section 3, we present the post-contingency dispatch model of the IES in a centralized formulation. As previously 

mentioned, in the IES with multiple participants, each participant will make post-contingency dispatch decisions 

independently and the coordination of different participants is achieved via energy trading. Therefore, considering the 

independence of participants, a distributed emergency energy trading algorithm for the IES is developed in this section, 

in order to efficiently solve the post-contingency dispatch model of IES in a decentralized manner. 

In the proposed emergency energy market framework of IES, a distributed price-directed optimization mechanism is 

essential, which can effectively coordinate different participants with individual profit goals. Thus, in this paper, the 

ADMM is employed to develop a distributed emergency energy trading algorithm for IES. ADMM is a distributed 

convex optimization method that uses the dual price adjustment [37]. The dual price adjustment is similar to the 

Walrasian auction, where the trading prices of goods are adjusted according to the differences of demand and supply 

[12]. The trading prices will increase when the supply is insufficient to satisfy the demand and the prices will decrease 

when the supply exceeds the demand, finally achieving the balance of supply and demand. With the ADMM, we can 

easily calculate the optimal emergency energy trading prices, thereby coordinating the energy allocation among 

participants. Furthermore, to enhance the convergence speed of the algorithm, the ADMM with self-adaptive penalty 

parameters [38] is employed in this paper. 
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Firstly, to use the distributed energy trading algorithm, it is essential to construct the coupling constraints (65)-(67): 

 , ,
, , , ,EB D EB S EB

w t w tP P t w     (65) 

 , ,
, , , ,GE D GE S GE

v t v tG G t v     (66) 

 , ,
, , , ,GB D GB S GB

d t d tG G t d     (67) 

where ,
,

EB D
w tP  denotes the electricity demand of electric boiler w  at time t  which is decided by HSO, ,

,
EB S

w tP  is the 

electricity supply to electric boiler w  decided by ESO. ,
,

GE D
v tG  is the gas demand of gas-fired generator v  decided by 

ESO, ,
,

GE S
v tG  is the gas supply to generator v  decided by GSO. ,

,
GB D
d tG  is the gas demand of gas boiler d  decided by 

HSO, ,
,

GB S
d tG  is the gas supply to gas boiler d  decided by GSO. 

Then, we can use ,
,

EB S
w tP  and ,

,
GE D
v tG  to replace ,

EB
w tP  and ,

GE
v tG  in electricity system constraints, respectively. In gas 

system constraints, we can use ,
,

GE S
v tG  and ,

,
GB S
d tG  to replace ,

GE
v tG  and ,

GB
d tG . And in heating system constraints, ,

EB
w tP  and 

,
GB
d tG  can be replaced by ,

,
EB D

w tP  and ,
,

GB D
d tG . Afterward, according to the ADMM in [38], the distributed emergency energy 

trading algorithm is developed. The pseudocode is presented in Algorithm 1, and the detailed procedures are as follows: 

Algorithm 1: ADMM for distributed emergency energy trading 

1: Initialize the coupling variables, emergency energy prices, and 

penalty parameters. Set the iteration index 0k  , the threshold of 

primal and dual residuals pri and dual . 

2: Each participant shares the information of its coupling variables 

with each other. Then, calculate the average values of coupling 

variables according to (68)-(70). 

3: Each participant solves its post-contingency dispatch model in 

parallel: 

          3.1) ESO solves its local optimization model (71) 

          3.2) GSO solves its local optimization model (72) 

3.3) HSO solves its local optimization model (73) 

    Then update the average values of coupling variables. 

4: EETP calculates the primal and dual residuals according to (74).  

If the primal and dual residuals are less than the given threshold, 

the algorithm achieves convergence, go to Step 5.  

Otherwise, set +1k k , EETP adjusts the penalty parameters 
( 1)EB k

w
 , ( 1)GE k

v
  and ( 1)GB k

d
  according to (75), and updates the 

emergency energy prices ( 1)
,

EB k
w t  , ( 1)

,
GE k
v t   and ( 1)

,
GB k
d t  according to 

(76)-(78). Then, repeat Step 3-4. 

