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The global green hydrogen industry is experiencing rapid growth, but the high production costs are
hindering its widespread adoption. To address this challenge, it is particularly important to rationally
configure a renewable energy hydrogen production system. For this purpose, the study proposes a model
for capacity optimization configuration of a renewable energy hydrogen production system, which in-
tegrates wind power, photovoltaic (PV) power, and concentrating solar power (CSP) with alkaline
electrolyzer. It conducts capacity optimization configuration and comprehensive evaluations of the
hydrogen production system across various scenarios. To minimize the total daily consumption cost, the
CPLEX solver is utilized to solve the objective function and determine the capacity configuration of the
renewable energy electrolysis of water hydrogen production system generator set under various sce-
narios. This approach achieves a utilization rate of over 99% for renewable energy. Through compre-
hensive evaluation, research has found that renewable energy-coupled hydrogen production
significantly reduces generator capacity and electricity generation costs compared to separate hydrogen
production, enhancing the economic efficiency of the system. The Wind-PV-CSP coupling hydrogen
production system has the smallest generator assembly capacity and the lowest hydrogen production
cost, which is 18.84 CNY-kg !, significantly lower than the cost of PV-CSP coupling hydrogen production
(25.78 CNY-kg~!) and wind-PV coupling hydrogen production (25.86 CNY-kg~'). It has good develop-
ment prospects and plays an important role in exploring the development path of large-scale on-site
consumption of new energy.
© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All
rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction

the goal of dual carbon. As the world's largest hydrogen producer,
China mainly produces hydrogen from fossil fuels. However, this

Hydrogen energy is a form of secondary energy derived from
abundant sources, environmentally friendly, and low in carbon
emissions [1]. It is primarily utilized in the energy, chemical in-
dustry, transportation, metallurgy, and other sectors [2]. Hydrogen
energy will play an important role in solving the global energy
crisis, climate warming, and other issues [3]. It will also become a
strategic choice for China to build a new energy system and achieve
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production process generates a significant amount of CO,, which
does not align with the requirements for clean and low-carbon
production [4]. With the deepening revolution in energy produc-
tion and consumption, the government has increasingly focused on
the proportion of green hydrogen in hydrogen production [5]. In
March 2022, the Chinese government issued the “Medium and
Long-Term Plan for the Development of the Hydrogen Energy In-
dustry (2021—-2035)", which clearly outlines that the widespread
adoption of green hydrogen will be accomplished by 2030. The
development of the green hydrogen industry can not only replace
hydrogen production from fossil energy sources but also promote
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the large-scale local consumption of renewable energy and accel-
erate the transformation of the energy system [6].

Green hydrogen refers to the use of renewable energy sources
such as wind energy, solar energy, hydraulic energy, nuclear energy,
and biomass energy to electrolyze water and produce hydrogen, as
illustrated in Fig. 1. China has become the world's largest in installed
capacity of renewable energy. Its wind and solar power generation
ranks first globally. The rapid development of renewable energy has
brought new challenges to the power system, the most prominent of
which is the high proportion of wind and solar energy curtailment
and local consumption issues. These challenges are mainly caused
by the fluctuation of the output power of wind farms and photo-
voltaic fields. With the continuous development of the power sys-
tem, the advantages of green hydrogen technology in promoting the
consumption of renewable energy are becoming increasingly
prominent [7]. In recent years, several green hydrogen projects have
been initiated, approved, or commenced construction in China. For
example, China's first wind power hydrogen production project, the
“Hebei Jiantou Wind Power Hydrogen Production Project,” utilizes a
200 MW capacity wind farm for electricity generation to power a
10 MW scale electrolyzer system. The project has successfully pro-
duced over 600 tons of hydrogen after a trial operation. The “China
Huadian 200000 kW New Energy Hydrogen Production Demon-
stration Project” is China's first large-scale renewable energy
hydrogen production demonstration project. It utilizes 120000 kW
of wind power, 80000 kW of photovoltaic power, and 20000 kW of
electrochemical energy storage to produce hydrogen through the
electrolysis of water. The project has an annual output of 7800 tons
of green hydrogen. Duolun County's “Datang Duolun 150000-kW
Wind Hydrogen Production Integration Technology Demonstration

Project” aims to produce 5419 tons of hydrogen per year. According
to relevant statistics, the scale of green hydrogen projects imple-
mented in China has reached 49000 tons, and the total capacity of
approved green hydrogen projects is about 2.7 million tons [8].
Hydrogen production through electrolytic water technology can not
only enhance the utilization rate of renewable energy but also
enable on-site consumption of renewable energy [9].

At present, there are still some challenges in the large-scale
production of the green hydrogen industry. Scholars have con-
ducted relevant studies on wind power hydrogen production and
photovoltaic hydrogen production. Zhang et al. [10] established an
economic cost model for the hydrogen production system of wind
power. Based on the data related to the investigated wind energy
resources, the optimal capacity configuration of the electrolyzer,
hydrogen storage tank, and wind power generation device in the
system, as well as the optimal scheduling scheme of the system,
were determined with the hydrogen production cost as the target.
By comparing the data from various regions, it is concluded that the
most significant factors influencing the cost of hydrogen produc-
tion are the investment cost of equipment and the efficiency of the
electrolyzer. Zhang et al. [11] analyzed the life cycle of hydrogen
production systems for onshore and offshore wind power, taking
into account environmental factors. The results indicated that
hydrogen production from onshore wind power was more efficient
compared to hydrogen production from offshore wind power. Shin
et al. [12] studied the economics of hydrogen production through
electrolysis of water using renewable energy in various scenarios.
They determined the energy consumption for hydrogen production
by analyzing output data from various renewable energy sources
and the efficiency data of different electrolyzer systems. According
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Fig. 1. Schematic diagram of green hydrogen production.
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to the efficiency and cost of hydrogen production, the levelized cost
of hydrogen production is calculated under various conditions. The
results indicate that the most effective method for hydrogen pro-
duction involves onshore wind power and an alkaline electrolyzer.
Li et al. [13] proposed a model for combined power generation that
integrates photovoltaic (PV) hydrogen production and hydrogen
fuel cells. After simulation and calculation using Simulink, the
study found that the implementation of hydrogen energy storage
enhanced the utilization of renewable energy in the system.

