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Abstract——With the growing interdependence between the 
electricity system and the natural gas system, the operation un‐
certainties in either subsystem, such as wind fluctuations or 
component failures, could have a magnified impact on the reli‐
ability of the whole system due to energy interactions. A joint 
reserve scheduling model considering the cross-sectorial im‐
pacts of operation uncertainties is essential but still insufficient 
to guarantee the reliable operation of the integrated electricity 
and natural gas system (IEGS). Therefore, this paper proposes 
a day-ahead security-constrained unit commitment (SCUC) 
model for the IEGS to schedule the operation and reserve si‐
multaneously considering reliability requirements. Firstly, the 
multi-state models for generating units and gas wells are estab‐
lished. Based on the multi-state models, the expected unserved 
energy cost (EUEC) and the expected wind curtailment cost 
(EWC) criteria are proposed based on probabilistic methods 
considering wind fluctuation and random failures of compo‐
nents in IEGS. Furthermore, the EUEC and EWC criteria are 
incorporated into the day-ahead SCUC model, which is noncon‐
vex and mathematically reformulated into a solvable mixed-inte‐
ger second-order cone programming (MISOCP) problem. The 
proposed model is validated using an IEEE 30-bus system and 
Belgium 20-node natural gas system. Numerical results demon‐
strate that the proposed model can effectively schedule the ener‐
gy reserve to guarantee the reliable operation of the IEGS con‐
sidering the multiple uncertainties in different subsystems and 
the cross-sectorial failure propagation.

Index Terms——Integrated electricity and natural gas system 
(IEGS), natural gas reserve, electric reserve, expected unserved 
energy cost, expected wind curtailment, multi-state model, oper‐
ational reliability.

I. INTRODUCTION 

THE development of natural gas-fired generating units 
(NGUs) strengthens the interactions between power sys‐

tems and natural gas systems. The adjustable capacity of the 
natural gas system plays an important role in the operational 
reliability management for the integrated electricity and natu‐
ral gas system (IEGS). Specifically, resources with adjust‐
able potential in natural gas systems such as gas storages 
and line packs can significantly enhance the operational reli‐
ability of IEGS if scheduled properly [1] - [4]. Nevertheless, 
with improper scheduling or operating approaches, both 
wind power uncertainties and random failures in either pow‐
er systems or gas systems can significantly affect the reli‐
able operation of IEGS. For instance, a gas well outage may 
cause the interruption of gas supply for NGUs and further 
lead to load interruption in power systems. In August 2017, 
the disruptions of gas supplied to six NGUs in Tatan power 
plant caused a massive power blackout in Taiwan, China [5]. 
In August 2019, due to the sudden failure of an NGU and in‐
sufficient system reserves, there was a widespread frequency 
drop of the power system in England and Wales. The off‐
shore wind turbine generators (WTGs) that could not with‐
stand low frequency were largely off-grid, resulting in major 
power outages [6]. Therefore, it is necessary to simultaneous‐
ly schedule the reserves of power and natural gas systems to 
enhance the reliability for the entire system.

The reserve scheduling of the IEGS has been studied in 
some research. Reference [7] conducts the economic dis‐
patch model of an IEGS with deterministic reserve demand 
considering wind power and power-to-gas process. In [1], 
the deterministic reserve requirement is constrained in the 
power system when scheduling the IEGS. However, these de‐
terministic methods may be not reliable, because they ne‐
glect the variable impact of uncertainties in different subsys‐
tems at different times. In this context, the stochastic meth‐
ods can take different scenarios of failures and their probabil‐
ities into account when scheduling the energy reserve and 
operation for the IEGS. In [8], the proposed coordinated sto‐
chastic model incorporates the stochastic power system con‐
ditions considering random outages and forecasting errors in‐
to the security-constrained unit commitment (SCUC). Refer‐
ence [9] establishes a stochastic dispatch model for the 
IEGS based on its proposed security risk constraints to deter‐
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mine the reserve capacity. In [10], a risk-averse adjustable 
uncertainty set is proposed to describe the stochastic wind er‐
ror and is incorporated into the day-ahead scheduling to ar‐
range the reserve and operation for IEGS. Reference [11] al‐
so proposes a robust day-ahead dispatch model for the IEGS 
to manage reserve and operation considering renewable un‐
certainties and N - 1 contingencies in power systems. In 
[12], an SCUC model is proposed to dispatch the distributed 
gas storage considering possible N - k contingencies in pow‐
er systems. However, these research mainly focuses on the 
uncertainties in a single energy system. References [9] and 
[10] only consider the uncertainties of wind power. Referenc‐
es [8], [11], and [12] only consider the uncertainties in the 
power system. Therefore, the uncertainties of multiple com‐
ponents in different subsystems and possible failure propaga‐
tion due to energy interactions are not considered compre‐
hensively, which may lead to over-optimistic optimization re‐
sults. To solve the problem, this paper focuses on the impact 
of multi-type uncertainties in different subsystems and subse‐
quent failure propagation to conduct a stochastic optimal dis‐
patch for the energy reserve and operation of the IEGS.

The studies on the reliability-constrained reserve scheduling 
under multiple uncertainties have been carried out in a single 
energy system. Taking the power system as an example, the 
uncertainties in the power system include wind power uncer‐
tainty, probability of generating unit failure, and so on. In this 
context, the method based on probabilistic criteria has been de‐
veloped to quantify the operational reserve under multiple un‐
certainties. In [13], probabilistic criteria such as the expected 
unserved energy cost (EUEC) considering random failures of 
generating units are incorporated into the unit commitment 
model to determine the appropriate quantity of the up reserve 
(UR) for power systems. Moreover, with the increasing pene‐
tration of wind power, the down reserve (DR) is essential to 
cope with system imbalances, which is the reserve capacity for 
the sudden decrease of load demand or increase of renewable 
energy output [14], [15]. The EUEC has limited influences on 
the dispatch of the DR, and the DR is mainly constrained by 
the expected wind curtailment cost (EWC) criterion. In [15] -
[17], both the EUEC and the EWC are proposed to schedule 
the UR and the DR in power systems considering wind power 
uncertainties. However, these criteria neglect the random fail‐
ures of components in natural gas systems and are no longer 
suitable for the IEGS. On one hand, the contingencies in natu‐
ral gas systems directly challenge the operational reliability of 
the IEGS. On the other hand, they may break the bridge be‐
tween natural gas systems and power systems by reducing the 
gas supply of NGUs, and consequently lead to load shedding 
in power systems. Therefore, when considering the cross-sec‐
torial failure propagation, the previous methods may not be ap‐
plicable for the reserve scheduling of the IEGS. In this con‐
text, it is urgent to develop new probabilistic reliability criteria 
for co-optimizing the multi-energy reserve in the IEGS.