5: Emergency energy trading settlement. 

 

Step 1: Initialization. Once a contingency event occurs, the distributed emergency energy trading among 
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participants will be activated. Then, set the iteration index 0k  . Initialize the coupling variables , (0)
,

EB D
w tP , , (0)

,
EB S

w tP , 

, (0)
,

GE D
v tG , , (0)

,
GE S
v tG , , (0)

,
GB D
d tG  and , (0)

,
GB S
d tG . Set the initial value of emergency energy prices (0)

,
EB
w t , (0)

,
GE
v t  and (0)

,
GB
d t . 

Initialize the penalty parameters (0)EB
w , (0)GE

v  and (0)GB
d . And set the threshold of primal residuals and dual residuals 

pri
 
and dual . 

Step 2: Calculate the average values of coupling variables. Each participant shares the information of its coupling 

variables with other participants. Then, calculate the average values of coupling variables: 

 ( ) , ( ) , ( )
, , ,

1
( ), ,

2
EB k EB D k EB S k EB

w t w t w tP P P t w      (68) 

 ( ) , ( ) , ( )
, , ,

1
( ), ,

2
GE k GE D k GE S k GE
v t v t v tG G G t v      (69) 

 ( ) , ( ) , ( )
, , ,

1
( ), ,

2
GB k GB D k GB S k GB
d t d t d tG G G t d      (70) 

Step 3: The EETP broadcasts emergency energy prices and penalty parameters to participants. Then, in parallel, 

each participant conducts post-contingency dispatch: 

For ESO, it will update its local decision variables by solving the following augmented Lagrangian, subject to the 

electricity system constraints. 

 

,
, , , , , , , ,

( )
2( ) ( ) , ( ) , ( )

, , , , , , ,2

min ( )
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2

end
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GE k
GE D GE k GE D GE kv
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v
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



     
 

 

   (71) 

The objective function of ESO in (71) includes the electricity generation and storage cost, the economic cost of 

electric load shedding, the revenue and payment of emergency energy trading with other participants, and the penalty 

terms for violating the coupling constraints. 

For GSO, it will solve the following local optimization model to update its decision variables: 

 

( )
2( ) ( ) , ( ) ,

, , , , , , , , , 2

( )
2( ) ( ) , ( ) ,

, , , , , 2

min ( )
2

( )
2

end

GS Gas GE
start

GE kt
GS GS crt crt GE k GE k GE S GE k GE Sv
z z t g m g m t v t v t v t v t v t

t t z m v

GB k
GB k GB k GB S GB k GB Sd
d t d t d t d t d t

d

C G C L G G G G

G G G G







   

 
      

  
 

    
 

     

 

subject to (28), (29), (32) (38), (40) (44)

GB





 

  (72) 

The objective function of GSO in (72) includes the supply cost of gas sources, the economic cost of gas load 

shedding, the revenue of selling natural gas to other participants, and the penalty terms for violating the coupling 

constraints. The constraints include the gas system constraints. 

And HSO can solve the following local optimization model to conduct its post-contingency dispatch: 
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( )
2( ) , ( ) , ( )
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( )
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end
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subject to (45), (46), (49) (54), (57) (64)

GBd





 

  (73) 

The objective function of HSO in (73) contains the operation cost of coal-fired boilers, the economic cost of heat 

load shedding, the payment of purchasing electricity and gas from other participants, as well as the penalty terms. The 

constraints are heating system constraints. 

After each participant solves its local optimization, participants will share the latest values of its coupling variables 

with each other. Then, update the average values of coupling variables ( 1)
,

EB k
w tP  , ( 1)

,
GE k
v tG  and ( 1)

,
GB k
d tG  . 

Step 4: According to the dispatch decisions of Step 3, each participant submits the latest information of its energy 

supply/demand plan (the coupling variables , ( 1)
,

EB S k
w tP  , , ( 1)

,
EB D k

w tP  , , ( 1)
,

GE S k
v tG  , , ( 1)

,
GE D k
v tG  , , ( 1)

,
GB S k
d tG   and , ( 1)

,
GB D k
d tG 

 
) to the 

EETP. Then EETP calculates the primal and dual residuals, and accordingly updates the emergency energy prices (dual 

prices) and penalty terms. 