The aforementioned research has yielded results in wind power
hydrogen production and photovoltaic hydrogen production. How-
ever, the renewable energy system in the hydrogen production
setup is inadequate, leading to high production costs for hydrogen.
Han et al. [14] studied the system capacity and logistics scheduling
under the minimum power generation cost of the electricity-
hydrogen-methanol-electricity system. They proved that the wind-
PV coupled power generation hydrogen production system is su-
perior to independent wind power or photovoltaic hydrogen pro-
duction. Ibanez-Rioja et al. [15] studied a green hydrogen production
system that integrates photovoltaic and wind power, batteries, and
an alkaline electrolyzer. Aiming to minimize the levelized cost of
hydrogen production, researchers utilized an evolutionary algo-
rithm to optimize the objective function, achieved the capacity
optimization configuration of components and system control
strategy, and analyzed the future cost of hydrogen production. The
feasibility of the wind-PV coupled hydrogen production system has
been demonstrated. Shi et al. [16] proposed a wind-solar comple-
mentary coupled hydrogen production system. They used spectrum
analysis to calculate and analyze the output of wind power and
photovoltaic energy across various time scales. The study demon-
strated the complementary relationship between wind power and
photovoltaic output, providing a theoretical basis for large-scale
green hydrogen production. Ren et al. [17] developed a hybrid
hydrogen production system that integrates wind power and
photovoltaic power. The system includes a pumped energy storage
device and aims to address the issues of volatility and high aban-
donment rates of wind and photovoltaic power after integration into
the grid. By utilizing simulation software, the wind power output
and photovoltaic power output models were comprehensively
analyzed, resulting in the derivation of the complementary charac-
teristic curve of wind power and photovoltaic power. The study
found that the wind-solar complementary system could not fully
meet the electricity demand of the system. The integration of a
pumped energy storage system helped stabilize the fluctuations of
wind and solar power. The system's capacity is optimized using the
particle swarm optimization algorithm. This process determines the
capacity of the electrolytic cell, battery, and energy storage equip-
ment for storing energy, thereby enhancing the system's ability to
absorb wind and electricity. Phan-Van et al. [18] proposed a
comprehensive feasibility evaluation model for offshore wind power
photovoltaic coupled hydrogen production. They calculated related
parameters, such as the capacity of the renewable energy hydrogen
production system and the cost of hydrogen production. In addition,
a model for configuring the capacity of an electrolyzer is constructed
to determine the optimal capacity configuration through analysis
and comparison, resulting in reduced production costs.

Numerous studies have demonstrated that combining wind
power with photovoltaic technology for hydrogen production is
more effective than relying solely on wind power or photovoltaic
systems for hydrogen production. Renewable energy power gen-
eration systems need to be adjusted before they can be used in
electrolyzers. The fluctuation in wind power and photovoltaic
output causes disruptions in the smooth operation of the hydrogen
production system. Many researchers depend on the power grid or
thermal power generation to maintain the electric balance of the

hydrogen production system, leading to a significant amount of CO,
emissions. To explore clean and low-carbon hydrogen production
methods, concentrating solar power has become the focus of
attention. China's concentrating solar power generation is rapidly
emerging, and the installed capacity in 2021 has reached 590 MW.
Concentrating solar power generation has the advantages of being
low carbon, clean, having energy storage capabilities, and pos-
sessing strong adjustment capabilities. Some researchers have
considered incorporating concentrating solar power stations into
renewable energy hydrogen production systems to reduce CO;
emissions. Yang et al. [19] proposed a comprehensive energy
hydrogen production system that includes a concentrating solar
power station. By setting the maximum net income of the system as
the objective function, the system was solved using the CPLEX
solver. This process helped determine the optimal capacity
configuration of the hydrogen storage tank and concentrating solar
power station, ultimately enhancing the system's economic effi-
ciency. The results show that the concentrating solar power station
not only greatly reduces CO, emissions but also significantly im-
proves the utilization rate of solar energy. Zhang et al. [20] inves-
tigated the feasibility and economic aspects of integrating
concentrating solar power into a photovoltaic hydrogen production
system. Through calculation and analysis, they demonstrated that a
PV-CSP coupled hydrogen production system was superior to
photovoltaic hydrogen production. Therefore, concentrating solar
power will play an important role in the research of hydrogen
production systems that utilize electrolysis of water from renew-
able energy sources.

Based on existing studies and reports, it has been found that the
cost of hydrogen production is the primary factor influencing the
large-scale production of renewable energy electrolytic water
hydrogen production systems. Current research primarily focuses
on wind power, photovoltaic systems, and hydrogen production,
with limited attention given to the utilization of concentrating solar
power stations in renewable energy generation. Existing studies
primarily focus on optimizing the capacity allocation of electrolyzer
sizes. However, there is a lack of in-depth research on the capacity
allocation of renewable energy sources. Therefore, it is crucial to
allocate the capacity of the generator set rationally in the renew-
able energy hydrogen production system to reduce the cost of
hydrogen production.

In the future, wind power, photovoltaic power, and concen-
trating solar power will combine to form a multi-energy comple-
mentary renewable energy generation system for producing
hydrogen. This integration is expected to become an inevitable
trend. Based on the hydrogen production system of renewable
energy multi-energy complementary power generation, this paper
first investigated wind speed resource data, solar resource data, and
electrolyzer characteristics data of a region in northern China. It
then established models for wind power output, photovoltaic
output, battery charging, and discharging, concentrating solar po-
wer station output, and the electrolyzer. Secondly, the constraints
of the relevant mathematical model were refined, and the pro-
gramming calculations were conducted for hydrogen production
using wind power, photovoltaic hydrogen production, concen-
trating solar power hydrogen production, PV-CSP coupling
hydrogen production, wind-PV coupling hydrogen production, and
wind-PV-CSP coupling hydrogen production. The CPLEX solver was
invoked using the YALMIP platform in MATLAB to solve the
designed system for renewable energy electrolytic water hydrogen
production. The optimum capacity configuration of each hydrogen
production system is determined. Finally, the parameters of
equipment investment cost, equipment operation and mainte-
nance cost, oxygen income, and hydrogen production cost of a
renewable energy hydrogen production system under multiple
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scenarios are comprehensively evaluated to determine the optimal
hydrogen production scheme. Theoretical basis and calculation
methods are provided for researching hydrogen production sys-
tems from electrolyzed water using renewable energy in the future.
The research idea is depicted in Fig. 2.

2. Operating Framework of a Renewable Energy Electrolysis
of Water Hydrogen Production System

The renewable energy electrolytic water hydrogen production
system described in this paper consists of wind power generation,
photovoltaic power generation, battery energy storage, a thermal
collector mirror field at the concentrating solar power station, a
thermal storage tank at the concentrating solar power station, tur-
bine power generation at the concentrating solar power station, an
electrolyzer, and other units. To ensure the safe and stable operation
of the electrolytic cell in the system, electricity purchased from the
grid is utilized to make electrical balance adjustments for renewable
energy, as illustrated in Fig. 3. Using the flexibility of the program-
ming software, the capacity configuration of the generator set, and
the hydrogen production cost of the system in the renewable energy
electrolytic water hydrogen production system were calculated
under different scenarios. The operational characteristics of each
scenario were analyzed based on the calculation results, and the
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study explored the renewable energy electrolytic water hydrogen
production scheme with better development prospects.

