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participants based on distributed energy trading
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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

PCentre 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 Sij.i» Son State of branch ij and compensator ¢ at t
IES Integrated energy system SCY » St State of gas source z and pipeline mn at t
ADMM Alternating direction method of multipliers Shed State of gas compressor x at time t
ESO Electricity system operator Sib ¢ Sme State of supply/return pipeline ab at time t
GSO Gas system operator SE e ,SVEvi State of coal-fired boiler ¢ and EB w at t
HSO Heating system operator Sf tE s Sf ? State of GE V and GB d at time t

. The occurrence and predicted end time of aj
EETP Emergency energy trading platform toiart 5 Lond contingency event
EB Electric boiler co Electricity price of the upper grid
GE Gas-fired generator ce The depreciation cost of battery 0
GB Gas boiler CF The unit operation cost of renewable energy Y
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B. Indices and sets

t Time interval (hours)

i,J,Q%  Index and set of electric buses

m,n,Q%  Index and set of nodes in gas networks
a,b,Q""  Index and set of nodes in heating networks
QO Set of batteries and renewable energy
o™, Q" Set of compensators and electric branches
Q% ,0%  Set of gas pipelines and compressors

Q% , QO Set of gas sources and coal-fired boilers

%, Q% Setof supply and return heating pipelines

QF Set of electric boilers
Q°F Set of gas-fired generators
Q°® Set of gas boilers

f(J),t(J)  Set of parents and children buses of bus ]
f(a),t(@)  Set of parents and children nodes of node a

C. Variables

P9 QY™  Active/reactive power of upper grid at time t
Pcﬁii - Pdfﬁfo,t Charging/discharging power of battery 0 at t

Py Power of renewable generation Y at time t
Pios Qs Active/reactive power flow in branch ij at t

QN Reactive power of compensator ¢ at time t

it Line current square of branch ij at time t

Lt®,LeN?  Active/reactive load shedding on bus j at t

E; . Stored energy in battery O at time t

Ui Voltage magnitude square on bus i at time t

R ., E w0 Introduced variables for the polyhedral
2= 7 approximation

Gf N Gas supply of gas source zZ at time t

(T Gas flow in pipeline mn at time t

G;f, e Géfsc «t Suction/discharge gas flow of compressor x

c ec  Pressure at the inlet and outlet nodes of gas
1_Fssul: K.t ’Hdis K.t :
" ' compressor x at time t

I, ., 1L, Gas pressure of node m and n at time t

L;r.tm’t Gas load curtailment on node m at time t

Ho® Heat power of coal-fired boiler C at time t

H Injected heat power of node a from other
inj,a,t

nodes at time t
M2, ,MZL, Mass flow rate in supply/return pipeline ab

| S Pressures in the supply/return side of node a

GS
Cz

CFB
Cc

LP

e, j.t 2

Lg ,m,t
Lh,a,t
Fi» X

ESS ESS
ch,o » 77dch,o

GE

u

EB

7w
ng
ﬂmﬂ
e
(D :l:laX

LQ

e, j.t

sp
Mab

rt
Map

sp rt
Ta,t 7Ta,t
Pgrid.max,’min
Qgrid,max/min

RE,min
P)/

RE, pre
P

ESS, max ESS, max
Pch,o > Pdm,o

E ESS,max/min
0

Q;h,max , Q;h,min

Iiljnax
u;nax , Ujmin
GZGS,rmx , GZGSmin
G
G’((BC,max/min
Hrmnax , Hl;un

H CFB,max/min
c

sp,max rt,max
M ab 2 M ab

l—~sp,ma)d min
a

rrt,max/min
a

GE, max GE, min
RT™LR

GE,max  (~GE,min
G, ,G,

EB,max EB,min
H, > Hy,

Natural gas price of the gas source Z

The unit operation cost of coal-fired boiler ¢
Active/reactive load on the bus j at time t
Gas load on the node m at time t

Heat load on the node a at time t

Resistance and reactance of electric branch ij
Charging/discharging efficiency of battery 0
Conversion efficiency coefficient of GE v
The heating efficiency of EB W

The heating efficiency of GB d

Weymouth constant of gas pipeline mn

Gas consumption coefficient of compressor x
Maximal compression ratio of compressor x

