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Abstract: In this paper, we explored optimal operation strategies for integrated energy systems (IES)
in electrolytic aluminum industrial parks, highlighting energy hubs (EH) as key to improving energy
efficiency and operational flexibility. A review of IES research covers system modeling, optimization
algorithms, and demand-side response (DR) strategies. By integrating EH into an energy coupling
model with a DR framework, we analyzed the system’s economic viability, constraints, and
optimization approaches. A case study was performed to validate the model’s effectiveness across
scenarios. Our results demonstrated that the proposed framework significantly improves IES
performance: When compared with single-energy-conversion equipment configurations, the EH-
integrated model reduces total operating costs by 21.05%-38.02%. By incorporating a DR model
tailored to electrolytic aluminum’s rigid load characteristics, including load shifting and multi-energy
substitution, the system achieves a 53.6%-62.1% reduction in wind/solar curtailment rates and
shortens energy storage payback periods by 18.7%. Further analysis indicated that the DR-IES model
can dynamically balance electrical and thermal loads, incentivize user participation, and enhance
environmental benefits. Empirical results showed that this approach reduces total operating costs
by 5.56% and narrows the peak-valley differences of electrical and thermal loads by 24.78%
and 17.11%, respectively. This study provides a new paradigm for high-energy-consuming industries
to achieve low—carbon transformation through the collaborative optimization of EH and DR, offering
theoretical and practical guidance for energy management in industrial parks.
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1. Introduction

With the accelerated global energy transition and the growing diversification of energy demands,
the optimization of integrated energy systems (IESs) and the development of demand-side
response (DR) strategies have emerged as vital research topics in the energy sector. By integrating
multiple energy carriers, including electricity, heat, and gas, IES significantly enhances energy
conversion efficiency and fosters synergistic optimization. This integration leads to improved energy
efficiency, reduced consumption costs, and increased system flexibility and stability. Scholars
worldwide have dedicated extensive research to this field, resulting in a multitude of innovative
theories and methodologies.

IESs are effective for building green and low-carbon industrial parks. The energy hubs (EHs) play
a pivotal role in the studies on IES. The EH is the key node for energy transmission and conversion,
which dictates the processes of energy transformation and distribution. The various modeling methods
of EH provide critical theoretical support for the analysis of IESs. They also enable to accurately
identify the state of the IES from the perspective of a multidimensional performance indicator. By
developing EH models, many evaluation indicators, such as the energy utilization rate, energy
unavailability, and carbon emission level, can be comprehensively considered, which supports the
scientific decision-making in several aspects, including the IES network architecture, equipment
selection, and scheduling operations [1-3].

Dai et al. [4] proposed a multi-EH load-source coordination optimization method that considers
the benefits of energy consumption. They highlighted the key role of EH in promoting the consumption
of renewable energy, enabling a reduction in the operational cost and enhance the operational benefit
of energy systems. Li et al. [5,6] emphasized the central role of EH in the optimal operation of electric
thermal grids, especially when taking the variable energy efficiency of the equipment into
consideration. They employed piecewise linearization methods and standardized matrix models to
accurately capture the changes of the EH equipment efficiency under different operating conditions.
In addition, they increased the forecasting accuracy of operational cost for electric thermal grids and
provided a novel perspective on wind power accommodation.

In the aspect of DR in IES, Wang et al. [7] proposed an integrated demand response (IDR)
optimization method, which maximizes the use of clean energy and ensures the security of the
underlying by developing a multi-energy IES model and designing trading strategies. They adjusted
user loads using the demand elasticity matrix to promote energy efficiency and economic benefits via
price incentives without increasing total energy consumption. Guo et al. [8] developed a DR model on
the user side, incorporating the transferable and dispatchable loads. They also developed an optimal
operation model for regional IES, while taking the flexible loads and IDR on the user side into
consideration. Their experimental results show that the developed method improves energy utilization
flexibility and responsiveness and optimizes system operations by considering user participation. This
significantly reduces operational costs and enhances overall energy efficiency. Li et al. [9] proposed
an economic optimization scheduling method for industrial park IES based on multi-timescale DR.
They developed the optimization scheduling models in three timescales: Day-ahead, intraday, and real-
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time. Xu et al. [10] proposed an optimization model that combines the centralized and distributed
control for industrial park IES. In their study, the DR model, which includes transferable and
dispatchable loads, was developed, and a novel optimization operation planning method for regional
IES with DR was proposed. Chong et al. [11] proposed an integrated demand response strategy. They
used a linear dynamic thermal network model to build a hybrid time-scale optimal scheduling
framework, which cuts operational costs effectively. However, this model is at a low level in
scheduling and has not been verified in real systems. Duan et al. [12,13] developed an integrated
demand response model that combines price-based and substitution demand responses. Its dynamic
incentive mechanism can motivate users to participate in demand response, reduce the system's overall
cost, and enhance economic efficiency. However, the model does not fully consider the dynamic impact
of energy market price fluctuations on scheduling strategies.