To formulate the probabilistic criteria considering uncer‐
tainties, it is essential to select reasonable models to charac‐
terize the operating states of components. The probabilistic 
criteria in the aforementioned researches are usually formu‐
lated utilizing two-state generating unit models, where the 

units can only be in well-functioning state or failure state. 
However, utilizing simple two-state models of generating 
units in reliability analysis may yield pessimistic appraisals 
[18]. Multi-state models have been utilized to characterize 
the output of WTGs and the random failure nature of gener‐
ating units and gas wells [19] - [21]. In [19], the multi-state 
model is utilized to describe the random failures of generat‐
ing units in a distributed generation system. In [20], simula‐
tion results show that the wind speed distribution can be dis‐
cretized into a multi-state model with reasonable accuracy 
for reliability analyses. Therefore, it is important to build 
novel reliability criteria considering the multi-state operating 
characteristics of components in IEGS.

This paper proposes a probabilistic method to schedule 
the operation and reserve simultaneously under the reliability 
criteria considering wind fluctuation and random component 
failures. Compared with the previous studies, the main con‐
tributions of the proposed model can be summarized as fol‐
lows.

1) A novel model is proposed to incorporate reliability cri‐
teria into the SCUC model of IEGS to schedule the electric 
reserve and the gas reserve simultaneously. The probabilistic 
reliability criteria for IEGS include the EUEC and the EWC, 
which are formulated considering cross-sectorial failure prop‐
agation.

2) The multi-state models of generating units and gas 
wells considering both DR and UR are proposed in this pa‐
per. The multi-state model can reflect the operation of com‐
ponents more precisely under partial fault conditions com‐
pared with the two-state model, where the units can only be 
in full functioning or failure state [18], [22].

3) The nonconvex constraints of natural gas systems are 
reformulated by the second-order cone (SOC) relaxation, 
which can be solved using the mixed-integer second-order 
cone programming (MISOCP) method. The MISOCP can ef‐
fectively solve the nonconvex natural gas flow equations 
with a limited relaxation error, and helps with the joint re‐
serve management of IEGS.

II. RESERVE SCHEDULING IN IEGS CONSIDERING FAILURE 
PROPAGATION 

A. Impacts of Random Failures in Natural Gas Systems on 
Power Systems

The reliable operation of the IEGS is threatened by multi‐
ple contingencies such as extreme weather [23], human error 
[5], and misoperation. With the developing coupling between 
subsystems of IEGS, the failure in one system may propa‐
gate to its interacted system [24]. Figure 1 illustrates the fail‐
ure propagation from natural gas systems to power systems 
and its impact on reserve scheduling.

The corresponding propagation steps are presented bellow.
Step 1: a contingency causes an initial failure of compo‐

nents in natural gas systems, and the natural gas generation 
may not satisfy the total gas demands.

Step 2: due to the shortage of natural gas, the gas sup‐
plied to NGUs is reduced or completely cut off.
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Step 3: because of the interruption of the gas supplied to 
NGUs, the electricity output of NGUs drops rapidly, result‐
ing in electric load shedding.

It can be observed that random failures in natural gas sys‐

tems could affect not only the reliable operation of natural 
gas systems but that of electricity systems. If the impact of 
the failure propagation is ignored, the scheduled energy re‐
serve is insufficient when actual failures occur, causing seri‐
ous consequences such as blackouts. Therefore, it is essen‐
tial to comprehensively consider the uncertainties in both 
subsystems and the failure propagation when scheduling the 
energy reserve for the IEGS.

B. Outline of This Paper for Reserve Scheduling

The outline for reserve scheduling of the IEGS is illustrat‐
ed in Fig. 2. A multi-state model is proposed at first to char‐
acterize the output and reserve capacity of components in 
Section III. Three types of reserve are considered in this pa‐
per, i. e., electric UR, electric DR, and gas reserve. More‐
over, two types of generating units are considered in this pa‐
per, i. e., WTG and fossil-fuel generating units (FGUs). In 
Fig. 2, kegn, kgwn, and kwn are the states of the FGU egn, gas 
well gwn, and WTG wn, respectively; Pegt, Pwt, and Pgwt are 
the generation powers of the FGU egn, gas well gwn, and 
WTG wn, respectively; and s is the operational state of the 
IEGS aggregated by the states of these components. These 
parameters are presented and utilized in the multi-state mod‐
el of components, i. e., constraints (1) - (6) in Section III. 
Based on the multi-state model of components, the reliabili‐
ty criteria are formulated considering the failure propagation.

In Section IV, the reliability criteria are incorporated into 
the SCUC model. Besides the reliability criteria, the optimal 
scheduling model for operation and reserve arrangement in 
IEGS satisfies power system constraints, natural gas system 
constraints, and gas storage constraints.

The proposed model is a nonconvex problem and Section 
V introduces the solution methodology for it. Section VI ana‐
lyzes the impact of failure in power systems on natural gas 
systems. Consequently, the energy reserve and operation can 
be scheduled under reliability criteria in Section VII. Section 
VIII concludes this paper.

III. PROBABILISTIC CRITERIA BASED ON MULTI-STATE 
MODELS 

A. Multi-state Model for FGUs and Gas Wells

The operating state of components in power systems or 
natural gas systems is usually characterized by two-state 
models. However, in reality, an operating component may be 
in an intermediate state between well-functioning and full 
failure. For instance, an FGU may generate the scheduled 
power but do not have sufficient dispatchable capacity. In 
these failure states, not only the operating power could 
change, but also the maximal dispatchable generating capaci‐
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Fig. 1.　Framework of failure propagation from natural gas systems to pow‐
er systems and its impact on reserve scheduling.
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ty (MADGC) and the minimal dispatchable generation capac‐
ity (MIDGC) would be affected, which has a pessimistic im‐
pact on the reliability of systems during real-time operation 
[25]. Therefore, multi-state models for the components in 
IEGS are introduced to describe the operating states in more 
details, especially partial failure.

Meanwhile, both the UR and the DR should be formulat‐
ed in the multi-state models. UR is the reserve capacity de‐
signed to provide an increased rate of generation. DR is the 
reserve capacity for the sudden decrease of load demand or 
increase of renewable energy output [15], [26]. With the 
high penetration of wind power, it is necessary to utilize the 
DR to cope with system imbalances. Therefore, a four-state 
model for FGUs and gas wells considering both the UR and 
the DR is shown in Fig. 3, where Rup

egt is the scheduled UR 
for FGU eg at interval t; Rdn

egt is the scheduled DR for FGU 
eg at interval t; and Regt is the scheduled generation for 
FGU eg at interval t.

