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ABSTRACT The coupling in integrated electricity and gas community energy system (IEGS) provides

alternative operation modes when unpredictable outages occur at energy-supply sides. Reasonable operation

strategies and system configuration can effectively improve the system’s resilience, making reliable and

continuous operation feasible. Based on the complementary characteristics and reserve capabilities of IEGS,

this paper proposes a multi-stage scheduling strategy for resilience enhancement in which thermal storage

serves as emergency response resources. The resilient scheduling framework consists of rolling reserve

optimization stage, day-ahead economic dispatch stage and fault restoration stage. With the reserve capacity

of energy storage generated by rolling optimization and day-ahead dispatch, multiple forms’ critical loads

will be satisfied in priority when outage occurs on energy-supply sides. Furthermore, a two-level planning

model integrating the resilient operation strategy is formulated to better adapt to the source emergency. The

proposed planning method is applied to an IEGS with practical demands as a case study. The results show

that the configuration generated by the two-level planning model can satisfy the daily reserve requirements

for emergency failures, and the resilient scheduling strategy with storage reserve can improve the system

resilience effectively.

INDEX TERMS Integrated electricity and gas community energy system (IEGS), planning, operational

resilience, energy storage, energy outage.

NOMENCLATURE

A. ABBREVIATIONS

IEGS Integrated electricity and gas community

energy system

HP Ground source heat pump

PV Photovoltaic

WC, DC Conventional water-cooled chiller, double-

duty chiller

IS, IT Ice-storage system, ice-storage tank

WT, CT, HT Water tank, cold-water tank, hot-water tank

CWP, HWP Chilled water pump, heating water pump

EB, EP Electric boiler, ethylene glycol pump

GT, AC Gas turbine, absorption chiller

The associate editor coordinating the review of this manuscript and

approving it for publication was M. A. Hannan .

B. SETS

�CT
CWP Set of the CWPs collateral to CTs

C. VARIABLES

Q
HP,H
t , Q

HP,C
t , Q

HP,S
t Heating, cooling and cooling-

storage powers of the HPs at time

t (kW)

U
HP,C
t , U

HP,S
t Cooling and cooling-storage

modes of the HPs at time t

PHPt , PWC
t Consumed powers of the HPs and

WCs at time t (kW)

PCTt , PISt Consumed powers of the CTs and

IS at time t (kW)

UCT
t , UHT

t Cooling and heating states of the

CTs/HTs at time t
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QCT
t , QHT

t , Cooling and heating powers of

CTs/HTs at time t (kW)

QWC
t , QEB

t Output powers of the WCs and

EBs at time t (kW)

Q
EB,H
t , Q

EB,S
t Heating and heating-storage

powers of the EBs at time t (kW)

QIT
t , QIS

t Cooling powers of the IT and IS

at time t (kW)

PEBt , PHWP
t Consumed powers of the EBs and

HWPs at time t (kW)

U
WT,CWP
t,i , U

IS,CWP
t,i Cooling states of the ith CWP

collateral to the WTs and IS at

time t

Q
DC,C
t , Q

DC,I
t Cooling and ice-making powers

of the DCs at time t (kW)

U
DC,C
t , U

DC,I
t Cooling and ice-making modes

of the DCs at time t

UHWP
t,i Heating state of the ith HWP at

time t

WCT
t , WHT

t , W IT
t Energy stored in the CTs, HTs

and IT at time t (kWh)

PGTt , HGT
t Electricity and heating powers of

the GTs at time t (kW)

QAC
t , HAC

t Cooling and absorbed heating

powers of the ACs at time t (kW)

PTLt Tie-line power at time t (kW)

FGT
t Consumed gas power of the GTs

at time t (kW)

PPVt Output power of the PV system at

time t (kW)

Cinv, Cope Annual investment cost and

annual operation cost (CNY)

M IT Capacity of the IT (kWh)

MPV Capacity of the PV system (kW)

NHP, NWC, NDC, NEB Installed numbers of the HPs,

WCs, DCs and EBs

NGT, NAC, NWT Installed numbers of the GTs,

ACs and WTs

NHP
t , NWC

t , NDC
t , NEB

t Operating numbers of the HPs,

WCs, DCs and EBs at time t

NGT
t , NAC

t Operating numbers of the GTs

and ACs at time t

D. PARAMETERS

QHP,C, Q
HP,C

Lower and upper power limits of

the HP for cooling (kW)

QHP,S, Q
HP,S

Lower and upper power limits of

the HP for cooling-storage (kW)

QHP,H, Q
HP,H

Lower and upper power limits of

the HP for heating (kW)

W
CT

, W
HT

Upper limits of the stored energy

in CT and HT (kWh)

QWC, Q
WC

Lower and upper power limits of

the WC (kW)

Q
IT
, Q

AC
Upper limits of cooling power of

the IT and AC (kW)

QDC,C, Q
DC,C

Lower and upper limits of cool-

ing power of the DC (kW)

QDC,I, Q
DC,I

Lower and upper limits of ice-

making power of the DC (kW)

Q
HT

, Q
HWP

, Q
EB

Upper power limits of the HT,

HWP and EB (kW)

Q
EP
, Q

IS,CWP
Upper power limits of the EP and

CWP collateral to the IS (kW)

Q
CT,CWP

Upper power limit of the CWP

collateral to the CT (kW)

P
GT

Upper power limit of the GT

(kW)

PTL,max, FGT,max Maximum allowed tie-line power

and gas power (kW)

εWT, εIT Heat loss rates of the WT and IT

CHP
u , CWC

u , CDC
u , CEB

u Investment costs per HP,WC,DC

and EB (CNY/unit)

CGT
u , CAC

u , CWT
u Investment costs per GT, AC and

WT (CNY/unit)

C IT
c Investment cost per-unit capacity

of IT (CNY/kWh)

CPV
c Investment cost per-unit capacity

of PV (CNY/kW)

CE
t , C

G
t Purchasing prices of electric-

ity and natural gas at time t

(CNY/kWh)

DE
OU, D

G
OU Durations of the electricity and

gas outages (h)

RC, RH, RE Percentages of critical cooling,

heating and electricity loads

I. INTRODUCTION

Due to the increasing environmental concerns, optimizing

the energy structure and building clean and efficient energy

systems have become an urgent task for sustainable devel-

opment [1]. At the meantime, natural gas has been playing

an important role in energy consumption because of the

merits of cleanliness and high-efficiency [2]. The extensive

application of combined heat and power (CHP) and power-

to-gas (P2G) units interlinks multiple independent energy

systems (i.e., electricity and natural gas) [3] and makes it

promising by the multi-energy coupling operation [4]. Inte-

grated electricity and gas community energy system (IEGS),

whose energy sources are electricity and natural gas, can

utilize the complementary characteristics of electricity and

gas [5]; furthermore, it can realize high-efficiency operation

through the coordination of energy conversion, storage and

consumption [6], and has been widely developed.

The coupling of IEGS can improve the operational flexibil-

ity, and the operation objectives such as economic dispatching

and accommodation of renewable energy sources (RESs)

can be facilitated by regulating multiple controllable energy

59258 VOLUME 8, 2020



C. Lv et al.: Coordinated Operation and Planning of IEGS With Enhanced Operational Resilience

conversion and storage devices. Reasonable and effective

operation strategies, as well as planning methods, are the

keys to achieve these goals. The coupling also brings more

risks due to the increased uncertainties, seriously affecting

the reliability of system operation. In addition, some extreme

emergencies may disturb the system topology or structure

and have enormous impact on the continuous operation; thus,

the adaptation and response strategies of these risks should be

especially focused on.

Many studies on the flexible operation of IEGS have been

conducted. Reference [7] adopted the energy hub (EH) model

to minimize the energy purchase cost by the coordination

of heat pumps, CHP unit and storage devices. And multi-

ple demands including electricity, heating and cooling are

well satisfied. A two-stage flexible operation framework for

integrated community energy system was proposed in [8],

whose first stage is to optimize the power flows and second

stage is to make decisions for the Pareto optimality curve.

For the hybrid energy system that integrates wind power and

multiple storages, a day-ahead scheduling model based on

stochastic programming was formulated in [9] to minimize

the expected operation cost considering the uncertainties

of wind power. In [10], a second-order cone optimization

model of gas network was established, and the synergistic

operation of integrated electricity-gas system was carried

out by alternating direction method of multipliers (ADMM).