For optimal operation models, Wang et al. [ 14] proposed an optimal design method for park-level
IES based on load characteristics. In this method, the equipment utilization rates, payback periods,
renewable energy penetration rates, and user-side energy quality indicators were comprehensively
considered. Liu et al. [15-18] developed a two-layer optimization model for regional integrated energy
systems. This model covers energy production, storage, load, and trading, aiming to optimize system
operation. Zhao et al. [19] presented an R-P-D chain for park-level systems. They also built models
for flexibility assessment, coupling coordination, and flexibility adaptation, analyzing the system from
multiple dimensions. However, these studies may have model assumptions that deviate from reality.
They simplify user behavior, making it difficult to accurately reflect actual demand response. In
algorithm applications, Xie et al. [20-22] created a multi-regional and multi-energy system model. It
includes demand-response alliances and shared energy storage. Using a multi-objective optimization
model, it considers system operation costs and environmental impacts. Case analyses confirm the
model’s and algorithm’s effectiveness. Jordehi et al. [23] formulated a stochastic mixed-integer linear
programming model. It evaluates the impact of energy hubs, mobile storage, and demand response
plans on power system resilience. Sepehrzad et al. [24] applied K-means clustering and a PSO
algorithm. They constructed an integrated energy distribution system model that considers
energy-market interactions and user participation. This model determines multidimensional scenarios
and solves optimization problems.

As discussed, the studies showed that through energy planning and operational strategy design, it
is possible to significantly increase the efficiency and economics of energy utilization while reducing
the environmental impact. However, to the best of our knowledge, a study on improving the flexibility
of IES in industrial park, especially for the high energy consumption target, such as the electrolytic
aluminum industry park, does not exist. In this study, the EH model for IES of electrolytic aluminum
industry park is developed to improve the flexibility in the IES design, which incorporates DR
technologies for maximizing the energy utilization and optimizing the economic benefits.

The energy management and operations in industrial parks are often managed by multiple
independent operators, which results in insufficient information sharing, difficulty in effectively
responding to peak demand, low energy utilization efficiency, and waste. The energy demands of
industrial parks are diverse and dispersed, which makes the demand-side management the core of the
IES operations. An effective DR can enhance the system economics and reduce the user energy costs.
Therefore, we analyze the current situation, establish an IES architecture, and clarify the connections
between energy types and entities, enabling us to perform efficient energy utilization and cost reduction.
An IES that integrates multiple resource supplies and scheduling is introduced. It performs new energy
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absorption and DR of the IES, optimizes energy consumption plans, enhances system optimization
levels, and reduces user energy costs.

The contributions of this paper are summarized as follows:

(1) A novel IES optimization model, centered around the EH and incorporating comprehensive
DR strategies, is developed. This model achieves a balance between electrical and thermal loads
through the EH, and incorporates incentives for user participation and environmental benefits, enabling
us to significantly increase the flexibility and reliability of the system.

(2) An energy coupling model that leverages the EH as the nucleus is developed. This provides a
detailed analysis of the transformation and coupling relationships between different energy forms
within the industrial park IES. This yields insights into the economic viability, operational constraints,
and optimization strategies of the system, where the EH plays a crucial role.

(3) Data from an industrial park in southern China are employed to conduct a case study analysis.
The results validate the effectiveness of the proposed optimization model that is anchored on the EH.
They demonstrate that the method reduces operational costs, minimizes wind and solar energy
abandonment, and shortens the payback period for energy storage systems, providing practical
guidance for optimizing IES operations in industrial parks, considering the EH as a key component.

