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ABSTRACT

In the independent electro-hydrogen system (IEHS) with hybrid energy storage (HESS), achieving optimal
scheduling is crucial. Still, it presents a challenge due to the significant deviations in values of multiple optimization
objective functions caused by their physical dimensions. These deviations seriously affect the scheduling process. A
novel standardization fusion method has been established to address this issue by analyzing the variation process
of each objective function’s values. The optimal scheduling results of IEHS with HESS indicate that the economy
and overall energy loss can be improved 2–3 times under different optimization methods. The proposed method
better balances all optimization objective functions and reduces the impact of their dimensionality. When the cost
of BESS decreases by approximately 30%, its participation deepens by about 1 time. Moreover, if the price of the
electrolyzer is less than 15 �/kWh or if the cost of the fuel cell drops below 4 �/kWh, their participation will
increase substantially. This study aims to provide a more reasonable approach to solving multi-objective optimiza-
tion problems.
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Nomenclature

IEHS Independent electro-hydrogen systems
HESS Hybrid energy storage
PVGs Photovoltaic power generation systems
WPGs Wind power generation systems
BESS Battery energy storage systems
HES Hydrogen energy storage
EL Electrolyzer
FC Fuel cell
SOE State of energy
SOH State of hydrogen
SF Standardization fusion method
EW Equal weight method
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P(t)
PV, P(t)

PV,max Output power and maximum power of the PVGs
P(t)

WIND, P(t)
WIND,maxOutput power and maximum power of the WPGs

P(t)
BESS,d, P(t)

BESS,c Discharge and charge power of BESS
ηd, ηc Discharge and charging efficiency of BESS
u(t)

d , u(t)
c Indicator variables of discharge and charging state of BESS

PN
BESS, EN

BESS Rated power, rated capacity of BESS
SL

SOE, SU
SOE Lower and upper SOE for BESS

St
SOE SOE of BESS

Sinit
SOE Initial SOE for BESS

P(t)
L,ref Power of electric loads

P(t)
EL, P(t)

FC Power of EL and FC
ηEL, ηFC Efficiency of EL and FC
λEL

H2, λFC
H2 Electro-hydrogen ratio of EL and FC

V (t)
EL, V (t)

FC Hydrogen production and consumption volume
u(t)

EL, u(t)
FC Indicator variables of operation state of EL and FC

SL
SOH, SU

SOH Lower and upper SOH for the hydrogen storage tank
V (t)

Sale, V (t)
Purchase Hydrogen sales and purchase volume

PN
EL, PN

FC Rated power of the EL and FC
V N

HESS Rated capacity of hydrogen storage tank
ut

Sale, ut
Purchase Indicator variables of selling and purchasing hydrogen

αEL, αFC Ramping rates of EL and FC
S(t)

SOH SOH of hydrogen storage tank
Sinit

SOH Initial SOH of hydrogen storage tank
ρH2 Hydrogen density
cPV, cWIND Cost per kilowatt hour of PVGs and WGs
cBESS Cost per kilowatt hour of BESS
cEL, cFC Cost per kilowatt hour of EL and FC
cSale, cPurchase Sales revenue and purchase cost per unit volume

1 Introduction

Currently, new energy sources including wind and solar energy are widely used around the world to
alleviate the depletion of fossil fuels and carbon emissions [1,2]. Meanwhile, improving the utilization
rate of new energy sources by electrolyzing water to produce hydrogen gas and using fuel cell to support
electrical load have become popular topics in modern power system research [3]. Then, the economic
viability and energy consumption of green hydrogen production are the difficult issues that constrain
the development of the combination of new energy sources and hydrogen energy [4]. Therefore, to
apply the electro-hydrogen system more inexpensively and efficiently, the optimization scheduling of
the system has become a crucial research topic deserving further investigation [5].

Currently, there are studies on the economy, energy consumption, planning schemes, and control
strategies of green hydrogen systems and the feasibility has been verified [6–8]. References [9] and
[10] have discussed typical cases of household energy systems in South Africa and Nigeria. The
independent wind-solar-hydrogen-storage system has been evaluated to demonstrate that this system
is robust in providing energy to users. As the cost of hydrogen energy subsystems decreases, the deep
application of hydrogen energy systems will be accelerated [11]. The economy of this system has
been analyzed, but further exploration on optimal control strategies is lacking. In Reference [12], a
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simulation model of wind-hydrogen coupled energy storage and power generation system (WHPG) has
been developed. Then, it is presented that the effects of operating temperatures on hydrogen production
and power consumption in alkaline electrolyzer. The factors affecting hydrogen production and power
consumption should be considered more comprehensively. References [13] and [14] have utilized fuzzy
theory to implement intelligent management strategies for photovoltaic-battery-hydrogen system. In
the power control process of the EL and the FC, more factors have been considered, such as net power
variation, battery energy, and hydrogen level, etc. To minimize the total life cost of greenhouse farms in
Saudi Arabia, a renewable energy system model for photovoltaic hydrogen production based on mixed-
integer linear programming has been studied [15]. Although this study comprehensively considers the
economic viability of the system, there is a lack of discussion on issues such as energy loss and resource
idleness.

