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Abstract

As an important way to improve energy efficiency, IES plays a key

role in promoting sustainable development of energy. In order to

optimise the regulation effect of hydrogen storage IES, from the

perspective of electrothermal coupling, the optimisation regulation

model of hydrogen storage IES was constructed, and its effectiveness

was tested. The results show that under this control strategy,

the consumption of wind power, photovoltaic power, and hydrogen

power generation is maintained in the range of 2,500–3,500 kWh,

1,500–2,500 kWh, and 3,500–4,500 kWh, respectively. Compared

with the control strategy without considering the electric heating

coupling, the coal consumption per unit time under this method

is reduced by 40–80 J. This shows that the regulation method has

improved the consumption of clean energy, greatly reduced coal

consumption and economic costs, improved the utilisation rate of

clean energy, optimised the regulation effect of IES, and is conducive

to promoting the development of renewable energy.
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1. Introduction

As a green energy source, hydrogen energy can replace
fuel energy sources, such as natural gas and coal by using
the chemical reaction of hydrogen to produce huge energy,
and at the same time, hydrogen energy does not produce
pollutants during the energy release process, which is more
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environmentally friendly compared to traditional energy
sources [1], [2]. The application of hydrogen energy in the
energy industry is embodied in the hydrogen energy storage
system. By using hydrogen energy as a bridge to convert
clean energy, such as light and heat energy to electricity, the
hydrogen energy storage system can reduce unnecessary
energy waste while improving the environmental protection
of energy system operation [3]. In the hydrogen energy
storage system, integrated energy system (IES) realises
energy dispatching and utilisation through integration,
planning, and collaborative management of multiple energy
sources to meet diversified energy needs of various fields of
society, avoid conflicts between different energy systems in
operation, and improve the efficiency and coordination of
energy use [4]. However, in the actual operation process,
due to the difference of energy systems, the lack of
attention to the degree of electrothermal coupling of power
systems leads to the complementary utilisation between
multiple energy sources is not fully utilised and the IES
operation has little effect. For this reason, this study
proposed the optimal regulation method of electrothermal-
coupled hydrogen energy storage IES to promote the
development of hydrogen energy storage technology
and the construction of a new pattern of low-carbon
development.

2. Related Work

Clean energy, including hydrogen energy, is an important
way to control the total amount of carbon dioxide emissions
and plays an important role in the process of carbon
reduction. Carley and Konisky [5] aim to study the impact
of clean energy transformation on equity and justice and
take the northern part of the world as an example to analyse
the differences in opportunities and interests arising from
energy transformation, thus promoting the improvement of
the quality of energy transformation. Hosseini and Wahid
expounded the importance of hydrogen energy in the future
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world and put forward the method of solar hydrogen
production, so as to make the energy system integration
more mature and promote the development of hydrogen
energy utilisation [6]. In order to alleviate the harm of solid
fuel combustion to the environment, Carter et al. studied
the determinants and trends of solid fuel discontinuation
in the household environment, so as to provide reference
for the use of clean fuel in the household [7].

In addition, Su et al. analysed the importance of
the stable security region of IES and introduced the
process of its feature derivation. To improve the limitation
of linear simplification under the traditional derivation
method, a robust calculation method was proposed.
In this way, the calculation error is reduced and the
effectiveness of this method is proved [8]. Taking IES
as the research object, Li et al. [9] proposed an IES
reliability evaluation method combined with sequential
Monte Carlo to effectively improve the safety and reliability
of power supply system operation. In view of the poor
cooperation between independent IES systems, Wang et al.
designed a new energy trading model under the guidance
of bargaining game theory. This will improve the sense
of fairness of participants, reduce industrial costs, and
increase individual interests [10].

From the above research results that with the
development and progress of society, clean energy, such
as hydrogen, has high application value in the industrial
and domestic environment, and in energy utilisation, many
scholars have put forward corresponding IES regulation
schemes. However, from the perspective of electrothermal
coupling, there are few studies on hydrogen-containing
energy storage IES. To this end, the optimisation and
control method of electrothermal coupling hydrogen energy
storage IES is proposed to enrich the coordinated control
theory of hydrogen energy storage IES and enhance the
complementary use of various energy sources to achieve
efficient, clean, and reliable energy supply.