2.1. Output model of wind power generation system

The output power of wind power generation is mainly deter-
mined by wind speed, and it is expressed as follows [21]:

% u(t) < V' u(t) >0
¥ -Pyind <o) <R (1)

Plind R <) <0°

P\(/?/ind(t) =

P - @)’
(WR)* — ()

The above equation, P‘(zmd( ) is the output power of the wind

farm at time t, kW. P\‘},md is the rated power of a wind turbine in a
-1

wind farm, kW. v(t) is the wind speed at time t, m-s . !, 1©, R
respectively, it refers to the cut-in wind speed, cut-out wind speed,
and rated wind speed, m-s !

(2)

2.2. Photovoltaic power output model

The output power of photovoltaic power generation is mainly
determined by the light intensity, and this relationship can be
expressed as [22]:

PR (6) =[1+x- (T’ZS)}'PpRv'TL 3)

The above equation, Pg‘,(t) is the output power of a photovoltaic

power station at time t, kW; PEV is the rated power of a photovoltaic
power station, kW. k is the temperature coefficient of solar cell
panel power is measured in percentage, %; T is the actual operating
temperature of the solar cell panel, °C; I is the actual amount of
radiation absorbed by the solar panel, W-m 2

2.3. Battery model

Hydrogen production systems that rely on wind power or
photovoltaic renewable energy sources need to incorporate a bat-
tery energy storage system. An electric energy storage system can
enhance the utilization of wind and photovoltaic power, as well as
ensure the stable production of hydrogen in renewable energy
systems. Therefore, the inclusion of a battery energy storage model
plays a crucial role in the green hydrogen model developed by this
research [23].

The simple mathematical expression of the battery model is
[24]:

PDISCH (¢
PS(6) = (1-mg) - P(t—1) [’kh PR () - < ndlscff )ﬂ
(4)

The above equation, Pssb(t) is the electric power stored in the
battery at time t, kW. nl:b(t) is the loss rate of the battery at time .
Neh» Ndisch Tespectively, the charging and discharging efficiency of

the battery P$(t), PRISCH(¢) is the charge and discharge power of
the battery at time t, kW.
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Fig. 3. Flow chart depicting the operational framework of a hydrogen production system from electrolyzed water using renewable energy.

2.4. Output power model of a concentrating solar power station

A concentrating solar power station is mainly composed of three
parts: a light-gathering heat collection system, a heat storage sys-
tem, and a steam turbine power generation system [25]. The model
is expressed as follows [26]:

PSp(t) = (1= m)- (tes - Sr - D(0)) (5)
P&, (t) — P, (1) — PN (£) — PIN(6) + PRT(1) = 0 (6)
P (1) = PSIA (1) + PEON (1) (7)
PO, (£) =Ny Pixc () (8)
OUT
PS ()= (1 —nps) - PRg(t — 1) + ﬂﬂ-ﬂﬁa)<%$dfv}-Af
hs
(9)

The above equation, PCGSP(t) is the concentrating solar power
collected at time ¢t by the photothermal power station, kKW. ny, 1 is
the efficiency of heat loss and the conversion of light intensity into
heat energy during heat transfer. S, is the area of the heat-
collecting mirror field is measured, m?. D(t) is the direct sunlight
intensity at time t, W-m2. PY,(t), PIN.(t), PIN(t), POVT(t) respec-
tively represent the unused thermal power at time t of the

concentrating solar power station, the input power at time t of the
steam turbine, and the input and output power at time ¢ of the heat
storage system, kW. PSTA, PON(t) represent the start power and
power consumption of the turbine at time t, kW. P?Sp(t) is the
output power of the concentrating solar power station at time t,
KW. 7, is the efficiency of converting heat into electricity. Pj (t) is
the thermal power stored at time t of the thermal storage system,
kW. 1y, refers to the efficiency of heat loss during the heat storage
system's storage process. niN, nOUT are respectively the thermal
efficiency of the heat input and output of the heat storage system.

2.5. Electrolyzer model

In this paper, a relatively mature alkaline electrolyzer is used as
the research subject, and its input power is:
PYL(1) = P9 a(f) + Py (8) + PQ,(t)

+ PBYS (1)

: (10)

The above equation, PY,
trolyzer at time t, kW. Pg}ijg(t) is the power purchased by the system
at time t, kW.

The relationship between hydrogen output and input power in
an electrolyzer can be determined from the Ref. [27]. 1 kW of
electricity can produce 9.33 mol of hydrogen. The relationship be-
tween hydrogen and electricity can be expressed as:

Y2 (1) = oM. pW (1)

ele ele

(t) is the working power of the elec-

(11)
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The above equation, Y2

(t) is the hydrogen production at time t
of the electrolyzer, mol. 6™ is 9.33 mol-kw 1.

When the electrolytic water hydrogen production system gen-
erates an excess of hydrogen, the surplus hydrogen must be stored

in the tank. The hydrogen balance is:
DMz (1) + V(1) = Y2 (1) (12)

The above equation, DM (t) is the quantity of hydrogen
demanded at time t. VM2 (t) represents the quantity of hydrogen in
the tank at time t, mol.

According to the stoichiometric relationship of hydrogen pro-
duction from electrolytic water, it can be seen that hydrogen pro-
duction is twice that of oxygen production. Therefore, the oxygen
production is:

Yo

ele

(t)=0.5 x Y52 (t) (13)

The above equation, Yeolze (t) is the amount of oxygen produced by
the electrolyzer at time t in the mole.

3. Capacity Optimization of the Generator Set in the System

The greater the capacity of wind, photovoltaic, and concen-
trating solar power stations in a renewable energy electrolytic
water hydrogen production system, the lower the electricity pur-
chased from the grid. However, the cost of the system investment
will also rise. The key issue addressed in this paper is how to
allocate the installed capacity of wind, photovoltaic, and concen-
trating solar power stations to ensure the lowest hydrogen pro-
duction cost while reducing power purchase from the grid.

3.1. Construction of a capacity optimization allocation model

This paper optimizes the system intending to minimize the total
daily consumption cost. The total system cost includes equipment
investment cost, equipment operation and maintenance cost, and
oxygen income cost. Therefore, the expression of the objective
function is as follows:

Ciotal = Min Z(Cinv + Grun + Cour — Cinc) (14)

INV INV INV INV H, ~INV
Cinv =Pwind " Cwina + Ppv-Cpv" + PespCesp + Pete - Cele + MG

(15)
Crun = CRO% + CRN + CRON + CRUN (16)
RUN 2 [0}
Cwind = Z(gwind : Pwind(t)) (17)
t=1
RUN 2 0]
va = Z(gpv 'va(t)) (18)
t=1
RUN 2 SP (0] HS IN OUT
Ccsp - Z( csp Pcsp(t) +Ecsp : (Pst (t) +Pst (U)) (19)
t=1
RUN = W
Celg - Z (‘CE]E Peje(£) ) (20)
t=1