Considering demand response resources, a robust operation

strategy of CHP-based energy system was investigated in

[11], and the load uncertainties were considered to ensure

the risk-averse operation. In addition to the operation issues,

the planning of IEGS is another focus as the type and capacity

of the equipment have significant influence on the operation

performance. In [12], the capacities of the electric chiller,

the CHP unit, as well as the ice-storage system were opti-

mized. The system obtained an improved economic perfor-

mance by including the storage system. With the variation of

supply and demand curves converting to the same quantitative

index, ref. [13] developed a novel energy supply and demand

matching model to accomplish the economy optimality in the

full life cycle. Reference [14] realized the expansion plan-

ning of integrated electricity and gas system considering bi-

directional conservation between gas-fired devices and P2G

units as well as the energy flows in gas and electricity net-

works. An expansion planning of gas and electricity networks

was conducted in [15], and the uncertainties including wind

power and load growth were considered by stochastic decen-

tralized approach. Reference [16] introduced amulti-attribute

planning method for integrated gas-electricity systems by

employing two decision methods, i.e., analytical hierarchy

process and weighted sum method.

With the increasing coupling and uncertainties in IEGS,

the interdependency analysis of each subsystem to the safety

and reliability of whole energy system are indispensable

[17]. An integrated analysis model of gas-electricity coupling

network was constructed in [18], and the influence of state

change in natural gas system on the system performance was

explored. In [19], for an integrated energy system with gas

and electricity networks, the reliability assessment method

was established based on impact-increment, and the impacts

of the conversion process between gas and electricity on the

reliability were analyzed. On the premise of satisfying loads,

the security constraints of gas system were well guaranteed

by the coordination of gas and electricity system in [20].

These literatures indicate that the utilization of complemen-

tary and regulatory capacities among independent energy

subsystems can contribute to a better security and reliability

level.

Furthermore, energy disruptions caused by natural disas-

ters or failures also seriously affect the reliable operation,

and they are sometimes unpredictable and ineluctable. As an

important index to describe the adaptability to uncertain faults

and the ability to restore the operation within an acceptable

range, operational resilience has been of wide concern [21].

For the power grid resilience, the results of catastrophic expe-

riences were mitigated by using defensive islanding in [22].

Reference [23] discussed the resilient operation of distribu-

tion network, and the load curtailment was reduced through

the power support of distributed microgrids. Similarly, an

interactive framework between the distribution network and

microgrids of power-water system was proposed in [24] to

improve the resilience against natural disasters. As the cou-

pling between gas and electricity systems, the resilience in

IEGS needs to be further investigated. Reference [25] dealt

with the random faults of power system by means of demand

response strategy, so as to reduce the dependence on gas sys-

tem. In [26], the defender-attacker-defender formulation was

proposed for protecting critical components, which yields a

min-max-min problem and was solved by the nested column-

and-constraint generation method. In [27], a tri-level robust

scheduling model, which comprises preventive stage, worst

scenario stage, and corrective stage, was established to adapt

to random interruptions of gas and electricity transmission

links caused by external faults. Thus, the system resilience

was enhanced when facing outages. Treating overhead line

vulnerable to fail, ref. [28] studied the coordinated planning

of electricity and natural gas transportation systems incorpo-

rating resilient operation constraints. Thus, the resilience of

power grid was effectively improved. A resilience planning

model based on one main problem and two sub-problems

was presented in [29] for power-water system with multiple

microgrids. Microgrids were utilized as energy sources in the

first sub-problem, and emergency generator for water pumps

restoration was included as the second sub-problem.

Reserve scheduling can be used as an auxiliary measure to

deal with the uncertainties and emergencies of energy supply,

which plays an important role in improving the operation

resilience [30]. Reference [31] quantified the adjustable mar-

gins of CHP unit and established an integrated power and

heat dispatching method considering the available reserve

capacity of CHP units. The accommodation to the uncertain-

ties of wind power was improved. Reference [32] utilized

energy storage of distributed gas storage for contingencies
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and presented a robust scheduling method against N − k out-

ages to ensure a reliable operation of power system. An IEGS

day-ahead economic dispatch model with regulation reserve

and spinning reserve was proposed in [33] to manage the

renewable energy uncertainties and N − 1 contingencies of

generators. Considering the failure probability of overhead

lines and gas pipelines in IEGS, distributed generators and

gas storage were modelled as emergency response resources

for enhancing resilience in [34]. Thus, the high-priority gas

and electricity loads can be supplied during the outage.

The above literatures mainly focus on the resilience

improvement of large-scale system that contains generation

and transfer links, by the coordination of alternative supply

approaches, utilization of emergency resources as well as the

reserve measures. However, facing the failures with complete

loss of an energy source on consumer side, how to make full

use of the reserve and complementation of different resources

to ensure safe and reliable operation is still challenging.

Additionally, system configuration has a significant influence

on the operational resilience. To obtain a better performance

on resilience, the consideration of resilience requirements

should be integrated into the planning stage.

In this paper, we propose a coordinated operation and

planning method of integrated electricity and gas commu-

nity energy system with enhanced operational resilience.

First, the operation models of electricity-driven and gas-

driven devices as well as photovoltaic (PV) system are built.

Then, a tri-stage resilient scheduling strategy based on the

reservemode of independent gas and electricity system is pro-

posed, in which the energy storages serve as auxiliary reserve

resources for supply-side outages; furthermore, a two-level

optimal planning model integrating the resilient scheduling

strategy is formulated. Finally, the correctness and effective-

ness of the planning model and the resilient scheduling strat-

egy are verified through case studies. The main contributions

of this paper are summarized as follows:

1) A multi-stage scheduling strategy with thermal storage

reservation is proposed for resilience enhancement. Based on

the thermal reserve capacities which are indispensable for

critical loads during supply-side outages calculated in rolling

stage, day-ahead economic scheduling will be carried out to

coordinate the operation of multiple devices with maintaining

sufficient reservation. And the fault restoration mode will

be adopted to satisfy critical loads by utilizing emergency

response characteristics of thermal storages when supply-side

outage occurs.

2) Different reserve measures are utilized for unexpected

contingencies. Under normal operations, independent gas and

electricity systems are treated as the main reserve for each

other in case of supply-side outages in addition to economic

improvement; moreover, thermal storage devices serve as

auxiliary reserve for supporting high-priority loads when the

main reserve fails to provide sufficient reserve capacity. Due

to little electricity consumption for heating/cooling releasing,

thermal storage devices can effectively facilitate the coordi-

nated supply of multiple demands when facing supply-side

failures. Thus, a more resilient operation can be achievedwith

main and auxiliary reserves.

3) A two-level model is established to optimize the sys-

tem configuration based on the resilient operation strategy.

By adopting the genetic algorithm (GA) in the upper level

for configuration updating and resilient strategy in the lower

level for operation optimization, the configuration maintain-

ing sufficient resilience to emergencies can be obtained.

The rest of this paper is organized as follows. Section II

describes the structure and reserve mode of the IEGS.

Section III proposes the multi-stage resilient scheduling strat-

egy and the optimal planning model integrated with opera-

tional resilience. A two-level solving method is presented in

Section IV. Section V selects typical data to conduct the case

analysis. Finally, Section VI concludes this paper.

II. SYSTEM STRUCTURE AND RESERVE MODE

For the integrated energy systems with a higher reliability

requirement, such as in hospitals and governments, the source

outage can bring catastrophic results if normal operation is

interrupted. Therefore, it is of significance to develop rea-

sonable planning and scheduling method that can satisfy the

resilience demands in actual operation.