The remainder of this paper is organized as follows. In Section 2, we outline the basic structure
of the IES, then model it, and finally propose an IES model that incorporates IDR. In Section 3, we
present the economic model and solution method of the IES. In Section 4, we provide experiments and
analysis to validate the proposed model. In Section 5, we conclude the paper with a summary of the
findings and suggestions for future work.

2. Industrial park (EH) model
2.1. EH structure

The basic structure of industrial park EH studied in this paper is shown in Figure 1. As shown in
the figure, the EH comprises wind turbines (WTs), photovoltaic arrays (PVs), gas turbines (GTs), and
waste heat boilers (WHBs) that form combined heating and power (CHP) units, electric boilers (EBs),
gas-fired boilers (GBs), electrical energy storage (EES), and heat energy storage (HES).

This industrial park EH can perform energy production, transmission, conversion, and
consumption. It also connects power grid companies, gas grid companies, and user loads, enabling us
to meet user energy demands through the multi-energy coupling devices of the underlying system. In
addition, end-users have electricity and heat demands. The electricity demands are met by WT, PV,
CHP, purchased power, and EES, while the heat demands are met by CHP, GB, EB, and HES. EES
and HES are crucial ES devices in the system, leveraging the differences in peak and valley times to
coordinate and optimize system operations according to the demand, which enables us to increase the
energy efficiency of the system.
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Figure 1. Basic structure of the industrial park EH.
2.2. EH modeling
2.2.1.  Principles and modeling of equipment units

1) CHP model
The output power of a GT can be accurately controlled by regulating the consumption of natural
gas and the input of compressed air. The electrical output power of the GT can be expressed as:

B =, H L G (1)

where P, represents the electrical power supplied by the CHP unit during a specific time period, 7.
denotes the power generation efficiency of the GT, Hi is the lower heating value of natural
gas (typically set to 9.7 kW-h/m?®), and G represents the gas consumption of the GT during the
considered time period.

Waste heat boilers play a crucial role in increasing the energy utilization efficiency. The recovered
thermal power can be expressed as:

pIh = pten (1-m,) /7, )

where P, denotes the heat supply power of the CHP unit during the considered time period and
represents the efficiency of waste heat recovery.
2) GB model

A gas-fired boiler generates thermal energy by consuming natural gas, which serves as a
supplementary heat source for cogeneration units. The relationship between its thermal energy and
natural gas consumption can be expressed as:

H tGBt = nGB,hH LGzGB’g (3)
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where H/” represents the heat supply power of GB during a specific time period, #6s» denotes the
heating efficiency of GB, and G represents the gas consumption of GB during the time period.
3) EB model

The mathematical model of the EB can be expressed as:

QEB — UahBEB (4)

where O represents the heat generation power of the Electric Boiler (EB) device during a specific
time period, nan represents the efficiency of converting electrical energy to thermal energy for the EB
device, and P,” represents the electrical power of the EB device during a specific time period.
4) ES model

In the developed EH, the ES devices include electrical and thermal storage components. Their
mathematical models can be expressed as:

) o pi
VVti,]l:(l_GJJ)VV[JJ+ 77&’”}2{;—? At (5)

d

where j denotes the energy equipment type, i represents the energy type, Wi+ and W: represent the
capacities of the ES device at times #+/ and 7, respectively, o is the self-discharge coefficient, #. and
na are the charging and discharging efficiencies of the ES device, respectively, P.c and P4 are the
charging and discharging powers of the ES device at time t, respectively, and 4¢ denotes the time
interval.

2.2.2.  Energy coupling model

Many devices, including energy conversion and energy storage devices, are used to develop a
matrix model. Considering the multi-energy system presented in this study as an example, the
following model can be established [25-28]:

PEB

Lé’J _ Iy énz 1 —mc w 0 PCtHP,g Pse,t
L | - cHP GB ||t T P (6)
bt 0 Ny M 1 pBe sh,t
t

where L. and Li: denote the electrical and thermal load demands of the user during time period ¢,
respectively, 7., ", ne", and ax represent the energy conversion efficiencies for the CHP electricity,
CHP heat, GB, and EB, respectively, and P;, is the electrical power input at the EH during time period
t, P, Pi"" and P/"* represent the power consumption of EB, the gas consumption rate of CHP, and
the gas consumption rate of GB during time period ¢, respectively, Pse, and Psi,: represent the power of
the electrical and thermal energy storage devices during time period t, respectively.