Resistance coefficient of supply pipeline ab

Resistance coefficient of return pipeline ab
Supply/return sides temperatures of node a

Maximal/minimal active power of upper grid
Maximal/minimal reactive power of upper grid
Minimal active power of renewable energy Y

Predicted available active power of renewable
energy Y attime t

Maximal charging/ discharging power
Maximal/minimal stored energy in battery 0

Maximal/minimal reactive power of ¢
Maximal line current square of branch ij

Maximal/minimal voltage magnitude square
Maximal/minimal gas supply of gas source z

Maximal gas flow in gas pipeline mn

Maximal/minimal transportation capacity of
compressor kK

Maximal/minimal gas pressure of node m
Maximal/minimal heat power of boiler C

Maximal mass flow of supply/return pipeline

Maximal/minimal pressures at the supply side
of node a

Maximal/minimal pressures at the return side
of node a

Maximal/minimal electric power of GE v

Maximal/minimal gas demand of GE v

Maximal/minimal heat power of EB W
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Lo Heat load curtailment on node a at time t peeme pEmn - ©\faximal/minimal electric demand of EB w
P .Gyt Electric power and gas demand of GE V at t HS®™ , HZ®™ Maximal/minimal heat power of GB d
Hi,Pre  Heat power and electric demand of EBw at t G®™,Gg#™ Maximal/minimal gas demand of GB d

H[f v, Gi ®  Heat power and gas demand of GB d at t S Special heat capacity of water

D. Parameters B A large positive constant

Syt Ser 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 TES 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]. Sorknees 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.
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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.

Contingency events
(event types/occurrence time/duration)

:_ Electricity trading |
| Gas Gas I

Post-contingency | _trading [ Post-contingency | trading [ Post-contingency |
I dispatch of ESO dispatch of GSO dispatch of HSO |
! H { Enerzy Energy i ; Energy i |
| Emergency i supply/ G‘ll T\-, + 1+ Emergency d;:nand ! Emergency |
| energy prices i1 demand ; p?g{ i ienergy prices pl z;n i energy prices |

lan i :

| P h S y |
| ( Emergency Energy Trading Platform J |
\- - - 1

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.

/ IES operates in normal conditions /

| IES encounters a contingency event |

v

l EETP activates the emergency energy market |

v

Each participant runs post-contingency dispatch and
updates its energy supply/demand plan respectively

v

Participants submit their energy supply/demand
plan to the EETP

Y

EETP updates the emergency energy prices and
broadcasts the prices to participants

v

Participants trade energy with each other and pay
energy purchase cost or obtain revenue according to
the emergency energy prices and their trading
volume until the end of the contingency

/ IES returns to normal conditions /

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.

ch,o,t ch,o,t
yEQRE 0eQFSS 2eQ®® ceQ® (1)

crty crt,P crt pert crt ycrt
+ Z CE,jLe,j,t + Z Cg,ng,m,t+ Z Ch,aLh,a,tJ

jEQEle mEQGas aEQHeal

tend i .
min Z [Cgrld Ptgrld + z C?EPyRYtE_'_ Z CDESS(PESS +PdESS )+ z CZGSGZGf + Z C(E:FBH(S::B

=lggart

where Ce”Jt denotes the curtailment cost of the electric load on bus j, C is the curtailment cost of gas load on node

g.m
m, and C;7} 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:

@ Ptgrid + z PyF,QtE + Z Pdsssot - Pcﬁsost)_ Z Pji,t + z (Pij,t _rijlij,,t)+ Z PthE - Z PvEtB: L:,j,t - Lfar,tj’f» Vtavj e Q™ (2)

yeQft 00§ iet()) iet (i) veQs® weQf®

ijtgrid + Z Q(,,Sht_ Z jS,t + Z (Qij,t _Xijlij,t) = LS,j,t - Lzr,tj’?a vt,Vj e Q" 3)

weQ?h iet(]) ief(j)
If the electric bus j is connected to the upper grid, the parameter @; equals to 1; otherwise, it equals to 0.
Q?E , Q]ESS , Q?E and QfB denote the set of renewable energy generators, batteries, gas-fired generators and electric
boilers connected to the bus |, 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), 2™ is a parameter which denotes the state of
the upper grid at time t . If the upper grid is in the normal condition, Stgrid =1 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, stgrid =0 and the power of upper
grid will be limited to 0. Besides, in (16)-(19), the parameter s;, denotes the state of the electric branch ij at time t. If
the branch ij is in the outage state, S;, =0 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 S;;, 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
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relaxed for the branch ij . Similarly, the states of other components are considered in system constraints, as follows:

Slgrid Pgrid,min < Rgrid < Stgrid Pgrid,max’ vt (4)
Stgrid Qgrid,min < thrid < Slgrid Qgrid,max’ vt (5)
spePfEm <PRE <SR, vt vy e O (6)
0< PR, <soprssme Vt, Vo e Q% (7)
0<Pes  SSSTPES™, Vt, Vo e Q° (8)
S X+ (1S5RS, -~ PES. ), VL V0O ©)
dch,0
ESSmn < ESS S ESS™, Vt, V0 € Q% (10)
Ero —Eov =0, Voe Q™ (11)
Sop RS < PSE < sPERE™, W, Vv e QO%F (12)
RS =, Gy xGHV, vt, Vv e Q% (13)
P <PrY <PE™, vt, Ywe Q (14)
shQ <Q <sIQI, Y, Vo e Q™ (15)
P +Qf =uU ki,  VtVijeQ™ ifs; =1 (16)
P.=0, Q=0 WVtVijeQ” ifs; =0 (17)
0<ly, <s; L™, Vi, Vij e Q" (18)
(Sy.—DB<u —u, =2(5P +%,Q )+ (7 +x)l, <(1-s;)B,  Vt, Vije Q™ (19)
Ut <up <ut, Vi, Vj e QF° (20)
o<Wt <Ly, v, Vj e Q° (1)
0<LN <Y, vt, Vj e QF (22)
L Ly -3, 1% =0, vt, Vj e QO (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):

VP +(2Qu )7 + (U ~1y)* U+, (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):

VPP +(2Q;,)" <Ry, 25)

\/(Rij,t)z + (ui,t - Iij,t)2 < U + Iij,t (26)
Since (25) is a conic quadratic constraint of dimension 2, it can be approximated with the linear constraints [27]:
&' 2| 2R, |
" 2[2Q;, |
£7 = cos(-2)E™ +sin(— =)y
2 . 2 . , o=lL..,0 27)
o . o-1 o-1
v’ > |-sin 5o VETT + cos(zﬁl )74
& v < Rij,t
v 72- 12
l// < tan(211+l )§

In (27), we can adjust the parameter v 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:

Z Gzcjts + Z Gmn,t+ Z G(flsc,;c,t_ Z GS(-ZS.KJ_ z G\?IE - z GdGIB = Lg,m,t_chr,th’ Vt’vm EQGaS (28)

Gs Gas GC e O6C GE GB
z2eQp neQy K€Qqis m K€Qge m veQy deQp
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SHEGIEM <GX <sTHGHEM™, Vi, vzeQ® (29)
G = SEN([ o TT, V[T —T12 |, i 5 =1 (30)
=S Cm* <G < Sy G, vt, vmn e Q% (31)

Gt = Cina 1=, vt, Vi e Q% (32)
SEGSO™M <GS <SHGLO™, Vi, Vi e Q% (33)

GoE™ <GJF <GE™, Vi, Vv e Q% (34)

G®M <GFY <GJB™, vt, vd € Q% (35)

Mg, <OMTIS ., Vi, VeeQ®,if s°7 =1 (36)

" <II,, <TIp™, vt, Vme Q% (37
0<Ly <Ly vt,Vme Q% (38)

where Q° and QF* denote the set of gas sources and gas nodes connected to node M. Q¢ and QS  are the set of

suc,m dis,m
gas compressors leaving and entering node m. Q% and QX 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):

ML VR )
Jary —my? Jagy -y

Vi, vmn e %, V(IT5,,IT)) € Q7 (39)

Gmn,t < Thn

where Q7 is the set of fixed pressure points (IT;,TT;) . 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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mn,t > mnt