The IEGS studied in this paper is considered to provide

space cooling in summer, space heating in winter and elec-

tricity all year round. A typical IEGS often considers gas

turbine (GT) for electricity generation, and the exhaust heat

can be recovered to supply space heating by heat exchanger,

as well as cooling through absorption chiller (AC). Compared

with the higher investment and operation cost of GT, ground

source heat pump (HP) is widely chosen as a candidate device

for space cooling and heating with the merits of high-efficient

and green. And conventional water-cooled chillers (WCs) and

electric boilers (EBs) are usually serving as the coordination

devices of cooling and heating, respectively. Besides, some

renewable energy sources, such as photovoltaic, as well as

energy storage devices (electricity storage and thermal stor-

age) can be integrated into the IEGS simultaneously. Cold-

water tanks (CTs) and hot-water tanks (HTs) can be equipped

for storing cooling and heating energy from HP and EB, and

ice-storage system (IS) which is composed of double-duty

chillers (DCs) and ice-storage tank (IT) is also extensively

adopted due to multiple operation modes. From the perspec-

tive of energy-driven form to distinguish, these devices can be

divided into electricity-driven and gas-driven. The electricity-

driven devices include HP system (HPs and CTs),WC, IS and

EB system with accumulator (EBs and HTs); and the gas-

driven devices include GT and AC. The combination of GT

and AC can be regarded as a combined cooling, heating and

power (CCHP) system [12].

A practical multi-energy demand has been presented and

satisfied by the system in [35], and the energy consumption

of the system is just electricity. But when electricity outage

occurs, the system will fail completely. In this paper, a CCHP

system (GTs and ACs) is considered to be configured for

enhancing the system resilience, as well as for economic
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FIGURE 1. Structure and energy flows of the IEGS.

improvement. Besides, electrical storages have higher capital

costs and limited life cycle, the reserve modes will become

extreme complicated; therefore, on the premise of meeting

reserve requirements, this paper considers only thermal stor-

ages for simplicity. The structure and energy flows of the

studied IEGS have been shown in Fig. 1. In cooling season,

cooling demand can be satisfied by multiple devices, includ-

ing ground source heat pump system, conventional water-

cooled chillers, ice-storage system, and absorption chillers.

In heating season, heating demand may be satisfied by elec-

tric boiler systemwith accumulator, ground source heat pump

units or gas turbines. For the electricity demand, it can be met

by external power grid, PV and gas turbines. Thus, the above

devices consist of the set of main candidate devices whose

type and capacity can be further optimized in the following

sections. It is necessary to point out that the operation of

energy-supply device may require the coordination of auxil-

iary devices; for example, when the ground source heat pump

is in cooling/heatingmode, thewater pumps on ground source

side and load-side need to work simultaneously to carry

on energy transfer. And the operation of auxiliary devices

requires extra consumption of electrical energy.

The presented IEGS structure in Fig. 1 has two kinds of

energy input (electricity and natural gas) and is equipped with

electricity-driven and gas-driven devices. Thus, the devices

driven by gas and electricity can serve as the reservation

for each other. The reserve operating scheme of gas and

electricity is shown in Fig.2.

1) When gas supply fails, external grid and RES jointly

meet the system electricity load, and the electricity-driven

devices and thermal storage devices are coordinated to meet

the space cooling/heating demand.

2) In the case of electricity supply failure, gas turbine will

be responsible to satisfy the electricity demands of electricity-

driven devices, auxiliary devices and electricity load; and

FIGURE 2. Reserve scheme of the gas and electricity subsystems.

the electricity-driven and gas-driven devices work together

to meet the cooling or heating demand.

3) Under normal conditions, scheduling strategy should

coordinate the operation of electricity-driven and gas-driven

devices to improve economic performance according to the

load demand and energy purchasing prices.

Therefore, the system presents the characteristics of ‘‘com-

plementation and reserve’’ for electricity and gas, which can

avoid large-scale loss of critical loads in case that energy sup-

ply failure occurs. Note that when the supply of electricity/gas

is interrupted, the loadsmay not be fully satisfied; at this time,

reasonable load curtailment should be carried out according

to the load importance. In addition, to satisfy the critical loads

during gas (electricity) supply failure, the auxiliary reserve of

thermal storage devices should be utilized besides the main

reserve of the independent electricity (gas) system.

III. OPTIMAL PLANNING MODEL CONSIDERING

RESILIENT SCHEDULING STRATEGY

To obtain a design scheme that can satisfy the resilience

requirement in actual operation and is able to restore the

critical loads when supply-side outage occurs, the optimal

planning model incorporating multi-stage resilient schedul-

ing strategy is proposed for system designing and operating.

And the operation models of integrated electricity and gas

energy system, including the device operation and power

balance constraints, are summarized in Appendix.

A. OPTIMAL PLANNING MODEL

1) OBJECTIVE FUNCTION

In this paper, the objective function of IEGS planning is to

minimize the overall annual cost, including annual invest-

ment cost Cinv and annual operation cost Cope:

minF = Cinv+Cope (1)
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Annual investment cost:

Cinv =
r(1+r)y

(1+r)y − 1

∑

i

C i
inv (2)

where r is discount rate, y is limited lifetime, and C i
inv is

initial investment cost of equipment i. The equipment can be

divided into two categories: discrete equipment and continu-

ous equipment. The initial investments of discrete equipment

and continuous equipment can be calculated by Eq. (3) and

Eq. (4), respectively.

C i
inv = C i

uN
i
, i∈ {HP, WC, DC,EB,GT,AC,WT} (3)

C i
inv = C i

cM
i, i ∈ {IT ,PV } (4)

where C i
u is investment cost per unit of discrete device i and

C i
c is investment cost per-unit capacity of continuous device

i; N i andM i refer to the installed number of discrete device i

and the rated capacity of continuous device i, respectively.

Annual operation cost: annual operation cost is the pur-

chasing cost of IEGS. The cost is the sum of energy purchase

cost for every day of the base year:

Cope = 365
∑NS

s=1
ps

∑NT

t=1
(CE

t P
TL
s,t + CG

t F
GT
s,t )1t (5)

where NT denotes the interval number of a scheduling cycle

and NS represents the number of typical scenarios. Moreover,

ps is the probability of scenario s, and PTLs,t and F
GT
s,t are the

purchasing electricity power (tie-line power) and gas power

at time t in scenario s, respectively.

2) OPTIMAL VARIABLES

The numbers of ground source heat pumps, conventional

water-cooled chillers, double-duty chillers, electric boilers,

water tanks, gas turbines and absorption chillers, as well as

the capacities of ice-storage tank and photovoltaic system,

are taken as the optimal variables in this paper, which can

be expressed as:

X= [NHP,NWC,NDC,NEB,NWT,NGT,NAC,M IT,MPV]

(6)

In this model, we optimize only the equipped number of

water tanks rather than the numbers of cold-water tanks and

hot-water tanks, which is in line with the actual planning situ-

ation. The water tanks can be used to store the cooling energy

in summer and heating energy in winter; thus, the following

constraint is added:

NCT = NHT = NWT (7)

B. MULTI-STAGE RESILIENT SCHEDULING STRATEGY

In actual operation, the supply of electricity and natural gas

can be interrupted by an emergency such as natural disas-

ter or system disturbances, and supply-side outages are unpre-

dictable. To ensure the reliable supply of multiple demands,

this paper proposes a multi-stage resilient scheduling strategy

with the reserve of thermal storage system, including the

following stages: 1) rolling optimization of the reserve for

supply-side outages; 2) day-ahead economic scheduling with

storage reserve; and 3) fault restoration in actual operation.

1) ROLLING OPTIMIZATION STAGE OF THE RESERVE FOR

SUPPLY-SIDE OUTAGES

Thermal storage devices can release an amount of cool-

ing/heating by consuming little electricity, and are helpful

to break through the limitations of equipment capacities and

energy purchasing by reasonable operation strategy. Addi-

tionally, the coordination under the fixed operational param-

eters, such as the heat-electricity ratio of gas turbines, can be

balanced by flexible energy storing and releasing of thermal

storages. Furthermore, the reliable supply of multiple loads

will be enhanced by utilizing the stored energy of thermal

storages. When the supply of natural gas or electricity fails,

the independent electricity or gas system may not be able

to restore the critical loads completely; thus, the reserve of

thermal storage becomes a necessary and effective way to

achieve the goal of reliable operation.

In this stage, energy management system (EMS) generates

the minimum reserve capacity of thermal storage devices

that can satisfy the critical loads based on the predicted

loads, solar radiation and outage parameters. In each rolling,

the objective function is to minimize the initial value of the

stored energy of storage systems.

minFtS,type =
∑

i∈�
W

i,R
tS

(8)

where tS is the beginning interval of the rolling optimiza-

tion; type ∈{E, G}, E and G are respectively expressed as

electricity outage and gas outage. In the cooling season,

� = {CT , IT }; in the heating season, � = {HT }. W
CT/HT,R
tS

and W
IT,R
tS

are the reserve capacities of cold-water/hot-water

tank and ice-storage tank, respectively. When electricity out-

age or gas outage occurs, the tie-line power or gas input is

zero, which are shown in Eqs. (9) and (10), respectively. The

critical load constraints are depicted in Eqs. (11)-(13).