The electric power P;, and gas power Pg, at the EH input during time period t is given by:

in id wind v
ry, =E" + 5" + B (7)
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where P;" represents the electrical power purchased by the EH from the grid during the considered
time period.

2.3. IES model considering IDR

In the IES, loads are represented by different forms of energy, including electricity, heat, and gas.
We model the IDR for multiple load types based on the load analysis methods used in power systems.
Based on the flexibility and interactivity of the loads, they can be divided into two parts: Rigid
loads (i.e., base load type loads) and flexible loads. In the IES, the flexible loads can be also divided
into two forms: Energy shifting and energy substitution [28-30].

2.3.1. IDR modeling

1) Base load

The base load, also known as rigid load, has low flexibility and limited ability to interact with the
system. In the aluminum electrolysis IES, this load type typically includes electrical loads for
maintenance workshops in aluminum production, heat for the production process, essential electricity,
heat, and gas load demands for user facilities.
2) Load transfer type

To perform peak shaving and valley filling and enhance renewable energy consumption, we
categorize electrolytic cell loads’ participation in DR as transferable loads. Transferable loads should
not affect the total system load demand over a scheduling period, meaning the sum of incoming and
outgoing loads should be zero. Additionally, there is an upper limit for load transfer, and only one type
of load (either outgoing or incoming) can exist at a time. The constraints can be expressed as:

T
(L =L k) =0
t=1

ou out ,max 8
O S Ltr,[t,K S Ltr,tt,K ( )
0< L, x <Ly
where K€{E,H} represents the electricity and heat load types, respectively, Ly« and L.« represent the
load transfer out and transfer in quantities during period ¢ (at least one of them should be null within
the same period), respectively, and L ¢ and L, represent the maximum transfer out and transfer
in quantities during period ¢, respectively.
3) Energy substitution load

Energy substitution is the process of leveraging the coupling relationships between multiple
energy sources to meet the same load demand with different energy supplies, guided by different energy
prices. This substitution relationship enables us to interchange multiple energy sources within the EH. A
detailed mathematical expression can be provided by the coupling matrix, which is given by:
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i N

(L —Ln, . )=0

t=

1
out out,max (9)
OS re,t,K _LretK
in in,max
0 S Lre t,K _ re,t,K

where L.« and L., represent the load substitution out and substitution in quantities during period ¢
(at least one of them should be null within the same period), respectively, and Ly.;x* and L%
represent the maximum substitution out and substitution in quantities during period ¢, respectively.

2.3.2.  Energy coupling model considering IDR

Based on the energy coupling model presented in Eq (9), the integration of IDR can be expressed as:

pts
L +AL Pin 1 __,,CHP O t f)ge
{ } {H o } FE I (10)
L,, +AL,, 0 N M, =1 poBe B

t

where ALe: and 4Ly represent the demand response quantities of electrical and thermal load powers
for the user during time period t, respectively.

3. Economic model and solution method of IES
3.1. Objective function
In this study, the total operating (TO) cost of IES considers the purchased gas (PG) cost Cru,
purchased electricity (PE) cost Ckx, equipment maintenance (EM) cost Cue, and wind and photovoltaic
power abandonment penalty (WPPAP) cost Cpe. The objective function is then given by:
mnC=C,, +C, +C,  +C, (11)
1) PG cost

ZO!([) gl,v (12)

where o(?) represents the natural gas price during time period ¢, and Pg,suy(f) represents the gas power
purchased from GG during time period ¢.
2) PE cost

Cpo = 2 BOP, () (13)

=1

where f(¢) represents the Electricity Price (EP) during time period #, and Pex(?) represents the electricity
power purchased from PG during time period .
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3) EM cost

C, =3¢ [P0) (14)

=1 =l

where Cwi and Pi(?) represent the unit maintenance cost and output power of equipment i during time
period ¢, respectively.
4) WPPAP cost

