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Abstract: The advancement of using the cryogenic energy storage (CES) system has enabled efficient
utilization of abandoned wind and solar energy, and the system can be dispatched in the peak hours
of regional power load demand to release energy. It can fill the demand gap, which is conducive to the
peak regulation of the power system and can further promote the rapid development of new energy.
This study optimizes the various types of energy complementary to the CES system using hybrid
gravitational search algorithm-local search optimization (#GSA-LS). First, the mathematical model of
the energy storage system (ESS) including the CES system is briefly described. Second, an economic
scheduling optimization model of the IES is constructed by minimizing the operating cost of the
system. Third, the hGSA-LS methods to solve the optimization problem are proposed. Simulations
show that the hGSA-LS methodology is more efficient. The simulation results verify the feasibility
of CES compared with traditional systems in terms of economic benefits, new energy consumption
rate, primary energy saving rate, and carbon emissions under different fluctuations in energy prices.
Optimization of the system operation using the proposed hGSA-LS algorithm takes 5.87 s; however,
the GA, PSO, and GSA require 12.56, 10.33, and 7.95 s, respectively. Thus, the hGSA-LS algorithm
shows a comparatively better performance than GA, PSO, and GSA in terms of time.

Keywords: integrated energy system (IES); cryogenic energy storage (CES); energy storage systems
(ESS); gravitational search algorithm

1. Introduction

The uncertainties of renewable energy sources (RESs), such as wind, solar, and tidal
energy, contribute to the complementary benefits of energy storage systems (ESSs) [1].
The reliability of the energy supply improves through the integrated energy system (IES),
and it enhances the performance of RES as flexible resources [2]. The strategic decision
to achieve carbon peak and neutrality is based on national conditions of large carbon
emissions and high energy demand in the energy system [2,3]. Research on IES has become
the focus of attention of relevant researchers from the perspective of the power market,
and the economic benefit of energy storage for IES has become the key to future energy
generation [4]. In [5], the wind power consumption strategy based on the cryogenic energy
storage (CES) system is proposed according to the characteristics of strong wind power
fluctuation. The feasibility of the application of wind-assisted energy storage equipment
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in wind farms is also verified. In [6], a basis for the strategy of the operation of the air
storage system is provided from the perspective of the variable operational conditions of
the compressor. In [7], the frequency modulation capability of air-liquid energy storage
is verified to meet the requirements of the power grid with a combined compressed air
system. The optimization scheduling model of the combined operation system of the
air storage system is also established. In [8,9], a scheme for the combined operation of
compressed air energy storage and absorption chiller is proposed to improve the energy
storage efficiency. The influence of system parameters on the combined operation is studied
as well. In [10,11], the microgrid based on the combined heating and power (CHP) unit,
refrigerating machine, and compressed air systems is explored from the perspective of
improving energy efficiency by optimizing system parameters.

Recently, the computational algorithm, such as combining the GSA algorithm with
different approaches to create hybrid algorithms, such as hGA-GSA and hPSO-GSA, is an
effective strategy to improve the GSA algorithm [9]. The constants used to harmonize GSA
should be regulated appropriately due to the lack of the exploration principle [10]. The
influence of fitness function on mass grows stronger during the GSA process, which causes
the masses to grow increasingly heavier. As a result, the masses congregate in a nearby
area, which neutralizes gravitational forces and prevents them from being exploited to
their full potential [12]. Therefore, IES optimization and the influence of the CES system
can improve energy storage efficiency from the perspective of thermodynamics. However,
there are not many explorations on the optimization scheduling modeling and operation of
energy consumption and joint supply of multiple types of energy from the perspective of
economic benefits [12].

This study proposes an IES that considers the characteristics of multi-energy cogener-
ation and new energy absorption of the CES system. The IES dispatching control center
manages the CHP unit, CES unit, electric refrigerator, and other equipment in the system
in a unified manner, to minimize the overall operation cost. An optimization scheduling
model is established, and an environmental performance index is introduced to minimize
IES operating costs. The proposed method is verified with the help of the MATLAB plat-
form by using the actual load data of an industrial park located in Pakistan. The simulation
verification of the feasibility of this green growth system operation ensures that the system
can operate in an optimal economic model and consider the absorption benefits of RES,
such as wind power generation.