PTLt = 0, t = tS, tS + 1, . . . , tS + DE
OU−1,

if electricity outage occurs (9)

FGT
t = 0, t = tS, tS+1, . . . ,tS + DG

OU−1,

if gas outage occurs (10)

Q
HP,C
t + QCT

t + QWC
t + QIS

t + QAC
t ≥ RCLCt (11)

Q
HP,H
t + Q

EB,H
t + QHT

t + HGT ≥ RHLHt (12)

PTLt + PPVt + PGTt − (PHPt + PCTt + P
WC

t

+PISt + PEBt + PHWP
t ) ≥ REL

E

t (13)

where DE
OU and DG

OU are the duration of electricity outage

and gas outage, RC, RH and RE are the percentages of critical

cooling, heating and electricity loads, respectively; and LCt ,

LHt , and L
E
t are cooling, heating and electricity loads at time

t , respectively.
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FIGURE 3. Schematic of the rolling optimization for reserve.

The compact formmodel of rolling stage can be written as:






minFtS,type
s.t. (A.1) − (A.54) , (A.58) − (A.59) ,

(9)/(10), (11) −(13)

(14)

where the constraints include the operational constraints of

devices, (A.1)-(A.54); the power constraints of purchasing

electricity and gas, (A.58)-(A.59); the outage constraints,

(9)/(10); and the supply constraints of critical loads, (11)-

(13).

Therefore, the final reserve capacity W
TS,R
tS

at tS consid-

ering multiple outages can be calculated with the following

equation:

W
TS,R
tS

= max {F∗
tS,E

,F∗
tS,G

} (15)

where F∗
tS,E

and F∗
tS,G

are the reserve capacities for electricity

outage and gas outage at time tS, respectively. The maximal

capacity can guarantee that the system has enough reserve for

various types of energy outages.

The schematic of rolling optimization for the reserve is

shown in Fig. 3. At tS, the thermal reserve capacity W
TS,R
tS

is obtained by the optimization solution based on the outage

domain, i.e., tS to tS+D
E/G
OU − 1. With the outage domain

continuously moving forward, this rolling process repeats

until the reserve calculation is finished for all scheduling

intervals.

2) DAY-AHEAD ECONOMIC SCHEDULING STAGE WITH

STORAGE RESERVE

After obtaining the reserve capacity of thermal storage

device, day-ahead economic scheduling considering the con-

straints of energy storage reserve capacity is carried out.

EMS generates the multi-period scheduling plan for execu-

tion based on the forecasting information of solar radiation,

multiple energy demands and the generated reserve capacity.

The scheduling plan shows the on/off state, operation condi-

tion, power of the energy supply and storage equipment.

The objective function is to minimize the overall operation

cost in a scheduling cycle, including the purchase cost of

electricity and natural gas:

minF2 =
∑NT

t=1
(CE

t P
TL
t + CG

t F
GT
t )1t (16)

where 1t represents the scheduling interval. At the same

time, the scheduling should fully consider the constraints

of energy storage reserve, as well as the terminal energy

restriction of thermal storage devices. Thus, the following

operating constraints on thermal storage should be added:

WTS
t =

∑

i∈�
W i
t ≥ W

TS,R
t+1 , t=1, 2, . . . ,NT−1 (17)

∑

i∈�
W i
t ≥ W

TS,R
1,F , t = NT (18)

Eq. (17) indicates that the stored energy of the thermal storage

devices at time t should meet the reserve demand for different

outages at time t+1. Meanwhile, the reserves of thermal stor-

age devices make the coupling of different scheduling cycles

tighter, and the relationship between the terminal energy and

the reserve of adjacent period for thermal storage devices

is shown in Eq. (18). Where the subscript F denotes the

parameter related to the next scheduling cycle. The schematic

of day-ahead economic scheduling with reserve of thermal

storage is shown in Fig. 4.

The compact form of the day-ahead economic scheduling

with storage reserve can be written as:

{

minF2
s.t. (A.1) − (A.59) , (17) − (18)

(19)
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FIGURE 4. Schematic of day-ahead economic scheduling with reserve of thermal storage.

FIGURE 5. Switching and operation process of the fault restoration mode.

where the constraints include the operational constraints of

devices, (A.1)-(A.54); the power balance constraints, (A.55)-

(A.57); the power constraints of purchasing electricity and

gas, (A.58)-(A.59); and the reserve constraints, (17)-(18).

3) FAULT RESTORATION STAGE IN ACTUAL OPERATION

In the process of executing the day-ahead schedule, energy

management system will switch to fault restoration mode

when the failure of energy supply occurs. The scheduling

of remaining time will be generated to satisfy the critical

loads of outage period and the full loads of following normal

periods. It should be noted that fault restoration scheduling

will contain only the outage intervals of the scheduling cycle

and the adjacent scheduling cycle if the outage domain spans

two scheduling cycles. Fig. 5 shows the mode switching and

operation process.

The objective function of fault restoration in the remaining

period (the outage time to the end of the scheduling cycle) is

to minimize the operation cost and the load curtailment cost:

minF3 =
∑NT

t=tOUT
(CE

t P
TL
t + CG

t F
GT
t + ECL

C,NS
t

+EHL
H,NS
t + EEL

E,NS
t )1t (20)

where tOUT is the beginning time of the outage; L
C,NS
t , L

H,NS
t

and L
E,NS
t are the curtailed cooling, heating and electricity

loads at time t; similarly, EC, EH and EE denote the corre-

sponding punishment costs of curtailed unit loads.

When electricity/gas outage occurs, the tie-line power or

gas injection during the period is zero, which can be described
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FIGURE 6. Resilience scheduling strategy of IEGS with storage reserve.

as follows:

PTLt = 0, t = tOUT, tOUT+1, . . . ,tOUT + DE
OU − 1,

if electricity outage occurs (21)

FGT
t = 0, t = tOUT, tOUT+1, . . . ,tOUT + DG

OU−1,

if gas outage occurs (22)

Eqs. (23)-(25) are the power balance constraints of cooling,

heating, and electricity in fault restoration mode. To prevent

large load curtailments when adjusting supply ratios to min-

imize the objective and ensure that the critical loads can be

fully satisfied, constraints (26)-(28) are added. It should be

noted that load curtailment can be reduced, even avoided,

by setting reasonable penalty costs for curtailed loads when

adopting the restoration strategy in post-fault period of fault

mode.

Q
HP,C
t + QCT

t + QWC
t + QIS

t + QAC
t = LCt − L

C,NS
t (23)

Q
HP,H
t + Q

EB,H
t + QHT

t + HGT = LHt − L
H,NS
t (24)

PTLt + PPVt + PGTt = LEt + PHPt + PCTt + PWC
t

+PISt + PEBt + PHWP
t − L

E,NS
t (25)

L
C,NS
t ≤ (1 − RC)LCt (26)

L
H,NS
t ≤ (1 − RH)LHt (27)

L
E,NS
t ≤ (1 − RE)LEt (28)

The compact model of outage mode operation can be

written as:










min F3

s.t. (A.1) − (A.54) , (A.58) − (A.59) ,

(21) /(22), (23) − (28)

(29)

where the constraints include device operational constraints,

(A.1)-(A.54); the power constraints of purchasing electricity

and gas, (A.58)-(A.59); the outage constraints, (21)/(22); the

power balance constraints, (23)-(25); and the supply con-

straints of critical loads, (26)-(28).

In practice, the application and coordination of the pro-

posed scheduling strategy are depicted in Fig. 6. Based

on the state and forecasting data of IEGS, the minimum

reserve capacity of thermal storage for source emergency are

generated by the rolling stage. Then, the day-ahead sched-

ule is generated and delivered to the devices for execution

with the constraints of storage reserve and system operation.