Cpo = 8,0 D (P (1) + P (1)) (15)

where dpc represents the unit penalty cost of wind and photovoltaic power abandonment, and Py7(¢)

ut

and P, (?) represent the wind and photovoltaic power abandonment during time period ¢, respectively.
3.2. Constraints
The IES satisfies operation constraints of each equipment and energy balance constraints.
3.2.1.  Operation constraints of each equipment
1) Wind power output constraint
O<P (H)<P~ (16)

where Pw1(f) represents the wind power during time period ¢, and Py7 (¢) represents the upper limit of
the wind power output.
2) Photovoltaic power output constraint

0<P, ()<P™ (17)

where Ppi(t) represents the photovoltaic power during time period ¢, and Pz (¢) represents the upper
limit of the photovoltaic power output.
3) CHP operation constraint

Pmin S P ([) S Pmax

CHP e CHP e CHP e

(18)
P <P, (1)-P

CHP CHP e

t—1)< P’

"HP e ( CHP

lown

where Py, and Pg,. represent the lower and upper limits of the CHP power, respectively, and P
and P¢,» represent the lower and upper limits of the climb rate of the CHP, respectively.
4) GB operation constraint

HY <H_ ()<H
j - ¢ (19)
HY" <H_()-H_(t-1)<H”
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where Hy; and Hg; represent the lower and upper limits of the GB power, respectively, and Hg," (¢)
and H¢(¢) represent the lower and upper limits of the climb rate of the GB, respectively.
5) EB operation constraint

{Q;"” <0<
(20)

QZ;W" < QEB (t) - QEB (t - 1) < QZ;

where Oy and Oy represent the lower and upper limits of the EB power, respectively, and 0% (¢)
and Q7(?) represent the lower and upper limits of the climb rate of the EB, respectively.

6) ES operation constraint

SiminVVi S VVI(t) S SimaxVI/i

0<P ()<x (P

0<P,()<x, (P 1)
x, (D+x ,()=1
w,(0) = W,(T)

where S™ and ST™ represent the lower and upper states of the charge value of ES equipment i,
respectively, P;;"and P;;* represent the upper limits of the charge and discharge powers, respectively,
xic and xi« are binary variables representing the current operational state of ES equipment i, and T
represents the dispatch cycle.
3.2.2.  Energy balance constraint
1) Electricity power balance constraint

B, O+ B, () + P () +F,, (O)+ By ,(6) = L(6) + (1) + By (1) (22)
2) Heat power balance constraint

(O+H_(t)+ PHES‘d NO+0,(0)=L(1)+ PHES,C () (23)

})CHP h

3.3. Solution method

The objective function established in this study belongs to the mixed integer nonlinear
programming problem. The standard form of the problem can be formulated as [31,32]:

min F(x)
h(x)=0 k=12,---,m
o g,(x)<0 1=12,---,n (24)
I-x, <x<I-x_
1e{0,1}
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where x represents the output of all the types of power sources (ES, purchased electricity power, and

purchased gas power), /x(x) and g/(x) are equal and unequal constraints corresponding to the power

balance constraints and the equipment operation power constraints, respectively, m and n represent the
number of equal and unequal constraints, respectively, xmin and xmax represent the upper and lower
limits of the equipment operation power, respectively, and / represents the state variable.

We transform the aforementioned problem into a mixed integer linear programming problem,
which can be directly solved using CPLEX.

4. Experiments and analysis
4.1. Parameter settings

An industrial park in the south of China is considered the research object. This industrial park
includes WT, PV, CHP, EB, GB, EES, and HES. The typically predicted outputs of WT, PV, electrical
and heat loads are shown in Figure 2. The dispatch periods are of 24 h, each with a unit time of 1 h.
The parameters related to each equipment of the IES are shown in Table 1. The time-of-use EP and gas
price are shown in Table 2. The parameters of the ES system are shown in Table 3 [33].

We minimize the TO cost of IES by efficiently processing WT, PV, loads, and market prices data.

150 -

T

Py —FPV -
7 ~— ——Electricity Load Va
- —Heat Load

Powerkvy

50

Time Period

Figure 2. Predicted output of renewable energy and loads.