In the well-functioning state, the MADGC is equal to the 
generation schedule plus the UR. The MIDGC is equal to 
the generation schedule minus the DR. In partial failure state 
1, the maximal generation level is inferior to the generation 
schedule plus the UR. The minimal generation level is inferi‐
or to the generation schedule minus the DR. It indicates that 
the FGU can satisfy the requirement of generation schedul‐
ing and provide sufficient DR, but cannot provide sufficient 
UR for the operational time period t. The MADGC should 
be equal to the maximal generation capacity in partial failure 
state 1. In partial failure state 2, the maximal generation lev‐
el is inferior to the scheduled generation. It indicates that the 
FGU can neither satisfy the generation scheduling require‐
ment nor provide sufficient UR during time period t for pow‐
er systems. The MADGC should be equal to the maximal 
generation level in partial failure state 2. Besides, the mini‐
mal generation level could be larger than the MADGC mi‐
nus the DR. It is possible that the FGU cannot provide suffi‐
cient DR during time period t. In the complete failure state, 
both the maximal and minimal generation levels are zero, 
and the generation output is also zero. Therefore, the 
MADGC and MIDGC under different states during the oper‐
ational time period t can be evaluated as:

P max s
egt =min{Pegt +Rup

egtP
max
eg (keg )} (1)

P min s
egt =max{Pegt -Rdn

egtP
min
eg (keg )} (2)

where P max
eg (keg ) and P min

eg (keg ) are the maximal and minimal 
generation capacities of the FGU eg in state keg, respectively.

Similar to the multi-state model of FGUs, the dispatchable 
generating capacity of a gas well gw for each state kgw dur‐
ing time period t can be evaluated as:

P s
gwt =min{PgwtP

max
gw (kgw )} (3)

where Pgwt is the scheduled generation of a gas well gw dur‐
ing time period t; and P max

gw (kgw ) is the maximal generation 
capacity of a gas well gw in state kgw. In this paper, we as‐
sume that gas wells do not provide UR or DR like fossil-fu‐
el FGUs.

B. Multi-state Models for Wind Power Output

Considering the fluctuation of wind speeds, the power out‐
put of WTGs is usually represented by multi-state models. It 
has been proven that the 6-state wind speed model can be 
utilized for reliability analysis with reasonable accuracy [20]. 
Generally, the wind speed for a WTG can be expressed as:

ì
í
î

Vwt (kw )= μwt + (kw - 3)(5δwt /3)

prwt (kw )= pr(Vwt (kw ))
    kw = 126 (4)

where μwt and δwt are the mean value and variance of wind 
speed distribution of WTG w during time period t, respec‐
tively; and Vwt (kw ) and prwt (kw ) are the wind speed and cor‐
responding probability of WTG w in state kw at time period 
t, respectively.

The power output of a WTG may vary continuously and 
intermittently from zero to the rated value depending on the 
wind speed at the wind farm. The output of a WTG can be 
determined from its power curve, which is a plot of output 
power against wind speed [27]. The mathematical expression 
for a typical power curve of a WTG can be expressed as:

Pwt (kw )=

ì

í

î

ï
ïï
ï
ï
ï

ï

ïï
ï
ï

ï

0           0 £Vwt (kw )<V ci
w V co

w <Vwt (kw )

P rate
w (Aw +BwVwt (kw )+CwV 2

wt (kw ))

             V ci
w £Vwt (kw )<V r

w

P rate
w      V r

w £Vwt (kw )£V co
w

(5)

where V ci
w , V co

w , and V r
w are the cut-in speed, cut-out speed, 

and rated speed of WTG w, respectively; and P rate
w  is the rat‐

ed power of WTG w when the wind speed is between the 
rated speed and cut-out speed. These parameters including 
Aw, Bw, and Cw can be found in [28]. Together with (4) and 
(5), the power output of WTGs can be discretized and ex‐
pressed with multi-state models.

C. Formulation of Reliability Constraints

The operational reliability of the IEGS is affected by un‐
certainties of components and the energy interaction between 
subsystems. In view of that, the reliability constraints of nat‐
ural gas systems are first established based on the multi-state 
model of gas wells. Furthermore, the reliability constraints 
of power systems are formulated with consideration of the 
failure propagation as well as the multi-state models of 
FGUs and WTGs.

Therefore, the reliability constraints of the IEGS are de‐
pended on the operational states of each FGU, WTG, and 
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Fig. 3.　Multi-state model for FGUs.
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gas well. The operational state of the IEGS is the state space 
aggregated by the states of these components. The power 
output of each FGU and gas well can be in different states 
during real-time operation. These states can be assembled to‐
gether to represent states of the IEGS as:

s =[keg1keg2...kegn...kgw1kgw2...kgwn...kw1kw2...kwn...]
(6)

For a specific state s of the IEGS, the probability is equal 
to the production of the probability of FGU states, gas well 
states, and WTG states.
1)　Formulation of Reliability Criteria in Natural Gas Sys‐
tems

The expected unserved natural gas cost (EUNG) in state s 
is equal to the total natural gas demand minus the total 
MADGC of the natural system. The total natural gas de‐
mand in EUNG excludes the gas supplied to NGUs. This is 
because operators always cut off gas supplied to NGUs first 
to ensure other natural gas loads as much as possible when 
the total natural gas demand exceeds the MADGC [1], [29]. 
Therefore, the EUNG considering different states during 
time period t can be evaluated as:

EUNGt =∑
sÎNS

(DGt -∑
gs

RGDgst -∑
gw

P s
gwt )ς

s
t ×

VOLLg × Dt∏
gw

pr s
gwt (7)

where DGt is the natural gas demand s during time period t; 
RGDgst is the releasing rate of a gas storage gs during time 
period t in contingencies; ς s

t  equals to 1 only when NGUs 
are completely cut off and there is still a shortage of natural 
gas; VOLLg is the penalty price of natural gas load shedding; 
pr s

gwt is the probability that the gas well gw is in state s dur‐
ing time period t; and NS is the set of different states.
2)　Formulation of Reliability Criteria in Power Systems 
Considering Failure Propagation

The reliability criteria in power systems include the ex‐
pected unserved electric load cost (EUEL) and the EWC. 
The EUEL in state s is equal to the total load demand minus 
the total MADGC of the power system and the total wind 
power output. Moreover, the operating state of NGUs close‐
ly interacts with the gas supplied to them. When a compo‐
nent in the natural gas system fails, the gas supplied to 
NGUs will be reduced. Consequently, the failure propagation 
could reduce the output of NUGs and have an impact on the 
EUEL. The EUEL considering different states during time 
period t can be evaluated as:

EUELt =∑
sÎNS

é

ë

ê
êê
êDEt - ∑

egÎCGU

P max s
egt -∑

w

Pwt -

ù

û

ú
úú
ú
ú
ú

max
ì
í
î

ïï
ïï

ü
ý
þ

ïï
ïï

0∑
egÎNGU

Pegt - ( )DGt -∑
gs

RGDgst -∑
gw

P s
gwt ηg2e ×

ξ s
t ×VOLLe × Dt∏

eg

pr s
egt∏

gw

pr s
gwt∏

w

pr s
wt

(8)

where DEt is the electrical demand during time period t; ηg2e 
is the conversion efficiency from gas to electricity; ξ s

t  is a bi‐
nary variable and equals to 1 if there is electricity load inter‐

ruption in state s during time period t; VOLLe is the penalty 
price of electricity load shedding; and pr s

egt and pr s
wt are the 

probabilities that the FGU eg and WTG w are in state s dur‐
ing time period t, respectively.