Moreover, researchers have found that a single metric can’t show the pros and cons of green
hydrogen systems. A comprehensive numerical simulation is established to evaluate the feasibility of
hydrogen production from onshore wind farms in for the arid costal community south of Aqaba Gulf,
Saudi Arabia [16]. This study has provided the economic, technological, and environmental elements
for a comprehensive analysis of an onshore wind-hydrogen system (OWHS). In a constrained multi-
objective optimization problem, the diversity of multi-objective functions is being reduced based on
multi-service attribute utility evaluation [17]. In this study, the weight calculation method for multiple
optimization objectives has been provided, but the theoretical basis is incomplete. In Reference [18],
based on the electricity demand of three small communities on Manoka Island in Douala District,
Cameroon, the total cost of a hybrid renewable energy system and the loss of power probability
(LPSP) are considered in optimizing scheduling. But LPSP has been added to the constraints, not
as an objective function. In fact, only the economics of the system is optimized, which is a limitation.
In References [19–21], the Non-dominated Sorting Genetic Algorithm (NSGA-II) has been applied
to solve the control instructions of an independent electric hydrogen system, and the non-dominated
solution set and Pareto frontier have been obtained. Then, in a new hybrid PV-FC system for green
hydrogen and electricity production, a robust techno-enviro-economic (3E) analysis is conducted by
MATLAB/Simulink, and the NSGA-II coupled with the technique for order preference by similarity
to an ideal (TOPSIS) decision-making approach is also utilized to optimize 3E performances of this
system [22]. The optimal results are finite in the solution set. In the heating and cooling of 100 conex in
Riyadh, Saudi Arabia, which used hydrogen storage as the central storage system [23], the dependency
of the system on the urban power grid and the cost of the electrolyzer and fuel cell are minimized
by deep learning artificial intelligence and genetic algorithm (GA). In the above multiple objective
optimization problem, NSGA-II or GA is a common and effective method. However, based on this
method, a workable solution set is obtained instead of a definite solution.

To address the diversity of solutions in a multi-objective optimization problem, an effective
solution is to transform this multi-objective problem into a single objective function by weighted
linear summation [24]. Such as, many multiple optimization objectives including battery operation
power, charging/discharging depth, and hydrogen production capacity are transformed into a single
optimization objective with the same physical dimension using a cost function. Then, an optimal
energy management of an independent renewable energy system is achieved [25]. Similarly, five
different optimization objectives, namely those related to electricity and natural gas procurement,
battery operation status, and hydrogen production costs, are integrated into a single objective function
representing the cost [26]. In Reference [27], the net present cost (NPC) and cost of energy (COE) of a
hybrid renewable system are calculated, and three swarm intelligent optimization algorithms are used
to identify the optimal configuration of the system. A series of optimization objective functions such as
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power interaction between park buildings and the power grid, equipment operation and maintenance,
power interaction between buildings, and carbon benefits are unified via the cost function. Then,
the low-carbon optimal scheduling of the park is completed on the alternating direction method of
multipliers (ADMM) [28]. Based on the above optimization approach, an unique optimal solution
can be obtained. However, this optimal solution is greatly influenced by the weights of multiple
optimization objective functions. But there is a lack of research on weight allocation principles.
References [29] and [30] respectively use analytic hierarchy process (AHP) and intuitive fuzzy number
(IFN) to determine the relative importance of multiple optimization objective functions. Then, the
weight of each optimization objective function is assigned. But the theoretical validity of the method
is not demonstrated.

Currently, some literature on green hydrogen systems focuses on their economics. It pays insuffi-
cient attention to energy loss. In a multi-objective optimization problem, the weight coefficients of each
objective lack a basis for selection. This can cause the optimal solution to favor a specific objective.
Thus, a standardization fusion method (SF) by standardizing multi-optimization objective functions
is proposed to address the above issues. Compared with the previous similar studies, the advantages
of the proposed study are as follows. From the perspectives of economy and energy loss, the impact
factors are analyzed and the optimization scheduling plan of IEHS is developed. Then, the concept
and method of standardizing optimization objective functions are first proposed and discussed. The
contribution of this manuscript is summarized as follows:

1) A method of standardize multiple objective functions is firstly proposed. It aims to change
a multi-objective optimization problem into a single one. Introducing the concept of data standard-
ization, the proposed method effectively achieves the standardizing fusion of optimization objective
functions. It provides a more reasonable way to solve multi-objective optimization problems.

2) The energy loss and economy of the independent electro-hydrogen system (IEHS) with hybrid
energy storage system (HESS) exhibit a complex coupling relationship by the efficiency and cost per
kilowatt hour of new energy sources, battery energy storage system (BESS), electrolyzer (EL) and
fuel cell (FC). The proposed method will unify multiple optimization objective functions. It will avoid
analyzing the coupling between energy loss and economy. This will help optimally schedule the IEHS
with the HESS.

The organization of this manuscript is as follows. Section 2 shows a mathematical model for
optimizing the scheduling of an IEHS with HESS. Section 3 analyzes the standardization fusion
process in a multi-objective optimization problem. In Section 4, the performance of the proposed
method is compared, and the parameter is discussed. Finally, the research conclusions and future
research are summarized in Section 5.

