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ABSTRACT Under the background of dual-carbon goal, renewable energy-oriented power system and
integrated energy are the trends of energy system. In order to cope with the uncertainty and volatility of
renewable energy output, gas-fired unit can serve as a superior peak-regulation source to effectively solve the
supply-demand mismatch problem. Nevertheless, rotor loss of gas-fired unit in the peak-regulation process
weakens the operation performance and increases the practical cost of providing peak-regulation service.
There is security risk of gas-fired unit in the peak-regulation process, especially during deep peak-regulation
and startup/shutdown process, which leads to deficiency in the willingness to provide peak-regulation ser-
vice. In this context, an optimal schedulingmodel of integrated electricity and gas system (IEGS) considering
peak-regulation loss and renewable energy consumption is proposed in the paper. Firstly, peak-regulation loss
and peak-regulation cost model is built under startup/shutdown regulation and variable-load regulation mode
of gas-fired unit, respectively. On this basis, the optimal IEGS scheduling model taking gas-fired unit’s peak-
regulation loss and renewable energy consumption into account is established, aiming at minimizing the total
scheduling cost including operation cost considering peak-regulation loss, renewable energy abandoning
penalty, load shedding cost and carbon emission cost under gas network constraints, peak-regulation
constraints and other constraints. Finally, a case study on a modified IEGS with a high proportion of
renewable energy from Guangdong province, China is conducted to verify the effectiveness of the proposed
model, and the simulation results demonstrate that the proposed model could obtain the higher renewable
energy consumption level and less carbon emission, and could relieve the rotor loss of gas-fired unit.

INDEX TERMS Integrated electricity and gas system, peak-regulation loss, line-pack, renewable energy
consumption.

NOMENCLATURE
Pmax the maximum technical output of gas-fired unit.
Psmin the minimum technical output of startup/shutdown

peak regulation.
Pd min the minimum technical output of basic regulation.
Plim the limit output of deep regulation.

The associate editor coordinating the review of this manuscript and

approving it for publication was Ali Raza .

Cud gas consumption cost of gas-fired unit’s starting-up
or shutting-down.

V the amount of gas consumed in each
startup/shutdown process.

cgas the price of gas.
k the yield limit ratio of the rotor.
Kth thermal stress concentration coefficient of the

rotor.
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σeq the nominal equivalent stress of the
rotor’s shaft at the stress concentration
part.

σ0 high temperature yield limit of the
rotor’s shaft.

σmax the maximum stress of elastic groove
bottom.

Ks the plastic strain concentration coeffi-
cient of the rotor.

1εt the full strain of rotor in the startup/
shutdown process.

E the elastic modulus of the rotor material.
N st
s the cracking cycle of rotor in startup/

shutdown process.
d sts loss rate of a single startup or shutdown

process.
Sg price of gas-fired unit.
Ps/ Pd output of gas-fired unit in startup-

shutdown regulation/deep variable load
regulation.

T ts,on/T
t
s,off the startup/shutdown binary variable of

gas-fired unit.
1Tm the average temperature of rotor.
a temperature conductivity coefficient.
η temperature rise rate.
R the radius of rotor.
α expansion coefficient of rotor.
λ the Poisson’s ratio.
Nv cracking cycle of deep variable load reg-

ulation.
ϕ shrinkage coefficient of material’s

section.
σω limit of fatigue strength of material.
dv loss rate of deep variable load regulation.
V t
pur total amount of purchased natural gas

excluding that consumed by gas-fired
unit.

Cmaint maintenance cost of gas-fired unit.
cPV/cWT penalty cost of per unit photovoltaic/

wind turbine power abandoned.
PtPV,wst/P

t
WT,wst abandoned quantity of photovoltaic/

wind turbine power.
Ptcut amount of shed load.
ccut price of per unit load shedding.
cGScarb/c

CHP
carb /

cEHcarb/c
P2G
carb carbon emission cost for

GS/CHP/EH/P2G.
Smax
d the upper limit of deep variable load reg-

ulating capacity of unit d within a day.
Nmax
s the upper limit of startup and shutdown

times within a day.
Tmin
on /Tmin

off the minimum continuous operating time
/ shutdown time.

S tr natural gas flow of source.
Smax
r /Smin

r the upper and lower limit of gas source
r’s gas flow.

W t
GSS stored natural gas amount.

Wmax
GSS the upper limit of storing amount.

W t
GSS,in

/W t
GSS,out stored and released gas.

ηinGSS/η
out
GSS storing and releasing efficiency.

S tl,in/S
t
l,out inflow and outflow.

M t
l line pack of pipeline.

S tq gas flow of compressor.
Smax
q /. Smin

q the upper and lower limits of the gas flow
allowed to flow through the compressor.

ζ tq gas flow consumed by compressor.
Kq gas consumption coefficient.
kmax
q /kmin

q the upper / lower limits of compression
ratio.∏t

q,out /
∏t

q,in squared outflow/ inflow gas pressure of
compressor.

5t
j squared node pressure.

5max
j /5min

j the upper and lower limits of squared
node pressure.

PtCHP/H
t
CHP/

GtCHP electric output/ thermal output / natural
gas power of CHP.

ηG-HCHP/η
H-E
CHP natural gas-heat conversion efficiency

/ heat-electric conversion efficiency of
CHP.

Umax
CHP the upper limit of the climbing rate of

CHP.
PtGS/G

t
GS electric output power and natural gas

input power of gas-fired unit.
U t
s binary variable of unit s at time t indicat-

ing operation state.
Umax
GS the upper limit of the ramping rate of the

unit.
H t
EB/PtEB heating power / electric power of EB.

Hmax
EB /Hmin

EB the upper and lower limits of heating
output power.

Umax
EB the upper limit of EB’s climbing rate.

PtP2G/GtP2G electric power / natural gas output of
P2G.

Pmax
P2G/Pmin

P2G the upper and lower limits of P2G’s elec-
tric power.

S t SOC value of ESDs.
γ los/γ cha/γ dis energy loss coefficient/ charging effi-

ciency/ discharging efficiency of ESDs.
1t/T scheduling time interval/ the number of

scheduling intervals.
MES total capacity of the constructed ESDs.
Ptcha/P

t
dis charging power / discharging power of

ESDs.
γmax/γmin proportions of upper/ lower SOC in

ESDs’ total capacity.
Pmax
cha /Pmax

dis the upper limits of charging / discharging
power.