Furthermore, considering the gas flow in a pipeline can be bidirectional, two new variables G and a binary

variable &, are introduced, and Weymouth equation (30) is finally replaced by a set of constraints [29], as follows:
Gunt =Gt — G vt, vmn e Q% (40)
0<G,, £, G vt, vmn e Q%° (41)
0<G,, <(1-8,,)Gmx, Vvt vmneQ* (42)
G; o X1, o Ty ) +(1-8,,)B, VL Vmne Q% V(I I) QY (43)

mnt—nmn -
Jat,y? —(H) sy -y

B 77 1T, | T < TIT,,
Gmnt —nmn " " " " )+5mn,t
VR TR s

B, Vvt vmneQ®, V(II; I ) e Q" (44)

where G, , denotes the gas flow from node M to node n at time t, and G, denotes the gas flow from n to m.

mn,t mn,t

Since the gas pressure bounds of node m and node N may be different, we choose different fixed pressure points
(IT;,,I1;) and (IT},,IT") 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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DOHSE+ Y HE+ Y HE +H L =L L, VivVaeQ™ (45)
ceS™® weQE® denS®
Hijar =6( 2 M = 2 MO (T3 -T,) (46)
bef (a) bet(a)

nEMI IM2 =T T, Vi, Vabe Q. if s3, =1 47)
naML ML, |=T0, -1, vt Vabe Qp..if s, =1 (48)
(2 ML= MO+ M = > M3 )=0 (49)

bef(a) bet(a) bef(a) bet(a)
SOPHI®M SHI® <sSPHIP™, vt, Ve e Q°F° (50)
Hed =i Por, vt, Yw e QF (51)
SpHEP™™ S HE® <sPEHS™, vt, Ywe QF (52)
HSS =n5PGye xGHV, vt, vd € Q%° (53)
SeTHEP™ < HS® <sgPHP™, vt vd e Q% (54)
- MP™ <MP <SP MP™, Vi, Vab e QF, (55)
—sp ME™ <ML <si ME™, Vi, VabeQy, (56)
P <P <rem, vt,Va e Q" (57)
rom <y <Tem, vt,Va e Q" (58)
0<Ly, <L, vt,Vae Q"™ (59)

where Q27| O and QF 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 T.7 and

Ta’ft 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 M3, M} and a binary variable

., » then approximate the mass flow equation (47) with the Taylor series expansion, as follows:

M2, = M2 M3, vt, vab e 3 (60)
0< Mt <57 MD™, vt, Vab e QF, (61)
0<MI <(1-64 )MI™, Vi, VabeQl, (62)
rsp _rsp + Fsp,r _rsp,r .
Mg s D0 e TR ) g gege vt vabeQf. VIELIF QET (69)
2 Mav \/Fa’ _Fb '
[ % )4 (0P .
M37 < | x Loy L) + ([, 2 )+5j§)[B, vt, Vabe QP V(P IP™) e QF (64)
2 ﬂag \/rbp,r _rap,r

where M7 denotes the mass flow from node a to b at time t, while M} represents the mass flow from node b to

a. &y, is a binary variable which denotes the actual direction of mass flow. (", Iy"") and (I, T)"™) 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):

PP =Py, Vi vweQ® (65)
Gl =Gx*®, Vi weQ® (66)
Ger? =Gge®, vt vdeQ®® (67)

where P,7° denotes the electricity demand of electric boiler W at time t which is decided by HSO, P;7° is the
electricity supply to electric boiler W decided by ESO. GftE’D is the gas demand of gas-fired generator V decided by
ESO, fo‘s is the gas supply to generator V decided by GSO. fo‘D is the gas demand of gas boiler d decided by
HSO, G¢7*° is the gas supply to gas boiler d decided by GSO.

Then, we can use P,;"° and GJT° to replace P, and G{; in electricity system constraints, respectively. In gas
system constraints, we can use Gy ° and Ggt° to replace G, and Gg%. And in heating system constraints, P;; and

Ggt can be replaced by P7° and GgP° . 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 k =0, the threshold of

primal and dual residuals &

. and &y, -

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 k=k+1, EETP adjusts the penalty parameters
pEBED D and p$P D according to (75), and updates the
emergency energy prices Ag; ", Ao " and A5 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 k =0. Initialize the coupling variables P;Z°, P

E

GEPO | GEESO L GEBPO and G5 . Set the initial value of emergency energy prices 450", A5 and AP .

EB(0)

Initialize the penalty parameters p.°”, p>” and p5>®. And set the threshold of primal residuals and dual residuals

Epri and &, -

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:

pea - %(PME?’D(“ +PESOY vt Ve OF (68)
Gof® = %(fo’mk) +G50), Vi, vv e Q%F (69)
G - %(Gfﬁ‘"’(") +GSS), v, Vd € Q°F (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.