Table 1. Operation parameters of the IES.

Type Poin/kW Pra/kW Riown/kW Ru/kW %zY )
GT 0 65 s 10 0.0250
EB 0 50 3 5 0.0160
WT 0 100 _ _ 0.0196
PV 0 60 — — 0.0235
GB 0 200 ~10 10 0.0160
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Table 2. Time-of-use EP and natural gas price.

Time period Electricity price (CNY/(kW-h)) Gas price (CNY/(kW-h))
1-7, 23-24 0.17 0.35
811, 15-18 0.49 0.35
12-14, 19-22 0.83 0.35

Table 3. Operating parameters of the ES equipment.

self-

Charge/discharge Prax.o/ _ Wo/ wi Gas price/
Type  ate i‘;f: Prax kW gy Smx Sminweh)  (kWeh)  (CNY/KW)
EES 0.17 0.001 37.5 37.5 0.8 0.2 30 150 0.35
HES  0.49 0.01 25 25 0.8 0.1 20 100 0.35

Scen

To optimize the IES operation, the following seven scenarios are adopted for comparative analysis:
arios 1, 2, and 3 are energy conversion parallel comparisons, Scenarios 4, 5, and 6 are industrial

parks considering multiple energy conversion equipment, and Scenario 7 further takes the IDR into
consideration. In summary:

Scenario 1: EB only on the EH side.

Scenario 2: GB only on the EH side.

Scenario 3: CHP only on the EH side.

Scenario 4: CHP is introduced based on Scenario 2.

Scenario 5: EB is introduced based on Scenario 4.

Scenario 6: ES equipment is introduced based on Scenario 5.

Scenario 7: IDR is introduced based on Scenario 6.

The dispatch results of the aforementioned 7 scenarios are shown in Table 4. A detailed analysis

is conducted in Section 4.2.

Table 4. Dispatch results of the 7 scenarios.

Scenarios TO cost/CNY PG cost/CNY PE cost/CNY EM cost/CNY WPPAP cos/CNY
1 2214.67 0 2147.59 67.08 0
2 1748.44 829.16 842.99 66.11 10.18
3 1525.26 1373.90 72.18 69.00 10.18
4 1548.61 1176.29 259.89 77.99 34.44
5 1463.03 1072.98 301.40 77.68 10.97
6 1351.60 1068.47 200.71 77.67 4.75
7 1276.45 1102.79 90.45 79.13 4.08
AIMS Energy Volume 13, Issue 3, 569-589.
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4.2. Comparative analysis of energy conversion equipment parallel scenarios

Scenarios 1, 2, and 3 are used to compare and analyze the impacts of the single energy conversion
equipment on the IES operation. It can be seen from Table 4 that the TO cost of Scenario 1 is the
highest, that of Scenario 2 is reduced by 21.05% compared with Scenario 1, and that of Scenario 3 is
reduced by 12.76% compared with Scenario 2. This indicates that different single energy conversion
equipment has a significant impact on the operating cost of the integrated energy system, and the
rational choice of equipment can effectively reduce the operating cost of the system. The dispatch
results of electricity and heat loads in Scenarios 1, 2, and 3 are shown in Figures 3 and 4.

300
250

200

o o
S 3

Power/kW
3

Power/kW
Power/kW

)

-100

-150

0 5 10 15 20
Time Period

Time Period Time Period

(a) Scenario 1 (b) Scenario 2 (c) Scenario 3

I wT B Py [IcHp I Electricity Power Purchase [IIEB —6— Electricity Load |

Figure 3. Electricity power balance diagrams in Scenarios 1, 2, and 3.
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Power/kW
Power/kW
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5 10 15 20 5 10 15

20
Time Period

Time Period

Time Period
(a) Scenario 1 (b) Scenario 2 (c) Scenario 3

[CTJcHp IEB [_JGB —&— Heat Load |

Figure 4. Heat power balance diagrams in Scenarios 1, 2, and 3.