2 The Mathematical Model of the IEHS with HESS
2.1 Structure of the IEHS

Fig. 1 shows the structure of the IEHS with new energy generation system and HESS, including a
power network and a hydrogen network. In the power network, there are some photovoltaic power
generation systems (PVGs), wind power generation systems (WPGs), BESS, EL, FC, and power
loads. And there are EL, FC, hydrogen storage tank, hydrogen sales unit, and purchase unit in the
hydrogen energy network. Obviously, the core equipment is EL and FC for the interaction between
electrical energy and hydrogen energy in the system. In addition, the HESS is composed of BESS
and hydrogen energy storage (HES) that includes EL, FC and hydrogen storage tanks. This study will
discuss optimizing the scheduling of this IEHS. It will focus on three things: 1) the consumption of
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the new energy generation system, 2) the operational losses of the HESS, and 3) the system’s overall
operational costs. Then, the IEHS scheduling scheme’s multi-objective optimization problem needs
standardizing its different objective functions. A novel solution has been proposed. Therefore, this
section first established the IEHS’s mathematical model. It includes the operational constraints and
multiple optimization objectives.

Wind turbine Photovoltaic Electric load
Battery energy 
storage system

+ -

Electrolyzer Hydrogen 
storage

Sale Hydrogen
H2

Hydrogen load
Fuel Cell

Purchase 
Hydrogen

H2

H2

Electricity network

Hydrogen  network

Power Flow

Hydrogen flow

Figure 1: An independent electro-hydrogen system with hybrid energy storage

2.2 Operational Constraints of the IEHS with HESS
Base on the structure of the IEHS with HESS as shown in Section 2.1, it has been established

that the operation constraints derived from the overall system, new energy generation system, BESS,
and HES. The operation constraints include: 1. The real-time power and energy balance of the IEHS
[31]. 2. The actual output power of PVGs and WPGs. 3. The actual output power and state of energy
(SOE) of BESS [32]. 4. The restrictions on the production, storage, sale, and purchase of hydrogen
gas [33,34]. Firstly, the real-time power balance constraint of the IEHS is presented as Eq. (1). Where
P(t)

PV, P(t)
WIND, P(t)

BESS,d, P(t)
BESS,c, P(t)

FC, P(t)
EL, and P(t)

L,ref respectively represent the output power of the PVGs and
WPGs, discharge and charge power of BESS, the hydrogen production power of EL, the output power
of FC, and the power of electric loads.

P(t)
pv + P(t)

wind + P(t)
BESS,d + P(t)

BESS,c + P(t)
FC + P(t)

EL − P(t)
L,ref = 0 (1)

Then, Eq. (2) shows the operational constraints of PVGs and WGs [31]. Where P(t)
PV and P(t)

PV,max

represent the actual output power and maximum power of the PVGs at time t, respectively. Similarly,
at time t, the actual output power and maximum power of the WGs are defined as P(t)

WIND and P(t)
WIND,max.{

0 ≤ P(t)
pv ≤ P(t)

pv,max

0 ≤ P(t)
wind ≤ P(t)

wind,max

(2)

During the operation of the BESS, the energy balance equation, the range of SOE and the output
power limits are shown in Eqs. (3) and (4), respectively [32]. In these expressions, S(t)

SOE is the SOE of
BESS at time t; EN

BESS, PN
BESS, ηd, and ηc represent the rated capacity, rated power, discharge and charging

efficiency of BESS, respectively; the initial, lower, and upper SOE for BESS are described as Sinit
SOE, SL

SOE

and SU
SOE, respectively; the sampling time and ending time are �t and T ; u(t)

d and u(t)
c care indicator
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variables that represents the discharge and charging state of BESS, respectively. They are some binary
optimization variables. If u(t)

d = 1, it indicates that the BESS is in a discharged state. If the battery
energy storage is in a charging state, u(t)

c = 1.{
S(t+Δt)

SOE = S(t)
SOE − (

P(t)
BESS,d/ηd + P(t)

BESS,c × ηc

) × Δt × 100/EN
BESS

S(0)

SOE = S(T)

SOE = Sinit
SOE

(3)

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

SL
SOE ≤ S(t)

SOE ≤ SU
SOE

0 ≤ P(t)
BESS,d ≤ u(t)

d × PN
BESS

−u(t)
c × PN

BESS ≤ P(t)
BESS,c ≤ 0

u(t)
c + u(t)

d ≤ 1 u(t)
c = 0 or 1 u(t)

d = 0 or 1

(4)

For hydrogen energy, there are constraints in production, use, storage, and sales. See Eqs. (5) to (8).
Further, Eq. (5) lists the equation relationship between the volume and power of hydrogen produced
by EL and hydrogen used by FC [31]. Eq. (6) characterizes the hydrogen balance relationship in the
hydrogen energy network [33]. Eq. (7) limits the state of hydrogen (SOH) in the hydrogen storage tank,
the actual output power and climbing rate of EL and FC [34]. In addition, the restrictions on the sale
and purchase of hydrogen are shown in Eq. (8).⎧⎪⎪⎪⎨
⎪⎪⎪⎩

V (t)
EL = 1000P(t)

ELηEL

ρH2
λEL

H2

P(t)
FC = V (t)

FCρH2
λFC

H2

1000P(t)
FCηFC

(5)

where V (t)
EL and P(t)

EL represent the hydrogen production volume and power of the EL at time t,
respectively. Then, ηEL and λEL

H2 are the hydrogen production efficiency and electro-hydrogen ratio of
the EL. In FC, V (t)