Equation (8) indicates that if the gas shortage is less than 
the gas supplied to NGUs, the power generation of NGUs 
will be reduced. Furthermore, if the gas shortage is greater 
than the gas supplied to NGUs, the gas supplied to NGUs 
will be completely cut off and NGUs cannot generate power.

Moreover, the EWC under state s is equal to the total 
wind power output plus the total MIDGC subtract the total 
load demand. The EWC considering different states during 
time period t can be evaluated as:

EWCt =∑
sÎNS(∑eg

P min s
egt +∑

w

Pwt -DEt ) ψ s
t ×VOLLw × Dt ×

∏
eg

pr s
egt∏

w

pr s
wt (9)

where ψ s
t  is a binary variable and equals to 1 if there exists 

wind curtailment in state s during time period t; and VOLLw 
is the potential loss price of the wind curtailment.

IV. FORMULATION OF PROBABILISTIC SCUC IN IEGS 

Based on the multi-state model of components in IEGS, 
the SCUC model considering the probabilistic constraints is 
proposed to schedule the generation, operating reserve of 
FGUs, and gas storage.

A. Objective Function

The objective of the probabilistic SCUC model is to mini‐
mize the operation cost of the IEGS, including the power 
system cost (the operation cost, reserve cost, startup cost, 
and shutdown cost of all FGUs) and natural gas system cost 
(generation cost of gas wells and operation cost of gas stor‐
age).

min f =∑
t
∑

eg

[ECeg (Pegtxegt ) +Rup
egt ×RC up

egt +Rdn
egt ×RC dn

egt ]+

∑
t
∑

eg

(SUeg × yegt + SDeg × zegt)+∑
t
∑

gw

ρgas Pgwt +

σgs∑
t
∑

gs

(GCgst +GDgst ) (10)

where ECeg is the operation cost of the FGU eg; Rup
egt and 

Rdn
egt are the UR and DR costs of the FGU eg during time pe‐

riod t, respectively; SUeg and SDeg are the startup and shut 
down costs of FGU eg, respectively; xegt, yegt, and zegt are 
binary variables and equal to 1 if the FGU eg is online, start 
up, and shut down at time period t, respectively; and ρgas 
and σgs are the price of natural gas and the operation cost of 
gas storage, respectively.

B. Constraints

The operation of the IEGS should be constrained by the 
power system constraints, natural gas system constraints, gas 
storage constraints, and the aforementioned reliability con‐
straints.
1)　Power System Constraints

The constraints for the operation of power systems in‐
clude the power balance constraint, the transmission line con‐

1498



HUI et al.: OPTIMAL ENERGY RESERVE SCHEDULING IN INTEGRATED ELECTRICITY AND GAS SYSTEMS CONSIDERING...

straint, the phase angle constraint, and the operation con‐
straints of FGUs.

The power balance at each bus can be expressed as:

∑
iÎN( )∑

egÎNGi

Pegt + ∑
wÎNWi

Pwt - ∑
dÎNLi

DGdt -∑
jÎ ϕi

Bij (θ it - θjt )= 0

(11)

where NGi, NWi, and NLi are the sets of FGUs, WTGs, and 
loads at bus i, respectively; Bij is the admittance of the trans‐
mission line between bus i and bus j; and θit is the phase an‐
gle of bus voltage at bus i during time period t.

The power flow between bus i and bus j can be evaluated 
as:

| Bij (θ it - θjt ) | £ | F max
ij | (12)

where F max
ij  is the maximal power flow of the transmission 

line between bus i and bus j.
The phase angle at each bus should be constrained by:

θmin £ θit £ θ
max (13)

where θmax and θmin are the maximal and minimal phase an‐
gles of bus voltage, respectively.

Moreover, the constraints for the operation of FGUs in‐
clude the output limits in (14), reserve limits in (15), ramp‐
ing constraints in (16), minimal online and offline time peri‐
ods limits in (17) and (18), and binary variable functions 
in (19).

P min
eg xegt £Pegt £P max

eg xegt (14)

ì
í
î

Rup
egt £ xegt ×min{P max

eg -Pegtr
+
eg }

Rdn
egt £ xegt ×min{Pegt -P min

eg r -
eg }

(15)

ì
í
î

ïï

ïï

Pegt -Pegt - 1 £ r +
eg [1 - xegt (1 - xegt - 1 )]

Pegt - 1 -Pegt £ r -
eg [1 - xegt - 1 (1 - xegt )]

(16)

ì

í

î

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

∑
t = 1

T up
eg

(1 - xegt ) = 0

∑
τ = t

t + T on
eg - 1

xegτ ³ T on
eg (xegt - xegt - 1 )    tÎ[T up

eg + 1T - T on
eg + 1]

∑
τ = t

T

[xegτ - (xegt - xegt - 1 )] ³ 0       tÎ[T - T on
eg + 2T]

(17)

ì

í

î

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

∑
t = 1

T dn
eg

xegt = 0

∑
τ = t

t + T off
eg - 1

(1 - xegτ ) ³ T off
eg (xegt - 1 - xegt )    tÎ[T dn

eg + 1T - T off
eg + 1]

∑
τ = t

T

[1 - xegτ - (xegt - 1 - xegt )] ³ 0            tÎ[T - T off
eg + 2T]

(18)

ì
í
î

ïï yegt - zegt = xegt + 1 - xegt

yegt + zegt £ 1
(19)

where P max
eg  and P min

eg  are the maximal and minimal genera‐
tion capacities of FGU eg, respectively; r +

eg and r -
eg are the 

up and down ramping rates of FGU eg, respectively; T up
eg  

and T dn
eg  are the initial times of startup and shutdown of FGU 

eg, respectively; and T on
eg  and T off

eg  are the minimal online and 
offline time periods of FGU eg, respectively.
2)　Natural Gas System Constraints

The components of natural gas networks are similar to 
those of power systems in IEGS, which consists of the gas 
flow balance constraint, the pipeline flow constraints, nodal 
gas pressure constraint, and gas well generation limits.