CHP is the energy conversion equipment on the EH side. It consumes natural gas and can generate

electricity and heat loads. Therefore, it can generate electricity with lower-priced natural gas during
peak electricity prices, which enables us to minimize the TO cost. GB is the energy conversion
equipment on the EH side in Scenario 2. It consumes natural gas to generate only heat load. The
shortage of electricity load should be purchased from the PG, which results in increasing the TO cost.
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EB is the energy conversion equipment on the EH side. It consumes electricity to produce heat. In this
Scenario, there is no consumption of natural gas, which yields the highest TO cost.

4.3. Analysis of energy conversion equipment configuration

The TO cost in Scenario 4 is reduced by 11.43% compared with that in Scenario 2 after
introducing CHP. The TO cost in Scenario 5 is reduced by 5.53% compared with that of Scenario 4
after introducing EB. In addition, after introducing the ES equipment in Scenario 6, the TO cost is
reduced by 7.62% compared with that of Scenario 5. This indicates that the rational configuration of
equipment such as CHP, EB and ES can further optimize the operating economy of IES, which has a
positive and effective effect on reducing the TO cost. The dispatch results of electricity and heat loads
in Scenarios 4, 5, and 6 are shown in Figures 5 and 6, respectively.

Power/kW
Power/kW

Power/kW

Time Period

Time Period Time Period

(a) Scenario 4 (b) Scenario 5 (c) Scenario 6

N T [N PV [ IcHP MM Electricity Power Purchase [ EB [T EES —O— Electricity Load @ SOC_

Figure 5. Electricity power balance diagrams in Scenarios 4, 5, and 6.

It can be seen from Figure 5 that Scenarios 4, 5, and 6 prioritize the use of wind and photovoltaic
power. When CHP is introduced based on Scenario 2, the amount of wind and photovoltaic power
curtailment in Scenario 4 increases compared to Scenario 2. This is due to the fact that, when taking
the operation constraints of the CHP into consideration, it starts to operate during the low EP periods
of 1-7 to ensure ta maximum power in the peak periods of electricity consumption. Although the PG
cost is increased, the savings in the PE cost are higher, which results in reducing the TO cost. After
introducing EB based on Scenario 4, the amount of wind and photovoltaic abandonment in Scenario 5
is reduced. This is due to the fact that the excess of wind and photovoltaic power can be converted to
heat energy through EB to meet the demand of heat load. Consequently, the outputs of CHP and GB
are mitigated, the PG cost is reduced, the PE cost is slightly increased, and the TO cost is reduced.
After introducing the EES in Scenario 6, the excess of energy is saved in EES in the case of high wind
and photovoltaic outputs. Therefore, the wind and photovoltaic abandonment is further reduced, and
electricity power is purchased from the PG for storage during the low EP periods 1-7. Moreover,
electricity power is discharged during the peak electricity consumption periods, with lower PE and
TO costs.
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Figure 6. Heat power balance diagrams in Scenarios 4, 5, and 6.

It can be seen from Figure 6 that Scenarios 4, 5, and 6 meet the demand of their heat load by the
more energy-efficient GB during the low EP periods 1-7 and 23-24. This is due to the fact that during
these periods, the CHP heating reduces the IES revenue. Moreover, during periods 8—22, CHP should
produce more electricity power for the system to gain a higher revenue, and therefore the CHP heating
is increased. The shortage is replenished by the rest of the heating equipment in the IES. The difference
is that in Scenario 4, the heat load shortage is supplemented by CHP during the low EP periods 1-7
and 23-24, and by GB during periods 8-22. In Scenario 5, the heat load shortage is supplemented by
CHP and EB during the low EP periods 1-7 and 23-24, and most of the heat load shortage is
supplemented by GB during periods 822, yielding less EB output. Finally, in Scenario 6, the heat load
shortage is supplemented by GB, EB, and HES during the low EP periods 1-7 and 23-24, the CHP
heating increases, and the excess heat load is stored in the HES.

4.4. Analysis of the IDR impact
4.4.1. Analysis of operational optimization results

Scenarios 6 and 7 are used to analyze the impact of the IDR on the IES operation. It can be
observed from Table 4 that after considering IDR in Scenario 7, the PE cost is reduced compared with
that in Scenario 6. Although the PG cost is increased, the saved PE cost is higher. Therefore, the TO
cost is reduced by 5.56%, and the amount of wind and photovoltaic power abandonment is reduced,
which improves the economy and increases the environmental performance of the system. This
indicates that IDR can effectively optimize the operation of IES and achieve a win-win situation in
terms of economic and environmental benefits. The dispatch results of electricity and heat loads of
Scenario 7 are shown in Figures 7 and 8, respectively.
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Figure 7. Electricity power balance diagrams in Scenario 7.