2. Background Study
2.1. Description of IES

The IES is composed of a compressor, gas storage chamber, heat exchange/cooler,
heat storage/cooler, and other main components [13]. A complex coupling relationship
exists among internal airflow, pressure, heat storage power generation, and other variable
constraints, such as pressure change rate constraints. The heat exchange, power constraint,
operating condition, power constraint, and air storage chamber pressure constraint should
be satisfied during scheduling operation [14,15]. The IES is a system formed by strength-
ening the optimization of the coupling relationship among the production, storage, and
dispatching of various kinds of energy to meet the demands of various types of energy on
the load side. The structure realizes the connection of cold, heat, electricity, and natural gas
networks through different equipment, which utilizes the advantages of the CES system
connection and utilization of multiple energy sources, as shown in Figure 1. Therefore,
after the CES system is connected to IES, the flow of all kinds of energy is strengthened,
the absorption of new energy is increased, and it is used to supply a variety of energy flow
loads in a corresponding time [16]. The absorption capacity of wind power generation
and solar power generation is studied in [17]. In the traditional cogeneration system, the
conversion relationship between electric energy and other energy sources is only adjusted
by conventional units, such as thermal power.
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Figure 1. IES structure including CES system.

The CES is an energy storage method that converts electric energy into the internal
energy of liquid air and stores it [18]. The CES is safe, reliable, and low cost, and it has a
long service life; thus, it is more suitable for IES due to multi-type prominent characteristics
of energy supply [15]. The operation of the CES ESS mainly includes two stages: energy
storage and energy release. In ESS, the abandoned wind power is used to drive the air
compressor to compress the air at a high temperature and pressure [19]. After the heat
exchange by step compression, the compression heat is stored in the heat storage tank, and
the air finally enters the liquefaction system.

When the air compressor and turbine expander store the energy, the compression
power of the air compressor can be defined as:

e m.RoT,;
Pepsy =Y — %y (" — 1) (1)
i-1 e
g
PCESg,t = Z ‘XnggUg,mm Tg,in(l - ) ()

i=1

where Pcgs i, Pcesg, are the energy consumption of the air compressor and the output
power of the turbine expander within a unit period; PcEs tmin, PcEsg,tmax corresponds to
the maximum and minimum output power of the air compressor and turbine expander,
respectively; m. and mg are the air mass flow into the air compressor and turbine expander;
mcRg, T in is the inlet temperature of the air compressor and turbine expander; Ry is the
gas constant of air, 287 J/(kg-k); 77 and 7 are the entropic efficiency of air compressor
and turbine expansion; 7¢m, /g m are the conversion efficiency of the motor to the air
compressor and the turbine expander to the motor; § is the compression ratio; <y is the
expansion ratio; a is an adiabatic number, take 0.68; and 7. and ng are the series of the air
compressor and turbine.

The liquid air is stored in the tank at atmospheric pressure, compared with a high-
pressure gas storage tank, safety is expressed as follows:

T, (o)
Vs = Vepsp + ) ——2>

At 3
=1 Pair ( )

where V(g is the volume change of liquefied air in a liquid air storage tank in the unit
period; p air is the density of liquid air, 0.9 kg/m?; and Vcgs is the initial volume of
liquefied air in the liquid-air storage tank.
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The heat in the storage tank during the operation of the cryogenic liquefaction sys-

tem is: o
1
HCESc,t = HCESc,t—l + (Qac,tﬂac + Ure )

4)
re
where Qg is the heat of compression; Q. is the heating power of the system; 77,c and 77,
are the storage and heat release efficiency of the cryogenic liquefaction system.

The cold quantity in the storage tank during the operation of the cryogenic liquefaction

system is:
k=1

Legsgr = mngA(Tg,last,in')’T — Tenv) ©)

where Lcgs, s is the cooling quantity value in a unit period; ¢, 4 is the isobaric specific heat
capacity of air; Tg j4st,in is the inlet temperature of the last stage turbine expander; 1 is the
last stage of the turbine expander series; and T¢;, is the ambient temperature.

To test the advantages of IES containing CES and energy storage over traditional sys-
tems, an energy efficiency index based on the first law of thermodynamics was introduced
to evaluate the energy-saving performance under the optimal scheduling with the lowest
daily operating cost. A lower value indicates that the system is environmentally friendly.