3. Optimal Regulation Model of IES for
Electrothermal Coupling Hydrogen Storage

3.1 Structure and Mathematical Model of
Hydrogen-Containing IES

Electrothermal coupling improves the stability of the power
system load and avoids unnecessary energy waste by
peak shaving and valley filling. Electrothermal coupling is
incorporated into hydrogen-containing IES with a view to
improving the limitations of low coupling among energy
sources in hydrogen storage systems and improving the
reliability and stability of the energy supply. It also
enhances the peaking capability of the energy system, thus
realising the purpose of saving energy and protecting the
environment [11]. In the wind power generation model,
assuming that the external factors, such as air density
and fan blade radius do not change, va and vb denote
the turbine cut-in speed and cut-out speed, respectively,
the wind power output PWT (t) is calculated as shown
in (1).

PWT (t) =



0 v(t) ≥ vb
PR vr ≤ v(t) < vb
v(t)3−v3a
v3r−v3a

va ≤ v(t) < vr

0 v(t) < va

(1)

In (1), PR andvr represent the rated power and wind
speed of the turbine, respectively, and vt represents the
wind speed at t at the moment. In the PV power generation
model, the light intensity at the moment of t is G, the
ambient temperature is Td(t), the light intensity of the cell
is Gc(t) and its surface temperature is T , then its actual
surface temperature Tc(t) and output power Ppv(t) are
calculated in (2). Tc(t) = Td(t) + Gc(t)

800 × (T − 20)

Ppv(t) = P GC(t)
G {1 + kp[Tc(t)− T ]}

(2)

In (2), P and kp are the maximum output power and
power temperature factor of the battery, respectively. In
the electric energy storage model, the battery is chosen
as the electric energy storage device with an AC–DC
conversion efficiency of βBAT , its charging power and
efficiency at PBAT−ch(t) and at the moment of βBAT−cht,
and its discharging power and efficiency at PBAT−dis(t)
and βBAT−dis, respectively, and the actual capacity of the
battery at this moment of S(t) is calculated in (3).

S(t) =
EBAT (t− 1)× (1− α)

CBAT

+

[
PBAT−ch(t)βBATβBAT−ch −

PBAT −dis(t)

βBAT βBAT−dis

]
CBAT

× 100%

(3)

In (3), α, CBAT , and EBAT represent the charge
retention capacity, rated capacity, and electrical energy
storage capacity of the battery, respectively. In the
hydrogen energy system model, hydrogen is mainly
produced from the electrolyzer, mET denotes the hydrogen
production rate of the electrolyzer equipment, PET denotes
the electric power from the busbar, based on which the
power flowing from the equipment to the hot busbar under
electrothermal coupling is obtained at this moment LEL(t),
which is calculated as shown in (4).

LEL(t) = δ(1− δEL)PEL(t) (4)

In (4), δ and δEL denote the heat transfer efficiency
and hydrogen heat transfer efficiency, respectively. The
generation power, converter efficiency, and working
efficiency of the fuel cells are PFC , γFC−DC , and γFC ,
respectively, then the expressions of hydrogen consumption
rate mFC , electrical power PFC−BUS(t), and heat transfer
to the thermal bus LFC(t) of the cell are shown in (5).

mFC = PFC(t)/γFCLHVH2

PFC−BUS(t) = γFC−DC(1− γFC)PFC(t)

LFC(t) = γ(1− γFC)PFC(t)/γFC

(5)
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In (5), LHVH2
represents the low heating value of

hydrogen and γ represents the heat transfer efficiency of the
cell. The calculation of the energy stored in the hydrogen
tank E(t) at that moment is shown in (6).