24
Cour = > (Bgria - Pag (1) ) (21)
t=1
24
Cinc - Z(ﬂoz 'Ygé(t) ) (22)

t=1

The above equation, Gy, is the total system cost. G, is the cost
of equipment investment. Gy is the cost of equipment operation
and maintenance. Cpyr is the cost of purchasing electricity. Gic
benefits the cost of oxygen. Pying, Ppv, Pesp, Pele are wind power
stations, photovoltaic power stations, concentrating solar power
stations, and electrolyzer equipment power, kW. MH: is the volume
of the hydrogen storage tank in the system, measured in cubic me-
ters, m>. CINV, CINV, CINY, !NV are respectively the investment costs
of the wind power station, photovoltaic power station, concentrating
solar power station, and electrolyzer, CNY-kW . C\V is the invest-
ment cost of the storage tank, CNY-m>. &4, Epvs Eele are respec-
tively the unit operation and maintenance costs of a wind power
station, a photovoltaic power station, and an electrolyzer, CNY-kwW ™.

gSP

osp 18 the unit operation and maintenance cost of the turbine power

generation for the concentrating solar power station, CNY-kwW . ECHS%

is the unit operation and maintenance cost of the turbine for power
generation at the concentrating solar power station, and the unit is
CNY-kW~1L P‘e’l"e(t) is the operating power of the electrolyzer at time t,

kW. P‘?de(t), ng(t) are respectively the output power of a wind

power station and a photovoltaic power station at time t, KW. Bgq is

the unit price of electricity, CNY-kW . 8% is the unit price of oxy-
gen, CNY- kw1,

3.2. Constraint condition
(1) Constraints of wind power

Output power constraints of wind power systems:

MIN (0] MAX
Pwind < Pwind(t) < Pwind (23)

; MAX  pMIN ;
The above equation, P4, Pl represent the wind power

station's maximum and minimum output power in kKW.
(2) Constraints of photovoltaic power
Output power constraints of photovoltaic power systems:
MIN _ pO MAX
va < va(t) < va (24)

The above equation, PMAX, PMN indicate the maximum and
minimum output power of photovoltaic power stations as kW.

(3) Constraints of battery

Output power constraints of battery systems:

P = B = P (25)
Pgiseh < P> (£) < Pgiscy (26)
PN <P, < P (27)

The above equation, PMAX PMAX respectively indicate the
maximum power of battery charging and discharging. The unit is
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kw. PMIN, pMIN “respectively represent the minimum power for
battery charging and discharging, kW. PYAX, pMIN respectively
indicate the maximum and minimum power stored by the battery,
kW.

(4) Constraints of concentrating solar power

Output power constraints of concentrating solar power station:

PR < PG (t) < PR (28)
Pesp(t) — Pesp(t — 1) < P (29)
Pcsp(t_l)_Pcsp(t) < PPs?)WN (30)

The above equation, PNAX, PMIN respectively represent the
maximum and minimum power output of the concentrating solar
power station, kW. P&y, P&, respectively represent the upper and
lower limits of the output power range of the concentrating solar

power station, kW.
(5) Thermal equilibrium constraints

P&y () >0 (31)

PMAX
0= Prr(t) < =P~ (32)

tc

(6) Constraints of thermal storage system

0<PN(t) < PM (33)
0 <PRIT(t) < PRV (34)
FULL pMAX
0<Py < W Tesp (35)
Ntc

The above equation, PM, POM represent the maximum heat

input and output of the heat storage system, kW. UL The variable
represents the number of hours at full load of the nighttime
concentrating solar power station, h.

4. Case Study

In the example studied in this paper, an alkaline electrolyzer with
a capacity of 38 MW and an efficiency of 70% is utilized [ 28]. Oxygen is
sold at 0.014 CNY-mol~! [29]. The 24-h wind speed and solar
resource data from a specific area in northern China are utilized.
Tables 1—3 respectively provide the data necessary for the calcula-
tion. The wind speed and solar data are imported into MATLAB, and
the output power can be calculated using the wind power output
model and photovoltaic output model mentioned above, as illus-
trated in Fig. 4. The objective function is solved by the CPLEX solver to
find the optimal hydrogen production scheme. The division of elec-
tricity prices [30]: The valley hours are 00:00—07:00 and
23:00—24:00. The normal hours are 07:00—10:00 and 15:00—18:00.
Peak hours are 10:00—15:00, 18:00—21:00, and 21:00—23:00. The
electricity pricing for the power grid is presented in Table 4.

Table 1

Main parameters of output and storage system of concentrating solar power station.
Parameter Value Parameter Value
PMAX o 20750 £ JCNY kw1 [31] 0.072
pgglle/kw 0 EE‘SS;/CNYJ(W*1 [31] 0.032
TNes 0.42 Cé’;'l;’/CNYkW*1 [31] 23000
Nee [32] 0.4 WFULL /Ry 12
M [32] 0.01 PL“S"/kW 55824
Mhs [32] 0.03 POM kW 43054
n L’g [32] 0.98 PESTI’,/kW 30
n g;JT [32] 0.98 Pg%WN/kW 30

Table 2

Main parameters of wind power output, photovoltaic output, and electrolyzer cost.
Parameter Value Parameter Value
Cgl\‘ev JCNY- kw1 [33] 2000 P x{r\é kW 18000
£ele/CNY- kW1 [28] 45y PMIN kW 0
Ewind/CNY - kW1 [34] 0.029 P{;’{,AX/kW 18000
Ep\,/CNYkW*1 [35] 0.031 P'Q’{,'N/kw 0
CINV JCNY-kW ! [16] 7410 Neh Ndisch [24] 0.9
Cl‘)”“,"/CNY-kW*1 [16] 3672 Nch 0.001

Table 3

Other parameters.
Parameter Value Parameter Value
CéltW/CNYAm*3 [36] 348400 PE{IIIN/I(W 0
PMAX kW [37] 2680 PYIN kW 0
pgfilsf\cﬁ/kw [37] 2680 P‘S\g"x/kw [37] 10719
ng'N/kW [37] 2680

4.1. Capacity optimization configuration

In MATLAB, the CPLEX solver is invoked through the YALMIP
platform to model and solve the designed renewable energy elec-
trolytic water hydrogen production system. The specific solution
process is shown in Fig. 5. At the beginning of the modeling process,
an analysis was conducted to clarify the impact of wind turbine
installed capacity, photovoltaic installed capacity, and concen-
trating solar power station installed capacity on the cost of the
hydrogen production system. This involved exploring and

50

—a&— Wind power —®— Photovoltaic power

Output power/kW

Time/h

Fig. 4. Output power curve of a wind farm and a photovoltaic field.
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Table 4
The time of electricity usage and the Corresponding prices from the power
grid.

Period of time Electricity price/CNY-(kW-h)~!

Peak hours 0.83
Normal hours 0.49
Valley hours 0.17

analyzing wind power hydrogen production, photovoltaic
hydrogen production, and concentrating solar power hydrogen
production systems. Therefore, when programming and calcu-
lating, the installed capacity is set to 80 MW. The relationship be-
tween the installed capacity of different renewable energy power
generation equipment and the cost of hydrogen production is
determined by adjusting the capacity, as illustrated in Fig. 6.