The nodal gas flow balance can be expressed as:∑
gwÎGWm

Pgwt -DGmt - ∑
egÎNGUm

Pegt /ηg2e -

∑
nÎ ϕm

GFmnt + ∑
gsÎGSm

(GDgst -GCgst )= 0 (20)

where GWm, NGUm, and GSm are the sets of gas wells, 
NGUs, and gas storages at bus m, respectively; DGmt is the 
natural gas demand at bus m during time period t; GFmnt is 
the gas flow of pipeline between node m and node n at time 
period t; and GCgst and GDgst is the storing and releasing 
rates of a gas storage gs during time period t, respectively.

The pipeline flow GFmnt can be expressed as:
sgn(GFmnt )×GF 2

mnt =C 2
mn (π 2

mt - π
2
nt ) (21)

sgn(GFmnt )= sgn(πmtπnt )=
ì
í
î

1       πmt > πnt

-1    πmt < πnt
(22)

|GFmnt | £GF max
mn (23)

where πm is the nodal gas pressure at node m; and GF max
mn  is 

the maximal gas flow of pipeline between node m and 
node n.

The nodal gas pressure should be constrained by:

πmin
m £ πmt £ π

max
m (24)

where πmin
m  and πmax

m  are the minimal and maximal gas pres‐
sures at node m, respectively.

Moreover, the output of gas wells can be limited by:

P min
gw £Pgwt £P max

gw (25)

where P min
gw  and P max

gw  are the minimal and maximal genera‐
tions of a gas well gw, respectively.
3)　Natural Gas Storage Constraints

The natural gas storage constraints include the storing rate 
limits of gas storage in (26), the releasing rate limits of gas 
storage in (27), and the gas storage limits in (28). Equation 
(29) denotes the amount of natural gas been stored during 
time period t. Equation (30) denotes that the gas storage at 
the final hour should be equal to that of the initial hour.

0 £GCgst £GC max
gs (26)

0 £GDgst £GDmax
gs (27)

SGmin
gs £ SGgst £ SGmax

gs (28)

SGgst = SGgst - 1 + η
c
gs ×GCgst -GDgst /η

d
gs (29)

SGgs0 = SGgsNT (30)

where GC max
gs  and GDmax

gs  are the maximal storing and releas‐
ing rate of gas storage gs, respectively; SGgst is the current 
level of a gas storage gs during time period t; SGmin

gs  and 
SGmax

gs  are the minimal and maximal gas capacities of gas 
storage gs, respectively; and ηc

gs and ηd
gs are the storing and 
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releasing efficiencies, respectively.
The natural gas storage provides IEGS with adjustable 

supply or demand when there is a deficit or surplus of natu‐
ral gas production. In accordance with the electric reserves, 
the gas reserves can consist of two directions of reserves, 
i.e., gas UR and gas DR [30]. In this paper, the two direc‐
tions of gas reserves are provided by gas storages. Specifical‐
ly, gas UR is the gas releasing process of gas storages for 
the increase of gas load demand. Gas DR is the gas storing 
process of gas storages for the decrease of gas load demand. 
Equations (31)-(33) represent the gas reserve limits.

{0 £RGDgst £GDmax
gs

0 £RGCgst £GC max
gs

(31)

ì
í
î

SGr1
gst = SGgst - 1 -RGDgst /η

d
gs

SGr2
gst = SGgst - 1 + η

c
gs ×RGCgst

(32)

{SGmin
gs £ SGr1

gst £ SGmax
gs

SGmin
gs £ SGr2

gst £ SGmax
gs

(33)

where RGCgst and RGDgst are the gas DR and UR capacities 
of gas storage gs, respectively; and SGr1

gst and SGr2
gst are the 

levels of gas storage gs after providing the gas DR and UR, 
respectively.
4)　Unserved Energy and Wind Power Curtailment Con‐
straints

The energy supplied by the IEGS consists of natural gas 
energy and electricity energy. Therefore, the EUEC in IEGS 
is equal to the sum of the EUNG in (7) and the EUEL in 
(8). Considering the reliability requirements, the EUEC in 
IEGS should be constrained by a certain value in (35), and 
the EWC in power systems is constrained by (36).

EUNGt +EUELt =EUECt (34)

EUECt £EUEC max
t (35)

EWCt £EWC max
t (36)

where EUEC max
t  and EWC max

t  are the set maximum values of 
the EUEC and the EWC during time period t, respectively.

V. SOLUTION METHODOLOGY 

The proposed model is a mixed-integer nonlinear optimiza‐
tion problem since there are nonconvex items in (1)-(9) and 
(21)-(23). In order to find out the global optimal solution of 
the problem, the big-M linearization method and the SOC re‐
laxation are utilized to convert the problem into an 
MISOCP. The piecewise constraints (1)-(9) are reformed into 
linear constraints by the big-M linearization method, and the 
nonconvex constraints (21)-(23) are relaxed to standard SOC 
constraints.

A. Big-M Linearization Method

The big-M linearization method is used to reformulate the 
piecewise constraints (1)-(9) into linear expressions. For in‐
stance, the minimum function in (1) should be eliminated 
and replaced by linear expressions. Assume that:

RCegt (keg )= (P max
eg (keg )-Pegt -Rup

egt )γegt (keg ) (37)

where γegt (keg ) is a binary variable defined as:

γegt (keg )=
ì
í
î

ïï

ïï

1    0 £P max
eg (keg )-Pegt -Rup

egt

0    0 >P max
eg (keg )-Pegt -Rup

egt

(38)

Therefore, the minimum function in (1) can be replaced 
with:

P max s
egt =min{Pegt +Rup

egtP
max
eg (keg )} =

P max
eg (keg )- (P max

eg (keg )-Pegt -Rup
egt )γegt (keg )=

P max
eg (keg )-RCegt (keg ) (39)

Equation (37) contains items that are the products of con‐
tinuous and binary variables, which can be replaced with:

(P max
eg (keg )-Pegt -Rup

egt )/M £ γegt (keg ) (40)

γegt (keg )£ 1 + (P max
eg (keg )-Pegt -Rup

egt )/M (41)

-Mγegt (keg )£RCegt (keg )£Mγegt (keg ) (42)

P max
eg (keg )-Pegt -Rup

egt -M (1 - γegt (keg ))£RCegt (keg ) (43)

RCegt (keg )£P max
eg (keg )-Pegt -Rup

egt +M (1 - γegt (keg )) (44)

where M is a very big positive number.
Using the same method, the minimum function in (3) and 

the maximum functions in (2) and (8) can be linearized. 
Constraints (7)-(9) which also contain the items that are the 
products of continuous and binary variables can be linear‐
ized by similar methods in (40)-(44).