FC and P(t)
FC are the hydrogen consumption volume and power generation of the FC

at time t. Then, ηFC and λFC
H2 represent the hydrogen consumption efficiency and electro-hydrogen ratio

of the FC, respectively. And ρH2 is the hydrogen density of 0.9 kg/m3.{
S(t+Δt)

SOH = S(t)
SOH + (−V (t)

EL − V (t)
FC − V (t)

Sale + V (t)
Purchase

) × Δt × 100/V N
HESS

S(0)

SOH = S(T)

SOH = Sinit
SOH

(6)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

SL
SOH ≤ S(t)

SOH ≤ SU
SOH

u(t)
FC × Pmin

FC ≤ P(t)
FC ≤ u(t)

FC × PN
FC

−u(t)
EL × PN

EL ≤ P(t)
EL ≤ −u(t)

EL × Pmin
EL

u(t)
EL + u(t)

FC ≤ 1 u(t)
EL = 0 or 1 u(t)

FC = 0 or 1

|P(t+�t)
FC − P(t)

FC| ≤ αFC × PN
FC

|P(t+�t)
EL − P(t)

EL| ≤ αEL × PN
EL

(7)

In the above equations, S(t)
SOH, V (t)

EL, V (t)
FC, V (t)

Sale, and V (t)
Purchase represent the SOH, the hydrogen

production, consumption, sales, and purchase volume at time t, respectively; the initial, lower, and
upper SOH for the hydrogen storage tank are described as Sinit

SOH, SL
SOH and SU

SOH, respectively; then, the
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rated power of the EL, FC and the rated capacity of the hydrogen storage tank are defined as PN
EL,

PN
FC and V N

HESS. Then, u(t)
EL and u(t)

FC are indicator variables that represent the state of the EL and FC,
respectively. They are some binary optimization variables. If u(t)

EL = 1, it means that the EL is working.
If the FC is operating, u(t)

FC = 1. And it is not allowed that the EL and FC runs simultaneously. αEL and
αFC represent the ramping rates of EL and FC, respectively.⎧⎪⎪⎨
⎪⎪⎩

0 ≤ V (t)
Sale ≤ u(t)

Sale × V (t)
Sale,max

0 ≤ V (t)
Purchase ≤ u(t)

Purchase × V (t)
Purchase,max

u(t)
Purchase + u(t)

Sale ≤ 1 u(t)
Purchase = 0 or 1 u(t)

Sale = 0 or 1

(8)

where V (t)
Sale and V (t)

Purchase represent the hydrogen volume sold and purchased by the IEHS at time t,
respectively; V (t)

Sale,max and V (t)
Purchase,max are the maximum hydrogen volumes sold and purchased by the

IEHS at time t. Then, u(t)
Sale and u(t)

Purchase are indicator variables of selling or purchasing hydrogen for the
IEHS at time t. Certainly, they are some binary optimization variables. If u(t)

Sale = 1, it means that the
IEHS is in the state of selling hydrogen gas. If the IEHS is purchasing hydrogen gas, u(t)

Purchase = 1. Equally,
it is prohibited for the operational status to simultaneously sell and purchase hydrogen externally.

2.3 Objective Functions of the IEHS with HESS
To fully leverage the advantages of the new energy generation system and HESS in IEHS, the

multiple optimization objective functions are designed as follows. Firstly, in terms of new energy
generation, an optimization objective function J1 is defined to characterize the amount of new
energy generation waste, as shown in Eq. (9). Where P(t)

i,max and P(t)
i are the maximum and actual

power generation of PVGs and WGs at time t, respectively. And i represents the photovoltaic power
generation system or wind power generation system, respectively.

min J1 =
{pv,wind}∑

i

T∑
t=0

(
P(t)

i,max − P(t)
i

)
(9)

Then, during the charging and discharging process of BESS, the energy loss of BESS is considered
as an optimization objective function J2 shown in Eq. (10). Where at time t, P(t)

BESS,d and P(t)
BESS,c represent

the output power of the discharge and charge power of BESS, respectively. ηd and ηc are the discharge
and charging efficiency of BESS.

min J2 =
T∑

t=0

(
P(t)

BESS,d

(
1
ηd

− 1
)

− P(t)
BESS,c (1 − ηc)

)
(10)

In the same way, Eq. (11) describes the third optimization objective function J3 that indicates the
energy loss of the EL and FC. Where at time t, P(t)

EL and P(t)
FC represent the output power of EL and FC,

respectively. ηEL and ηFC are the efficiencies of EL and FC.

min J3 =
T∑

t=0

(
P(t)

FC

(
1

ηFC
− 1

)
− P(t)

EL (1 − ηEL)
)

(11)

Finally, the operating cost of the IEHS should be considered as an independent optimization
objective J4, shown as Eq. (12). Where cPV, cWIND, cBESS, cEL, and cFC represent the cost per kilowatt hour
of PVGs, WGs, BESS, EL, and FC, respectively. Then, cSale and cPurchase mean that the sales revenue and
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purchase cost per unit volume of hydrogen gas.

J4 = cPV

T∑
t=0

P(t)
PV + cWIND

T∑
t=0

P(t)
WIND + cBESS

T∑
t=0

(
P(t)

BESS,d − P(t)
BESS,c

) −
T∑

t=0

(
cEL

1000P(t)
ELηEL

λEL
H2

)
. . .