The better IES can fetch a higher value of energy-saving:

T
Hoa L oad, t
ERT = tgl 77pei5c,ele [Pload<t> + écld",gf) + ]ﬁgc( )}
T

EIES =Y |:77petc,ele Pgrid(t) + Mpetc,gas VGT(t):|

(6)

where Egr is the primary energy consumption of the conventional multi-energy distribution

system, and Ejgs is the consumption of IES; 77,1 cle is the electric energy conversion

coefficient, and #petc,gas is the conversion coefficient of natural gas and primary energy.
The carbon emissions of IES are:

T

Eigs = Z [Tlpetc,ele Pgrid(t> + UPCBC,gasVGT(ﬂ} @)
t=1

where 77etc eles pete,gas 18 the carbon emission coefficient of electric energy and natural gas.

2.2. GSA

The GSA is efficient in solving a nonlinear function. This feature and the simplicity
of its concept and implementation are the key reasons for researchers’ preference for this
approach. However, this approach has several drawbacks that must be noted. These con-
straints can be overcome by making various changes to the GSA to improve its performance.
Rashedi et al. introduce the GSA [20], which operates based on objects whose actions are
recorded by the multitude; this causes a worldwide movement toward objects with larger
masses [21]. Achieving a worthy, ideal answer is more difficult because the heavier masses
have higher fitness criteria [22].

The position is defined with N as:

Xl-:(xil...xd x') fori=1,2,...,N (8)

FECE

The gravitational force is calculated as follows:

M;(t)xM;(t) ( i

Fi(t) = G(t) Ri(1) ¢ SHOREA0) ©)

The Euclidian distance can be written as:

Rij (1) = [|Xi(8), X; (D), (10)
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The total force acting on the ith agent (Ff (t)) can be presented as:
d > d
Ei'(t)= ), rand;Fj(t) (11)
jekbest,j£i
Also, a%(t) can be presented as:
F{(t)
d i
ai(t) = (12)
) M;;(t)

The position, inertial mass (M;;), active gravitational mass (M,;), and passive gravita-
tional mass (M,;) are all components of each mass [23].

A technique based on this concept can be described to obtain an agent’s subsequent
speed and location, as shown in Equations (10)-(13), [23,24]. An agent’s subsequent speed
can be represented as a function of its current velocity plus its current acceleration. As a
result, the following location and speed can be given:

v (t+1) = rand; x of (t) 4 af (¢) (13)

xF(t+1) = x4() + o (t+1) (14)

To appropriately regulate the search procedure, the gravitational constant (G) is set
arbitrarily at the start and gradually decreases over time as follows:

G(t) = G(Go, t) (15)

G(t) = Goe T (16)

The masses of the agents can be determined via fitness evaluation. The greater an
agent’s act mass, the more significant that agent, in terms of the answer, is obtained. A
hefty mass has a greater pull on power and moves slower according to Newton’s laws of
gravity and motion. The masses are described as follows:

M[ll:Mpl:Mll:Ml’ i:1,2,..-,N

_ fiti(t) — worst(t)

mi(t) = best(t) — worst(t) 17
M) = -7t (18)
El m;(t)

where best (t) and worst (t) represent the best and worst fit values at maximum and mini-
mum levels.

3. Proposed Methods
3.1. Objective Function

The objective function of the optimal scheduling model is:
Copr = min(Celg + Cgas + Cwa) (19)

where C,, is the total operating cost of IES, and Cy, is wind curtailment cost.
To calculate the power purchasing cost, the following equation is used:

T

Cele = Z [Pgrid(t) Wl (t)] (20)
t=1
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where C,j, is a power purchase cost, Pgrid(t) is purchased electricity volume, and w,,(t) is
electricity / gas price.
To calculate the cost of purchasing natural gas, the following equation is used:

T

Cgas = t:zl [Gug(t) +‘Ung(t)] (21)

where Cg;s is the cost of purchasing natural gas from the gas network and purchased gas
volume, and wy,(t) is the gas price.
To calculate the wind curtailment cost, the following equation is used:

T
Cuwa = Z ,BPwa(t) (22)
t=1

where Cy, is wind curtailment cost and § is the wind abandoning cost coefficient, wherein
the value is 2.5, and Py, (t) is wind abandoning power.