Btcha/B
t
dis auxiliary binary variables of charging/

discharging.
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I. INTRODUCTION
Under the dual-carbon background in China, establishing
renewable energy oriented power system and realizing the
collaborative utilization of various energy types have become
the core mission of Chinese energy transformation [1],
[2], [3]. At present, power system has entered the stage
with a high proportion of renewable energy and the annual
newly-installed capacity is dominated by renewable energy
[4], [5], [6]. Characterized by fluctuation and randomness, the
grid-connection of renewable energy leads to the mismatch of
source and supply, which brings great challenges to the secure
and stable operation of power system [7], [8], [9]. A large
scale peak regulating power source is accordingly needed to
smooth the fluctuations. Much work has been done on the
participation of various power resources in peak-regulation:
For example, in [10], a day-ahead optimal dispatch model
of coupled system is established considering peak regulation
ancillary services and ladder-type ramping rate constraint
of thermal power unit based on its deep peak regulation
characteristics. In [11], a controllable local peak-regulation
strategy of effective utilization of the available plug-in
electric vehicle battery capacity for peak-shaving. In [12],
it is summarized that contributing a cooperation mechanism
among multiple energy systems is an effective way to pro-
mote the peak regulation flexibility of gas-fired power plants.
A coordinated peak regulation control strategy for energy
storage and thermal power units is proposed in [13]. Among
various peak-regulation units, gas-fired unit is a kind of
peak-regulating power source with excellent comprehensive
performance, which has the advantages of flexible operation,
fast starting-up and shutting-down speed, fast ramping speed,
outstanding peak-regulating performance and so on [14].
Therefore, developing gas-fired unit peak-regulation along
with the development of renewable energy is the inevitable
trend of renewable energy-oriented power system.

Gas-fired unit has the problems of limited heat channel
components service life and high maintenance cost [15].
Working under the conditions of high temperature, high ther-
mal stress, and high concentrated stress for a long time, the
rotor of gas-fired unit tends to wear and determines the ser-
vice life of the unit [16]. When gas-fired unit is in the process
of changing output dramatically and starting-up/ shutting-
down, the rotor is subjected to alternating thermal stress,
resulting in the fatigue cracks appearing on the metal surface
and gradually expand into rotor fracture [16]. In the process
of peak regulation, gas-fired unit changes the output dra-
matically and is in the unstably variable operating condition,
which will lead to the deterioration of rotor damage and oper-
ating performance, and shortening of unit’ service life. As a
result, the hidden costs of gas-fired unit such as loss cost and
risk cost will increase significantly during peak-regulation,
thus increasing the actual cost of peak-regulation. Neverthe-
less, only gas consumption cost is considered in practical
power scheduling and existing peak regulating compensation
costs do not take the hidden costs such as the peak-regulation
loss into account, which leads to the insufficient willingness

of gas-fired unit to provide peak-regulation service [17].
The existing gas-fired unit’s peak-regulation compensation
mechanism fails to meet the peak-regulation demand of
renewable energy-oriented power system. Under this back-
ground, the calculation of peak-regulation loss of gas-fired
unit can comprehensively reflect the actual peak-regulation
cost of gas-fired unit, thereby reducing the number of
startup/shutdown times and deep peak-regulation operation
time, which can increase the willingness of gas-fired unit to
provide peak-regulation service.

Additionally, integrated energy system can break the bar-
rier between different types of energy, thereby giving full play
to the coupling and complementary among various energy
forms, which is also one of the effective ways to achieve
the dual-carbon goal. There are many literatures on the opti-
mization of integrated energy scheduling. In [18], an optimal
scheduling model of an energy management system for a
hydrogen production system integrated with a photovoltaic
system and a storage system is proposed to satisfy the
demands of industrial hydrogen facility and maintain reliable
operation. Reference [19] proposes a cooperative-game-
based day-ahead scheduling model of integrated energy
system with shared energy storage. A port integrated energy
system optimal scheduling model is proposed in [20], which
realizes collaborative optimization of onshore powermanage-
ment and berth allocation. In [21] and [22], a hierarchical
stochastic scheduling model based on Stackelberg under
uncertain circumstances and a multi-time scale integrated
energy system robust optimal scheduling model on the basis
of interaction between supply and demand are proposed,
respectively. A two-layer scheduling strategy considering
dynamic response performance is proposed in [23] in order
to rapidly track system’s fluctuations. In [24], a two-layer
optimization model of community integrated energy system
which considers multi-energy demand response and users’
satisfaction comprehensively is proposed. Gas-fired units
and demand response are respectively viewed as flexibil-
ity provisions from supply-side and demand-side, and a
flexibility-based maintenance scheduling model of integrated
electricity and natural gas system is proposed in [25].

As shown in TABLE 1, existing research has done extraor-
dinary work in the integrated energy scheduling. However,
the above researches did not take the peak-regulation effect of
gas-fired unit into consideration in integrated energy system
optimal scheduling, while considering the peak-regulation of
gas-fired unit in integrated electricity and gas system (IEGS)
optimal scheduling can promote the consumption of renew-
able energy. Besides, there is no research studying on the
peak-regulation loss of gas-fired unit’s rotor in the process
of scheduling, and the mechanical damage and economic
loss of gas-fired unit are ignored under most conditions.
Scheduling strategy aiming at economic objective only will
harm the interest and decrease the peak-regulation willing-
ness of gas generator. Therefore, scheduling model ignoring
the peak-regulation loss of gas-fired unit does not square with
the actual situations. Quantifying the regulation loss and then
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TABLE 1. Comparisons of the existing researches.

calculating the regulation cost respectively for the different
stages of gas-fired unit can reduce the deep peak-regulation
amount, thus decreasing the wear degree of rotor. Therefore,
an optimal scheduling model of IEGS considering gas-fired
unit’s regulation loss and renewable energy consumption is
proposed in this paper, and the major contributions of this
paper are presented as follows:

1) The peak-regulation cost models of gas-fired unit under
the startup/shutdown mode and variable-load mode are first
built for the scheduling of IEGS to estimate gas-fired unit’s
rotor loss and reflect the actual cost of peak-regulation, thus
avoiding unnecessary deep regulation or startup/ shutdown
and relieving the rotor loss of peak-regulation.

2) An optimal scheduling model of IEGS considering
gas-fired unit’s peak-regulation loss is established based on
the peak-regulation cost model of gas-fired unit and virtual
energy storage model of line-pack, leading to the lower oper-
ation cost, higher consumption level of renewable energy, and
less carbon emission.

The rest of this paper is organized as follows. In Section II,
the rotor loss and whole process cost of gas-fired unit during
peak regulating is studied respectively for startup/shutdown
mode and variable load mode. Section III establishes an
optimal scheduling model of IEGS considering regulation
loss of gas-fired unit, aiming at minimize the IEGS operating
cost under the constraints of natural gas network, gas-fired
unit’s peak-regulation and others. A case study is conducted
on an IEGS to verify the effectiveness of the proposed

FIGURE 1. Schematic of gas unit peak regulation process.

model in Section IV. Finally, conclusions are summarized in
Section V.