E(t) = E(t− 1) +

[
δEL × δEL−DC × PEL(t− 1)

− PFC(t− 1)

γTANK × γFC × γFC−DC

]
×4t (6)

In (6), γTANK, 4t, and δEL−DC represent the storage
tank efficiency, time difference, and electrolyzer converter
efficiency, respectively. Hydrogen is produced using an
electrolyzer and fed into a hydrogen storage tank for
storage, while a fuel cell obtains hydrogen from it for power
generation according to actual needs. P thCHP,max denotes
the maximum heating power of the unit, P eCHP denotes
the power generated by the pure condensing unit, l1 and
l2 denote the difference of the unit output when the inlet
gas is the maximum and the minimum, respectively, and l3
denotes the backpressure elastic operating coefficient, then
the expression of the CHP model is shown in (7).


max

 P eCHP,min − l2 · P thCHP,t
l3 · (P thCHP,t − P thCHP,t0)

 ≤ P eCHP
P eCHP ≤ P eCHP,max − l1 · P thCHP,t
0 ≤ P thCHP,t ≤ ·P thCHP,max

(7)

In (7), P eCHP,min and P eCHP,max denote the minimum
and maximum power generation of the unit in the pure
condensing state, respectively, and P thCHP,t0 and P thCHP,t
denote the heat supply power at the initial state and
t, respectively. The thermal storage tank is the main
equipment for thermal energy storage, and its thermal
storage state and thermal energy storage at t are H(t) and
HOC(t), respectively, and its converter efficiency is ρ, then
the thermal energy storage system model is expressed as
shown in (8).

HOC(t) = H(t)
C × 100%

H(t) = H(t− 1) +
[
H(t)′ρρ′ − H(t)&

ρρ#

]
4 t

(8)

In (8), C denotes the rated capacity of the thermal
storage tank, H(t)′ and ρ′ denote the thermal storage
power and efficiency, respectively, and H(t)& and ρ#

denote the exothermic power and efficiency, respectively.
The structure of the hydrogen-containing IES considering
electrothermal coupling is shown in Fig. 1.

In Fig. 1, the electric energy system model, the
hydrogen energy system model, and the thermal energy
system model together form an electrothermal-coupled
hydrogen-containing IES. Each system model mainly
consists of an energy preparation model and a storage
model to complete the production and output of energy
and flexibly meet the actual energy demand.

Figure 1. Hydrogen-containing IES structure considering
electrothermal coupling.

3.2 Multi-energy Coupling Model Analysis

In the context of ecological civilisation construction,
promoting energy transformation and building a clean and
low-carbon energy system has become an important part of
the energy production and consumption revolution, At the
same time, through the regulation of each energy source,
the barriers between energy systems can be broken, the
transposition and deployment of energy sources can be
realised, and the coordination and optimisation between
multiple energy sources can be promoted. In the IES
containing hydrogen storage, the main source of coal
consumption is in the thermal energy system, so the
objective function of IES regulation should be set according
to the three operation modes of pumped cogeneration units,
backpressure cogeneration units, and pure condensing
units. For the pumped cogeneration unit constraint, the
thermal power constraint is expressed as shown in (9).

0 ≤ P thCHP,j,h ≤ P thCHP,j,max (9)

In (9), P thCHP,j,max indicates the maximum thermal

power output of the unit j, and P thCHP,j,h indicates the
thermal power of the unit at the moment t. The expression
of the electric power constraint of the pumped cogeneration
unit is shown in (10).
P e,tCHP,j ≥ max

P eCHP,j,min − l2,j · P
th,t
CHP,j.h, l3.j

·(P th.jCHP,j,h − P thCHP,j,h0
)


P e,tCHP,j ≤ P eCHP,j,max − l1,j · P

th,t
CHP,j,h

(10)

In (11), l1,j and l2,j indicate the difference of the
output power of the unit j when the inlet air volume is
maximum and minimum, respectively, and l3,j indicates
the backpressure elastic operating factor of the unit. j,
P eCHP,j,max and P eCHP,j,min indicate the maximum and
minimum electrical power of the unit when pumping,
respectively, and P thCHP,j,h0

indicates the corresponding
constant value of the unit. As the backpressure and
pure condensing units have the same heating source, the
constraints are the same for both. For the constraint of the
electrical energy system, the number of heating zones is
N , and the sum of pumped and backpressure units in the
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Figure 2. Structure of multi-energy coupling model with the goal of minimising total coal consumption.