Take the electricity trading among ESO and HSO as an example, the primal and dual residuals are calculated as: 

 
 
 

( 1) , ( 1) ( 1)
, , , 2

( 1) ( 1) ( )
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,

max ,
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dual w w t w t

P P t
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P P t





  

 

     
  



 
 (74) 

For the energy trading among other participants, the calculation of primal and dual residuals is similar to (74). If the 

maximal value of all primal residuals is less than pri  and the maximal value of dual residuals is less than dual , the 

algorithm achieves convergence, which means the demand of buyers and the supply of sellers balance. Then, go to Step 

5. 

Otherwise, the EETP will update the penalty parameters according to primal and dual residuals: 
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, ,
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 (75) 

where 1incr  , 1decr  , and 1   are parameters to adjust the update speed. For other penalty parameters ( 1)GE k
v

  and 

( 1)GB k
d

 , the update process is similar. The varying penalty parameters can improve the convergence speed of the 

algorithm in practice. Moreover, according to [37], to ensure the theoretical convergence of ADMM, we can fix the 

values of penalty parameters after a finite number of iterations. 

Then, EETP can update the emergency energy prices as: 

 ( 1) ( ) ( 1) , ( 1) ( 1)
, , , ,( )EB k EB k EB k EB D k EB k

w t w t w w t w tP P          (76) 



Author name / International Journal of Electrical Power & Energy Systems (2020) 000–000 19 

 ( 1) ( ) ( 1) , ( 1) ( 1)
, , , ,( )GE k GE k GE k GE D k GE k

v t v t v v t v tG G          (77) 

 ( 1) ( ) ( 1) , ( 1) ( 1)
, , , ,( )GB k GB k GB k GB D k GB k

d t d t d d t d tG G          (78) 

Then, go back to Step 3. 

Step 5: Emergency energy trading settlement. Once the emergency energy trading algorithm achieves convergence, 

the participants of IES will trade energy with each other obeying the values of coupling variables until the end of the 

contingency event. Meanwhile, the buyers need to pay energy purchase cost to sellers according to the emergency energy 

prices. Furthermore, each participant will calculate its operation cost during the contingency event. 

In the emergency energy market of IES, if the uncertainties of renewable energy and loads are considered, we can 

use the receding horizon model predictive control method in [12] to ensure the effective cooperation of participants. The 

basic principle is that once the distributed energy trading between participants is finished for the current dispatch interval 

(e.g., startt ), the dispatch interval will recede by a step ( 1start startt t  ) and participants can update their generation and 

load predictions. Then, the coordinated post-contingency dispatch model of IES will be solved for the new scheduling 

time horizon. It can provide a real-time dispatch to deal with the uncertainties of renewable energy and loads, and the 

detailed algorithm can be found in [12]. 

Moreover, in this paper, we use 1 hour as the time step for the post-contingency dispatch models of different energy 

systems, which can effectively reduce the complexity for the coordinated dispatch problem of multiple energy systems 

and enhance computational tractability. If the difference in the time scale of electricity, gas and heating systems is 

considered in detail, we can modify the dispatch interval in the dispatch models of participants (71)-(73) and use the 

multi-time scale dispatch framework to deal with the difference, and one can refer to [39, 40] for the detailed approaches. 
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Fig. 4  The scheme of the IES test case 

5. Case studies 

To validate the effectiveness of the proposed post-contingency dispatch method, case studies are firstly conducted 

on an IES consist of an IEEE Case33 electricity system [41], a modified 20-node Belgium natural gas system [42] and a 

modified 32-node district heating system of Barry Island [32]. The electricity, gas and heating systems are respectively 

managed by one ESO, GSO and HSO. And the three systems are coupled via one gas-fired generator, gas boiler and 

electric boiler. The scheme of the IES is shown in Fig. 4. 