At each interval, the corresponding orders, which contain the

ON/OFF state of each unit, the operation condition, and the

corresponding power of each subsystem, will be delivered

to the local control system for execution. In case of source-

side failure, the system will switch to fault restoration mode

from day-ahead scheduling to satisfy the critical loads in

priority. The scheduling ends when the executions of all

intervals’ schedules in a scheduling day, as well as the outage

domain, are completed. The proposed framework provides a

novel resilient operation of IEGS by a multi-stage scheduling
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FIGURE 7. Flow chart of the two-level solving method.

strategy. Based on rolling reservation, economic scheduling

and fault restoration, the strategy regulates multiple flexible

links to facilitate the system resilience, as well as economic

performance.

IV. SOLVING OF THE IEGS PLANNING

The formulated optimization problem contains plenty of inte-

ger variables and continuous variables, which brings signif-

icant challenges to the problem solving. Thus, a two-level

solving framework is adopted to decouple the planning and

operation problems, where the upper level is to optimize

the system configuration and the lower level is to simu-

late the resilient operation strategy. Meanwhile, the typical

operation scenarios can also be calculated in parallel. Thus,

the calculation complexity of the problem can be further

decreased. Through the interaction between the upper and

lower levels, the configuration with sufficient resilience in

actual operation will be obtained. Genetic algorithm is used

for solving the optimization problem of upper level due to

its high efficiency, parallelism and global searching [36].

After linearizing the nonlinear items by the method in [35],

the optimization of lower level is transferred to a mixed-

integer linear programming (MILP) problem and is solved

by ILOG’s CPLEX 12.8 solver [37]. The flow chart based on

the genetic algorithm is shown in Fig. 7. The detailed solving

procedure is illustrated as follows:

1) System initialization. The system structure, operation

and investment parameters of candidate devices, load pro-

files and energy prices will be used to initialize the algo-

rithm. Besides, the parameters of genetic algorithm, including

the maximum evolutionary generation, selection, crossover,

mutation and reinsertion rates, will also be read.

2) Population initialization. A random set of N individuals

is generated, which will act as the initial population P1. Each

individual of the population is a set of the configuration

variables, i.e., the numbers of ground source heat pumps, con-

ventional water-cooled chillers, double-duty chillers, electric

boilers, water tanks, gas turbines and absorption chillers and

the capacities of ice-storage tank and photovoltaic system,

as shown in Eq. (6).

3) Fitness calculation of the population P1 and ranking

the population. Here, the configuration variables of each

individual in P1 will be delivered to the operation model as a

configuration scheme; and the multi-stage resilient schedul-

ing strategy is called to calculate the operation performance

of each typical scenario for each individual. The decision

variables during scheduling contain the ON/OFF state of

each unit, operating mode and power of each subsystem.

Thus, annual operation cost and overall annual cost for each

individual can be obtained by Eq. (5) and Eq. (1), respectively.

Then, the fitness value of each individual will be evaluated by

the ranking of the overall cost for all individuals.

4) Selection, crossover, and mutation. Select the best-

ranking individuals from population P1 to reproduce new

population according to the selection rate, and breed new

individuals through crossover and mutation operations at cer-

tain probabilities (crossover and mutation rates). Thus, pop-

ulation P1 is updated and the offspring P2 will be generated.

5) Fitness calculation and ranking the population P2. Sim-

ilar to Step 3), the fitness of all individuals for population P2
will be calculated and ranked.

6) Generating a new population. To maintain the size of

the original population, an updated population P1 with N

individuals will be obtained by the reinsertion of P2 into P1
based on the individual fitness. The reinsertion rate indicates

the percentage of the offspring P2 that will be chosen to insert

to P1. Thus, N individuals with larger fitness values will be

selected from population {P1 ∪ P2} to the next generation.

7) Stopping criterion. If themaximum evolution generation

has been reached, the evolution terminates and the optimal

configuration, as well as the operation status of each typical

scenario, will be determined; otherwise, it returns to Step 4)

for next-generation evolution.

Note that the process of calling the resilient scheduling

model (operation level) for the fitness calculation comprises

only the first two stages, i.e., the rolling optimization stage

for reserve and the day-ahead scheduling stage with storage

reservation; and the operation cost will be delivered to the

configuration level for the fitness calculation. The last stage

(fault restoration stage) is to guarantee the supply of the

critical loads in the event of supply-side outages in actual

operation based on the reserves and operation conditions of

the first two stages.

In actual planning process, the essential information, such

as the typical load profile, set and parameters of candidate

devices and so on, should be input firstly after the analysis of
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FIGURE 8. Loads and solar radiation of the typical scenarios (Jan-Dec
correspond to Scenarios 1-12).

system demand characteristics. Then, the solving algorithm

can run automatically through the interaction between GA

algorithm of the upper level and resilient strategy of the

lower level. And the configuration considering the resilience

demand in actual operation will be obtained. The proposed

framework provides a practical planning method for getting

a balance between economic performance and resilient oper-

ation, and is meaningful to achieve the coordinated oper-

ation and planning for community system with enhanced

resilience, especially for the system with a higher reliability

requirement.

TABLE 1. Candidate equipment parameters for operation and investment
[12], [38].

V. CASE STUDY

This section applies the two-level planning model described

above to a community energy system with practical demands

in north China. The cooling/heating demands of the system

have seasonal characteristics: space cooling and electricity

are needed in cooling period (May to September), space

heating and electricity are needed in heating period (Novem-

ber toMarch), and only electricity is needed in themid-period

(April and October).

The operation data of typical scenarios during the cooling

and heating periods, as well as mid-period, are selected as

the basic data for system planning. According to the sea-

sonal and hourly variations of loads and solar radiation, one

typical scenario is introduced to represent the operation of

each month; thus twelve typical scenarios can be obtained,

as shown in Fig. 8. And the probability of each typical sce-

nario is 1/12. As seen from the figure, there are significant

differences between these scenarios: the load compositions

are different in different supply periods; during the same

supply period, the overall load levels, variation trends and

peak values also differ significantly. Additionally, the overall

cooling and heating demand levels are strongly correlated

with the solar radiation, and the higher radiation corresponds

to higher cooling demand and lower heating demand.

The operation and investment parameters of candidate

devices are listed in Table. 1. The detailed performance

VOLUME 8, 2020 59267



C. Lv et al.: Coordinated Operation and Planning of IEGS With Enhanced Operational Resilience

TABLE 2. Electricity and natural gas purchasing tariffs.

parameters of the devices and their auxiliary devices can

refer [35]. The time of use (TOU) tariff of electricity and

the purchasing tariff of natural gas in the IEGS are presented

in Table 2. The maximum cooling and heating powers of

water tank are 1322 kW and 2933 kW, respectively. The

maximum power of ice-storage tank is 7000 kW.

The scheduling period is from 23:00 to 22:00 the next day,

and the scheduling interval is one hour, i.e., a whole schedul-

ing cycle contains 24 scheduling intervals. Due to the restric-

tion of roof area, the maximum capacity of the PV system is

1000 kWp. The critical percentages of the cooling, heating

and electricity loads are 80%, 80% and 70%, respectively;

similarly, penalty costs of the curtailed cooling, heating and

electricity loads are 60 CNY/kWh, 60 CNY/kWh and 100

CNY/kWh, respectively, [39]. The outage durations of the

electricity and natural gas supply are 2 hours and 4 hours.

A life cycle of 20 years for all devices and a discount rate of

0.08 are assumed for the system. For the genetic algorithm,

the individual size of one population is 30, the maximum

evolutionary generation is 100, the selection, crossover and

mutation rates are 0.7, 0.8 and 0.3, and the reinsertion rate is

0.6.

To verify the correctness and effectiveness of proposed

planning method and resilient scheduling strategy, the analy-

sis of planning and operation results with resilient scheduling

strategy and the comparison with the traditional method are

conducted. And the traditional method refers to the planning

without considering resilient scheduling strategy [40].

A. ANALYSIS OF THE PLANNING AND OPERATION

RESULTS WITH THE RESILIENT SCHEDULING STRATEGY

1) PLANNING RESULTS OF THE RESILIENT SCHEDULING

STRATEGY

Based on the typical operation scenarios and the resilient

scheduling strategy, the optimal configuration of the IEGS is

obtained, as summarized in Table 3.