+
T∑

t=0

(
cFC

1000(t)
FCηFC

λFC
H2

)
−

T∑
t=1

(
V (t)

SaleρH2
cSale

) +
T∑

t=1

(
V (t)

PurchaseρH2
cPurchase

) (12)

The above model shows that 1) the optimization scheduling problem of an IEHS with HESS is a
typical multi-constraint and multi-objective optimization problem; 2) the physical dimensions among
multiple optimization objective functions differ in scale, such as the physical quantities of optimization
objective functions J1∼J3 are the quantity of electricity, measured by kWh. But the optimization
objective J4 is the cost and its unit is �. In this study, it will be the focus to avoid the adverse effects of
physical dimensions among the different optimization objective functions on the optimization results.

3 Standardizing the Multi-Objective Functions
3.1 The Necessity and Methods of Data Standardization

In data analysis and machine learning, especially clustering, the differences in data magnitude
between different data will have an undeniable impact on the analysis results. And this reason is
generally caused by differences in physical dimensions. For example, the impacts of datasets magnitude
are displayed on Euclidean space ranging and probability distribution in Fig. 2.

(a) Distance in Euclidean space (b) Probability distribution

Figure 2: Schematic diagram of the impact of differential data magnitude

In Fig. 2a, if the magnitude of variable x is much greater than that of variable y, it means that the
distance between two points in Euclidean space is almost equal to their deviation in the x-direction.
Then, it results in the failure of variable y in distance calculation applications and the role of variable
y can be ignored. If the reason for the magnitude deviation between variables x and y is the differences
in their physical dimensions, it is obvious that the above results are unreasonable. Therefore, it is
necessary to normalize the two variables. Otherwise, it is assumed that an independent random variable
X 1 follows a normal distribution of (μ1, σ 2

1 ), and another independent random variable X 2 follows a
normal distribution of (μ2, σ 2

2 ). In Fig. 2b, it can be seen that the difference in mean and standard
deviation between these two variables is significant. If a new random variable Z is defined as X 1 + X 2,
then the random variable Z will satisfy a normal distribution of (μ1 + μ2, σ 2

1 + σ 2
2 ). Obviously, the

mean and variance of the random variable Z are more affected by μ2 and σ 2
2 , respectively. And Z is a

new random variable. It is the equal weighted sum of two independent random variables, the impact
of the two independent random variables X 1 and X 2 on the new random variable Z is different.

The above results indicate that standardization data is an important and necessary step in data
analysis. Currently, Eq. (13) is a common approach to solve the problem presented in Fig. 2a. This
method limits the range of each coordinate in space to within 0∼1. Then, in the problem shown in
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Fig. 2b, Eq. (14) can be used to transform the probability distribution of each random variable to a
standard normal distribution.

β = α − αmin

αmax − αmin

, α ∈ {x, y} (13)

Y = Xi − μi

σi

, i ∈ {1, 2} (14)

where α, αmin and αmax are the original data value, minimum value, and maximum value, respectively;
β is the standardization data value; X i, μi, σ 2i and Y represent the original random variable, mean,
variance, and the standardized random variable.

3.2 A Standardization Fusion Method for Multi-Objective Functions
As stated in Section 3.1, it is necessary to standardize data with different physical dimensions.

Similarly, in a multi-objective optimization scheduling of the IEHS with HESS described in Section 2,
significant differences exist in the physical dimensions of multiple optimization objective functions.
It is clearly unreasonable to transform a multi-objective optimization problem into a single objective
optimization problem through a commonly used direct summation method. Thus, in this manuscript,
a standardization fusion method has been proposed for multi-objective functions. The framework
procedure of the presented study is illustrated in Fig. 3.

Figure 3: Framework procedure of the presented study

The standardization data method shown in Eq. (13) is a way of mapping the maximum and
minimum values of data to the range of 0 to 1. Therefore, the maximum and minimum values of data
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are necessary in the standardization process. If this approach is used in the standardization process
of the objective function, the maximum and minimum values of each optimization objective function
will also be required. By independently optimizing each optimization objective function, the minimum
value of each optimization objective can be obtained. Unfortunately, the maximum value of each
optimization objective function is difficult to solve. Therefore, this method is hard to apply to the
standardization of multiple optimization objective functions.

Another standardization approach, shown in Eq. (14), requires the mean and standard deviation
in each direction of the optimization objective function to standardize it. Therefore, a calculation
method should be designed to obtain the mean and standard deviation in the direction of each opti-
mization objective function. Then, the specific implementation process is as follows. Fig. 4 represents
the process of the standardization fusion method for multiple optimization objective functions.

Figure 4: The flow chart of the proposed method

Step 1 The CPLEX tool is used to optimize the IHES with HESS in Section 1. It optimizes each
objective function as a single goal. This gives the optimal scheduling results for the IHES. Then,
the values of other optimization objective functions can be calculated to form a matrix as shown in
Eq. (15). The element Ji,j from the (i-th, j-th) position in the matrix K represents the value of the j-th
optimization objective function when the i-th optimization objective is taken as the single optimization
objective function, i = 1, 2, . . . , N, j = 1, 2, . . . , N. And in this study, N is 4. Obviously, the elements
on the diagonal of the matrix K are the minimum values of each individual optimization objective
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function, ∀s∈[1, N], Ji,i ≤ Js,i.

K =

⎡
⎢⎢⎣

J1,1 J1,2 · · · J1,N

J2,1 J2,2 · · · J2,N

...
...