The maximal total load of electric consumers is 3.655 MW, the maximal load of gas consumers is 50 kcf/h, and the 

maximal load of heat consumers is 2.164 MW. The capacities of two wind power generations and one PV arrays (WP1, 

WP2 and PV1) are 1.5, 1.5 and 2 MW, respectively. The hourly profiles of loads and renewable energy generation in a 

sample day from [21] and [14] are shown in Fig. 5 and Fig. 6. The initial values of penalty parameters are all set to 5 and 

the tolerances of primal and dual residuals are set to 0.001. The data of three energy networks can be found in [32], [41], 

and [42]. Other system configuration data (e.g., the parameters of energy coupling components and the values of fixed 

pressure points) can be found in [43]. Case studies are solved by Matlab R2014a and Gurobi 9.0 on a personal computer 

with 16 GB RAM. 

 

Fig. 5  The normalized hourly load profiles               Fig. 6  The normalized hourly profiles of renewable energy 

To demonstrate the effectiveness and practicability of the proposed method, case studies are divided into four parts. 

In the first part, the proposed method is compared with the traditional centralized post-contingency dispatch method, 

which validates the effectiveness of the proposed method in optimizing the emergency energy dispatch of the entire IES. 

In the second part, the proposed method is compared with another decentralized method based on regulated energy 

trading prices, which validates the advantages of the proposed method in fully stimulating the coordination of different 

participants. In the third part, we compare the proposed model and algorithm with other energy network models and 

distributed optimization approaches, thereby demonstrating the accuracy and computational efficiency of the proposed 

method. In the fourth part, a larger scale IES is employed to show the application of the post-contingency dispatch 
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method in practice. 

5.1. Comparison of the proposed post-contingency dispatch method with the centralized method 

In this part, the proposed method based on distributed energy trading is compared with the traditional centralized 

dispatch method. Firstly, the following cases are defined: 

Case 1: Due to the failure of the upper grid, the electricity supply from the upper grid is interrupted from 1:00 to 

12:00. To deal with this contingency, the proposed post-contingency dispatch method is employed. 

Case 2: The contingency is the same as Case 1. However, the IES is managed by a centralized operator. Therefore, 

the centralized post-contingency dispatch method in [5] and [6] is used, whose results are used as the benchmark. 

5.1.1. The convergence of the proposed post-contingency dispatch method 

In Case 1, the convergence of the proposed post-contingency dispatch method is demonstrated in Fig. 7. As shown 

in Fig. 7, with the increase of iterations, the maximal values of primal and dual residuals gradually decrease, finally 

reaching the tolerance of gap 0.001 after 45 iterations. The proposed distributed energy trading algorithm takes 63.69 sec 

to achieve convergence, which means it can provide the emergency dispatch strategies for IES in a short time. 

 
Fig. 7  Evolution of the maximal residuals 

5.1.2.  The post-contingency dispatch results of Case 1 and Case 2 

Due to the failure of the upper grid, the electricity supply of ESO is limited. Therefore, in post-contingency dispatch, 

it is essential to adjust the energy allocation among ESO, GSO, and HSO, thereby minimizing the total load curtailment 

cost of IES. During this contingency, the power output results of energy coupling components (EB, GB and GE) in Case 

1 and Case 2 are presented in Table 1.  

As shown in Table 1, From 1:00 to 6:00, due to the lower available power of renewable energy, the electricity 

supply to EB is reduced and the electric power of GE is increased in two cases to minimize the load shedding of electric 

consumers. Meanwhile, the heat power of GB is fixed at its maximal power, thereby supplying the demand of heat 

consumers as much as possible. On the other hand, from 7:00 to 12:00, with the increase of renewable energy output 
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(especially the output of PV), the electricity shortage of the ESO is in remission. Thus, the electricity supply to EB (the 

heat power of EB) is increased in Case 1 and Case 2. The results of Table 1 show that, during the contingency, the power 

outputs of EB and GB are same in Case 1 and Case 2. Moreover, although the hourly power profiles of GE have 

differences in Case 1 and Case 2, the total amount of its electricity output is very close in the two cases. 