3.2. Constraints
The electrical and thermal power output of the gas turbine is:

Port = VGT,90s1GT ele VGHV (23)

Hgrt = Poricrn (24)

where Pgr and Hgr; and t are the electrical and thermal power output by the gas turbine,
in turn; ugr is the start-stop state of the unit and is a 0/1 variable; Vi g5 is the natural
gas consumption of unit; 77gr .. and 1g7 ), are, respectively, the power generation and
thermal efficiency of the gas turbine; Vsgy is the calorific value of natural gas, which is
9.7 kW-h/m?.

The cooling power of the electric energy output is:

Lec: = PecBEc (25)

The absorption chiller consumes the cooling power of the thermal energy output:

Lacy = HacBac (26)

where Lgc;,L ac s are the cooling power output value of the electric refrigerator and absorp-

tion refrigerator in the unit period, respectively. The variables Prc;, Hac,; are the electrical

and thermal power consumed by electric refrigerators and absorption refrigerators, respec-

tively. The B¢ and Bgc are the refrigeration coefficients of the two chillers, respectively.
The thermal power output of the gas boiler is:

HRg,t = VRG,gaslRG 1 VGHV (27)

where Hpg, is the thermal power output of the gas-fired boiler value; Vig ¢4 is the natural
gas consumption of gas boiler per unit time interval; and 7z j, h is the heat production
efficiency of gas boiler.

The electric quantity per unit time interval of the battery is:

Sess,t = Sess,tfl + Pcharlcha - Pdis /77dis (28)

where S, ¢ is the electric quantity stored by the battery value; Py, and Py;; are the charge and
discharge power, respectively; and #,, and 7 4;; are charge and discharge efficiency, respectively.

The system equipment constraints and the balance constraints of system power are
also paid attention under IES operation.
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The cold and hot power balances are, respectively:
Lioad,s = LcEsgt + Lect + Lacy (29)
Hioadr = Hert + Hr ¢ + HeEse (30)
where Ljy,4; is the cooling load and Hj,, ; is the heat load within a unit period.
The electric power balance is:
Pioadt = Pect + Pceset = Gart + Poridt + Pwind,t — Pwat + PcEsg t (31)

where Py, is the electrical load and P4+, Pwa,t are the wind power output and aban-
doned wind power, respectively.

3.3. Optimization Algorithm

The sensitivity analysis of the hGSA-LS algorithm’s parameters needs to be regulated
appropriately to examine the effects of various values on the algorithm for obtaining
accurate values. The GSA is set to a population size of 30, iteration = 40, w = a random
value between 0 and 1, iteration GO = 1, and & = 20. Using GSA, the abovementioned process
is repeated 30 times to obtain the final controller parameters. The parameters obtained
from the GSA are then fine-tuned using the LS technique. The final values calculated with
GSA are based on the LS’ preliminary points. Mesh size = 1, mesh expansion factor = 2,
mesh contraction factor = 0.5, evaluation number = 10, and generation number = 10 are the
parameters used to implement the LS algorithm.

In the first step, each agent is stationed at a distinct location. The agents are recovered
in the next stage, and the next locations are determined using Equations (26) and (27).
Equations (28)—(31) are used for each time cycle to calculate the additional parameters,
and the calculated parameters are similarly rearranged. The LS is particularly good at
dealing with nonlinear optimization problems because the nature of operators in the LS is
adjustable, and it offers a lot of potential for improving local search [25]. The enhancement
in direction vectors, such as [0 1], [1 0], [1 0], and [0 1] is the first step in constructing the LS.
Thereafter, a mesh point will be made. The goal is set until it achieves a lower incentive
than Zy, and Z; is one such point, which serves as the starting point for subsequent
iterations. A novel mesh point can be obtained as Z;+ 2x[0 1], Z; + 2x[1 0], Z;+ 2x[—1 0],
and Z; + 2x[0-1]. Figure 2 depicts the flowchart of the hGSA-LS algorithm, while Table 1
shows the IES, CES energy storage, and supporting device parameters.

—
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and specify the LS parameters
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Iteration numbers with each memeplexes

v

Random population generation of P solution ,
Fitness calculation of individuals

'
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| Solution into m memeplexes divide P ‘ point mesh constraint

¥
‘ Mesh point evaluation |

’ GSA evolved memeplexes |

Is the poll
successful?