II. MODELING OF GAS-FIRED UNIT’S PEAK-REGULATION
COST CONSIDERING REGULATION LOSS
There are two modes for grid-connected gas-fired unit to
participate in peak-regulation, that is, startup/shutdown reg-
ulation and variable load regulation, whose processes are
shown in FIGURE 1. In FIGURE 1, Pmax is the maximum
technical output of gas-fired unit, Psmin is the minimum
technical output of startup/shutdown peak regulation, Pd min
is the minimum technical output of basic regulation, and Plim
is the limit output of deep regulation.

When gas-fired unit operates beyond 50% rated output
power, the operation efficiency is higher, gas consump-
tion rate and pollutant emission level are lower and it
has secure operation condition and decent technical perfor-
mances [26]. On the contrary, when gas-fired unit runs below
50% rated output power, as the operating state deviates from
the designed condition, the operating performance deterio-
rates significantly. To be specific, the efficiency of gas-fired
unit decreases, the energy loss increases, and the technical
property gets worse, resulting in the decline of operation
economy, security, and environmental-friendliness. There-
fore, 50% rated output power is taken as the critical value
of deep regulation and basic regulation.

At present, there are many theoretical analysis and calcula-
tionmethods for the fatigue characteristics of metal materials.
The functions used in the following calculation process have
been commonly accepted by the engineering field, and some
material constants used in the calculation are usually obtained
by experiments and mathematical statistics.

A. STARTUP/SHUTDOWN REGULATION COST OF
GAS-FIRED UNIT CONSIDERING REGULATION LOSS
Each startup/shutdown process consumes a certain amount of
gas, so the gas consumption cost of start-stop peak-regulation
isCud = Vcgas, whereCud is the gas consumption cost of gas-
fired unit’s starting-up or shutting-down, V is the amount of
gas consumed in each startup/shutdown process, and cgas is
the price of gas.

According to the metal fatigue mechanism, the rotor is
subjected to alternating thermal stress in the process of startup
and shutdown. Under such alternating stress, fatigue crack
will appear on the metal surface and gradually expand to
fracture after a certain cycle. Normally, fatigue cracks in
rotor firstly occur in the position where the stress is the
most concentrated. Therefore, these positions are taken as the
calculation object when estimating the loss of rotor.

VOLUME 11, 2023 112557



C. Liu et al.: Optimal Scheduling of IEGS Considering Gas-Fired Unit’s Peak-Regulation Loss

The thermal stress of gas-fired unit in the startup process
is different from that of shutdown process and startup process
is always accompanied by heating process, so the change of
temperature in the startup/shutdown regulation is nonlinear.
Even if it is simplified into a linear process, the thermal
cycle processes of starting-up and shutting-down are still
asymmetric. The Timo’s method [27] is adopted to estimate
the regulation loss of rotor, in which the thermal cycle process
in starting-up and shutting process are treated as two indepen-
dent processes, and the regulation loss of starting-up process
and shutting-down process are calculated respectively. The
average of startup loss and shutdown loss is taken as the
regulation loss of each single startup/shutdown regulation.

In order to estimate the regulation loss of gas-fired unit,
the yield limit ratio k and the thermal stress concentration
coefficient Kth of rotor in the process of starting-up and
shutting-down are studied first. The yield limit ratio can be
obtained through k = σeq/σ0, where σeq is the nominal equiv-
alent stress of the rotor’s shaft at the stress concentration part,
and σ0 is the high temperature yield limit of the rotor’s shaft.
The thermal stress concentration coefficient can be obtained
through Kth = σmax/σeq, where σmax is the maximum stress
of elastic groove bottom.

Based on k and Kth obtained above, the plastic strain
concentration coefficient Ks can be obtained by checking the
graph of rotor steel plastic strain concentration coefficient
[28]. Then the full strain of rotor in the starting-up or shutting-
down process can be represented as:

1εt = Ks
2σeq
E

(1)

where E is the elastic modulus of the rotor material.
Then, in order to characterize the fatigue life of metal

materials of rotor, the cracking cycle N st
s of rotor when starts

up or shuts down can be obtained by checking the low-cycle
fatigue characteristic curve of rotor’s metal material [29].
So the loss rate of a single startup or shutdown process is
represented as:

d sts = 1/N st
s , st = {on,off} (2)

where the superscript st indicates the startup/shutdown state
of gas-fired unit.

Through the above calculations, the loss rate of starting-up
and shutting-down process is obtained respectively, whose
average is the loss rate of a single startup/shutdown regulation
process. Therefore, the economic loss of start-up/shutdown
regulation can be expressed by

Cs
loss = dsSg =

dons + doffs

2
Sg (3)

where Sg is the price of gas-fired unit.
To sum up, the whole process cost of gas-fired unit’s

startup/shutdown peak-regulation can be

expressed as follows:

Cs=


0, Ps = 0

[Cud+Cs
loss]

T∑
t=1

[T ts,on+T
t
s,off], Ps∈ (0,Psmin]

Pscgas, Ps∈ (Psmin,Pmax]
(4)

where Ps is the output of gas-fired unit when it participates
in startup/shutdown regulation; T ts,on is the startup binary
variable of gas-fired unit, whose value is 1when gas-fired unit
starts up at time t; and T ts,off is the shutdown binary variable
of gas-fired unit, whose value is 1 when gas-fired unit shuts
down at time t .

B. THE VARIABLE-LOAD REGULATION COST OF
GAS-FIRED UNIT CONSIDERING REGULATION LOSS
In the deep regulation stage, the output of gas-fired unit
changes frequently and it is in the low load operation state.
Due to the deviation from the designedworking condition, the
efficiency decline and degree of loss are more serious. There-
fore, the rotor loss also exists in the process of variable-load
peak-regulation. The calculation of gas-fired unit’s variable-
load regulation loss is introduced as follows.