From (a) in Fig. 6, it can be observed that when the installed
capacity of each individual unit is 26 MW, 52 MW, 78 MW, 104 MW,
and 156 MW, the cost of wind power hydrogen production
decreased from 88.85 CNY-kg~! to 19.94 CNY-kg~!, the cost of
photovoltaic hydrogen production decreased from 98.77 CNY-kg ™!
to 66.71 CNY-kg~!, and the cost of concentrating solar power
hydrogen production decreased from 69.85 CNY-kg™' to 38.95
CNY-kg~'. From the calculation results, it can be analyzed that the
cost of hydrogen production from wind power and concentrating
solar power is lower than that of photovoltaic hydrogen production.
This is mainly because wind power can generate electricity at night,
while concentrating solar power storage systems store heat during
the day and release it at night, reducing their reliance on the power
grid. Photovoltaic power generation only produces electricity dur-
ing the day; therefore, the system depends entirely on the power
grid at night. As the installed capacity of individual wind,

START

Input

‘ Solar data ‘

v

Utilize wind power output, photovoltaic
power output, and CSP output models

‘ Wind speed data

Is the judgment result feasible?

Obtain output data

v

Renewable energy hydrogen production
model

Objective function

Electricity
price

Electrolyzer
data

photovoltaic, and concentrating solar power units increases, the
cost of electrolyzing water to produce hydrogen in renewable en-
ergy systems gradually decreases. The changing trend of photo-
voltaic power installed capacity and concentrating solar power
installed capacity on hydrogen production cost is relatively similar,
while the changing trend of wind turbine installed capacity is
different. This difference is primarily attributed to the variance
between wind energy resources and solar resources. From Fig. 6 (b),
it can be seen that as the installed capacity of each unit increases
from 26 MW to 156 MW, the hydrogen production cost of the
system decreases, but the investment cost of the equipment in-
creases significantly. The most obvious change is in concentrating
solar power, primarily because the unit investment cost of equip-
ment is much higher than that of wind power and photovoltaic. In
various scenarios of renewable energy electrolysis of water
hydrogen production systems, the hydrogen production in the
electrolyzer system remains stable. According to the established
mathematical model and provided parameters, further increasing
the capacity of renewable energy equipment following the trend in
Fig. 6 will lead to a gradual decrease in system costs. However, this
decrease will not reach zero; instead, it will be followed by a sig-
nificant increase in system investment costs. In the mentioned case,
the capacity of the electrolyzer is 38 MW. If the maximum power
generation of individual wind power, photovoltaic, and concen-
trating solar power units exceeds the power consumption of the
electrolyzer, a significant surplus of electricity will be produced by
the renewable energy system. Storing this excess electricity using
batteries would result in high investment costs for the battery
storage, which is not conducive to the economic viability of the
system. Considering the investment cost of various renewable en-
ergy power generation equipment and other factors, the installed
capacity of each power generation equipment should be allocated
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Fig. 5. Flow chart of capacity optimization configuration solution.
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Fig. 6. Impact of installed capacity of renewable energy power generation equipment on costs in an independent hydrogen production system. (a) Impact of installed capacity on

hydrogen production cost. (b) Impact of installed capacity on investment cost.

reasonably based on the compromise principle in each unique
renewable energy electrolytic water hydrogen generation scheme.
This approach aims to minimize the cost of hydrogen production.

In this paper, the capacity configuration of hydrogen production
from renewable energy by electrolyzing water is analyzed under
multiple scenarios. By formulating the objective function and
constraint conditions in MATLAB, and utilizing the YALMIP plat-
form to invoke the CPLEX solver for solutions, the capacity opti-
mization setup for power generation equipment in hydrogen
production from renewable energy electrolyzed water is achieved
for each scenario.

Scenario 1: Hydrogen production from wind power

To enhance the utilization rate of renewable energy, the wind
power hydrogen generation system needs to incorporate a battery
energy storage system. After programming in MATLAB and
adjusting the installed capacity of the wind farm, the output power
results for each module are obtained through a comprehensive
comparative analysis, as illustrated in Fig. 7. It can be seen from the
figure that when only wind power is used in the renewable energy
hydrogen generation system, it is necessary to purchase some
electricity from the grid to ensure the smooth operation of the
electrolyzer. The output power of wind power generation fluctuates
between peak and valley values. When the output power exceeds
the operational power of the electrolyzer, the surplus power will be
stored in the battery. When the output power of wind power
generation cannot meet the system demand, the battery will
discharge to maximize the utilization of wind energy resources.

The software calculates and analyzes the energy flow of the
generator set and the hydrogen production of the electrolyzer in
the wind power hydrogen generation system, as depicted in Fig. 8.
It can be seen from the results in the figure that the total power
generation of the wind farm in the wind power hydrogen genera-
tion system in a day is 501179.98 kW - h. The storage capacity of the
battery is 11512.68 kW-h, the unused power of the system is
2809.74 KW-h, and the renewable energy utilization rate is 99.44%.
These results indicate that the capacity configuration of the
renewable energy side of the wind power hydrogen generation
system is reasonable. After optimization calculations, the installed
capacity of the fan is 104 MW, and the capacity of the battery is
10.8 MW. Due to the fluctuating nature of wind power output,
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Fig. 7. Output of each module in a wind power hydrogen generation system.

renewable energy cannot provide a stable input for the electrolyzer
power. To ensure the smooth operation of the electrolyzer, the grid
needs to supply 144716.58 kW-h of electricity, achieving a
renewable energy penetration rate of 78% for the wind power
hydrogen generation system.

Scenario 2: Photovoltaic hydrogen production

In the photovoltaic hydrogen generation system, integrating a
battery energy storage system is essential to enhance the utilization
rate of renewable energy. According to MATLAB programming, the
output power results for each module are obtained through a
comprehensive comparative analysis by adjusting the installed
capacity of the photovoltaic field, as illustrated in Fig. 9. It can be
seen from the results in the figure that although the photovoltaic
hydrogen generation system requires minimal purchased electricity
during the day, the photovoltaic output is zero at night. Therefore,
the electrolyzer's operational power needs can only be met by
purchasing electricity from the grid. When the photovoltaic output
exceeds the operational capacity of the electrolyzer, the excess
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Fig. 8. Energy flow and logistics of wind power hydrogen generation system.

power will be stored in the battery. When the photovoltaic output
cannot meet the system's demand, the battery will discharge.