Update the
mesh size

No

Termination
=True

| Best solution determination ‘

Figure 2. Flowchart of the hGSA-LS algorithm.
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Table 1. IES, CES energy storage, and supporting devices parameters.
Parameter Value Parameter Value
Air compressor series 4 Air compressor inlet temperature/K 314
Pressure than 4 Electric-press conversion efficiency 0.92
Expansion ratio 3.75 Compression power range/kW 80~450
Turbo expander series 4 Turbine expander efficiency 0.86
Ambient temperature/K 288 Expansion power range/kW 80~450
NGTelc 0.42 Turgor-electric conversion efficiency 0.9
NGTh 0.53 Expander inlet temperature/K 389
Heha, Ndis 0.94 Air compressor efficiency 0.87
Ptr max/kW 2200 Cold storage tank capacity/(kW-h) 2000
Sess /KW 450 Capactiglf/f &ﬁﬁ;orage 4000
NRG 1 0.92 Liquid-air storage tank volume/ m3 1800
BEc 3.53 Bac 1.21
Neesele/ (g (kW-h)~1) 1.07 Lec/kW 500
Hees,gas/ (8- (KW-h) 1) 967.77 Lact/kW 1000
petc,ele 3.62 petc,gas 221.84

4. Result and Discussion
4.1. Simulation Parameters

Figure 3 shows the prediction curves of day-ahead power, cold load, heat load, and
wind power of the system. The electrical, cold, thermal loads, and wind power involved in
the calculation examples in this study are analyzed by referring to the data of an industrial
park located in Pakistan during winter and summer.

6 -

=== Electric load

5

Power (kW)
(] w ESN

0

Cooling load

Wind power prediction

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
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45 4
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heating load
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(b) Winter

Time (Hour)

Figure 3. Power forecast curve of electricity, cooling, heat load, and wind power in the two seasons.
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The system equipment parameters are presented in Table 1, and IES is connected to
the power grid and gas network. The power grid adopts a pricing strategy to reduce the
operating cost of the system by using peak-valley price differences. Table 2 presents the
purchase prices of natural gas and electric energy.

Table 2. Energy unit price.

Purchasing Type Time Cost ($)
Natural gas 00:00-24:00 2.2
. Peak time 08:00-12:00
Electric energy 16:00-20-00 1.29
. Usual time: 12:00-16:00
Electric energy 21:00-23:00 0.84
Electric energy Set time 23:00-08:00 0.42
4.2. Results

This study takes the load data of an industrial park in southern Pakistan in winter and
summer as an example and sets three different operational cases for comparative analysis
to analyze the economic benefits generated by the CES system in IES optimal scheduling
and the excellent multi-energy joint supply capacity of the CES system compared with
other ESSs. In order, CES equipment, battery equipment, and no auxiliary energy storage
equipment are added to IES. The three operational cases represent the scheduling situation
under three different operational cases in winter and summer, respectively. In operational
case 1, IES joins CES, and the output of electricity, cold, and heat energy in winter and
summer is shown in Figure 4.
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Figure 4. Electricity and heat energy output diagram in winter under operational case 1.

Figure 5 depicts the electric power output. The CES system has a strong multi-energy
regulation ability regardless in winter or summer. It stores excess wind energy in the
evening when the electric load is low, the air abandoning volume is high, and electric
energy is released to replenish the electric load in the daytime when the electric load is
high. In terms of cold and heat output, two chillers are running on typical days in summer.
Meanwhile, the CES system is used in energy storage, and it can store cold energy for the
cooling load while releasing energy. The cold storage tank of the CES system can provide
a cold reserve. On typical winter days, gas boilers and waste heat boilers work together.
The CES system uses the stored heat energy for heat load supply and thermal reserve at
the same time, which ensures a reliable cold and heat load supply. Thus, the CES system
has the superior ability of the multi-type energy supply. In the second approach, batteries
are added to the system, and the output of electricity, cold, and heat energy in winter and
summer is shown in Figure 6. The battery has a good performance in absorbing new energy.
However, the cooling load still needs to be fully supplied by absorption refrigeration
electromechanical and electric chillers on a typical day in summer. The supply of heat load
still depends on gas boilers and waste heat boilers on a typical day in winter.