. . .
...

JN,1 JN,2 · · · JN,N

⎤
⎥⎥⎦ (15)

Step 2 The matrix K from Eq. (15) is analyzed by column. The element in the j-th column of the
matrix K can be viewed as the numerical variation of the optimization objective function Jj under
the different optimization objective functions. Then, the mean and standard deviation of the j-th
optimization objective function can be calculated as described in Eq. (16).⎧⎪⎪⎨
⎪⎪⎩

μj = 1
N

N∑
i=1

Ji,j

σ 2
j = 1

N−1

N∑
i=1

(
Ji,j − μj

)2
(16)

Step 3 Referring to the data standardization process described in Eq. (15), the mean and standard
deviation of each optimization objective function are used to standardize each optimization objective
function. Then, the standardized multiple optimization objective functions are fused into a single
optimization objective function J as shown in Eq. (17). The fused single optimization objective
function is the sum of the quotient of each optimization objective and its standard deviation, plus
a constant C. Apparently, minimizing the fused single objective function is, it seems, equivalent to
minimizing the sum of the quotient values of each optimization objective function and its standard
deviation, as shown in Eq. (18).

J =
N∑

i=1

(
Ji − μj

σi

)
=

N∑
i=1

1
σi

Ji −
N∑

i=1

μj

σi

=
N∑

i=1

1
σi

Ji + C (17)

min J ⇔ min
N∑

i=1

1
σi

Ji (18)

Thus, when transforming a multi-optimization objective problem into a single optimization
objective problem by weighted summation, the weights of each optimization objective are equal to
the reciprocal of their standard deviation. It is worth noting that, in calculating the quotient of each
optimization objective function with its standard deviation, the physical dimension of the optimization
objective function is eliminated. And this quotient value represents the physical dimension of 1.
Obviously, it is beneficial for the reasonable integration of different optimization objective functions.

4 Case Analysis and Discussion
4.1 Parameter Description

Based on the IEHS with HESS shown in Fig. 1, a simulation case has been established to verify the
effectiveness of the proposed method. In this simulation case, there are PVGs, GWs, and HESS that
include BESS, EL and FC. The parameters of this system are shown in Table 1 [31,32,35,36]. Then,
Fig. 5 shows the power curves of the load, PVGs, and GWs in a typical day.
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Table 1: Parameters in the simulation case

Parameter Numerical value Parameter Numerical value

Rated power of PVGs 100 MW Rated power of EL 100 MW
Cost per kW/h of PVGs 0.28 �/kWh Efficiency of EL 65%
Rated power of GWs 100 MW Hydrogen production cost of EL 29.9 �/kg
Cost per kW/h of GWs 0.2 �/kWh Energy consumption of EL 55.56 kWh/kg
Rated power of BESS 30 MW Power range of EL 15%∼100%
Rated capacity of BESS 60 MWh Climbing rate of EL power 50%/h
Cost per kW/h of BESS 0.7 �/kWh Rated power of FC 30 MW
Charging efficiency of BESS 95% Efficiency of FC 60%
Discharging efficiency of
BESS

92% Hydrogen production cost of FC 32.5 �/kg

SOE range of BESS 10%∼90% Energy consumption of FC 33.58 kWh/kg
Initial SOE of BESS 50% Power range of FC 0%∼100%
Capacity of hydrogen storage
tank

5 × 105 m3 Climbing rate of FC power 100%/h

SOH range of hydrogen
storage tank

10%∼90% Maximum hydrogen sales and
purchase rate

1 × 105 m3/h

Initial SOH of hydrogen
storage tank

50% Hydrogen sales revenue 33.6 �/kg

Hydrogen purchase revenue 37.0 �/kg

Figure 5: The power curve from new energy stations and load under typical day

In Table 1, it can be seen that the cost per kilowatt hour of PVGs and WGs is lower than that
of HESS. This means that when IEHS operates with economic goals, HESS will fail to improve the
utilization rate of PVGs and WGs. In the HESS, the charging and discharging efficiency of BESS is
much higher than that of EL and FC. Its cost per kilowatt hour is lower than theirs. It indicates that
regardless of whether the system operates with energy losses or economic goals, the BESS is superior
to the HES composed of EL and FC. Under the condition that the BESS does not work, the HES
supports the continuous operation of the IEHS.
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As shown in Fig. 5, within the range of 0–5 h, 10–18 h, and 23–24 h, the power of PVGs and
WGs is greater than the electric load. If an energy storage system does not exist, a large amount
of photovoltaic and wind power will be abandoned during the above time periods. In the range of
6–9 h and 19–22 h, if the power consumption of the load is greater than the PVGs and WGs, there will
be a situation causing electricity problems for users’ production and daily life. Therefore, to avoid the
above situation, the energy storage system is necessary in IEHS. Besides, at 20 h, the power deviation
between the electric load and the new energy generation power has exceeded the rated power of the
BESS. FC is an important component of assisting BESS and supporting the electric load.

4.2 Result Analysis
Based on the above simulation parameters and data, the optimization scheduling of the IEHS

with HESS is analyzed, and the effectiveness of the proposed method is verified. Table 2 compares
the results of SF, equal weight method (EW) [27], and single objective optimization method on four
optimization objectives. Then, Fig. 6 shows the standard deviation calculation results of the proposed
method for different optimization objectives, i.e., the reciprocal of the weights assigned to each
objective function. The operational results of IEHS with HESS under different methods are shown
in Fig. 7.