Table 1. The power output of energy coupling components (MW) 

Time 
(hour) 

Case 1 Case 2 

EB GB GE EB GB GE 

1 0.2798 0.9 0.5 0.2798 0.9 0.5 

2 0.3757 0.9 0.5 0.3757 0.9 0.5 

3 0.2572 0.9 0.5 0.2572 0.9 0.5 

4 0.2572 0.9 0.5 0.2572 0.9 0.5 

5 0.3709 0.9 0.5 0.3709 0.9 0.5 

6 0.3709 0.9 0.5 0.3709 0.9 0.5 

7 0.4563 0.9 0.4432 0.4563 0.9 0.2177 

8 0.6336 0.9 0.4474 0.6336 0.9 0.5 

9 0.8437 0.9 0.4522 0.8437 0.9 0.5 

10 0.7977 0.9 0.3176 0.7977 0.9 0.5 

11 0.7649 0.9 0.3176 0.7649 0.9 0.2596 

12 0.7320 0.9 0.3176 0.7320 0.9 0.3206 

Sum  6.1399 10.8 5.2956 6.1399 10.8 5.2979 

Moreover, Fig. 8 and Fig. 9 present the power of electric and heat load shedding and the charging/discharging power 

of batteries for Case 1, respectively. From 1:00 to 6:00, due to the electricity supply of IES is in severe shortage, ESO has 

to curtail its electric load and the electricity supply to EB. It results in the heat power of EB is reduced and HSO also has 

to curtail the load of heat consumers. During this period, ESO discharges the stored energy of batteries to supply the 

important loads. From 7:00 to 12:00, since the electricity shortage of IES is in remission, both the electric load shedding 

and heat load shedding are reduced to 0. Meanwhile, batteries are charged to recover their stored energy. In the post-

contingency dispatch of IES, energy storage components can operate in discharge mode to supply important loads when 

the electricity supply is in shortage and they can store energy when the electricity supply is adequate, thereby enhancing 

the operational flexibility of the IES. 
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Fig. 8  The power of electric and heat load shedding           Fig. 9  The charging and discharging power of batteries 

Table 2 presents the post-contingency dispatch results of the IES in two cases. The results validate the proposed 

post-contingency dispatch method can effectively optimize the total operation cost and load curtailment cost of IES 

during the contingency event, as same as the centralized dispatch method. Moreover, with the proposed method, each 

participant can make dispatch decisions independently, which can protect the data privacy of participants. 

Table 2. The post-contingency dispatch results of Case 1 and Case 2 

Cost ($) Case 1 Case 2 

Total operation cost of IES 22842.55 22842.55 

Total load curtailment cost 907.33 907.33 

Electric load curtailment cost 676.60 676.60 

Gas load curtailment cost 0 0 

Heat load curtailment cost 230.73 230.73 

 

5.2. Comparison of the proposed method with the decentralized method based on regulated energy trading prices 

In this part, we compare the proposed method with the decentralized post-contingency dispatch method based on 

regulated energy trading prices, to analyze the effects of the proposed emergency energy market in stimulating the 

coordination of different participants. The regulated prices mean that the participants of IES jointly set the energy prices 

before the occurrence of contingencies. And when the IES encounters contingency events, these participants will trade 

energy with each other based on the pre-defined prices. It is a simple and common method to coordinate different 

participants of IES, which is similar to the constant bilateral price mechanism used in electricity markets [14]. The 

following three cases are defined: 

Case 3: The electricity supply from the upper grid is interrupted from 3:00 to 10:00. To deal with this contingency, 

the proposed method based on distributed emergency energy trading is employed. 

Case 4: The contingency is the same as Case 3. The emergency energy prices of EB, GB and GE are respectively 

fixed at 274.43 $/MWh, 37.52 $/kcf and 37.34 $/kcf, which are the average values of energy trading prices in 24 hours 

when the upper grid is in the outage state. 

Case 5: The contingency is the same as Case 3. The emergency energy prices of EB, GB and GE are respectively 

fixed at 119.58 $/MWh, 37.38 $/kcf and 36.21 $/kcf, which are the average values of energy trading prices in 24 hours 

when the upper grid is in the normal condition. 