Sustainability 2022, 14, 5301 11 of 18

20 1 W Battery charging m Load

B Power consumption of electric refrigerator 1 Gas turbine
15 1w Power grid = Wind power
M Battery discharge m

Power (MW)

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (Hours)
(a) Electric energy output in summer

1 Cooling load W Absorption refrigerator M Electric refrigerator
25

1.5 A

Powr (MW)

0.5 -
0_Illlll
REEEE
-0.5 -
1 4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time (Hour)

2
(b) Cold energy output in summer

20 -
m Electric Load M Battery charging 1" Gas turbine

1 Power grid  Wind power output M Battery discharge

xl |I|I
i 111
|
e T
AEENEEN
IR L THL
5 4

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

Time (Hour)

— —
o (6]

Power (MW)
w

o

(c) Electric energy output in winter

Figure 5. Cont.



Sustainability 2022, 14, 5301 12 of 18

m Heat load m Gas turbine m Waste heat boiler

0.5 -

Power (MW)

12 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24 25

Time (Hour)
(d) Thermal energy output in winter

Figure 5. Electricity and heat energy output in winter under operational case 2.

15 7 mElectric refrigerator M Load 1 Abonded wind power

1 Gas turbine m Power grid B Wind power
10 -

6]
1

Power (MW)
S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
(a) Electric energy output in summer Time (Hour)

1 Cooling load ® Absorbtion refrigerator M Electric refrigerator

g
o

Power (MW)
o —_
o U= N

-0.5 1
1 A
-1.5 1
2

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

(b) Cold energy output in summer Time (Hours)

Figure 6. Cont.



Sustainability 2022, 14, 5301

13 0f 18

10
Electric load m Wind power W Power grid M Gas turbine
8 -
6 1m B B
2
S
5
= 01
2 4
4
-6 -

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

(c) Electric energy output in winter Time (Hour)

15 1 W Heat load m Gas fired boiler m Waste heat boiler

0.5 1

Power (MW)

-0.5 1

-15 -
1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
(d) Thermal energy output in winter Time (Hour)

Figure 6. Electricity and heat energy output in winter under operational case 3.

The IES under three different operational cases fluctuates between 80%, 90%, 110%,
and 120% of the current price on the premise of the existing peak-valley electricity price
and natural gas price. The effect of energy price fluctuation on the primary energy saving
rate and operating cost of IES is analyzed. Figure 7 shows the influence of natural gas
price fluctuation on system operating costs and primary energy saving rates in winter and
summer. It also depicts the decline in natural gas prices.
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Figure 7. Fluctuation of gas prices under the three operational cases of the IES system in winter and
summer.

Figure 8 depicts the electricity price decrease. The system energy purchase cost under
the three cases in typical summer days decreases accordingly, and the primary energy
saving rate also has a downward trend.
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4.3. Discussion

In terms of multi-type energy supply, the battery is inferior to the CES system and does
not have the function of multi-energy connection and supply. In addition, the battery has a
short operational life and high replacement cost [17], which is not conducive to ensuring
the cost of IES in the long-term operation time. In the third operational case, IES does not
contain any auxiliary energy storage device. At night when the wind power is high and
the electrical load demand is low, the abandoned wind power cannot be absorbed, and its
electric regulation energy forcedly needs to be strengthened. In summer, the typical day
and night electrical load is low, the output of the absorption refrigerator is low, the output
of the electric refrigerator is more, the power purchase from the grid increases, and the gas
consumption is high. On a typical day in winter, gas-fired boilers need to be run to supply
heat load, and the purchase of gas increases, which affects the operating cost and carbon
emissions of the system.

Table 3 depicts the energy purchase cost. Compared with those in the two other
conditions, the optimization results on typical days in winter and summer show that the
electricity and gas purchase costs of IES after the addition of CES are significantly lower
than those before the addition of IES. In operational case 1, the energy purchase cost in
summer is higher than that in winter. The reason is that the electricity in the system when
supplying cooling load chillers and absorption chillers run together, which makes electricity
costs slightly higher. Compared with that of operational case 1, the energy purchase cost of
cases 2 and 3 is reduced. This result indicates that the CES system has a strong multi-type
energy supply capacity and can effectively reduce the purchase cost of various types of
energy, which reduces the total operating cost and improves the economy of IES. Table 3
compares the next energy saving rate and carbon dioxide emission reduction rate of the
three different operational cases.