Table 2: J1∼J4 function value under different objective methods

Optimization method J1 (MWh) J2 (MWh) J3 (MWh) J4 (�)

min(J1) 0.000 25.803 320.765 1227550.312
min(J2) 456.041 1.898 296.814 1293956.893
min(J3) 564.807 19.605 28.450 768100.276
min(J4) 571.680 12.733 28.450 608414.999
EW method 571.680 12.733 28.450 608414.999
SF method 0.621 12.733 228.320 725142.992

Figure 6: Standard deviation of J1∼J4 indicator values
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Figure 7: Comparison results of operational performance of electric and hydrogen network with
different methods

In Table 2, the conclusions are as follows:

1) Under different optimization methods, the numerical differences of the optimization objective
functions J1, J2, J3, and J4 reached 571.68, 23.905, 292.315, and 685,541.894, respectively. Comparing
the whole energy loss and economy of IEHS with HESS under different optimization methods, their
optimization results can reach 2–3 times.

2) The optimization results based on the equal weight method are consistent with the single
objective optimization results using the objective function J4. The reason is that the value of the
optimization objective function J4 is much larger than that of other optimization objective functions.
It means that when assigning the same weight to each optimization objective function, reducing
the optimization objective function J4 is more appropriate. Further, the fundamental reason for this
problem lies in the difference in physical dimensions among different optimization objective functions.
Then, the optimization results are influenced by these significant differences.
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3) Compared with other optimization methods, the proposed method exhibits suboptimal solu-
tions in all optimization objective directions of J1∼J4. It reflects that the proposed method can better
consider the needs of different optimization objective functions and can balance them.

4) Compared to minimizing the objective function J1, the proposed method wastes 0.621 MWh
of energy from PVGs and WGs, but reduces the energy loss of BESS J2, the energy loss of HES J3,
and operating cost J4 by 13.07, 92.445 MWh, and 40.93%, respectively. From the perspective of energy
utilization, to fully absorb the power of PVGs and WGs, more energy loss will be caused in BESS, EL,
and FC. Obviously, minimizing the objective function J1 is inappropriate.

5) Compared to minimizing the objective function J2, the proposed method increases the energy
loss of BESS J2 by 10.84 MWh. But in the direction of new energy power abandonment J1, the energy
loss of HES J3, and operating costs J4, they have decreased by 455.42, 68.494 MWh, and 42.96%,
respectively. Apparently, the results of the proposed method are more reasonable.

6) Compared to minimizing the objective function J3, the proposed method increases the energy
loss of HES J3 by 199.87 MWh, but reduces new energy power abandonment J1, the energy loss
of BESS J2, and operating costs J4 by 564.186, 6.872 MWh, and 5.59%, respectively. The proposed
method performs better in terms of energy utilization and economy.

7) Compared to minimizing the objective function J4, the proposed method increased operating
costs J4 and the energy loss of HES J3 by 16.1% and 199.87 MWh, respectively, but recovered
571.059 MWh of new energy power abandonment J1. After calculations, the cost per kilowatt hour of
recovering new energy generation is 0.314 �/kWh, slightly higher than the cost per kilowatt hour of
PVGs and WGs. In terms of operating costs, the reasons for the disadvantage of the proposed method
should be further analyzed.

In Fig. 6, it can be seen that the standard deviation of the optimization objective function J4 is
much larger than the other three optimization objective functions. The reason is the different physical
dimensions among different optimization objective functions. Furthermore, combining Eq. (15), the
proposed method can effectively eliminate physical dimensions. It will ensure that all optimization
objective functions are represented as dimensionless values.

In Fig. 7, the conclusions are summarized as follows:

1) Using the EW method, there is a situation of abandonment of wind power generation from 1
to 5 h and photovoltaic power generation from 11 to18 h as shown in Fig. 7a. But, the SF method
did not. The reason for this phenomenon is that the value of the optimization objective function
J4 is too large. The more fundamental reason lies in the physical dimensional differences among all
optimization objective functions. If the weights of all optimization objective functions are equal, such
as EW method, the optimization results will tend towards J4. Under the condition of high hydrogen
production cost and the limited rated power and capacity of BESS, it is normal for photovoltaic power
generation and wind power generation to be abandoned. Obviously, this is not conducive to improving
the effective utilization of new energy.

2) Affected by the limited power and capacity of BESS, the demand of the electric load in
20–22 h cannot be satisfied in Fig. 7b,c. Therefore, to support the electric load, FC has to be used. At
the same time, to maintain the hydrogen balance within the IEHS, it is necessary to purchase cheaper
hydrogen from external sources as shown in Fig. 7d. It leads to the IEHS’s dependence on external air
sources.

3) The proposed method removes the dimension of each optimization objective function. It avoids
over-focusing on optimization objective functions with excessively large values, and takes into account
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the energy utilization and operating costs of the IEHS. Further, it can be seen that the new energy
generation has been effectively enhanced to product hydrogen for FC, and the dependence on external
gas sources has been reduced. On the other hand, from the SOE of the BESS, it can be seen that the
EL absorbs the power generated by new energy generation. It leads to a reduction in the full charge
and discharge time of BESS, avoiding the situation of overcharging and discharging. Combined with
Table 2, it can be concluded that the proposed method is superior.