B. SOC Relaxation

The nonconvex constraints (21)-(23) need to be relaxed in‐
to standard SOC constraints. Equations (21)-(23) can be re‐
formulated as (45) - (48) with newly introduced binary inte‐
gers instead of the sign function:

GF 2
mnt = (I +

mnt - I -
mnt )C

2
mn (π 2

mt - π
2
nt ) (45)

I +
mnt + I -

mnt = 1 (46)

- (1 - I +
mnt )×GF max

mn £GFmnt £(1 - I -
mnt )×GF max

mn (47)

(1 - I +
mnt )π

2
mmin £ π

2
mt - π

2
nt £(1 - I -

mnt )π
2
nmax (48)

where I +
mnt and I -

mnt are binary variables equal to 1 if the gas 
flow is from node m to node n and from node n to node m 
during time period t, respectively.

Equation (45) is further relaxed to (50) with the new ancil‐
lary variable γmnt.

γmnt = (I +
mnt - I -

mnt )(π
2
mt - π

2
nt ) (49)

γmntCmn ³GF 2
mnt (50)

Constraint (50) is a standard SOC constraint that can be 
solved using the SOC programming method. Equation (49) 
can be linearized in similar methods in (40)-(44) to (51)-(54).

γmnt ³ π
2
n - π

2
m + (π 2

mmin - π
2
nmax )(I +

mnt - I -
mnt + 1) (51)

γmnt ³ π
2
m - π

2
n + (π 2

mmax - π
2
nmin )(I +

mnt - I -
mnt - 1) (52)

γmnt £ π
2
n - π

2
m + (π 2

mmax - π
2
nmin )(I +

mnt - I -
mnt + 1) (53)

γmnt £ π
2
m - π

2
n + (π 2

mmin - π
2
nmax )(I +

mnt - I -
mnt - 1) (54)

So far, the nonconvex constraints of the proposed model 
are reformulated by linear simplification and SOC relax‐
ation. Now, the model only has linear constraints and stan‐
dard SOC inequalities, which can be solved using the 
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MISOCP method.
The architecture of the proposed SCUC model considering 

the reliability requirements and its reformulation methods is 
shown in Fig. 4. In reliability constraints, a multi-state mod‐
el is proposed at first to characterize the wind fluctuation 
and uncertainties of components in natural gas systems and 
power systems. Based on the multi-state model, the reliabili‐
ty criteria are formulated considering the failure propagation. 
Incorporating the reliability constraints with the basic opera‐
tion constraints of the IEGS constitutes the proposed SCUC 
model. Furthermore, the solution methodology in this section 
reformulates the proposed model into a solvable MISOCP 
problem.

VI. IMPACT ANALYSIS OF FAILURES IN POWER SYSTEMS ON 
NATURAL GAS SYSTEMS 

The impacts of random failures in natural gas systems on 
power systems are analyzed and considered in Sections II 
and III. However, random failures in power systems can also 
affect the reliable operation of natural gas systems. Compo‐
nents such as gas wells in natural gas systems may consume 
electric power from power systems to maintain the normal 
operation. If the power system cuts off the electricity supply 
to these components in contingencies, the reliable operation 
of natural gas systems is further at risk. In this context, the 
energy reserve in both subsystems should corporate to main‐
tain the reliable operation of the IEGS.

In this section, the reliability criteria of power systems are 
formulated at first. Then, the reliability analysis of natural 
gas systems considering the impacts of power systems is pre‐
sented.

A. Reliability Analysis of Power Systems

In this section, the power supply of gas wells is provided 

by power systems and is regarded as an electric load in pow‐
er systems. The electricity consumption of gas wells has a 
positive relationship with the amount of gas production, 
which can be modeled as:

DEgwt = ηg2e Pgwt (55)

where DEgwt is the electricity consumption of gas well gw 
during time period t.

Moreover, the gas production of gas wells closely inter‐
acts with the electric power supplied to them. In order to en‐
sure the reliable operation of NGUs, the power supplied to 
gas wells is guaranteed at first in contingencies. In this con‐
text, the electric power to gas wells will be reduced or cut 
off only when the electric load curtailment exceeds the sum‐
mation of electric loads except the summation of electric 
power to gas wells as shown in (56).

DEt -∑
eg

P maxs
egt -∑

w

Pwt >DEt -∑
gw

DEgwt (56)

Therefore, the EUEL in state s is equal to the total load 
demand minus the total MADGC of the power system and 
the total wind power output. When the electric load curtail‐
ment exceeds the summation of electric loads except the 
summation of electric power to gas wells, the EUEC reaches 
its maximum value. The EUEL considering different states 
during time period t can be evaluated as:

EUELt =∑
sÎNS

é

ë

ê
êê
ê ù

û

ú
úú
úDEt -max ( )∑

eg

P maxs
egt +∑

w

Pwt ∑
gw

DEgwt ×

ξ s
t ×VOLLe × Dt∏

eg

pr s
egt∏

gw

pr s
gwt∏

w

pr s
wt (57)

B. Reliability Analysis of Natural Gas Systems Considering 
Impacts of Power Systems

The EUNG in state s is equal to the total natural gas de‐
mand minus the total MADGC of the natural system. More‐
over, the operating state of gas wells closely interacts with 
the electric power supplied to them. When interruptions re‐
duce the electric power supplied to gas wells, the gas genera‐
tion will reduce. Consequently, the failure propagation could 
reduce gas production and have an impact on the EUNG. 
Therefore, the EUNG considering different states during 
time period t can be evaluated as:

EUNGt =∑
sÎNS

é

ë

ê
êê
êDGt + ∑

egÎNGU

Pegt /ηg2e -∑
gs

RGDgst -

ù

û

ú
úú
ú
ú
ú

min ( )∑
gw

P s
gwt ( )∑

eg

P maxs
egt +∑

w

Pwt ηg2e ×

ς s
t ×VOLLg × Dt∏

eg

pr s
egt∏

gw

pr s
gwt∏

w

pr s
wt (58)

VII. CASE STUDY 

The proposed model is validated using a 30-bus 20-node 
IEGS shown in Fig. 5. The system consists of an IEEE 30-
bus system and a Belgium 20-node natural gas system. In 
the test system, except for NGUs and WTGs, all other gener‐
ating units are coal-fired generating units (CGUs). The se‐
lected wind farm from [15] is connected to node B8. The 
ramping rates, the minimum up and down time of NGUs 

Relax and reformulate

Big-M linearization: (1) to (39)-(44)

SOC relaxation: (20)-(23) to (46)-(48), (50)-(54)

IEGS energy reserve and operation scheduling solutions

MISOCP

Objective function: (10) 

s.t.