Table 3. Optimization results of IES in typical days in winter and summer.

Case Seasonal PoweCr;’SLtl/rsschase Gasé::g;; ase Wind 121;:3; oning TOtaIC?) E:/;ating Carbon Emission/t Primary Energy/%
1 summer 29,311.97 15,896.64 0 45,208.61 33.40 44.03
winter 27,885.71 15,102.11 0 42,987.82 33.63 46.18
2 summer 31,476.91 16,640.19 0 48,117.10 33.68 42.96
winter 30,820.05 15,570.61 0 46,390.66 34.95 42.86
3 summer 33,419.64 16,640.19 7506.25 57,566.08 36.48 38.88
winter 32,754.80 15,578.46 8582.09 56,915.35 36.51 40.35

Considering the absorption of new energy, the CES system and battery also have a
high quality of absorbing and abandoning wind power, both of which can improve the
absorbing and abandoning wind power rate to nearly 100%. However, compared with
the CES system, the battery cannot store and supply multiple types of energy. Moreover,
the CES system has a long service life and is more suitable for the long-term operation
of IES. On a typical day in summer, IES with CES storage increases by 1.07% compared
with batteries, and CO, emissions decrease by 0.28 t. Compared with those of IES without
any energy storage equipment, the 2 indexes increase by 5.16% and decrease by 3.08 t,
respectively. On a typical winter day, the next energy-saving rate of case 1 increases by
3.32% compared with that of case 2, and the carbon dioxide emission decreases by 1.32 t.
Compared with those of case 3, the two indexes increase by 5.83% and decrease by 2.88 t,
respectively. The variation range of the two indicators in cases 1 and 2 on a typical day in
winter is more obvious than that on a typical day in summer. The reason is that the heat
load in winter needs the supply of a gas boiler and waste heat boiler, while the performance
of the CES system in case 1 is superior. The primary energy saving rate and carbon emission
change. In summary, battery and CES can reduce the operation cost of IES and improve the
absorption rate of new energy to a certain extent. However, the CES system has a more
prominent ability of multi-type energy supply and regulation, which can better achieve
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the purpose of optimal economic operation of the system. The CES ESS also has certain
advantages in the low-carbon and energy-saving operation.

As shown in Figure 7, energy purchase cost decreases on a typical day in summer. The
change range of the primary energy saving rate under case 1 is about 0.1%, while that under
case 2 decreases by 0.9% and 1.6%, and that under case 3 decreases by 2.8% and 2.4%. This
result demonstrates that increase in gas price leads to a decrease in gas purchase volume,
and the cooling capacity of the CES system offsets part of the price impact. Therefore, the
CES system has stronger stability in coping with the decrease in gas prices in summer. On
a typical day in winter, energy purchase cost still decreases with the gas price. However, in
terms of primary energy saving rate, the system saving rate index data are stable under
case 1, while the system saving rate under cases 2 and 3 decreases by 0.8% and 1.37% at
80% of gas price, respectively. With the increase in natural gas price, the energy purchase
cost of the three operational cases on a typical day in summer decreases slightly to 110%
of the original gas price, which implies that the system is slightly sensitive to the increase
in gas price. In terms of primary energy saving rate, the index of case 2 at 110% of the
original gas price is still stable. The index of cases 2 and 3 at 110% of the original gas price
decreases by 1.2% and 3.17%, respectively. However, it is nearly flat with that at 110% and
at 120%. Therefore, the system has an obvious response to the rising gas price in summer
cases 2 and 3, but the saving rate index tends to be stable with the gradual increase in the
price. On a typical winter day, the energy purchase cost of the three cases shows an upward
trend. Case 1 slightly increases by 0.36% in terms of primary energy saving rate, while case
2 tends to be stable, and case 3 decreases by 0.27%. The abovementioned trend indicates
that IES with CES has better performance in coping with gas price fluctuations. The reason
is that the system is heated by gas boilers and waste heat boilers in winter and cooled by
absorption chillers in summer. Case 1 has a CES system to assist heating and cooling, which
has better stability in dealing with price fluctuations than the two other cases.