Table 3 presents the post-contingency dispatch results of three cases. As shown in Table 3, compared to the 

decentralized method based on regulated prices (Case 4 and Case 5), the total operation cost and the load curtailment cost 

of IES are reduced with the proposed method (Case 3). It means the proposed dispatch method effectively enhances the 
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economy and reliability of the entire IES. Moreover, based on the distributed energy trading mechanism, each participant 

can choose its favorable emergency energy trading prices and volumes with other participants, thereby maximizing its 

own profits. Therefore, compared to Case 4 and Case 5, the operation cost of ESO, GSO and HSO are simultaneously 

reduced in Case 3, meaning the proposed method is more beneficial to the participants of the IES. 

Table 3. The post-contingency dispatch results of three cases 

Cost ($) Case 3 Case 4 Case 5 

Total operation cost of IES 14571.33 14952.64 15007.64 

Total load curtailment cost 472.19 1079.64 1234.75 

Operation cost of ESO 907.04 965.82 1046.47 

Operation cost of GSO 11498.23 11506.18 11513.43 

Operation cost of HSO 2166.06 2480.64 2447.74 

To further analyze why the proposed method has a better performance in stimulating the coordination of 

participants, we take the energy trading at EB as an example. Fig. 10 and Fig. 11 present the emergency energy prices 

and trading volumes at EB. The results demonstrate that the regulated energy prices in Case 4 are too high, leading to the 

HSO (buyer) reduce the electricity demand of EB. On the contrary, the regulated prices in Case 5 are too low, which 

results in the ESO (seller) is unwilling to fully supply electricity to HSO. In the two cases, since the participants of IES 

are not fully motivated, the emergency energy trading volumes among participants are very limited. In practice, it is 

difficult (even impossible) to use fixed energy prices to achieve the optimal emergency energy allocation among 

participants, because the operational parameters (renewable energy output, consumer loads, etc.) of IES are changeable in 

the duration of contingencies. However, based on the proposed emergency energy market framework, the EETP can 

adjust the emergency energy prices in real-time to fully stimulate the energy trading among participants, thereby 

effectively optimizing the emergency energy allocation among different participants of the IES. 

  

Fig. 10  The emergency energy prices at EB                  Fig. 11  The emergency energy trading volumes at EB 

5.3. The validation of the accuracy and computational efficiency of the proposed model and algorithm 

In this part, we firstly compare the proposed model with other energy network models used in the existing studies to 
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validate the effectiveness of the linearization techniques used in this paper. Afterward, the proposed distributed 

emergency energy trading algorithm is compared with other distributed optimization algorithms. 

5.3.1. Effectiveness of the proposed energy network model 

The proposed energy network model is compared with other energy network models to validate the accuracy and 

computational efficiency of the linearization techniques used in this paper. The nonlinear electricity network (NLEN) 

model (2)-(23) is solved using the interior point method, and the optimization solver IPOPT is used because the solver 

Gurobi is not applicable for solving the NLEN model [5]. Moreover, the piecewise linearization techniques in [6, 44] are 

used to linearize the nonlinear gas network model and nonlinear heating network model respectively, which can convert a 

nonlinear optimization model to a mixed-integer linear programming (MILP) model. For each gas pipeline or heating 

pipeline, 20 segments are used. These two models are named the MILP-G model and MILP-H model, respectively. The 

contingency event that the electricity supply from the upper grid is interrupted from 8:00 to 16:00 is analyzed, and the 

post-contingency dispatch results using different energy network models are presented in Table 4. 

Table 4. The post-contingency dispatch results using different energy network models 

Model Proposed model NLEN model  MILP-G model MILP-H model 

Total operation cost of IES ($) 18213.89 18335.98 18213.89 18213.89 

Number of iterations 77 62 63 98 

Computation time (sec) 86.95 381.77 130.99 2461.64 

As shown in Table 4, the optimal objective results (total operation cost of IES) using different energy network 

models are very close. The relative error between the results of the proposed model and the NLEN model is 0.67%, and 

the result of the proposed model is almost identical to the results of the MILP-G model and MILP-H model. It validates 

the accuracy of the linearization techniques used in this paper. Moreover, compared to other energy network models, the 

computational speed of the proposed model is faster. It takes 381.77 sec to solve the NLEN model using the interior point 

method, which is more than 4 times compared to the computation time of the proposed model. Besides, it also takes more 

time to solve the MILP-G and MILP-H model. Especially for the MILP-H model, since there are 32 supply pipelines and 

32 return pipelines in the heating system, the piecewise linearization method introduces a large number of binary 

variables to approximate the nonlinear heating network model, which brings a huge computational burden. In the post-

contingency dispatch, the proposed model can effectively reduce the time spent in the decision-making process of 

participants.  