The fatigue cracks of rotor generally appear at the stress
concentrated parts, which are taken as the rotor loss calcula-
tion point. Firstly, the difference between the temperature of
calculated point and the average temperature of rotor 1Tm is

1Tm =
ηR2

8a
(5)

where a is the material temperature conductivity coefficient,
η is the temperature rise rate, and R is the radius of rotor.
According to the 1Tm at the calculated point, the stress at

the calculated point can be expressed as

σa = Eα1Tm/(1 − λ) (6)

where α is the expansion coefficient of rotor material, and λ

is the Poisson’s ratio.
The Langer formula [30] is used to express the relationship

fatigue life and stress of metal materials, which is adopted to
calculate the cracking cycle of rotor. Then the loss rate dv
of gas-fired unit caused by each deep variable load can be
obtained as shown in (7):

Nv =

(
(
1
4
E ln

1
1 − ϕ

)/(σa − σω)
)2

(7)

where Nv is the cracking cycle of deep variable load regula-
tion, ϕ is the shrinkage coefficient of material’s section, and
σω is the limit of fatigue strength of material. On this basis,
the peak-regulation loss rate of deep variable load regulation
can be obtained, which is dv = 1/Nv.
Therefore, the loss cost of gas-fired unit participating in

deep variable load regulation is Cd
loss, which is

Cd
loss = dvSg (8)
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According to the different stages of variable load regulation
of the unit, the whole regulation process cost can be expressed
as:

Cd =

{
Pdcgas Pd min < Pd ≤ Pmax

Pdcgas + Cd
loss Plim < Pd ≤ Pd min

(9)

where Pd is the output of gas-fired unit when participating in
deep variable load regulation.

III. SCHEDULING MODEL OF INTEGRATED ELECTRICITY
AND GAS SYSTEM CONSIDERING PEAK-REGULATION
LOSS
In order to fully consume the renewable energy in IEGS
and give play to the peak-regulating effect of gas-fired
unit, an optimal scheduling model of IEGS considering
the peak-regulation loss and the consumption of renewable
energy is established in this paper. The objective function is to
minimize the scheduling cost including system operation cost
considering regulation loss, renewable energy abandoning
penalty, load shedding cost, and emission cost under the
constraints of peak regulating, device operation, natural gas
network and others. And the steps of the optimization process
can be summarized as follows.

STEP 1: Calculate the loss rate and economic loss of
gas-fired unit respectively under the startup/shutdown reg-
ulation and variable-load regulation mode;
STEP 2: Calculate the whole process cost of gas-fired
unit respectively under the startup/shutdown regulation and
variable-load regulation mode;
STEP 3: Form the object function of the optimal scheduling
model to optimize IEGS total scheduling cost;
STEP 4: Consider the constraints of peak-regulation, natu-
ral gas network and other necessary constraints to construct
the scheduling model;
STEP 5: Process the optimal model through big-Mmethod,
incremental piecewise linearization, and second-order cone
relaxation, transforming the model into a mixed integer
linear optimization problem;
STEP 6: Initial scenarios of load demand and renewable
energy output considering uncertainty are processed by
k-means clustering method to reduce the scenario amount;
STEP 7: Scenario analysis method is adopted to process the
uncertainty in scheduling;
STEP 8: Use Cplex solver in Yalmip toolbox of Matlab to
solve the proposed model;
STEP 9: The optimal scheduling cost and strategy of IEGS
are obtained.

A. OBJECTIVE FUNCTION
The scheduling model proposed in this paper takes the lowest
total scheduling cost as the objective function including the
operation cost considering regulation loss, renewable energy
abandoning penalty, load-shedding cost and emission cost,
which can be expressed as

minC = Cope + Caban + Ccut + Ccarb (10)

where C is the total scheduling cost; Cope is the operation
cost including the energy purchase cost, the peak-regulation
cost of gas-fired unit considering regulation loss, and the
maintenance cost of gas-fired units, whose expression is
shown in (11); Caban, Ccut and Ccarb are the renewable energy
abandoning penalty, load-shedding cost and emission cost,
whose expressions are shown in (12)-(13), respectively.

Cope =

T∑
t=1

(cgasV t
pur + Cd (Pd ) + Cs(Ps) + Cmaint) (11)

Caban = cPV
T∑
t=1

PtPV,wst + cWT

T∑
t=1

PtWT,wst (12)

Ccut =

T∑
t=1

Ptcutccut (13)

Ccarb =

T∑
t=1

(cGScarbP
t
GS+cCHPcarb P

t
CHP+cEHcarbP

t
EH+cP2GcarbP

t
P2G)

(14)

where V t
pur is the total amount of purchased natural gas

excluding that consumed by gas-fired unit; Cd (Pd ) and
Cs(Ps) are the variable load peak-regulation cost and startup/
shutdown peak-regulation cost, respectively, which have
taken the natural gas consumed in the process of gas-fired
unit’s power generation into account;Cmaint is the mainte-
nance cost of gas-fired unit, which is related to the actual
output and operation condition of gas-fired unit; cPV and cWT
are the penalty cost of per unit photovoltaic and wind tur-
bine power abandoned, respectively; PtPV,wst and P

t
WT,wst are

abandoned quantity of photovoltaic power and wind turbine
power, respectively;Ptcut is the amount of shed load; ccut is the
price of per unit load shedding; cGScarb, c

CHP
carb , c

EH
carb and c

P2G
carb are

respectively the carbon emission cost for GS, CHP, EH and
P2G, as for energy storage device’s carbon emission, it’s tiny
and therefore negligible.

B. CONSTRAINTS
1) CONSTRAINTS OF PEAK-REGULATION
a: UPPER LIMITS OF DEEP VARIABLE LOAD REGULATION
The amount of deep variable load regulation should be under
its upper limit:

T∑
t=1

(Pd min − Pd ) ≤ Smax
d (15)

where Smax
d is the upper limit of deep variable load regulating

capacity of unit d within a day.

b: UPPER LIMITS OF STARTUP/SHUTDOWN
PEAK-REGULATION
The number of starting-up and shutting-down within a day
should be under its upper limit:

T∑
t=1

(T ts,on + T ts,off) ≤Nmax
s (16)
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where Nmax
s is the upper limit of startup and shutdown times

within a day.

c: MINIMUM CONTINUOUS OPERATING TIME AND
SHUTDOWN TIME CONSTRAINT
In order to ensure the stable power supply and satisfy the
operation requirements of the units, the continuous run-
ning time and shutdown time should meet the following
constraints:

t+Tmin
on∑
t

T ts,on ≤ 1 (17)

t+Tmin
off∑
t

T ts,off ≤ 1 (18)

where Tmin
on and Tmin

off are the minimum continuous operating
time and shutdown time, respectively.