According to Figure 8, the next energy-saving rate of case 1 decreases by 0.63% and
0.57%. Those of cases 2 and 3 decreased by 2.22%, 0.9%, and 5.4%. The 2.11% is the
decrease compared with case 1, which means that case 1 is more reliable when dealing with
electricity price decline in summer. On a typical day in winter, the energy purchase cost
gradually decreases successively. The primary energy saving rate index of case 1 is stable,
while the primary energy saving rate index of case 2 decreases by 0.79% and 1.27%, and
that of case 3 decreases by 1.61% and 1.97%. Case 3 has the largest drop during the rises
in electricity prices, and the purchasing power of case 1 becomes typical during summer
days. This price drops slightly and rises again at 120%, while case 2 has the same trend
and case 3 gradually rises. In terms of primary energy saving rate, the index of case 1 is
stable, case 2 slightly decreases by 0.33% and 0.61%, while case 3 decreases by 1.36% and
0.44%. On a typical day in winter, the increase in energy purchase cost is similar to that in
summer. Concerning primary energy saving rate, case 1 slightly increases by 0.62%, but
cases 2 and 3 have a significant downward trend at 110% of the original electricity price,
and case 2 has a maximum decline of 4.38%. According to the above-mentioned analysis,
case 3 cannot cope with the fluctuation of electricity prices because it has no ESS. Thus, it
has the worst stability. Case 2 has the function of electricity storage and good stability, but it
does not have the function of cold and heat storage. It cannot cope with the operation cost
of electric refrigerators and other equipment with the fluctuation of electricity price. The
stability of case 2 is also worse than that of case 1. Case 1 has the capacity of a combined
supply of cold, heat, and electricity. Thus, it has the strongest ability to deal with electricity
price fluctuations.

Table 4 depicts the final, comparatively best result of the various algorithms with pro-
cessing time. Among various methods, the hGSA-LS algorithm shows more improvement
than other algorithms. The use of the hGSA-LS algorithm enhances the total cost of the IES.
Among all three cases, case 3 shows the best case of the operation of the IES. For better
understanding, all algorithms for 40 trials are compared. Compared with case 2 and after
considering the uncertainty of energy purchase price in case 3, the purchased electricity
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of the system is flexibly adjusted according to the real-time market electricity price, and
the operating cost is reduced by 10.23%. Compared with that of case 2, the operating cost
of case 3 increases by 81.5% after considering scenery output and comprehensive demand
response uncertainty, and the robustness of the model is improved by sacrificing certain
economic benefits. The major factor in increasing the total cost is uncertainty in the problem
formulation and the effect of random variables. The major factor in increasing the total cost
is uncertainty in the problem formulation and the effect of random variables. The optimal
operating point for the IES cannot be reached without the use of probabilistic modeling.
However, the hGSA-LS algorithm greatly increases the cost.

Table 4. Total trails (40) in all three cases.

Cost ($)
Algorithms Time (s)
Case 1 Case 2 Case 3
hGSA-LS 353.2189 286.7083 258.768 115.361
PSO 358.0602 291.7038 261.614 118.478
GA 359.6832 294.6581 263.237 120.364

5. Conclusions

The CES system can efficiently utilize wind and solar power and can be dispatched in
the peak hours of regional power load demand to release energy. It can fill the demand
gap, which is conducive to the peak regulation of the power system and further boost the
rapid development of new energy.

e  The CES system has a green growth system operation, flexibility, scheduling ability,
and excellent operation of multi-type energy supply. Through the IES of multi-type
energy supply, the economic benefits of wind are reduced. Thus, participating in the
scheduling of energy consumption and other power equipment is needed to optimize
the operation of the supply system.

e  The low-carbon environmental protection operation adds a CES ESS to IES, which
improves its primary energy saving rate and carbon emission reduction.

e Interms of sensitivity to energy prices, IES containing CES has stable price fluctuations,
and its operational efficiency is higher than that of traditional IES.

o  The hGSA-LS algorithm requires 5.87 s for solving the problem; however, the GA, PSO,
and GSA require 12.56, 10.33, and 7.95 s, respectively. Thus, the hGSA-LS algorithm
shows better time performance than other methods, such as GA, PSO, and GSA.
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