4.3 Discussion
To further analyze the impact of energy and economic parameters on four optimization objectives,

shown as Fig. 8. It shows their variations under different efficiencies of EL and FC. Then, Fig. 9
represents the impact of the cost per kilowatt hour of BESS and the new energy generation system on
four optimization objective functions. In addition, the effects of hydrogen production and hydrogen
consumption costs of EL and FC on the four optimization objective functions are described in Fig. 10.

Figure 8: The optimization results with changes in efficiency of EL and FC
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Figure 9: The optimization results with changes in electricity cost per kWh of photovoltaic, wind and
BESS

Figure 10: (Continued)
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Figure 10: The optimization results with changes in producing cost of hydrogen by EL and FC

In Fig. 8, as the EL’s hydrogen production and the FC’s power generation efficiencies improve,
hydrogen energy loss drops significantly. The reason why the impact of the EL efficiency is greater
than that of the FC efficiency is that the power generation of PVGs and WGs is much greater than
that of the electric load. The EL is more involved in the operation process. Then, when hydrogen
production increases, more hydrogen can be sold to maintain hydrogen balance and the operating cost
of IEHS will decrease. On the other hand, in terms of operating cost J4, the impact of FC efficiency is
greater than that of EL efficiency is that the cost of FC is higher than the cost of EL.

Remarkably, the efficiency of EL and FC has not affected the amount of new energy power
abandonment J1, the energy loss of BESS J3. The reason is that the hydrogen production and
generation power is the result of the supply-demand relationship between PVGs, WGs, BESS, and
the electric load. The efficiency of EL and FC just determines the conversion process of electricity
and hydrogen. They directly affect hydrogen production and consumption and indirectly work the
operating cost of IEHS. Therefore, the efficiency of EL and FC is a key indicator that affects the
energy losses, hydrogen utilization, and operating cost of the IEHS. But it is not the core factor that
involves the operational process of PVGs, WGs, and BESS in the IEHS.

Fig. 9 represents the impact of changes in the cost of new energy generation and BESS on various
optimization objective functions. At present, the cost per kilowatt hour of new energy generation is
far lower than that of HESS, and the proposed method has significantly reduced the amount of new
energy waste. It has resulted in insufficient impact of the above changes on the amount of new energy
abandonment J1. While the cost per kilowatt hour of BESS is reducing, the charging and discharging
behavior of BESS will intensify. Under the condition of the fixed efficiency of BESS, the energy loss
of BESS will increase.

In Fig. 9b, if the cost per kilowatt hour of the BESS decreases by about 30% (0.5 �/kWh), the
energy loss of the BESS shows a step increase. The electricity consumption of the EL and the power
generation of the FC will decrease. Then, the energy loss of the HES J3 will fall. In addition, when
the hydrogen production power of the EL decreases, the revenue generated from selling hydrogen in
the IEHS reduces. The operating cost J4 of the IEHS suddenly increases and then slowly decreases.
Therefore, the cost of new energy generation and the BESS directly affects the economy of the IEHS.
Then, changes in the allocation of output power in the HESS affect the energy consumption and
hydrogen production. However, it has little effect on improving the consumption of new energy
generation with lower electricity costs.
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In Fig. 10, while the electricity cost of the EL and FC decreases, the operating cost J4 continues
to decrease. But the amount of new energy power abandonment, the energy loss of BESS and HES
remains unchanged. When the cost per kilowatt hour of the EL is less than 15 �/kWh or the FC
is less than 4 �/kWh, the consumption of new energy power is improved. Meanwhile, the charging
and discharging losses of BESS reduce and the energy loss of HES increases. It indicates that the
participation of BESS falls, HES including EL and FC rises in the power supply. Therefore, the
electricity cost of EL and FC directly affects the economy of the IEHS. Then, the impact on the energy
utilization of the IEHS is reflected in the power allocation results of BESS and HES.

5 Conclusion

The scheduling of IEHS and HESS involves complex multi-objective optimization problems with
numerous constraints. A common approach is to convert multiple objective functions into a single
one by summing them. However, this often overlooks the differences in the physical dimensions of the
objectives, leading to a disproportionate focus on certain functions. To address this issue, we propose
a standardization fusion method. The main conclusions are as follows:

1) In IEHS with HESS, using different optimization methods, the value of the economy and the
whole energy loss can reach 2 to 3 times. The reason is the difference in their physical dimensions. This
phenomenon should be regarded seriously in multi-objective optimization problems.

2) A standardization fusion method has been established. It analyzes the changes in the same
optimization objective function value under different optimization objective functions. This method
improves the balance among all objectives and reduces the effects of their complexity.

3) The efficiency of the EL and FC is crucial. It affects hydrogen use and the IEHS’s operating
cost. However, it can be ignored that their impact on the operational process of PVGs, WGs, and BESS.

4) In IEHS with HESS, when the cost of BESS decreases to about 30%, the participation of BESS
will deepen by about 1 time and the HES gradually exits. Then, if the cost per kilowatt hour of the EL
is less than 15 �/kWh or the FC is less than 4 �/kWh, the participation of HES will improve markedly.

Future research should improve the proposed method. It should explore the probability distri-
butions of each optimization objective function and their couplings. They will be key to using the
proposed method to solve multi-objective optimization problems.
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