Leng . .
min 3 {cp R z O (B + R+ X CL

=l yeQRe 0eQESS jeqte

+ z ( EB(k)(PEB(k) PWE,[BS)+ ||PEB(k) P;:as" j [ E(k)(GGED G\ﬁE(k))_’_

weQ™®

subjectto  (2)—(15), (17)—(23), (27)

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:

teng 2
. GS(~GS ot ot GE(k) SGE(K)  (~GES GE(K) (GE.S
min > { > CEGE+ Y L+ Z (GO G )+ ||G -G
t=tgan 2eQ® meQ®® veQ®F
GB(K) ((RGB(K) GB.S pd GB(K) eBs|?
+ > {/1 (Chi e ERa R ||G ok Gt ||2j} (72)
deQ®®

subjectto  (28), (29), (32)—(38), (40)—(44)
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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tend EB(k)
. CFB | yCFB ort  ort EB(k) (pEB.D _ BEB(k) Pu EB.D  $EB(K)|]?
mmZ{ >, CPHER+ Y Gt Z{ﬂm (R —R )+ R R ILJ

t=tgan LceQ®® acQhet weQ®

o8 (a8  KaBoy . Lo acen  &esl?

. d )

+ d;ﬂ {/?’d,t( )(Gd,t _Gd,t( ))+T||Gd,t _Gd,t( )"2J (73)
subjectto  (45), (46), (49)—(54), (57)—(64)

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
k+l)’ G\iE(kH) G(i?(k”).

with each other. Then, update the average values of coupling variables stEf( and

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 PSPt GPESten GBI GBI and GFPPHD ) 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:

et = max [Pty - R vl .
EB(k+1) SEB(k+1)  BEB(K) , YWeQ (74)
+) _ +
gdual,w =max {"Pwt - Pw,t ||2 s Vt}

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 £,; and the maximal value of dual residuals is less than &, , 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:
aincr V‘F:B(k)’ |f 55:?,(\,‘;“) >ﬂ><nguE;!<V:l)
K K/ d ; K P
Pt =3 pP e i gD > ux el (75)

PO otherwise
where @™ >1,a®" >1,and u >1 are parameters to adjust the update speed. For other penalty parameters p>- " and
pdG B | 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:

EB(k+1) _ 7EB(k) EB(k+1) /EB,D(k+1)  BEB(k+)
it _ﬂ'w,t + Pu (Pw,t _Pw,t ) (76)
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SED JGE 4 (G -G @
ﬂr‘f’tB(kH) — /,{«(-itB(k) +pl§3B(k+l)(G;3f,D(k+l) _é(i?(k-%—l)) (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., ty, ), the dispatch interval will recede by a step (t,,, <t +1) 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.

@ Electricity bus @ Gas node @ Heat node L Wind power (WF) [ Photovolaic (PV) ES8 Battery -(ins source

- Gas COmpressor - Coal-fired boiler Gas-fired generator Gas boiler @ Electric boiler
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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.

I v o\ 1 [ " [ wind power

% 50t e, 5 08 | —— Photovolisic_|
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e LU g [N
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Time (h) Time (h)
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



Author name / International Journal of Electrical Power & Energy Systems (2020) 000-000 21

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.
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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 Case 1 Case 2
(hour) 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.
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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



Author name / International Journal of Electrical Power & Energy Systems (2020) 000-000 25
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
The electric line The gas pipe from . Heat supply pipe
Faulty component from bus 5 to 6 Gas source GS1 node 11 to 17 Coal-fired boiler 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

Centralized method Proposed algorithm ADMM-c algorithm APP algorithm
Brent Obj (%) Time Obj ($) Iterations Time Obj ($) TIterations Time Obj ($) Iterations Time
) (sec) ) (sec) ) (sec) ) (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:

Electric branch Gias pipeline ———  Heating pipeline A Windpower (WP) [l  Photoveliaic (PV)

S Baten Bl G source ~B-  Gus compressor BB Coal-fived boiler Gusefired penerator GB]  Gas boiler [EB]  Electric boiler

‘ @ Elecriciybus @ Gasnode @ Hetnode

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
ESOL1 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 ESOI. 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.
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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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