2) CONSTRAINTS OF NATURAL GAS NETWORK
CONSIDERING LINE PACK
Natural gas network usually includes natural gas sources,
gas storage tank, pressure stations, pipelines, and natural gas
loads. The natural gas flows into network from the source
and is transmitted to the load through pipelines. In the trans-
mission process, there is pressure loss of natural gas due to
the friction resistance in the inner wall of pipeline. In order
to transmit natural gas reliably, it is necessary to configure
pressure stations in the natural gas network to compensate
for the pressure loss [31].

a: NATURAL GAS SOURCE
The natural gas flowing into the network should satisfy the
following constraint:

Smin
r ≤ S tr ≤ Smax

r (19)

where S tr is the natural gas flow of source r at time t; Smax
r

and Smin
r are the upper and lower limit of gas source r’s gas

flow.

b: NATURAL GAS STORAGE TANK
The operation of natural gas storage tank is similar to that of
electric energy storage device, whose constraints are shown
as follows:

0 ≤ W t
GSS ≤ Wmax

GSS (20)

0 ≤ W t
GSS,in ≤ Wmax

GSS,in (21)

0 ≤ W t
GSS,out ≤ Wmax

GSS,out (22)

W t
GSS = W t−1

GSS +W t
GSS,inη

in
GSS −W t

GSS,out/η
out
GSS (23)

W 1
GSS = W T

GSS (24)

whereW t
GSS is the natural gas amount stored in tank s at time

t;Wmax
GSS is the upper limit of storing amount of tank s;W t

GSS,in
andW t

GSS,out are the stored and released gas of tank s at time
t , respectively; Wmax

GSS,in and Wmax
GSS,out are the upper limits of

storing and releasing gas, respectively; ηinGSS and ηoutGSS are the
storing and releasing efficiency, respectively; and T is the
number of scheduling intervals.

c: VIRTUAL ENERGY STORAGE EFFECT OF LINE-PACK
The gas inflow of pipeline at the starting node is different
from the outflow at the ending node because of the slow
transmission speed and compressible property of natural gas.
The difference between the inflow and outflow of the pipeline
is stored in the pipeline temporarily, which is defined as line
pack [32]. Therefore, line pack is capable of storing gas like
the hypostatic gas tank, which can be equivalent to virtual
energy storage. The model of line pack is expressed as:

M t
l = M t−1

l + S tl,in − S tl,out (25)

where M t
l is the line pack of pipeline l at time t; S tl,in and

S tl,out are the inflow and outflow of pipeline l, respectively,
which satisfy the Weymouth steady flow equation [33], that
is, the gas flow in pipeline and the pressure at the both ends
of pipeline satisfy the following constraint:

(S tl,in + S tl,out)
∣∣S tl,in + S tl,out

∣∣ /4 = 8l[(ptl,in)
2
− (ptl,out)

2]

(26)

Equation (26) is non-convex and nonlinear, which is diffi-
cult to solve by commercial solver. Therefore, incremental
piecewise linearization [33] is adopted to linearize the left
part of (26), which can be substitute by (27)-(30) after pro-
cessing.

S̃ tl,1

∣∣∣S̃ tl,1∣∣∣ +

Z−1∑
z=1

(S̃ tl,z+1

∣∣∣S̃ tl,z+1

∣∣∣ − S̃ tl,z

∣∣∣S̃ tl,z∣∣∣)δtl,z
= 48l(5t

l,in − 5t
l,out) (27)

S̃ tl = S̃l,1 +

Z−1∑
z=1

(S̃ tl,z+1 − S̃ tl,z)δ
t
l,z (28)

δtl,z+1 ≤ θ tl,z ≤ δtl,z (29)

0 ≤ δtl,z ≤ 1 (30)

where z stands for the piecewise interval where the discrete
point locates, z = 1, 2, . . . ,Z , which means there are Z-
1 piecewise intervals and Z discrete points, Replacing the
squared gas pressure with a single variable as a whole,
5t
l,in = (ptl,in)

2; S tl is the average of the pressure at both ends

of pipeline l, S tl =

[
S tl,in + S tl,out

]
/2; δtl,z is a continuous

variable whose value ranges from 0 to 1, which is used to
represent the position of the discrete point on the zth piecewise
interval; θ tl,z is an auxiliary binary variable, whose function is
to ensure the entire piecewise intervals are filled continuously
from left to right through (29).

d: PRESSURE STATION AND COMPRESSOR
The main component of a pressure station is the compres-
sor. The energy consumed by the compressor is generally
considered to come from the natural gas flowing through
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it, so the compressor can be regarded as a natural gas load
[34]. The amount of natural gas consumed by the compressor
is determined by the flow rate of the natural gas passing
through it and compression ratio, whose energy consumption
expression is non-convex and nonlinear. As for the natural
gas consumed by compressor is subtle and not the key of this
paper, linear approximate substitution method is adopted to
simplify the model of compressor. The model of compressor
is

Smin
q ≤ S tq ≤ Smax

q (31)

ξ tq = KqS tq (32)

(kmin
q )2 ≤

∏t
q,out∏t
q,in

≤ (kmax
q )2 (33)

where S tq is the gas flow of compressor q at time t; Smax
q

and Smin
q are respectively the upper and lower limits of the

gas flow allowed to flow through the compressor; ζ tq is the
gas flow consumed by compressor q at time t; Kq is the gas
consumption coefficient; kmax

q and kmin
q are respectively the

upper and lower limits of compression ratio, respectively;
in order to be consistent with the linearization process of
(26),

∏t
q,out and

∏t
q,in are respectively the squared outflow

and inflow gas pressure of compressor q at time t , that is,
5t
q,out = (ptq,out)

2 and 5t
q,in = (ptq,in)

2.

e: NODE PRESSURE OF NATURAL GAS NETWORK
All node pressure in the natural gas network should meet the
upper and lower limits. In addition, the node pressure is still
expressed in its squared term in order to be consistent with the
linearization process of (26). Thus, the node pressure should
satisfy the following constraint:

5min
j ≤ 5t

j ≤ 5max
j (34)

where 5t
j is the squared node pressure of node j, 5

t
j = (ptj )

2;
5min
j and5max

j are the lower and upper limits of squared node
pressure of node j, respectively.

3) CONSTRAINTS OF DEVICE OPERATION
a: COMBINED HEAT AND POWER (CHP) UNIT
CHP converts natural gas into heat and electricity, and the
operating mode is ‘power by heat’, thus the electric output
is determined by the heat demand of CHP. The operation
of CHP can be expressed as (35)-(38), among which (35)
indicates the gas-heat conversion, (35) indicates the power-
heat conversion, and (36)-(37) are respectively the upper and
lower limits for heat output and climbing rate.