It can be seen from Figure 7 that Scenario 7 also prioritizes the use of wind and photovoltaic
power. After considering IDR in Scenario 7, compared with Scenario 6, the electricity load curve
increases during the low EP periods 1-7 and 23-24, and the IES increases the electricity power
purchase from the PG. During periods 8-22, the electricity load curve decreases in Scenario 7. In
addition, since the PE cost is higher than the CHP operation cost, the system increases the use of CHP
and reduces the purchase of electricity power from the PG. Therefore, the PE cost is reduced.

Furthermore, it can be observed from Figure 8 that Scenario 7 also prioritizes the use of more
efficient GB for heat supply during the peak heat periods 1-7 and 23-24, while the shortage is
supplemented by CHP, EB, and HES. After considering IDR in Scenario 7, the heat load curve and the
use of EB are reduced during the peak heat periods. When increasing the heat load demand with the
more energy-efficient GB during the low heat periods 822, the IES economy is improved.
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Figure 8. Heat power balance diagrams in Scenario 7.
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4.4.2. Analysis of the fluctuation of load curves

Scenarios 6 and 7 are used to analyze the impact of the IDR on the load fluctuation. Figure 9
shows the curve diagrams of electricity and heat loads before and after considering IDR. It can be seen
that the users use less electricity and more heat at night, while they use more electricity and less heat
during the day. After considering IDR, the users reduce the load peak and valley differences according
to the EP signal. During periods 1-7 and 23—-24, the users shift their electricity consumption from the
peak hours to these periods in order to increase the consumption of renewable energy. Moreover, part
of the heat load is replaced by the electricity load, and the curve of the latter is elevated. At these
periods, the demand of heat load is high, and thus its shifts and load curve are reduced. During
periods 8-22, due to the higher electricity prices, users use more heat load to meet their energy demand,
part of the electric load is replaced by the heat load, and the electric load curve is lowered. After
considering IDR, the peak and valley difference of the electric load curve is decreased by 24.78%, and
the peak and valley difference of the heat load curve is decreased by 17.11%. This enables us to achieve
the effect of cutting peaks and filling valleys, effectively smoothing the energy consumption curves of
the user and reducing the pressure on the PG energy supply.
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Figure 9. Load curves before and after IDR.

5. Conclusions

We propose a dispatch model to optimize the IES operation. This model compares the energy
conversion equipment parallel scenarios, energy conversion equipment configuration methods, and
IDR. An EH model, which takes multiple energy sources into consideration, is first developed. In
addition, an IDR model, which takes the horizontal shift of loads and vertical complementary
substitution into consideration, is developed. An optimal dispatch model is then developed to minimize
the sum of purchased gas cost, purchase electricity cost, equipment maintenance cost, and wind and
photovoltaic power abandonment penalty cost. Finally, the CPLEX is applied to solve the underlying
problem, and the optimal dispatch strategy for IES is established.

The experimental results show that, compared with energy conversion equipment parallel
scenarios, the CHP, which can simultaneously generate electricity and heat loads, yields the lowest
total operating cost. Therefore, during peak EP periods, it can generate electricity by natural gas with
lower price. The TO cost of separately configuring CHP has been reduced by 21.05% and 12.76%
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compared to separately configuring EB and GB, respectively. In the configuration of the energy
conversion equipment, the economy of IES and the renewable energy consumption are improved by
configuring various energy conversion equipment within the IES. After configuring various energy
equipment, the TO cost is reduced by 11.39% compared to only configuring CHP. The IES economy
can be further improved by considering the IDR. The total operating cost is reduced by 5.56%, while
the electricity and heat load curves of the users are reduced by 24.78% and 17.11%, respectively. This
enables us to achieve the purpose of cutting peaks and filling valleys.

This study also has many limitations. In future work, we aim to optimize the equipment capacity
configuration under the impact of wind and photovoltaic uncertainties in order to achieve the best
economy and highest grid stability.
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