Basic operation constraints:

Power system: (11)-(19)

Natural gas system: (20)-(25) 

Natural gas storage: (26)-(33)

Reliability constraints:

Electricity uncertainties: (1), (2)

Natural gas uncertainties: (3) 

Wind fluctuation: (4), (5)

Stochastic scenarios

 represented by (6)

Natural gas system: (7), (34)-(36) Considering 

failure propagationPower system: (8), (9), (34)-(36) ^

Fig. 4.　Architecture of proposed SCUC model considering reliability re‐
quirements.
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and CGUs, generation cost coefficients, electricity load 
curve, and gas demand are taken from [12]. The electricity 
load shedding cost is set to be 1000 $/MWh. The natural gas 
load shedding cost is set to be 240 $/kcf [31]. The wind cur‐
tailment is set to be 200 $/MWh [9]. The initial gas storage 
and the maximal natural gas storage in natural gas systems 
are 600 kcf and 1200 kcf, respectively. The maximal charg‐
ing rate and discharging rate for the natural gas storage sys‐
tem are set to be 600 kcf/h. The conversion ratio from natu‐
ral gas to electricity is set to be 0.24 MWh/kcf for all 
NGUs. The multi-state models of NGUs and CGUs includ‐
ing their performance rates and corresponding probabilities 
are taken from [18]. The multi-state models of gas wells in‐
cluding their performance rates and corresponding probabili‐
ties are taken from [22]. The gas price is set to be 5 $/kcf. 
The reserve price for CGUs is set to be 50 $/MW. The oper‐
ation cost of gas storage is set to be 0.5 $/(kcf/h) [12]. In or‐
der to better characterize the impact of natural gas system 
failures and power system failures on the IEGS system, the 
failure probability of components in the power system and 
natural gas system has been adjusted to some extent. The 
failure probability of components in the power system is set 
to increase linearly within a day. The highest probability at 
the end of the day is twice the lowest probability at the be‐
ginning of the day. The failure probability of components in 
the natural gas system is set to decrease linearly within a 
day. The highest probability at the beginning of the day is 
twice the lowest probability at the end of the day.
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Natural gas well; Natural gas vent; Wind farm
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Gas storageElectrical load; Natural gas node;

Natural-gas-fired unitG

Fig. 5.　Diagram of 30-bus 20-node IEGS.

To illustrate the effectiveness of the proposed technique, 
three cases are conducted. Case 1 is to investigate the im‐
pacts of reliability criteria on the energy reserve scheduling 
results. Case 2 is to analyze the impacts of uncertainties in 
subsystem and the failure propagation on the reserve schedul‐
ing of the IEGS. Case 3 is to analyze the impact of failures 
in power systems on natural gas systems.

A. Case 1: Effectiveness of EUEC and EWC Criteria

In this case, in order to investigate the impacts of reliabili‐
ty criteria on the energy reserve scheduling results, two sce‐
narios are presented based on the proposed SCUC model.

In Scenario I, the upper bound of the EUEC, i.e., 
EUEC max

t  in (35), is changed to show how it varies with the 
UR and the gas storage scheduling.

In Scenario II, the upper bound of the EWC, i.e., EWC max
t  

in (36), is changed to show how it varies with the DR sched‐
uling.

Figure 6 shows the results of Scenario I. The arranged UR 
capacity and the arranged gas storage capacity increase with 
the decrease of the EUEC. As the average hourly EUEC de‐
creases from $20000 to $15000, the scheduled gas storage 
increases, while the scheduled UR capacity hardly increases. 
On one hand, the operating cost of gas storage (0.5 $/(kcf·
hour)) is less than the cost of the UR (averagely 50 $/
MWh). On the other hand, the proposed model can optimize 
the generation scheduling of units at first without arranging 
the UR. For instance, an event distribution of the scheduled 
power among generating units can reduce the EUEC in N - 1 
contingencies. As the average hourly EUEC decreases from 
$15000 to $5000, both the gas storage and the UR increase 
to guarantee the reliable operation of the IEGS. As the 
EUEC continues to decrease from $5000, the scheduled UR 
increase, while the gas storage has reached the maximum of 
around 1200 kcf and cannot continue to increase.

Figure 7 shows the results of Scenario II. The arranged 
DR capacity increases with the decrease of the EWC. The 
scheduled gas storage capacity is less affected by the EWC. 
The limited impact of the gas storage capacity on the EWC 
is that the gas storage may maintain a margin for possible 
surplus gas. Especially when NGUs provide the DR and re‐
duce their gas demand in contingencies, natural gas will be 
redundant.
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Fig. 6.　Relationships between EUEC and energy reserve in Scenario Ⅰ. (a) 
Average hourly EUEC for different scheduled UR capacities. (b) Average 
hourly EUEC for different scheduled gas storage capacities.
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In general, the proposed model can effectively schedule 
the UR, the DR, and the gas storage with the proposed mod‐
el and reliability criteria. The arranged UR capacity and the 
arranged gas storage capacity increase with the decrease of 
the EUEC, and the arranged DR capacity increases with the 
decrease of the EWC.

B. Case 2: Effectiveness of Proposed Model

In this case, four scenarios are presented to illustrate the 
impact of uncertainties in different subsystems and failure 
propagation on the operational reliability of the IEGS.

1) Scenario I: a deterministic unit commitment (DUC) is 
conducted in this scenario. The UR and DR capacity require‐
ments are set according to a deterministic value. Uncertain‐
ties in natural gas systems and their impacts on power sys‐
tems are not considered.

2) Scenario II: uncertainties in natural gas systems and 
their impacts on power systems are not considered in the for‐

mulation of reliability criteria. Based on the reliability crite‐
ria in power systems, an SCUC is conducted.

3) Scenario III: uncertainties in both subsystems are con‐
sidered but failure propagation is neglected in the formula‐
tion of reliability criteria, which means NGUs in this scenar‐
io always obtain a stable gas supply. Based on the reliability 
criteria without consideration of the failure propagation, an 
SCUC is conducted.

4) Scenario IV: uncertainties in both subsystems and the 
failure propagation are considered in the formulation of reli‐
ability criteria. NGUs in this scenario may be cut off due to 
random failures in natural gas systems. Based on the pro‐
posed reliability criteria, an SCUC is conducted.

In Scenario I, the DR requirement for wind power is set 
as 50% of the stochastic wind forecasting error. The UR for 
energy shortage is set as 15% of the electricity load. In Sce‐
narios II, the upper bounds of reliability criteria, i.e., 
EUEC max

t  and EWC max
t , are set according to the total DR and 

UR capacity in Scenario I for comparison. In Scenarios III 
and IV, the reliability constraints are the same as those in 
Scenario II for comparison. All four scenarios are run using 
CPLEX 12.5 under MATLAB on a Windows-based PC with 
four threads clocking at 2.40 GHz and 8 GB RAM.
1) Impact of Random Failures in Natural Gas Systems on 
Reliability

By comparing scheduling results of Scenarios II and III, it 
can be concluded that random failures in natural gas systems 
have a considerable impact on the operational reliability of 
the IEGS. After considering the failure of the natural gas sys‐
tem, the average hourly EUEC is reduced from $17258.2 to 
$1510.2, a reduction of 90% as shown in Table I. The rea‐
sons mainly include the following three aspects.