5.3.2. Effectiveness of the proposed distributed emergency energy trading algorithm 

The proposed distributed emergency energy trading algorithm is compared to the existing distributed optimization 

algorithms including the ADMM with constant penalty parameters (ADMM-c) in [37] and the auxiliary problem 
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principle (APP) method in [45]. To easily compare the performance of algorithms, the initial values of coupling variables, 

emergency energy prices and penalty parameters are the same in these algorithms, and the maximum number of iterations 

is set to 200. Moreover, the results of the centralized post-contingency dispatch method are used as the benchmark. 

Considering the uncertainty of contingencies, multiple contingency events are set, as shown in Table 5. The post-

contingency dispatch results using different optimization algorithms are presented in Table 6. In Table 6, the Obj means 

the optimal objective result (i.e., the total operation cost of IES during the given contingency). 

Table 5. Contingency events of the test IES 

Contingency event Event 1 Event 2 Event 3 Event 4 Event 5 

Faulty component 
The electric line 
from bus 5 to 6 

Gas source GS1 
The gas pipe from 

node 11 to 17 
Coal-fired boiler 

Heat supply pipe 
from node 5 to 11 

Duration of contingency 3:00-9:00 1:00-10:00 10:00-20:00 12:00-20:00 1:00-8:00 

 

Table 6. The post-contingency dispatch results using different optimization algorithms 

Event 
Centralized method Proposed algorithm ADMM-c algorithm APP algorithm 

Obj ($) 
Time  
(sec) 

Obj ($) Iterations 
Time 
(sec) 

Obj ($) Iterations 
Time 
(sec) 

Obj ($) Iterations 
Time 
(sec) 

1 13099.37 3.41 13099.37 25 24.88 - - - 13099.37 149 147.29 

2 20038.76 4.45 20038.76 21 24.44 20038.76 71 81.44 20038.76 37 43.84 

3 27590.27 4.83 27590.27 21 26.46 - - - - - - 

4 20089.45 4.54 20089.45 15 17.02 20089.45 94 109.29 20089.45 48 55.81 

5 13752.34 3.72 13752.34 20 19.59 13752.34 70 68.28 13752.34 36 35.31 

As shown in Table 6, for the 5 contingency events, the optimal objective results using the proposed distributed 

emergency energy trading algorithm are the same as the results using the centralized dispatch method, which indicates 

the accuracy of the proposed algorithm. However, for Event 1 and Event 3, the ADMM-c algorithm fails to achieve 

convergence within the maximum number of iterations. The APP algorithm also fails to achieve convergence for Event 3. 

Moreover, the number of iterations and computation time for the proposed algorithm are less than the ADMM-c and APP 

algorithm. It validates the proposed distributed emergency energy trading algorithm has higher computational efficiency 

in coordinating the post-contingency dispatch of different participants. 

5.4. The application on a larger scale integrated energy system 

The proposed post-contingency dispatch method is also applied to a larger scale IES. The IES includes a 61-bus 

electricity system modified from a real distribution system in Northwestern China, a modified 40-node natural gas system 

including two 20-node gas systems, and two 32-node heating systems. The maximal total load of electric consumers is 
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19.4465 MW, the maximal total load of gas consumers is 100 kcf/h, and the maximal total load of heat consumers is 

4.328 MW. The topology of this IES is shown in Fig. 12, and the detailed data can be found in [46]. The tolerances of 

primal and dual residuals are set to 0.005. Other data is the same as the small-scale IES. To validate the effectiveness of 

the proposed post-contingency dispatch method, three cases are defined: 

 

Fig. 12  The topology of a larger scale integrated energy system 

Case 6: The electricity supply from the upper grid is interrupted from 1:00 to 12:00. The entire IES is managed by a 

centralized operator. Therefore, the centralized post-contingency dispatch method is used. The results are used as the 

benchmark. 