Table 3 shows that the system is equipped with both

electricity-driven devices and gas-driven devices to take full

advantage of the superiority of complementation and reser-

vation of gas and electricity subsystems for reliability and

economy. And the capacity of PV reaches the upper limit to

provide electricity using solar energy. Furthermore, the sys-

tem is equipped with multi-type thermal storage devices,

TABLE 3. Optimal configuration incorporating the resilient scheduling.

including one ice-storage tank and one water tank; the

operation economy can be improved through energy stor-

age/release under the TOU tariff mechanism, as well as the

adaptation to source emergency. Meanwhile, ground source

heat pump has a higher COP and canwork in cooling/cooling-

storage mode in summer and heating mode in winter; thus

the system is configured with several heat pumps. In order

to play the role of ice-storage tank and water storage tank,

a double-duty chiller and an electric boiler are also installed.

In addition, the introduction of conventional water-cooled

chiller can promote the complementation and coordination

of energy supply/storage devices for economic improvement.

And the above configuration was obtained by minimizing the

overall annual cost to maintain a balance between economy

and resilience; with the constraints of multi-stage resilient

strategy, the configuration is with abundant energy conver-

sion devices and reserve capacity to cope with the source

emergency in actual operation.

2) RESULTS OF THE DAY-AHEAD SCHEDULING

CONSIDERING RESILIENT SCHEDULING STRATEG

a: COOLING PERIOD

Scenario 7 (July) with a high load level was selected to

analyze day-ahead operation during the cooling period. Fig. 9

presents the power balance of Scenario 7. As can be seen from

the figure, at night (23:00-07:00), most of the cooling loads

are satisfied by electricity-driven chillers, and the electricity

loads are mainly satisfied by external power grid, as the elec-

tricity price is cheaper. In other periods, the price of natural

gas is relatively low, and the gas turbines burn natural gas

to supply electric power while the chiller absorbs waste heat

for refrigeration. The insufficiency of cooling and electricity
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FIGURE 9. Power balance in the cooling period.

FIGURE 10. Stored energy of the thermal storage devices in the cooling
period.

demands will be covered by electricity-driven devices and

external grid respectively. The proposed scheduling considers

the TOU price and the price difference between electricity

and gas, and coordinates the operation of electricity-driven

and gas-driven devices to achieve a better economy.

FIGURE 11. Power balance in the heating period.

FIGURE 12. Stored energy of the hot-water tank in the heating period.

The curves of thermal storage devices are depicted

in Fig. 10. To utilize the energy storage devices for economic

improvement, the characteristics of ‘‘valley to charge and

non-valley to discharge’’ are expected. But with the con-

straints of resilience reserve and power balance, the charge-

discharge behaviors need to be adjusted according to practical

situations. Thus, energy storage takes place in the valley

period with energy releasing mostly in the flat-peak period.

In 3:00-4:00, as the heat pumps are in cooling-storage mode

and incompatible with cooling mode, the ice-storage tank

releases energy to compensate cooling vacancy as well as for

economic needs.

b: HEATING PERIOD

Similarly, Scenario 1 (January) with higher heating load was

analysed as an example of the heating period. The power

balance and stored energy of hot water tank are shown

in Fig. 11 and Fig. 12, respectively. Similar to the cooling
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TABLE 4. Reserve capacity and stored energy in Scenario 7 of cooling
period.

period, the electricity and natural gas are the main suppli-

ers of the valley period and non-valley period, respectively.

The electric boiler system mainly plays the role of energy

regulation on account of its lower efficiency: at 3:00-6:00,

the electric boiler participates in supplying heating with the

heat pumps and storing heating to the hot-water tank, and the

stored energy is released for heating at 6:00-7:00, as shown

in Fig. 12.

3) RESERVE CAPACITY OF THE THERMAL STORAGE DEVICES

The reserve capacity of the thermal storage devices in Sce-

nario 7 (July) of the cooling period is presented in Table 4.

To ensure the supply of critical loads, the thermal storage

devices need to maintain reserve energy to enhance the ability

for the supply-side outage, especially in the intervals which

have higher loads. At the same time, the total stored energy

of ice storage tank and cold-water tank in the day-ahead

scheduling plan is larger than the required reserve capacity;

thus, the system maintains enough resilience for utilizing

the reserve characteristics to handle supply-side outages and

satisfy the critical loads. In the heating period, because of

the adequate equipment capacity and relatively lower heat-

ing load compared with the cooling period, the independent

gas/electricity subsystem which acts as the main reserve can

meet the critical loads by itself if the electricity/natural gas

supply is interrupted. Therefore, thermal storage devices are

not required to maintain reserve energy, as shown in Table 5.

B. COMPARISON OF THE PLANNING AND OPERATION

WITH AND WITHOUT THE RESILIENT STRATEGY

This subsection mainly compares and analyses the config-

uration, reserve state and fault restoration ability with and

without considering the resilient strategy.

TABLE 5. Reserve capacity and stored energy in Scenario 1of heating
period.

FIGURE 13. Configuration comparisons incorporating resilience strategy
or not.

1) PERFORMANCE COMPARISON OF THE CONFIGURATION

WITH AND WITHOUT THE RESILIENT STRATEGY

The configuration without considering the resilience strat-

egy is listed in Table 6. The configurations incorporating

the resilient strategy or not are compared in Fig. 13. After

considering the operation resilience, the system needs to be

equipped with more flexible and controllable resources to

meet the critical loads in case of source failure, as well as

the reserve requirements in normal operation; hence, more

gas turbines and absorption chillers, larger capacity of the ice

storage tank are optimized. Although the reserves of thermal

storage devices may restrict the improvement in the economy,

the annual operation cost after considering the resilient strat-

egy is 553,000 CNY lower than before due to the increase

of dispatching resources, which are 22,464,000 CNY and

23,017,000 CNY, respectively. The overall annual cost with

the resilient strategy is 381,000 CNY (1.4%) higher than that

without the resilient strategy; the proposed planning method

can realize reliability improvement at a small economic cost.
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TABLE 6. Optimal configuration without considering resilient scheduling.

FIGURE 14. Reserve states under the configuration without incorporating
resilience strategy.

2) ANALYSIS OF THE RESERVE STATE UNDER DIFFERENT

CONFIGURATIONS

The scenarios of both cooling and heating periods with

higher load levels (cooling period-Scenario 7, heating period-

Scenario 1) are selected for the reserve analysis. The reserve

states under the configuration incorporating the resilient strat-

egy (i.e., whether the system can meet the reserve require-

ment in daily operation) are shown in Table 4 and Table 5.

The system retains sufficient reserve capacity in the storage

devices, and the critical loads can be fully satisfied by rea-

sonable fault restoration strategy when supply-side outage

occurs.

FIGURE 15. Storage reserve under the configuration without
incorporating resilience strategy.

The system reserve states under the configuration that does

not incorporate the resilient strategy are shown in Fig. 14,

where 1 indicates that the configuration can meet the reserve

requirement, while 0 indicates it cannot. In this situation,

optimal planning considers only the operation economy, and

the configuration adaptation to resilience requirements for

supply-side outages is ignored. Therefore, a shortage of

reserve will occur when facing heavy loads, i.e., critical loads

will not be satisfied regardless of howmuch thermal energy is

reserved. As shown in Fig. 14(a) of the cooling period, when

the electricity supply failure occurs in the period of 23:00-

0:00, 1:00-5:00 and 17:00-20:00, there will be curtailments

for indispensable energy demands, and daily production and

living conditions will be seriously affected.

But for the heating period, thermal storage reserve can be

used to maintain enough operation resilience in the case of

electrical/gas failure due to lower load level, even though the

resilience is not considered in the planning process, as shown

in Fig. 14(b). The reserve of thermal storage devices under

the configuration without incorporating resilience strategy is

presented in Fig. 15. In this scenario, the reserve is mainly

used for the electricity outage when the loads are relatively

higher. Restricted by the reserve constraints, the stored energy

of hot-water tank at each time is larger than the required

reserve capacity; thus, the necessary reserve is maintained

and the supply-side outages can be well disposed by the

application of the fault restoration strategy when executing

the day-ahead scheduling.

3) ANALYSIS OF THE FAULT RESTORATION UNDER

DIFFERENT CONFIGURATIONS

In order to better highlight the advantages of the planning

method considering the resilient strategy for dealing with

supply-side outages in actual operation, Scenario 7 with a

high load level in the cooling period is selected to analyse

the fault restoration ability under two configurations.