H t
CHP = ηG-HCHPG

t
CHP (35)

PtCHP = H t
CHP/η

H-E
CHP (36)

Hmin
CHP ≤ H t

CHP ≤ Hmax
CHP (37)∣∣∣Pt+1

CHP − PtCHP

∣∣∣ ≤ Umax
CHP (38)

where PtCHP, H
t
CHP and G

t
CHP are the electric output, thermal

output and natural gas power of CHP unit, respectively; ηG-HCHP

and ηH-ECHP are the natural gas-heat conversion efficiency and
the heat-electric conversion efficiency of CHP unit, respec-
tively; andUmax

CHP is the upper limit of the climbing rate of CHP
unit. It should be noted the ‘power by heat’ operating mode
shown in (39) makes CHP’s electric output lack of flexibility
and therefore cannot act as a peaking power resource.

b: GAS-FIRED UNIT

PtGS = ηGSGtGS (39){
Pa ≤ PtGS,d ≤ Pmax

GS

PsminU t
s ≤ PtGS,s ≤ Pmax

GS U
t
s

(40)∣∣∣Pt+1
GS − PtGS

∣∣∣ ≤ Umax
GS (41)

where PtGS and G
t
GS are the electric output power and natural

gas input power of gas-fired unit, respectively; s stands for
the startup/shutdown peak-regulation unit and d stands for the
variable load peak-regulation unit;U t

s is the binary variable of
unit s at time t , whose value is 1 when the unit is in operation
and 0 otherwise; and Umax

GS is the upper limit of the ramping
rate of the unit.

c: ELECTRICAL BOILER (EB)

H t
EB = ηEBPtEB (42)

Hmin
EB ≤ H t

EB ≤ Hmax
EB (43)∣∣∣H t+1

EB − H t
EB

∣∣∣ ≤ Umax
EB (44)

where H t
EB and PtEB are the heating power and electric power

of EB, respectively; Hmax
EB and Hmin

EB are the upper and lower
limits of heating output power; andUmax

EB is the upper limit of
EB’s climbing rate.

d: POWER TO GAS (P2G)
Power to gas (P2G) converts excess electric power into natu-
ral gas for use of gas loads and gas-consuming devices, which
is conductive to promoting the consumption of renewable
energy. The operation constraints of P2G are as follows:

Pmin
P2G ≤ PtP2G ≤ Pmax

P2G (45)

GtP2G = PtP2GηP2G (46)

where PtP2G and GtP2G are the electric power and natural gas
output of P2G, respectively; Pmax

P2G and Pmin
P2G are the upper and

lower limits of P2G’s electric power.

e: ENERGY STORAGE DEVICE
Energy storage devices (ESDs) should satisfy the constraints
of stage of charge (SOC) shown in (48)-(49), whose definition
is shown in (47). The charging and discharging power should
satisfy the constraints shown in (50)-(51). ESDs can not
charge and discharge at the same time, whose corresponding
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constraint is expressed as (52).

S t = (1 − γ los)S t−1
+ (γ chaPtcha −

Ptdis
γ dis )1t (47)

γminMES ≤ S t ≤ γmaxMES (48)

S0 = ST (49)

0 ≤ Ptcha ≤ Pmax
cha B

t
cha (50)

0 ≤ Ptdis ≤ Pmax
dis B

t
dis (51)

Btcha + Btdis ≤ 1 (52)

where S t is the SOC value of ESDs at time t; γ los, γ cha

and γ dis are the energy loss coefficient, charging efficiency
and discharging efficiency of ESDs, respectively; 1t is the
scheduling time interval of ESDs;MES is the total capacity of
the constructed ESDs; Ptcha and P

t
dis are the charging power

and discharging power of ESDs, respectively; γmax and γmin
are respectively the proportions of upper and lower SOC in
ESDs’ total capacity; Pmax

cha and Pmax
dis are the upper limits of

charging and discharging power, respectively; Btcha and B
t
dis

are the auxiliary binary variables of charging/ discharging at
time t .

4) CONSTRAINTS OF POWER BALANCE
The electrical power, thermal power, and natural gas flow
of IEGS should maintain balance between the supply and
demand, whose expressions are shown as follows:

ACHP,cPtCHP,c + AGS,gPtGS,g + AP2G,kAtP2G,k + AES,ePte,dis
+ APV,vP

use,t
PV,v + AWT,wP

use,t
WT,w

= Ptload,i + AEH,hPtEH,h + AES,sPts,cha − Ptcut,i (53)

AEH,hH t
EH,h + ACHP,cH t

CHP,c = H t
load,i − H t

cut,i (54)

BCHP,cGtCHP,c + BGS,gGtGS,g + BGSS,uW
in,t
GSS,u

+ BCP,qξ
t
q + Gtload,j

= BlS tl + BGSS,uW
out,t
GSS,u + BP2G,kGtP2G,k + BrS tr (55)

where ACHP,c is the element of the association matrix of CHP
unit and power system’s nodes, whose value is 1 when the
corresponding node is equipped with CHP and 0 otherwise;
AGS,g, AP2G,k , AES,e, APV,v, AWT,w and AEH,h are respectively
the association matrix of gas-fired unit, P2G, ESDs, photo-
voltaic, wind turbine and electric boiler with power system’s
nodes, whose value rules are the same as ACHP,c; BCHP,c,
BGS,g, BGSS,u, BCP,q, BP2G,k and Br are respectively the value
of association matrix of CHP, gas-fired unit, gas tank, com-
pressor, P2G and gas source with natural gas network, whose
value rules are also the same as ACHP,c; Bl is the element
of association matrix of pipeline, whose value is 1 when the
current node is the injection node, −1 when the current node
is the outflow node, and 0 when the node is disconnected to
the pipeline.
Besides, the DistFlow based power flow model [35] is

adopted in this paper to constrain the power flow in the power
network. This part is similar with the conventional scheduling
of power system, which will not be introduced in detail here.

In order to solve the above IEGS optimal scheduling model,
big-M method is used to process the piecewise function
in (4) and (9). Besides, incremental piecewise linearization
is adopted to linearize the nonlinear (26) and second-order
cone relaxation is used to relax the non-convex constraints
of power flow, through which the proposed model is trans-
formed into a mixed integer linear optimization problem.
It has to be mentioned that there is a great uncertainty

existing in load demand and the output of renewable energy,
thus the optimal scheduling strategy in a single scene prob-
ably is unable to adapt to most conditions, which is against
the security and stability of the system. In order to cope
with the uncertainty in IEGS scheduling, scenario analysis
(SA) is adopted to load uncertainty and random fluctuations
of renewable energy’s output. However, a large quantity of
scenarios will cause an enormous burden on computation.
In order to cope with the excessive computation amount and
time, k-means clustering method is adopted to reduce the
scenario amount and obtain the optimal typical scenario set.
Eventually, the Yalmip toolbox of Matlab is used to invoke

Cplex solver to solve the proposed model on the optimal
typical scenario set, and then the optimal scheduling cost and
strategy of IEGS considering uncertainty are obtained.