Figure 3. Comparison of loss values of different algorithms.

heating zone numbered is r, GrCHP , and Grb , respectively;
the wind power feed-in at the moment t is P tw, then the
constraints on the heating, electrical load, and wind power
forecasts are shown in (11).

∑
j∈Gr

b∪G
r
CHP

P th,tj ≥ Ht
D,r∑

j∈O P
e,t
j + P tw − P tex = P e,tEL

Pex,min ≤ P tex ≤ Pex,max

P tw ≤ P tw,p

(11)

In (11), Ht
D,r represents the thermal energy demand

in the region of r, O represents the sum of units, P e,tj
and P tex represent the generation power of unit j and the
exchange rate of the electric energy system at the moment
of t, respectively, P e,tEL and P tw,p represent the predicted
values of electric load and wind power, respectively, and
Pex,min and Pex,max represent the minimum and maximum
values of the exchange power of the electric energy system,
respectively. For the constraint of the hydrogen energy
system, the hydrogen energy stored in the r region after
the hydrogen production at the time of t is 4StH2,r

, and
the total amount of hydrogen energy stored at this time is
StH2,r

, then the constraint expression for the heat supply,
electric load, and hydrogen storage of the hydrogen energy
system is shown in (12).

∑
j∈Gr

b∪G
r
CHP

P th,tj + P th,tH2,r
≥ Ht

D,r∑
j∈O P

e,t
j + P tw − P tex = P e,tEL +4StH2,r

StH2,r
= St−1H2,r

+4StH2,r
− P th,tH2,r

(12)

In (12), P th,tH2,r
represents the heat output power used

for compensation at t in the r region at the moment.
The maximum hydrogen discharge and storage power for
hydrogen energy storage are P thH2,r,max and 4SH2,r,max,
respectively, and the constraints on the hydrogen storage
and discharge rates of the hydrogen energy storage system
are given in (13).4StH2,r

≤ SH2,r,max

P th,tH2,r
≤ P th,tH2,r,max

(13)

In (13), SH2,r,max denotes the maximum capacity of
hydrogen energy storage. The structure of the coupled
multi-energy model with the objective of minimising the
total coal consumption is shown in Fig. 3.

In Fig. 2, the objective of the multi-energy coupling
model is to minimise coal consumption and to constrain
the systems, such as electrical energy and hydrogen energy,
and to limit the output and output of electrical and thermal
energy of the cogeneration unit due to the electric and
thermal coupling characteristics.

3.3 PSO-based IES Optimal Regulation Model
Solving

Particle swarm optimisation (PSO) is a biological
heuristic method that originated from the study of bird
foraging behaviour. The core idea of PSO is to achieve
information sharing among groups through coordination
and cooperation among individuals, and to complete the
search for optimal solutions on this basis. In the IES
optimal regulation model solution, the particle population
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size is set as M , the spatial dimension is D, the individual
optimal solution of the particle is Pbest, the optimal solution
of the particle swarm is Gbest, the first i particle is i,
the dimensions of each particle include u(i), w(i), and
q(i), which denote the heat output, electricity output, and
wind power feed-in capacity of the thermoelectric unit,
respectively, and the velocity and position of each particle
in the three dimensions are initialised, where the velocity
is expressed as shown in (14).

vu(i) = α ∗ [vu(i),max − vu(i)] + vu(i)

vw(i) = α ∗ [vw(i),max − vw(i)] + vw(i)

vq(i) = α ∗ [vq(i),max − vq(i)] + vq(i)

(14)