Table 7 lists the fault restoration of two configurations in

the case of electricity supply fault. It can be seen that the load

restoration percentages are less than the percentages of the

critical loads during the outage domain in some periods when

the configuration is generated without the resilient strategy,
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TABLE 7. Fault restoration for electricity outages.

as shown in the bold font. After considering the resilient

strategy in the planning process, the critical loads can be well

satisfied due to the adaptability of the configuration to reserve

requirements and the support of resilient scheduling strategy.

The fault restoration scheme is optimized to minimize the

objective function including the penalty cost of curtailed

loads; thus, the satisfied proportion of the cooling load is

larger than that of the electricity load owing to their different

penalty costs.

Incorporating the results of the system configuration and

reserve state, it is obvious that the proposed planning method

fully considers the daily resilience demands for supply-side

outages and can maintain sufficient reserves. And the supply

of critical loads in outage domain can be guaranteed through

the fault restoration means. At the same time, the overall

annual cost after considering operation resilience increases

slightly, the resilience and reliability are improved signifi-

cantly with little sacrifice to the economy.

VI. CONCLUSION

This paper presents a two-level planning approach for inte-

grated electricity and gas community energy system that

considers the resilient scheduling strategy to determine the

optimal configuration along with the operation. On the basis

of modelling electricity and gas-driven devices and analysing

the reserve modes, a multi-stage resilient scheduling strat-

egy is first proposed for enhancing resilience, and the opti-

mal planning method that takes into account the resilient

scheduling is then established to improve the adaptation to

the resilient requirements in actual operation. The operation

data of a community energy system with practical demands

are chosen to conduct a case study.

The proposed resilient strategy can fully utilize the com-

plementary characteristics of gas/electricity subsystems and

the auxiliary response features of storage devices to promote

the resilience. After the storage reserve calculation in the

rolling stage, multiple supply and storage devices are well
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coordinated in the day-ahead stage to improve the economic

performance, maintaining adequate reserves to cope with

electricity and gas outages. In case that source supply breaks

down, the critical loads can be well satisfied by the applica-

tion of the fault restoration strategy.

In addition, the two-level planning method considering

resilient scheduling can generate a more reasonable configu-

ration for operation resilience against contingencies. Through

the interaction of the configuration optimization level using

the genetic algorithm and the operation optimization level by

adopting the resilient scheduling strategy, the configuration

which has stronger adaptability to the resilience requirements

in actual operation can be obtained. The overall annual cost

increases slightly compared with the configuration without

considering resilience, achieving a better fault restoration

effect by little sacrifice to the economy.

In conclusion, the optimal design and operation method

with the support of multi-stage resilient strategy can effec-

tively enhance the system resilience, guaranteeing sufficient

reserve capacity in actual operation and realizing better fault

restoration for supply-side outages.

To balance the optimality and efficiency for different scale

systems, more efficient solution algorithms for large-scale

mixed-integer programming should be developed in future

work. For example, Benders-decomposition based method

can be considered to lift the computational performance by

separating integer variables and continuous variables.

APPENDIX

A. MODELLING OF ELECTRICITY-DRIVEN DEVICES

1) GROUND SOURCE HEAT PUMP

Ground source heat pump is a renewable energy technology

for space cooling and space heating in different periods by

using the ground as a heat/cooling source. During the cooling

season, heat pump can be operated in two modes: cooling

mode and cooling-storage mode, and cold-water tank can be

equipped to store cooling energy. Different from the cooling

period, heat pump can be only used for space heating during

heating period because the output water temperature cannot

reach suitable standard for heating storage.

a: COOLING PERIOD

The constraints on the heat pumps’ power in cooling season

are shown in Eqs. (A.1)-(A.4). The lower and upper lim-

its of cooling and cooling-storage powers are presented in

Eqs (A.1) and (A.2), respectively. Eqs. (A.3) and (A.4) con-

strain the heat pump numbers in cooling and cooling-storage

modes. The operation mode/on-off state of the chillers and

pumps is 1 when it is in the execution/on state and 0 other-

wise.

N
HP,C
t QHP,C ≤ Q

HP,C
t ≤ N

HP,C
t Q

HP,C
(A.1)

N
HP,S
t QHP,S ≤ Q

HP,S
t ≤ N

HP,S
t Q

HP,S
(A.2)

N
HP,C
t ≤ U

HP,C
t NHP (A.3)

N
HP,S
t ≤ U

HP,S
t NHP (A.4)

The coolingmode and cooling-storagemode of heat pumps

can’t operate simultaneously, as shown in Eq. (A.5). Eq. (A.6)

shows the constraints of heat pump number in cooling-

storage mode.NCT,CWP is the number of chilled water pumps

(CWPs) of cold-water tanks.

U
HP,C
t + U

HP,S
t ≤ 1 (A.5)

N
HP,S
t ≤ NCT,CWP (A.6)

Eq. (A.7) depicts that the number of CWPs in cooling state

shouldmeet the cooling request of cold-water tanks. Eq. (A.8)

describes the charging or discharging behaviors of cold-water

tanks. The cooling energy stored in cold-water tanks should

not exceed the limit, as restricted in Eq. (A.9). Where εWT is

the heat loss rate of the water tank, and NCT represents the

number of cold-water tanks.

∑NCT,CWP

i=1
U

CT,CWP
t,i Q

CT,CWP
≥ QCT

t (A.7)

WCT
t =

(

1 − εWT
)

WCT
t−1 + Q

HP,S
t 1t − QCT

t 1t (A.8)

0 ≤ WCT
t ≤ NCTW

CT
(A.9)

The cooling state of CTs and the cooling-storage mode

of HP are distinguished by Eq. (A.10). Similarly, Eq. (A.11)

shows that the cooling state of CTs and the cooling mode of

HP can’t appear at a same time. The relationships between the

cooling states of CT and its CWP are depicted in Eqs. (A.12)

and (A.13).

UCT
t + U

HP,S
t ≤ 1 (A.10)

UCT
t + U

HP,C
t ≤ 1 (A.11)

UCT
t ≤

∑NCT,CWP

i=1
U

CT,CWP
t,i (A.12)

UCT
t ≥ U

CT,CWP
t,i , ∀i ∈ �CT

CWP (A.13)

The electric power consumption of HPs is described in

Eq. (A.14), where COPHP,C is the coefficient of performance

(COP) of HP for cooling and cooling-storage; PHP,C,AU and

PHP,S,AU are the rated powers of auxiliary equipment in

cooling and cooling-storage mode, respectively.

PHPt =

(

Q
HP,C
t + Q

HP,S
t

) /

COPHP,C

+N
HP,C
t PHP,C,AU + N

HP,S
t PHP,S,AU (A.14)

The electric power consumption of cold-water tanks

mainly lies in the circulating pumps installed on both sides

of heat exchanger, which is given in Eq. (A.15). PCT,AU is

the rated power of auxiliary circulating pumps.

PCTt =
∑NCT,CWP

i=1
U

CT,CWP
t,i PCT,AU (A.15)

b: HEATING PERIOD

Similar to the cooling period, the constraints of ground source

heat pumps in heating season are shown in Eqs. (A.16)-

(A.18). Eq. (A.16) presents the power limits and Eq. (A.17)

restrains the operating number in the heating mode. The

consumed electric power of HPs is calculated by Eq. (A.18).
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Where COPHP,H is the COP of HP for heating and PHP,H,AU

is the rated power of the auxiliary equipment in heatingmode.

N
HP,H
t QHP,H ≤ Q

HP,H
t ≤ N

HP,H
t Q

HP,H
(A.16)

N
HP,H
t ≤ U

HP,H
t NHP (A.17)

PHPt = Q
HP,H
t

/

COPHP,H+U
HP,H
t N

HP,H
t PHP,H,AU

(A.18)

2) CONVENTIONAL WATER-COOLED CHILLER

Eq. (A.19) restrains the maximum and minimum cooling

powers of conventional water-cooled chillers. And the oper-

ating number of the units is limited by Eq. (A.20).

NWC
t QWC ≤ QWC

t ≤ NWC
t Q

WC
(A.19)

NWC
t ≤ NWC (A.20)

Eq. (A.21) describes the electric power consumption of

WCs, where COPWC is the COP of WC and PWC,AU is the

rated power of interlocked auxiliary equipment.