The software calculates and analyzes the energy flow of the
generator set and the hydrogen production of the electrolyzer in the
photovoltaic hydrogen generation system, as illustrated in Fig. 10. It
can be observed from the results in the figure that the power gen-
eration of the photovoltaic field in the photovoltaic hydrogen gen-
eration system in a day is 239701.83 kW - h. The storage capacity of
the battery is 7192.98 kW -h, with 1791.214 kW-h of power being
abandoned by the system. The utilization rate of renewable energy
is 99.25%, indicating that the capacity configuration of the renew-
able energy side of the photovoltaic hydrogen generation system is
reasonable. After the optimization calculation, the installed PV ca-
pacity of the system is 92 MW, and the battery capacity is 27.6 MW.
Since the photovoltaic power station only operates during the
daytime and ceases to generate electricity at night, the grid must
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Fig. 9. Output of each module in the photovoltaic hydrogen generation system.

Storage battery

supply 405176.21 kKW -h of electricity to ensure the smooth opera-
tion of the electrolyzer, leading to a 37% penetration rate of
renewable energy.

Scenario 3: Concentrating solar power hydrogen production

The renewable energy generated by the concentrating solar
power hydrogen generation system is solely from concentrating
solar power generation. Due to the presence of a heat storage
system unit in the concentrating solar power generation system,
there is no requirement to incorporate a battery into the system.
According to MATLAB programming, modifying the installed ca-
pacity of the optical thermal power station allows for obtaining the
output power results between each unit after a comprehensive
comparative analysis, as shown in Fig. 11. It can be seen from the
figure that the output power of the concentrating solar power
station can meet the 24-h operation of the electrolyzer, and there is
no purchased power in the system. The heat storage tank unit in the
concentrating solar power station stores heat during the day and
provides it to the steam turbine for power generation at night. The
heat stored in the heat storage tank can also be used to power the
hydrogen production system in the morning and evening.

The software calculates and analyzes the energy flow of the
generator set and the hydrogen production of the electrolyzer in
the concentrating solar power hydrogen generation system, as
illustrated in Fig. 12. It can be seen from the results in the figure that
the power generation capacity of the concentrating solar power
station in a day is 643086.82 kW-h. The abandoned power of the
system is 0.004 kW -h, and the utilization rate of renewable energy
is 99.99%. These results indicate that the capacity configuration of
the renewable energy side in the concentrating solar power
hydrogen generation system is reasonable. After optimizing the
calculations, the installed capacity of the concentrating solar power
station in the system is 170 MW. Since the concentrating solar
power station can continuously and stably supply power to the
electrolyzer to produce hydrogen, the grid's power purchase in the
system is 0 KW-h, resulting in a 100% penetration rate of renewable
energy.
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Renewable energy penetration: 37%
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Fig. 10. Energy flow and logistics of photovoltaic hydrogen generation system.
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Fig. 12. Energy flow and logistics of concentrating solar power hydrogen production system.

Scenario 4: Hydrogen production by wind-PV coupling

The renewable energy aspect of the wind-PV coupling hydrogen
generation system comprises wind power generation, photovoltaic
power generation, and storage battery. According to MATLAB pro-
gramming, by adjusting the installed capacity of each unit in the
renewable energy side of the wind-PV coupling hydrogen genera-
tion system, the output power results for each unit are obtained
through a comprehensive comparative analysis, as illustrated in
Fig. 13. It can be seen from the figure that photovoltaic power
generation and wind power generation during the day in the wind-
PV coupling hydrogen generation system can meet the power
consumption of the electrolyzer, reducing the cost of purchased
power for the system. Compared with hydrogen production from
wind power or photovoltaics, the installed capacity is greatly
reduced. At night, the system can only rely on wind power output
and partial battery discharge, requiring it to purchase electricity
from the grid.

The software calculates and analyzes the energy flow of the
generator set and the hydrogen production of the electrolyzer in
the wind-PV coupling hydrogen production system, as illustrated in
Fig. 14. It can be seen from the results in the figure that the power
generation capacity of the wind farm, photovoltaic field, storage
battery, and unused power of the wind-PV coupling hydrogen
generation system is 370181.5 kW-h, 170371.93 kW:-h,
73714 kW-h, and 1832.144 kW-h respectively. After calculation,
the utilization rate of renewable energy is 99.66%, indicating that
the capacity configuration of renewable energy in the wind-PV
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Fig. 13. Output of each unit in the wind-PV coupling hydrogen production system.

coupling hydrogen generation system is reasonable. After optimi-
zation calculations, the installed capacities of the wind turbine,
photovoltaic system, and storage battery are 67 MW, 34 MW, and
10.5 MW, respectively. The integration of wind farms and photo-
voltaic fields has decreased the grid's power purchase to
104365.53 kW:-h, resulting in an increased renewable energy
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penetration rate of 84%. By comparing the hydrogen production
systems of wind power and photovoltaics, it is evident that the
penetration rate of renewable energy in the wind-PV coupling
system is higher.

Scenario 5: PV-CSP coupling hydrogen production

The PV-CSP coupling system involves integrating a photovoltaic
field with concentrating solar power for hydrogen production. Ac-
cording to MATLAB programming, by adjusting the installed ca-
pacity of each unit in the renewable energy side of the PV-CSP
coupling hydrogen production system, the output power results for
each unit are obtained after a comprehensive comparative analysis,
as illustrated in Fig. 15. It can be seen from the figure that in the PV-
CSP coupling hydrogen production system, the system mainly relies
on photovoltaic power generation to provide working power to the
electrolyzer during the day, and is entirely supplied by the
concentrating solar power station at night. Renewable energy can
smoothly power the electrolyzer, eliminating the need for pur-
chased electricity in the system. Photovoltaic power generation
complements concentrating solar power generation during the day.
The heat storage tank system stores excess heat and smoothly
provides heat to the steam turbine for power generation at night.

The energy flow of the generator set and the hydrogen pro-
duction of the electrolyzer in the PV-CSP coupling hydrogen pro-
duction system are calculated and analyzed by software, as shown
in Fig. 16. It can be seen from the results in the figure that the power
generation capacity of the photovoltaic field in the PV-CSP coupling

104365.53 kW-h

Renewable energy utilization: 99.66%
Renewable energy penetration: 84%
Electrolyzer efficiency: 70%

250 kmol-h™!

Hydrogen

Fig. 14. Energy flow and logistics of wind-PV coupling hydrogen production system.

hydrogen generation system in a day is 212685.86 kW - h, the power
generation capacity of the concentrating solar power station is
430400.97 kW-h, and the unused power of the system is
0.014 kW-h. After calculation, the utilization rate of renewable
energy is 99.99%, indicating that the capacity configuration of the
renewable energy side in the PV-CSP coupling hydrogen generation
system is reasonable. After optimization calculations, the installed
capacity of the photovoltaic system is 34 MW, while the scale of the
concentrating solar power station is 84 MW. Since renewable en-
ergy can fully meet hydrogen production through electrolysis, the
electricity purchased from the power grid is 0 kW h, resulting in a
100% penetration rate of renewable energy.