In (14), vu(i), vw(i), and vq(i) denote the velocities of the
particles in the thermal output, electrical output, and wind
power feed-in capacity dimensions, respectively, vu(i),max,
vw(i),max, and vq(i),max denote the velocity maxima in
the three dimensions, and α denotes a random number
uniformly distributed in the range [0, 1]. The expressions
for the positions of the particles in the three dimensions
are given in (15).

xu(i) = α ∗ [xu(i),max − xu(i),min] + xu(i),max

xw(i) = α ∗ [xw(i),max − xw(i),min] + xw(i),max

xq(i) = α ∗ [xq(i),max − xq(i),min] + xq(i),max

(15)

In (15), xu(i), xw(i), and xq(i) denote the positions
of the particles in the thermal, electrical, and wind
power online capacity dimensions, xu(i),min, xw(i),min, and
vq(i),min denote the minimum values of the particles in the
three dimensions, and xu(i),max, xw(i),max, and vq(i),max

denote the maximum values of the particles in the three
dimensions. The velocity and position range of the particle
search, to provide direction for the search and avoid
blind search, then the particle search range is expressed
in (16). Xmin ≤ x(i) ≤ Xmax

Vmin ≤ v(i) ≤ Vmax

(16)

In (16), x(i) and v(i) denote the position and velocity
of the particle, respectively, Xmax and Xmin denote the
maximum and minimum value of the position, respectively,
and Vmax and Vmin denote the maximum and minimum
value of the velocity, respectively. To improve the efficiency
and quality of particle search, an adaptation function is
needed to evaluate the degree of merit of each particle.
At the same time, to balance the global and local search
ability of the particle, it is necessary to use the inertia
weight. Through iterations, the particle fitness values are
calculated and updated based on Pbest and Gbest until the
maximum number of iterations is reached and the optimal
values of thermal output, electric output, and wind power
feed-in capacity are output.

4. Application of Electrothermal Coupling for
Optimal Regulation Model of
Hydrogen-containing IES

4.1 Algorithm Performance Analysis

Datasets A and B are selected for algorithm performance
testing, where Dataset A is from the Elia dataset and
Dataset B is from the DR Power dataset. In both datasets
A and B, 75% of them are randomly selected as the training
set, 15% as the test set, and 10% as the validation set. The
loss value and F1 value are used as algorithm performance
evaluation indexes, and genetic algorithm (GA) and grey
wolf optimiser (GWO) are also added as experimental
comparisons. The comparison of loss values of different
algorithms is shown in Fig. 3.

In Fig. 3, in the test and training of dataset A,
PSO tends to be stable after 50 iterations, and the loss
value reaches 0.15; GA reaches 0.2 loss value after 100
iterations; GWO has the highest loss value of 0.3 at about
50 iterations. In the test and training of dataset B, the PSO
loss value is the lowest of all algorithms, 0.1; Compared
with PSO, GA, and GWO loss values increased by 0.15 and
0.2, respectively. Thus, PSO accelerates the convergence
speed and reduces the loss value of model solution. A
comparison of F1 values for different algorithms is shown
in Fig. 4.

In Fig. 4, the F1 value of PSO in dataset B remains
within the range of 0.85–0.92, which is about 0.5 higher
than the F1 value in dataset A; the F1 value of GA in
dataset B is 0.73 at the lowest and 0.83 at the highest;
the F1 value of GWO can reach 0.85 at most, and the
global optimisation ability is poor. It can be seen that the
F1 value of PSO is the highest in the training and testing
process, which means that its optimal solution search effect
is the best, which is conducive to laying a good foundation
for IES regulation.

4.2 Analysis of Optimal Regulation Results

To reflect the effect of optimal regulation, a typical
winter day is selected for the experiment, with a 24-h
dispatch period and a minimum dispatch time of 1 h.
The energy output, clean energy consumption, and coal
consumption per unit time are collected and analysed
throughout the day. In the experimental process, the
regulation method adopted in the study is recorded as
strategy 1, and the regulation scheme of IES with hydrogen
storage without electrothermal coupling is added as the
experimental comparison and recorded as strategy 2. The
wind power output, electrical load, thermal load, and
hydrogen load of this hydrogen storage IES are predicted
in Fig. 5.