PWC
t = QWC

t

/

COPWC+NWC
t PHP,H,AU (A.21)

3) ICE-STORAGE SYSTEM

The ice-storage system contains several double-duty chillers

and one ice-storage tank. In addition, double-duty chiller

can operate in two modes, namely cooling mode and ice-

making mode [12]. The cooling power can be provided by

double-duty chillers and ice-storage tank, which is depicted

in Eq. (A.22).

Q
DC,C
t + QIT

t = QIS
t (A.22)

The cooling/ice-making power of double-duty chillers is

restrained within their allowed bounds by Eqs. (A.23) and

(A.24). The number of the units in cooling and ice-making

modes is also limited, as shown in Eqs. (A.25) and (A.26).

Eq. (A.27) depicts that the two modes of double-duty chillers

can’t work in parallel.

N
DC,C
t QDC,C ≤ Q

DC,C
t ≤ N

DC,C
t Q

DC,C
(A.23)

N
DC,I
t QDC,I ≤ Q

DC,I
t ≤ N

DC,I
t Q

DC,I
(A.24)

N
DC,C
t ≤ U

DC,C
t NDC (A.25)

N
DC,I
t ≤ U

DC,I
t NDC (A.26)

U
DC,C
t + U

DC,I
t ≤ 1 (A.27)

Eqs. (A.28) and (A.29) describe the charging or discharg-

ing behaviors of ice-storage tank and the stored energy limit,

where εIT is the heat loss rate of ice-storage tank. The cooling

power is restricted within the upper bound and is zero if

double-duty chillers are charging to the ice-storage tank,

which is shown in Eq. (A.30).

W IT
t =

(

1 − εIT
)

W IT
t−1 + Q

DC,I
t 1t − QIT

t 1t (A.28)

0 ≤ W IT
t ≤ M IT (A.29)

0 ≤ QIT
t ≤

(

1 − U
DC,I
t

)

Q
IT

(A.30)

The operating number constraints of CWPs in the ice-

storage system are described in Eqs. (A.31) and (A.32)

according to ‘‘one chiller one pump’’ and the cooling require-

ments of the system.

∑N IS,CWP

i=1
U

IS,CWP
t,i ≥ N

DC,C
t (A.31)

∑N IS,CWP

i=1
U

IS,CWP
t,i Q

IS,CWP
≥ QIS

t (A.32)

The consumed electric power of ice-storage system can

be calculated by Eq. (A.33), where COPDC,C and COPDC,I

denote the COP of double-duty chiller in cooling mode and

ice-making mode, respectively; PDC,C,AU and PDC,I,AU refer

to the rated powers of auxiliary equipment in cooling mode

and ice-making mode; PEP and PIS,CWP are the rated powers

of ethylene glycol pump (EP) and CWP in ice-storage system,

respectively.

PISt = Q
DC,C
t /COPDC,C+Q

DC,I
t /COPDC,I+N

DC,C
t PDC,C,AU

+N
DC,I
t PDC,I,AU+QIS

t P
EP

/Q
EP

+
∑N IS,CWP

i=1
U

IS,CWP
t,i PIS,CWP

(A.33)

4) ELECTRIC BOILER SYSTEM WITH ACCUMULATOR

The heating power of electric boiler system with accumulator

is the sum of heating power of electric boilers and hot-

water tanks, as shown in Eq. (A.34). The heating power of

electric boilers can be used for spacing heating and heating

storage, as indicated in Eq. (A.35). Eq. (A.36) restricts the

output power of electric boilers to be less than its limit, and

Eq. (A.37) describes the operating number limit of electric

boilers. The electric boilers and hot-water tanks can’t work

simultaneously, as shown in Eq. (A.38). Eq. (A.39) presents

the electric power consumption of electric boilers. Where

Q
EB,WT,H
t is the heating power of electric boiler system with

accumulator; ηEB is the efficiency of electric boiler; PEB,WP

is the rated power of auxiliary circulating water pump.

Q
EB,WT,H
t = Q

EB,H
t + QHT

t (A.34)

QEB
t = Q

EB,H
t + Q

EB,S
t (A.35)

0 ≤ QEB
t ≤ NEB

t Q
EB

(A.36)

NEB
t ≤ UEB

t NEB (A.37)

UEB
t + U

HT

t ≤ 1 (A.38)

PEBt = QEB
t

/

ηEB + NEB
t P

EB,WP
(A.39)

The constraints of hot-water tanks are shown in Eqs.

(A.40)-(A.42). Eq. (A.40) describes the relationship between

the total stored heating energy and the charge/discharge

power. Eqs. (A.41) and (A.42) restrict the heating energy

stored in hot-water tanks and the heating power, respectively.

NHT represents the number of hot-water tanks. At the same

time, the interlocked water pumps (i.e., circulation water

pumps and supply water pumps) on both sides of the plate
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heat exchanger should meet the heating requirement of elec-

tric boiler system and they will consume electric power,

which can be seen in Eqs. (A.43) and (A.44), where PHWP,C

and PHWP,S are the rated powers of circulation water pump

and supply water pump, respectively.

WHT
t =

(

1−εWT
)

WHT
t−1 + Q

EB,S
t 1t − QHT

t 1t

(A.40)

0 ≤ WHT
t ≤ NHTW

HT
(A.41)

0 ≤ QHT
t ≤UHT

t NHTQ
HT

(A.42)
∑NHWP

i=1
UHWP
t,i Q

HWP
≥ Q

EB,H
t + QHT

t (A.43)

PHWP
t =

∑NHWP

i=1
UHWP
t,i (PHWP,C + PHWP,S) (A.44)

B. MODELLING OF GAS-DRIVEN DEVICES

1) GAS TURBINE

Gas turbine burns natural gas for power generation, and the

heat can be recovered by waste heat recovery device for space

heating and space cooling. This paper ignores the loss of heat

recovery device, and the relationship between electric power

PGTt , heating power HGT
t , and gas consumption power FGT

t

are shown in Eqs. (A.45) and (A.46) [41]. And the constraints

of output power and the operating number are presented in

Eqs. (A.47) and (A.48).

PGTt = ηGTFGT
t (A.45)

HGT
t = αGTPGTt (A.46)

0 ≤ PGTt ≤ NGT
t P

GT
(A.47)

NGT
t ≤ NGT (A.48)

where ηGT and αGT are the power generation efficiency and

heat-electricity ratio of gas turbine, respectively.

2) ABSORPTION CHILLER

Absorption chiller can convert heating to cooling, and the

relationship between consumed heating power QAC
t and out-

put cooling power HAC
t can be expressed by Eq. (A.49). The

absorbed heating power is less than the heating output of gas

turbine, as shown in Eq. (A.50). The cooling power and the

operating number of absorption chillers can’t exceed the limit

and installed number, which are depicted in Eq. (A.51) and

Eq. (A.52), respectively. COPAC is the COP of absorption

chiller. Similarly, the consumed energy of auxiliary devices is

ignored in this model due to its very little power consumption.

QAC
t = COPACHAC

t (A.49)

HAC
t ≤ HGT

t (A.50)

0 ≤ QAC
t ≤ NAC

t Q
AC

(A.51)

NAC
t ≤ NAC (A.52)

C. MODELLING OF PHOTOVOLTAIC SYSTEM

Regardless of the temperature influence, PV system is

assumed to produce electricity in proportion to solar radia-

tion, as illustrated in Eq. (A.53). An additional constraint is

essential to prevent the area of installed PV cells exceeding

the roof area, as described in Eq. (A.54).

PPVt =
It

ISTC
MPV (A.53)

MPV ≤ M
PV

(A.54)

where It is the solar radiation under actual operation; ISTC is

the solar radiation under standard test condition; and M
PV

is

the maximum installed capacity of PV system.

D. POWER BALANCE

The balance constraints of heating and cooling of the IEGS

are shown in Eq. (A.55) and Eq. (A.56) respectively, and the

electricity balance is described in Eq. (A.57). The purchasing

powers of electricity and gas power should not exceed the

maximum powers (see Eqs. (A.58) and (A.59)).

Q
HP,H
t +Q

EB,H
t +QHT

t +HGT = LHt (A.55)

Q
HP,C
t +QCT

t +QWC
t +QIS

t +QAC
t = LCt

PTLt + PPVt + PGTt = LEt +PHPt +PCTt +PWC
t

+PISt + PEBt + PHWP
t

(A.56)

PTLt ≤ PTL,max (A.57)

FGT
t ≤ FGT,max (A.58)
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