Scenario 6: Hydrogen production by wind-PV-CSP coupling

The wind-PV-CSP coupling hydrogen production system is an
extension of the wind-PV coupling hydrogen production system. It
incorporates a concentrating solar power station while eliminating
the need for a battery. According to MATLAB programming, by
adjusting the installed capacity of each unit in the renewable en-
ergy side of the wind-PV-CSP coupling hydrogen generation sys-
tem, the output power results for each unit are obtained after a
comprehensive comparative analysis, as illustrated in Fig. 17. It can
be seen from the figure that the wind-PV-CSP coupling hydrogen
generation system does not purchase electricity from outside the
grid system, which fully meets the power requirements of the
electrolyzer in the system. Compared with wind-power hydrogen
production, photovoltaic hydrogen production, and wind-PV
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Fig. 15. Output of each unit of PV-CSP coupling hydrogen production system. (a) Output results of each unit in the system. (b) Change of charging and discharging heat and capacity

of heat storage tank.
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Fig. 17. Output of each unit of wind-PV-CSP coupling hydrogen production system. (a) Output results of each unit in the system. (b) Change results of charging and discharging heat
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coupling hydrogen production, the purchased power in the system
is reduced. For concentrating solar power hydrogen production and
PV-CSP coupling hydrogen production, the system significantly
reduces the size of the photothermal power station. The heat
storage system in the concentrating solar power station stores heat
during the day releases it at night, and, in conjunction with the
wind farm, provides electrical energy to the electrolytic cell to
reduce the amount of purchased power in the system.

The software calculates and analyzes the energy flow of the
generator set and hydrogen production of the electrolyzer cell in
the wind-PV-CSP coupling hydrogen production system, as illus-
trated in Fig. 18. It can be seen from the figure that the wind farm

Concentrating
solar power

305032.82 kW-h

Wind power

227804 kW-h

power generation of the wind-PV-CSP coupling hydrogen genera-
tion system is 227804 kW -h, the photovoltaic field power gener-
ation is 110250 kW -h, the concentrating solar power station power
generation is 305032.82 kW -h, and the unused power of the sys-
tem is 0.004 kW-h. After calculation, the utilization rate of
renewable energy is 99.99%, indicating that the capacity configu-
ration of the renewable energy side in the wind-PV-CSP coupling
hydrogen generation system is reasonable. After the optimization
calculation, the installed capacity of a wind turbine is set at 42 MW,
the installed capacity of PV is set at 20 MW, and the scale of the
concentrating solar power station is set at 69 MW. The combination
of wind, photovoltaic (PV), and concentrated solar power (CSP)
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Fig. 18. Energy flow and logistics of wind-PV-CSP coupling hydrogen production system.
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renewable energy sources can fully meet the power consumption of
the electrolyzer, resulting in a 100% penetration rate of renewable
energy in the system.

4.2. Economic analysis

The target values for wind power hydrogen production, photo-
voltaic hydrogen production, concentrating solar power hydrogen
production, wind-PV coupling hydrogen production, PV-CSP
coupling hydrogen production, and wind-PV-CSP coupling
hydrogen production are calculated using MATLAB. The hydrogen
production cost of each system and the proportion of output power
of each unit are shown in Fig. 19. It can be seen from the figure that
the cost of hydrogen production from wind power is 32.93
CNY-kg~!, and the power purchase ratio in the system is 22%. The
cost of photovoltaic hydrogen production is 72.13 CNY-kg ™!, and the
proportion of system power purchase is 62.1%. The cost of hydrogen
production through wind-PV coupling is 25.86 CNY-kg~!, and the
system purchases 16% of the power. After the wind-PV coupling, not
only is the proportion of power purchased by the grid reduced, but
the cost of hydrogen production is also significantly lower compared
to that of wind power and photovoltaic hydrogen production. The
cost of concentrating solar power hydrogen production is 48.42
CNY-kg~!, and the system does not require purchased electricity.
The cost of PV-CSP coupled hydrogen production is 25.78 CNY kg,
and the system does not require purchased electricity. The cost of
hydrogen production after coupling PV with CSP is significantly
lower than that of concentrating solar power hydrogen production.
The cost of hydrogen production through wind-PV-CSP coupling is
18.84 CNY kg, and there is no purchased power in the system. The
system contemplates integrating concentrating solar power with
wind-PV coupling for hydrogen production, resulting in a reduced
cost of hydrogen production. To sum up, the cost of hydrogen pro-
duction through wind-PV-CSP coupling is the lowest and holds
greater development prospects.

At present, the efficiency of concentrating solar power stations
is about 16%, and the power generation cost of the concentrating
solar power station is high. Therefore, the integration of concen-
trating solar power will result in a high cost of hydrogen produc-
tion. According to relevant literature [38—40], concentrating solar
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Fig. 20. Cost prediction of future CSP hydrogen production, PV-CSP coupling hydrogen
production, and wind-PV-CSP coupling hydrogen production.

power has attracted increasing attention, and the efficiency of
concentrating solar power is projected to reach about 40% in the
future. Therefore, this paper predicts the future costs of concen-
trating solar power hydrogen production, PV-CSP coupling
hydrogen production, and wind-PV-CSP coupling hydrogen pro-
duction. The results are shown in Fig. 20. In the future, the cost of
concentrating solar power hydrogen production may be reduced to
35.30 CNY kg™, the cost of PV-CSP coupling hydrogen production
may be reduced to 19.23 CNY-kg~!, and the cost of wind-PV-CSP
coupling hydrogen production may be reduced to 16.02 CNY-kg~!

4.3. Comprehensive evaluation

The capacity configuration, investment cost, and hydrogen
production cost under different scenarios are shown in Table 5
below. The installed capacity of the wind-PV coupling hydrogen
generation system is 67 MW, with the photovoltaic capacity being
34 MW. Compared with wind power hydrogen generation and
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36.8%
26.1%

I Wind power Il Buy elecmcnly
[ Storage battery
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Fig. 19. Cost of hydrogen production systems from various renewable energy sources and the proportion of output power from each unit. (a) Output ratio of each unit of wind
power hydrogen generation system. (b) Proportion of output from each unit of a photovoltaic hydrogen generation system. (c) Output ratio of each unit in a wind-PV coupled
hydrogen generation system. (d) Output ratio of each unit of a concentrating solar power hydrogen generation system. (e) Proportion of output from each unit of a PV-CSP coupled
hydrogen production system. (f) Output ratio of each unit of a wind-PV-CSP coupled hydrogen production system.
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Table 5
Results of capacity allocation, investment costs, and hydrogen production costs under different scenarios.
Installed capacity Installed capacity Battery Installed capacity Investment Hydrogen Renewable Renewable
of wind/MW of PV/MW capacity/MW of CSP/MW cost/CNY production energy energy
cos/CNY-kg™! penetration/% utilization/%
Scenario 1 104 - 10.8 - 8.598 x 10° 32.93 78 99.44
Scenario 2 — 92 27.6 - 4.388 x 108 7213 37 99.25
Scenario 3 — — — 170 3.98 x 10° 48.42 100 99.99
Scenario 4 67 34 10.5 - 5.852 x 10° 25.86 84 99.66
Scenario 5 - 34 - 84 2.138 x 10° 25.78 100 99.99
Scenario 6 42 20 — 69 2.053 x 10° 18.84 100 99.99