IV. CASE STUDY
In order to verify the effectiveness of the proposed IEGS opti-
mal scheduling model considering peak-regulation loss and
renewable energy consumption, a modified IEGS with a high
proportion of renewable energy from Guangdong province,
China is taken as an example to conduct the case study,
which consists of a 28-node power network and a 20-node
natural gas network. The initial load and renewable energy
output are generated randomly to simulate the uncertainty
and fluctuation, which are shown in Appendix. The optimal
typical scenario set, to be specific, the curves of load demand
and renewable energy output are shown in FIGURE 2.
To better demonstrate the effectiveness and priority of the

proposed model in IEGS scheduling, the following models
are set in this paper for comparative analysis: the proposed
IEGS scheduling model considering peak-regulation loss
(M-PRL), an IEGS scheduling model that does not take
the peak-regulation loss into account when using gas-fired
unit as a peak-regulation resource (M-nPRL), and an IEGS
scheduling model that does not regard gas-fired unit as a
peak-regulation resource (M-nPR).
Cplex solver is used to solve the above model and then the

optimal scheduling strategy and scheduling costs of IEGS are
obtained, as shown in FIGURE 3 and TABLE 2, respectively.
It can be observed from TABLE 2 that the total scheduling
cost of M-PRL is Y– 123.18 million, which is 7.11% and
2.49% lower than those ofM-nPRL andM-nPR, respectively.
To be specific, the generating cost of gas-fired unit in M-
PRL is Y– 54.42 million, while the gas-fired unit’s generating
cost in M-nPRL and M-nPR are respectively Y– 63.47 mil-
lion and Y– 56.42 million, that is, the generating cost of
gas-fired unit in M-PRL is respectively Y– 9.05 million and
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FIGURE 2. Optimal typical scenario set of load curves and renewable
energy output.

TABLE 2. The comparisons of scheduling costs of M-PRL, M-nPRL and
M-nPR.

TABLE 3. The comparisons of environmental effects of the scheduling
results of M-PRL, M-nPRL and M-nPR.

Y– 2 million lower than that of M-nPRL and M-nPR. This
is because peak-regulation loss is considered in M-PRL (the
regulation loss rate obtained through the method in this paper
of startup/shutdown regulation and variable-load regulation
are respectively 0.025% and 0.0006%) and thus relieving
the tear of the unit’s rotor and the maintenance cost of
gas-fired unit is included in the generating cost, considering
the peak-regulation loss effectively reduces the maintenance
cost and therefore the generating cost of gas-fired unit and
therefore the generating cost of M-PRL is obviously lower
than that of M-nPRL. Besides, gas-fired unit in M-nPR do
not participate in the peak-regulation, so its maintenance cost
and generating cost of gas-fired unit is lower than that of
M-nPRL. It is worth mentioning that considering the regu-
lation loss will effectively reduce the maintenance cost when
participating in peak-regulation, which will effectively bring
about the higher willingness of gas generator to provide peak-
regulation service. The renewable energy abandoning penalty
ofM-PRL,M-nPRL, andM-nPR are respectively Y– 2.76 mil-
lion, Y– 2.83 million, and Y– 3.12 million, which is because the
strong ramping ability and peak-regulation effect of gas-fired
unit can effectively cope with the volatility and uncertainty
of renewable energy output, thus reducing the abandoned
renewable energy power in M-PRL andM-nPRL and the cor-
responding abandoning penalty, while in M-nPR the peaking
effect of gas-fired unit is ignored and therefore increase the
penalty. There is no significant difference found in the load
shedding cost of the three models, which are all Y– 0.03 mil-
lion. Additionally, the carbon emission cost of M-PRL is the
lowest in the three models, which is Y– 20.58 million and is
0.58% and 2.7% lower than that ofM-nPRL andM-nPR. This
is due to the output of gas-fired unit can be adjusted quickly to
satisfy the supply-demand balance of IEGS when the output
of renewable energy changes dramatically, thus reducing the
emission amount of the system in M-PRL and M-nPRL.

The environmental benefits of the three models’ schedul-
ing results are shown in TABLE 3. It can be seen from
TABLE 3 that the carbon emission of M-PRL is 113.22t,
which is the lowest in the three models, while the carbon
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emission ofM-nPRL andM-nPR are respectively 113.32t and
115.53t. Meanwhile, the renewable energy consumption ratio
of M-PRL, M-nPRL, and M-nPR are respectively 95.03%,
94.91%, and 94.38%. The reason why the consumption ratio
in M-PRL and M-nPRL are higher is that gas-fired unit
can rapidly reduce its output when the output of renewable
energy is high and increase its output when the output of
renewable energy is low, so as to promote the consumption of
renewable energy and reduce carbon emission. However, the
high gas-fired unit’s maintenance cost of peak-regulation in
M-nPRL decrease the willingness of gas generator to provide
regulation service, so that the consumption of M-nPRL is
slightly lower than that of M-PRL. It can be concluded that
peak-regulation effect of gas-fired unit leads to the higher
renewable energy consumption level and lower carbon emis-
sion while maximally fulfilling the demand of IEGS.

Combining TABLE 2 and TABLE 3, it can be concluded
that the comprehensive economic and environmental benefits
of M-PRL is the best in the compared models. It can realize
a lower carbon emission and higher renewable energy con-
sumption while reducing the scheduling cost, which proves
the superiority of the proposed model.

From the scheduling strategies of IEGS shown in FIGURE
3, when the load demand is low while the output of wind
turbine is high during night (23:00-4:00), excess wind tur-
bine power is stored by ESD or converted into natural gas
through P2G to help consume the redundant wind power.
Besides, the outputs of gas-fired units remains low to provide
more space to consume wind turbine power. From this point,
both ESD and gas-fired unit can play a significant role in
the promotion of renewable energy. Furthermore, the load
demand is quite high during 9:00-12:00, so ESD discharges
to satisfy the load. ESD is definitely a great peaking resource,
however, the installed capacity of ESD is commonly low thus
restricting its peak-regulation effect. To deal with the extra
natural gas caused by gas supply-demand imbalance, natural
gas stored in gas pipeline through line-pack increases at 2:00,
3:00, 9:00, 10:00, et al., which equivalently serves as virtual
energy storage. It can be concluded that P2G and line-pack
cooperating with gas-fired units can effectively improve the
consumption of renewable energy in IEGS. Besides, during
the periods of high photovoltaic output at noon (e.g. 9:00-
11:00), the output of gas-fired unit decreases rapidly. And in
the following periods, the output of photovoltaic decreases
and the output of gas-fired unit correspondingly increases to
satisfy the demand of power system, giving full play to the
peak-regulation characteristics of gas-fired unit. Specifically,
it can be seen from the renewable energy output curve in
FIGURE 2 that the output of photovoltaic decreases rapidly
from 2200 MW to 1325 MW at 16:00. Combined with the
electric power scheduling strategy in FIGURE 3, it can be
observed that the output of gas-fired unit increases rapidly
at this time. In addition, it can be seen from FIGURE 3, the
gas stored in line-pack releases for the use of gas-fired unit
(e.g.: 13:00-17:00), and natural gas flows into pipeline and
the line-pack increases when the output of renewable energy