1) In order to reduce the possible natural gas load shed‐
ding caused by random failures in natural gas systems, the 
natural gas storage increases and always maintains at a high 
level as shown in Fig. 8. The average hourly gas storage in‐
creases from 604.7 kcf to 1124.1 kcf, an increase of 85.9%. 
The sufficient gas reserve minimizes the loss of the natural 
gas load shedding and improves the reliability of the IEGS 
directly.

2) From the EUEC criteria in (34), it can be observed that 
the power system could increase the UR for the operational 
reliability of the integrated system. As shown in Table I, the 
daily UR capacity in the power system increases from 
1546.5 MW to 1689.8 MW, an increase of 9.3%. Especially 

when the probability of random failures in natural gas sys‐
tems is high, more UR is arranged in power systems. As 
shown in Fig. 9, from the 1st hour to the 8th hour, during 
which the probability of random failures in natural gas sys‐
tems is high, the scheduled UR in Scenario III is evidently 
more than that in Scenario II, resulting in the reduction of 
the possible failure loss of the IEGS.

3) The generation proportion of NGUs and CGUs is more 
balanced in Scenario III. As shown in Fig. 10, Scenario III 
increases the generation of CGUs and decreases that of the 
NGUs. Consequently, the IEGS’s demand for natural gas is 
reduced and the possible natural gas load shedding in contin‐
gencies also decreases.
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Fig. 7.　Relationships between EWC and energy reserve in Scenario Ⅱ. (a) 
Average hourly EWC for different scheduled DR capacities. (b) Average 
hourly EWC for different scheduled gas storage capacities.

TABLE Ⅰ
OPERATION SCHEDULING RESULTS OF DIFFERENT MODELS IN CASE 2

Scenario

I

II

III

IV

Problem scales

Number 
of binary 
variables

456

1344

1632

1920

Number of 
continuous 

variables

4104

5760

6048

6336

Number of 
quadratic 
constraints

456

456

456

456

Number of 
constraints

7786

10570

12298

14026

Computing 
time (s)

1.55

95.23

150.81

205.00

Scheduled results

Total 
cost ($)

1057401

1075988

1095814

1106375

Daily UR 
capacity 

(WM)

1546.0

1546.5

1689.8

1836.0

Daily DR 
capacity 

(WM)

103.9

103.8

103.8

103.8

Average 
hourly 

gas stor‐
age (kcf)

604.7

604.7

1124.1

1124.1

Average 
hourly 

EUEC ($)

25591.5

17258.2

1510.2

1123.4

Average 
hourly 

EWC ($)

1052.4

808.7

808.7

808.7
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2) Impact of Failure Propagation on Reliability
By comparing the scheduling results of Scenario III, and 

Scenario IV, it can be concluded that the failure propagation 
affects the operational reliability of the IEGS. With consider‐
ation of the failure propagation, the average hourly EUEC is 
reduced from $1510.2 to $1123.4, a reduction of 25.6% as 
shown in Table I. The daily UR capacity increases from 
1689.8 MW to 1836.0 MW, an increase of 8.7%. It indicates 
that when considering the failure propagation, the energy 
supply of NGUs may be cut off in contingencies, resulting 
in the increase of the UR in power systems. Especially in 
the time when the failure probability of components in the 
natural gas system is high or the natural gas reserve is insuf‐

ficient, Scenario IV schedules more UR. As shown in Fig. 
11, from the 1st hour to the 8th hour, Scenario IV schedules 
significantly more UR compared with Scenario III. More‐
over, in the first and last periods of scheduling, when the nat‐
ural gas storage is not high, Scenario IV arranges additional 
UR.

3) Problem Scales and Computing Time
Table I shows that the number of continuous variables, 

continuous variables, and constraints increases, as the uncer‐
tainties considered in Scenario I to Scenario IV increase. 
The enlargement of the problem scale is caused by reliabili‐
ty criteria considering random failures in natural gas systems 
and failure propagation. The computing time also increases 
with the enlargement of the problem scale.

It can be concluded that scheduling the reserve capacity 
without considering the random failures in natural gas sys‐
tems and the failure propagation may contribute to low oper‐
ational reliability. Therefore, the proposed approach can 
schedule the operation and reserve for IEGS effectively with 
high operational reliability.

C. Case 3: Impact of Failures in Power Systems on Natural 
Gas Systems

In order to illustrate the impact of failures in power sys‐
tems on natural gas systems, a new case (Case 3) is devel‐
oped in the case study, where two scenarios are presented to 
illustrate the impact of failures in power systems on natural 
gas systems.

1) Scenario I: uncertainties in both subsystems are consid‐
ered but failure propagation is neglected in the reliability cri‐
teria, which means NGUs in this scenario always obtain a 
stable gas supply. Based on the reliability criteria without 
consideration of the impact of failures in power systems on 
natural gas systems, an SCUC is conducted. This scenario is 
the same as Scenario III in Case 2.

3) Scenario II: uncertainties in both subsystems and the 
impact of failures in power systems on natural gas systems 
are considered in the reliability criteria. Gas wells in this sce‐
nario are regarded as electric loads in power systems and 
may be cut off due to random failures in power systems. 
Based on the reliability criteria considering the impact of 
failures in power systems on natural gas systems, an SCUC 
is conducted.
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In Scenarios I and II, the reliability constraints are the 
same for comparison.

By comparing the scheduling results of Scenarios I and II, 
it can be concluded that the random failures in power sys‐
tems can also affect the natural gas systems. As shown in Ta‐
ble II, with consideration of the impacts of power systems 
on natural gas systems, the daily UR capacity increases from 
1689.8 MW to 1708.4 MW, an increase of 1.1%. The aver‐
age hourly EUEC is reduced from $1510.2 to $1123.4, a re‐
duction of 2.3%.

VIII. CONCLUSION

The coupling of electricity and natural gas systems leads 
to the fact that uncertainties in any system may affect the re‐
liable operation of the integrated system. The blackouts in 
Taiwan, China and other accidents indicated that failure in 
arranging the energy reserve considering energy interactions 
may result in major power outages. Therefore, this paper pro‐
poses a probabilistic method to schedule operation and re‐
serve resources simultaneously and related operational reli‐
ability criteria. The proposed reliability criteria take a com‐
prehensive consideration of the operational uncertainties in 
IEGS, including wind fluctuation, random failures of multi-
state components, and failure propagation across the sys‐
tems. Case studies show that the proposed technique can ef‐
fectively schedule the operation and energy reserve of IEGS 
considering reliability requirements. The scheduled energy re‐
serve capacities in both systems are higher compared with 
conventional approaches, when components in natural gas 
systems may fail. In general, with the developing interdepen‐
dence between the electricity system and the natural gas sys‐
tem, this research is useful for guiding the operation and en‐
ergy reserve arrangement for IEGS in the future smart grid.
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