photovoltaic hydrogen generation, the capacity of the generator
unit is reduced by about half. After integration, the adoption rate of
renewable energy increased to 83.77%, marking a 46.77% increase
compared to photovoltaic hydrogen production. This significantly
decreased reliance on the power grid, and the cost of hydrogen
production decreased to 25.86 CNY-kg~'. PV-CSP coupling for
hydrogen production involves integrating photovoltaic power
generation into the concentrating solar power hydrogen produc-
tion model. The results show that the scale of the concentrating
solar power station is 84 MW, which significantly reduces the in-
vestment cost of equipment. With the integration of a concen-
trating solar power station, the renewable energy penetration rate
has reached 100%, as determined by the operational characteristics
of such a station. Compared with hydrogen production solely from
renewable energy sources, hydrogen production from renewable
energy coupling reduces the capacity of generating units and the
investment cost of equipment. It also enhances the penetration and
economic viability of renewable energy within the system. The
wind-PV-CSP coupling hydrogen production considers wind power
in conjunction with PV-CSP for hydrogen production. In the
calculation results, the scale of the generator set, the investment
cost (2.053 x 10° CNY), and the hydrogen production cost of system
(18.84 CNY-kg 1) are the lowest, indicating a promising develop-
ment prospect. According to the Refs. [41,42], when wind speed and
solar energy resources in an area are not optimal, and the wind
turbine installation location is elevated, the area suitable for
concentrating solar power generation is extensive. Considering
various factors, photovoltaic and concentrating solar power gen-
eration primarily depend on solar energy resources, which are
unrelated to wind speed. Therefore, coupling PV-CSP for hydrogen
production should be developed in areas abundant in solar energy
resources. Concentrating solar power generation has high terrain
requirements. Therefore, in regions with flat terrain and ample
wind and solar resources, it is advisable to develop hydrogen pro-
duction through wind-PV-CSP coupling. The high terrain is suitable
for the development of wind-PV coupled hydrogen production.

5. Conclusions

This article is based on a proposed model for optimizing the
capacity of a renewable energy hydrogen production system. The
model integrates wind power, photovoltaic (PV) power, and
concentrating solar power (CSP) with an alkaline electrolyzer. With
the aim of minimizing the total cost on a daily basis, the capacity
optimization configuration and hydrogen production cost calcula-
tion of renewable energy electrolysis of water hydrogen systems
under various scenarios were solved using the CPLEX solver.
Through comprehensive analysis and comparison, it has been
found that, compared to single renewable energy hydrogen pro-
duction, the renewable energy coupling hydrogen production sys-
tem reduces the capacity of generating units and the investment cost
of equipment. This system also enhances the penetration and eco-
nomic viability of renewable energy within the system. Notably, the

cost of hydrogen production from wind-PV-CSP coupling is the
lowest at 18.84 CNY - kg~ !, indicating greater development prospects.

(1) The capacity configuration of generator units in wind-power
hydrogen production, photovoltaic hydrogen production,
concentrating solar power hydrogen production, wind-PV
coupling hydrogen production, PV-CSP coupling hydrogen
production, and wind-PV-CSP coupling hydrogen production
systems is optimized to achieve a renewable energy utiliza-
tion rate exceeding 99%.

(2) Compared with wind power hydrogen generation and
photovoltaic hydrogen generation, the capacity of the wind-
PV coupling hydrogen generation unit is reduced by about
half. After coupling, the renewable energy penetration rate
reaches 84%, which is a 47% increase compared to photo-
voltaic hydrogen generation. This significantly reduces
dependence on the power grid, and the cost of hydrogen
production is also reduced to 25.86 CNY-kg .

(3) The integration of photovoltaic (PV) technology with
concentrating solar power (CSP) systems for hydrogen pro-
duction leads to a reduction in the scale of CSP facilities. This
integration results in a cost of hydrogen production
amounting to 25.78 CNY-kg~L. Compared to hydrogen pro-
duction singly from renewable energy sources, utilizing
renewable energy coupling for hydrogen production de-
creases the capacity requirements of generation units, lowers
equipment investment costs, and enhances the integration
and economic viability of renewable energy within the
system.

(4) The capacity, equipment investment cost, and hydrogen
production cost of the generator set in the wind-PV-CSP
coupling hydrogen production system are the lowest,
resulting in a cost of 18.84 CNY-kg~! of hydrogen. With the
continuous enhancement of CSP efficiency, the cost of
hydrogen production using wind-PV-CSP technology is pro-
jected to decrease to 16.02 CNY-kg~!, indicating promising
development prospects.

In the renewable energy electrolysis of water system analyzed
in this article for multiple scenarios, the hydrogen production in
the electrolyzer system remains stable. As a result, the surplus
electricity in the renewable energy system is relatively low, which
does not impact the system's overall cost. The constructed
mathematical model can also be applied to fluctuating hydrogen
production. However, adjusting the hydrogen production in the
electrolyzer based on the demand for hydrogen load will impact
the penetration rate and utilization rate of renewable energy.
When there is excess unused electricity, consideration should be
given to storing it in batteries or integrating it into the grid to
enhance system economics and decrease production costs. In the
future, it is of great significance for the safe and stable operation of
the entire renewable energy electrolysis of water hydrogen pro-
duction system.
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Nomenclature
Ginc system income
Ciny equipment investment cost
Cour electricity purchasing cost
Crun equipment running costs
Crotal total system cost
D sunlight intensity
PCGSp thermal power gathered by the mirror field in CSP
P&y output power of CSP
P&p CSP unused power
P;’}’e working power of the electrolyzer
PgBHg grid buys power
PIN, POUT  input and output power of thermal storage system
Pﬁs thermal storage system thermal storage power
ng photovoltaic output power
ng photovoltaic rated power
PGH, PDISCH charging and discharging power of the battery
be battery electric storage capacity
PON consumption power of Steam turbine
PN input power of steam turbine
PEIA starting power of steam turbine
P‘?de wind power output power
P“},md rated power of wind power
Smf area of the mirror field
% wind speed
% cut-in wind speed
VO cut-out wind speed
WR rated wind speed
Y:}; hydrogen production in the electrolyzer
actual absorbed radiation
Nch» Ndisch ~ charging and discharging efficiency of battery
Nes photothermal conversion efficiency
Mhl heat loss efficiency during the heat transfer process

Nhs heat loss efficiency of thermal storage system

N, nOUT  thermal efficiency of input and output heat
nhy battery loss rate

Ntc thermal electric conversion efficiency

K temperature coefficient

Epv photovoltaic running costs

Ewind wind running costs
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