Case 7: The contingency is the same as Case 6. The electricity, gas and heating systems of the IES are managed by 

one ESO, GSO and HSO, respectively. The proposed post-contingency dispatch method is employed. 

Case 8: The contingency is the same as Case 6. However, the electricity system is respectively managed by ESO1 

and ESO2, the gas system is respectively managed by GSO1 and GSO2, and two heating systems are managed by HSO1 

and HSO2 individually, as shown in Fig. 12. This case represents a practical condition that there are multiple participants 

in the same energy field. And the proposed post-contingency dispatch method is also used to coordinate different 

participants. It is noteworthy that the coupling variables of the energy exchange on tie-lines and tie-pipes, the bus voltage 

on tie-lines, and the nodal gas pressure on tie-pipes also need to be considered in the post-contingency dispatch model, 

one can refer to [38] and [11]. 

Table 7 presents the post-contingency dispatch results for three cases. As shown in Table 7, the optimal objective 
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results of three cases are close, which indicates the proposed method can effectively optimize the emergency energy 

dispatch of the IES when the scale of the system and the number of participants increase. Specifically, for Case 7, since 

the scale of the IES is large and the computational complexity of the dispatch model for each participant increases, it 

takes 173.49 sec to coordinate the post-contingency dispatch of different participants. For Case 8, with the increase of the 

number of participants, the complexity of the dispatch model for each participant decreases, so the computation time for 

Case 8 (114.89 sec) is less than Case 7. Overall, the proposed method can coordinate the post-contingency dispatch of the 

large-scale IES within minutes, which validates the computational efficiency of the proposed method in practice. 

Table 7. The post-contingency dispatch results for Case 6-Case 8 

Case Total operation cost of IES ($) Total load curtailment cost ($)  Computation time (sec) 

Case 6 66912.46 13495.39 9.71 

Case 7 66911.07 13487.71 173.49 

Case 8 66907.79 13495.59 114.89 

In Case 8, since there are multiple participants in the same energy field (e.g., ESO1 and ESO2), the coordination of 

these participants also have considerable impacts on the post-contingency dispatch of the IES. Fig. 13 presents the 

emergency energy trading prices and power exchange between ESO1 and ESO2 during the contingency. The results 

show that, from 1:00 to 5:00, since the output of renewable energy is low, the electricity supply of the IES is in severe 

shortage, the emergency energy trading prices between ESO1 and ESO2 is high, and ESO2 purchases electricity from 

ESO1 to supply its important loads. On the contrary, from 7:00 to 12:00, with the increase of renewable energy power, 

the electricity shortage of ESO2 is in remission. Therefore, the emergency energy prices decreases and ESO2 sells 

electricity to ESO1. It indicates the proposed emergency energy market can also coordinate the post-contingency dispatch 

of different participants in the same energy field, thereby validating the effectiveness of the proposed method in practical 

conditions. 

 

Fig. 13  The power exchange and emergency energy price between ESO1 and ESO2 
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6. Conclusions 

This paper presents a novel coordinated post-contingency dispatch method for the IES with multiple participants. 

An emergency energy market framework for IES is proposed to coordinate the energy allocation among participants 

based on the distributed energy trading mechanism. Moreover, considering the impacts of component failures, the post-

contingency dispatch model of IES is formulated and several linearization techniques are employed to reduce the 

computational complexity. Furthermore, a distributed energy trading algorithm is developed to calculate emergency 

energy prices and coordinate different participants. The extensive case studies validate the proposed method can 

effectively coordinate the post-contingency dispatch of multiple independent participants, enhance the reliability and 

economy of the entire IES, as well as reducing the operation cost of participants during contingencies. The proposed 

method can also be used as a valuable supplement to current multi-energy markets, thereby reducing the risks of energy 

markets during contingencies. 
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