FIGURE 3. The optimal scheduling strategies of electric, natural gas and
heating power.

increases (e.g. 9:00 and 10:00). It can be concluded that the
gas line-pack cooperates with gas-fired unit to play a signifi-
cant role in peak-regulation and promote the consumption of
renewable energy.

In order to better demonstrate the effect of regulation loss
on the scheduling results, the output of M-PRL and M-nPRL

112564 VOLUME 11, 2023



C. Liu et al.: Optimal Scheduling of IEGS Considering Gas-Fired Unit’s Peak-Regulation Loss

FIGURE 4. The output curves of gas generators.

are compared and the output curves of gas-fired units in the
above two models are shown in FIGURE 4. From FIGURE 4,
it can be seen that the output of gas-fired units changes
rapidly in both models in order to cope with the volatility
and uncertainty of renewable energy. Nevertheless, it can be
observed that there are more periods in M-nPRL that the
output of gas-fired units is below 50% rated output power.
Apart from the periods in common (0:00-8:00) that output of
gas-fired unit in both M-PRL and M-nPRL are below 50%
rated output power, the output of gas-fired unit in M-nPRL
is below 50% rated output power during 11:00-15:00, and
22:00-23:00. And the deep regulation amount (the differences
between the actual output and 50% rated output power when
the output is below 50% rated output power) of M-nPRL is
11.63% more than that of M-PRL, which is also obviously
less than that of M-nPRL. And in M-PRL, the period that
gas-fired unit’s output is below 50% is shorter than that of M-
nPRL. Apart from the difference in variable-load regulation,
the effect of startup/shutdown regulation is also obvious, to be
specific, all the gas-fired units in M-PRL startup/ shutdown
no more than a single time, while GS2 in M-nPRL starup/
shutdown twice. Therefore, IEGS scheduling strategy con-
sidering peak-regulation loss could achieve less conditions
that gas-fired unit operates below 50% rated output power or
less startup/ shutdown times. In this way, the wear caused by
peak-regulation can be relieved and a longer service life of
gas-fired unit can be obtained.

As for the building of renewable energy oriented power
system is a long-term project, the scheduling results of

TABLE 4. Scheduling results comparisons under different renewable
energy penetration.

TABLE 5. Scheduling results comparisons under different ESD capacity.

M-PRL and M-nPRL are compared under different pene-
tration of renewable energy, which is shown in TABLE 4.
The 100% penetration percentage in TABLE 4 is equal
to the renewable energy capacity of the previous analysis
shown in TABLE 3. It can be observed that under every
penetration percentage, the scheduling cost of M-PRL is
lower than M-nPR, the renewable energy consumption is
higher than M-nPR, and the carbon emission is less than M-
nPR. This is because gas-fired unit in M-PRL can plays a
role in peak-regulation thus promoting the consumption of
renewable energy. Besides, the increase of scheduling cost,
renewable energy and carbon emission of both models occur
along with the decrease of renewable energy penetration per-
centage. This means the larger renewable energy penetration
leads to the greater obstacle to the consumption. And the
comparisons further demonstrate gas-fired unit’s effect in
peaking and promoting renewable energy consumption.

In addition to gas-fired unit, ESD can also play a role in
peak-regulation. So the scheduling results of M-PRL under
different ESD capacity is also compared, as is shown in
TABLE 5, in which the 100% ESD capacity percentage is
equal to the capacity of M-PRL shown in TABLE 3. It can
be seen from TABLE 5 that the scheduling cost and carbon
emission increases and the renewable energy consumption
decreases along with the reduction of ESD capacity. And the
results indicate that ESD is a significant regulation resource,
and it can bring economic and environmental benefits coor-
dinating with gas-fired units.

To sum up, the optimal IEGS scheduling model proposed
in this paper considering gas-fired unit’s peak-regulation loss
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FIGURE 5. Scenarios of electric load considering uncertainty.

FIGURE 6. Scenarios of heat load considering uncertainty.

FIGURE 7. Scenarios of natural gas load considering uncertainty.

can promote the consumption of renewable energy and reduce
the scheduling cost at the same time. It can adapt to the
uncertainty and volatility, which improves the consumption
of renewable energy and reduces the carbon emissions of the
system, thus helping realize the goal of ‘‘dual-carbon’’.

V. CONCLUSION
The peak-regulation cost models of gas-fired unit under the
startup-shutdownmode and variable-loadmode are first built,
and then an optimal scheduling model of IEGS considering
gas-fired unit’s peak-regulation loss is established based on
the peak-regulation cost model of gas-fired unit and virtual
energy storage model of line-pack. And scenario analysis
method is adopted to cope with the uncertainty of load
demand and renewable energy output in the scheduling pro-
cess. The case study on a modified IEGS from Guangdong
province, China demonstrates that less scheduling cost and

FIGURE 8. Scenarios of wind power output considering uncertainty.

FIGURE 9. Scenarios of photovoltaic output considering uncertainty.

less shed loads of IEGS are obtained by the proposed model
considering peak-regulation characteristics of gas-fired unit;
the higher consumption level of renewable energy and the less
carbon emission are achieved by the proposed model due to
the peak-regulation ability and the cooperation with virtual
energy storage of gas-fired unit. It can also be concluded
that, as for the gas-fired units, their economic profit could be
increased and therefore the stronger willingness to provide
peak-regulation service could be realized by considering the
hidden cost of peak-regulation loss; besides, less operation
time of gas-fired unit in the stage of deep peak-regulation
and less startup/shutdown times could be obtained in the
proposed model, in this way, the rotor wear degree is effec-
tively relieved and the operation performance and security of
gas-fired unit are improved. Besides, it can be concluded that
the larger renewable energy penetration also brings about the
bigger difficulty in the consumption.

APPENDIX
The initial scenarios of electric, heat, natural gas load, and
the output of renewable energy considering the uncertainty
are shown in FIGURES 5–9.
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