In Fig. 5, the wind power output forecast of the system
is kept in the range of 1,700–2,800 kW, the power load
forecast is kept in the range of 900–1,800 kW, the heat
load forecast value is concentrated in the range of 600–
1,000 kW, and the hydrogen load forecast value reaches
the maximum at 18:00, which is 1,400 kW. It can be seen
that the change trend of wind power forecast and power
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Figure 4. Comparison of F1 scores of different algorithms.

Figure 5. Basic data of integrated hydrogen storage energy system.

Figure 6. Comparison of energy output under different control strategies.

Figure 7. Comparison of clean energy consumption under different control strategies.

load forecast is basically opposite, which is caused by the
reverse peak regulation characteristics of wind power. The
comparison of energy output under different regulation
strategies is shown in Fig. 6.

In Fig. 6, under the control of Strategy 1, the wind
power output is concentrated at 1,200 MW; the output
of thermal power unit is kept within the range of 1,200–
3,000 MW; the hydrogen energy output is higher at 8–18
points, with a maximum of 2,000 MW; the maximum value

of pure condensing output is 2,800 MW. In the regulation of
Strategy 2, thermal power units and pure condensing units
are mainly responsible for the output of IES, and the output
of wind power and hydrogen energy is significantly reduced.
It can be seen that Strategy 2 enhances the coupling
between various energies and significantly improves the
utilisation rate of clean energy. The comparison of clean
energy consumption under different regulation strategies is
shown in Fig. 7.
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Figure 8. Comparison of coal consumption per unit time under different control strategies.

From Fig. 7, under the control of Strategy 1, the
wind power generation capacity changes in the range of
2,500–3,500 kWh, which is 300–500 kWh higher than that
of Strategy 2; the consumption of photovoltaic power
generation shall be kept within the range of 1,500–
2,500 kWh; the consumption of hydrogen power generation
reaches the maximum at 14:00, 4,500 kWh. Compared
with the maximum value of hydrogen power generation
consumption in Strategy 2, it is increased by 900 kWh.
This shows that Strategy 2 reduces the waste of new energy
and greatly improves the consumption level of clean energy.
The comparison of coal consumption per unit time under
different control strategies is shown in Fig. 8.

In Fig. 8, under the control of Strategy 1, the coal
consumption per unit time changes in the range of 620–
780 J, with the highest coal consumption per unit time at
17:00; under the control of Strategy 2, the coal consumption
per unit time is concentrated in the range of 740–820 J,
which is about 40–80 J higher than that of Strategy 1. The
reason is that Strategy 2 has improved the utilisation rate of
wind power at night, and the proportion of thermoelectric
units has decreased. It can be seen that Strategy 2
significantly reduces the amount of coal used per unit time
is conducive to environmental protection and improves the
effect of IES optimisation and control.

5. Conclusion

To improve the regulation effect of hydrogen storage IES,
the optimisation regulation method of hydrogen storage
IES based on electrothermal coupling is proposed, and
its application effect is tested and analysed. In the test
and training of the algorithm, the minimum number of
iterations of PSO is 50, the minimum loss value is 0.1, and
the maximum F1 value can reach 0.92, which is 0.1 and 0.13
higher than GA and GWO, respectively. Under the control
strategy studied, wind power output is concentrated
at 1,200 MW, and hydrogen energy output can reach
2,000 MW at most; the consumption of wind power
generation varies in the range of 2,500–3,500 kWh, and
the consumption of photovoltaic power generation remains
in the range of 1,500–2,500 kWh; the coal consumption
per unit time varies in the range of 620–780 J, which is
about 40–80 J lower than that of strategy 2. In general,
this optimised regulation method improves the flexibility
of IES energy regulation, enhances the coupling between
multiple types of energy, and reduces the economic cost of

IES operation, which can provide assistance for promoting
the comprehensive green transformation of economic and
social development. However, there are still limitations of
insufficient experimental samples. In future research, it is
necessary to expand the experimental samples.
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