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ARTICLE INFO ABSTRACT

Keywords: Operation strategy of the integrated wind-hydrogen system is the key to ameliorate the negative impacts of the
Wind-hydrogen-desalination system fluctuated wind power on the hydrogen production capacity and durability of electrolyzer. However, the desa-
Step-by-step start lination system supplying pure water to electrolyzers was neglected previously, with which the practical oper-

Hydrogen production
Fresh water
Switching times

ation strategy of the hybrid wind-hydrogen-desalination system has yet to be investigated. In this work, we
proposed a novel control strategy named step-by-step start for wind-hydrogen-desalination system consisting of
wind turbine, proton exchange membrane water electrolyzer (PEMWE), battery and batch reverse osmosis (BRO)
desalination system, which can produce hydrogen and fresh water. Real-time wind data from Shenzhen, Chi-
na were used as input to the integrated system. The results demonstrate the wind-hydrogen-desalination system
with the proposed strategy can improve the hydrogen production by 17.55 %, the energy efficiency by 17.68 %
in August, and increase hydrogen production by 10.29 %, the energy utilization efficiency by 10.44 % in
December compared with traditional strategies. At low wind speeds, the switching times of PEMWE for this
strategy is higher than the other strategies, while at high wind speeds, the switching times of PEMWE is
significantly decreased. This work provides insights into the practical operation strategy for wind-hydrogen-
desalination system depending on the real-time wind speed.
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Nomenclature

— Nomenclature
Abbreviations
PEMWE Proton exchange membrane water electrolyzer F Faraday constant, (C-mol ™)
TDS Total dissolved solids foipe Friction factor in the pipe, (-)
N Number, N =9 fm Friction factor inside the RO, (-)
BRO Batch reverse osmosis H Channel height, (m)
el/EL Electrolyzer i Ionisation number, (-)
Symbols J Current density, (A/em?)
A area, (cm?) Jw Permeate flux, (L/m?/h)
Am Active membrane area, (m?) L Length, (m)
Ay Water permeability, (m/s/Pa) My, Hydrogen product rate, (kg/s)
a/b/c Fitting parameters of wind turbine N Number, (-)
B Salt permeability, (m/s) P Pressure, (atm)
c Concentration, (g/L) R Gas constant,(J-mol “*.K ~ 1)
Cap Battery capacity, (kWh) Rpem Ohmic resistance, (Q)
d Diameter, (m) Rin Internal resistance, (Q)
des desalination S factor, (-)
E Activation energy, (kJ/mol)
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(continued)
Nomenclature
Soc State of charge, (-)
T Temperature, (K)
v Voltage, (V)
Vig Purged volume, (m®)
Vbo Work exchanger volume, (m®)
v Speed, (m/s)
w Channel width, (m)
a Symmetrical factor, (-)

B Ratio of recirculation flow rate, (-)
c Tonic conductivity, (-)

A Water content, (-)

n Efficiency, (-)

S Membrane thickness,(pm)

Subscript

act Activation

a/c Anode/Cathode

aux Auxiliary

bat Battery

F Faraday

Ho Hydrogen

i/j Serial number

()] Oxygen

Li Lithium

m/mem Membrane

min minimum

ip Inflexion point

mid Middle

max Maximum

pre Pressurization

re Refill

P/L/R Polarization/Longitudinal/Retention

oc Open circuit

ohm ohmic

r Rated

ref Reference

t total

th Thermal neutral

v voltage

0 Initial state
Introduction

With the acceleration of industrialization, mankind’s demand for
energy is gradually increasing, and the current energy resource is still
dominated by fossil fuels. The large amount of fossil fuels consumption
has brought about numerous environmental problems, such as global
warming and the frequent occurrence of extreme weather [1,2]. The
sustainable development goals (SDGs) including the development of
clean energy and decarbonisation of energy sources, offering solutions
for attaining sustainable development and combating climate change
[3,4]. Hydrogen energy is an ideal alternative to fossil fuels due to its
abundant source, high calorific value, cleanliness, non-pollution and
good environmental friendliness [5]. The intermittent and random na-
ture of renewable energy sources such as solar and wind energy leads to
fluctuations in power generation, which will affect the stability of the
grid, while the use of off-grid electricity generated from renewable en-
ergy sources for electrolysis to produce hydrogen can realize the con-
version from unstable solar and wind power to stable chemical energy
[6-10]. Hitherto the dominant water electrolysis technologies for
hydrogen production are alkaline water electrolysis (AWE), proton ex-
change membrane water electrolysis (PEMWE), and solid-oxide water
electrolysis (SOWE) [11]. Among these approaches, PEMWE is more
suitable for hydrogen production coupled with renewable wind and
solar energy because of its fast dynamic response and wide power
regulation range [12]. In recent years, with the growth of installed ca-
pacity of wind turbines, the increasing wind power consumption is ex-
pected to avoid its abandonment. Meng et al. [13] developed a model for
a wind-hydrogen coupled energy storage power generation system
(WHPG), comprising a wind turbine, electrolyzer, fuel cell, compressor,
and hydrogen storage tank, and they revealed that surplus electricity in
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the uncoupled system amounted to approximately 32.6 % of the wind
turbine’s electricity generation, whereas in the coupled system, it
accounted for only about 1.7 % of the wind turbine’s electricity gener-
ation. Thus, coupling PEMWE with wind turbines can not only decrease
the hydrogen production cost but also enhance the energy utilization
efficiency.

Wind-powered hydrogen production systems offer a cleaner alter-
native, significantly reduced carbon emissions compared to traditional
methods reliant on coal or natural gas [14,15]. Over recent years, many
research efforts have been dedicated to wind-hydrogen system. The
study on an on grid wind-hydrogen system composed of a wind farm and
PEMWE to generate hydrogen during periods of low electricity price and
excess wind energy demonstrated the optimal expected profit surged by
33.42 % when the price of hydrogen increased from DKK 1.2/kWh to
DKK 1.8/kWh [16]. Scolaro et al. employed 2017 wind data to simulate
the hourly generation of an offshore wind farm in Germany. It is
revealed that the most cost-effective system configuration for offshore
wind-hydrogen production systems occurs when the electrolyzer ca-
pacity is 87 % of the wind farm capacity [17]. Another study using
Simulink model of an integrated system comprising 2.3 MW offshore
wind turbine and 1.852 MW PEMWE demonstrated the highest
hydrogen production was 17,242 kg for 31-day period using real-time
wind data and the overall efficiency was in the range 56.1-56.9 %
[18]. The impacts of wind power fluctuation on the voltage degradation
rate of a 60 kW PEMWE was also investigated based on multi-physics
fields three-dimensional model [19], in which the single-stack PEMWE
degradation voltage is 7.5 V and the wind-hydrogen system energy ef-
ficiency of 61.65 %.

However, the intermittent nature of wind energy is unfavorable for
the durability of the system, especially electrolyzers and system effi-
ciency. In order to improve the wind-hydrogen hybrid system perfor-
mance and lifetime of electrolyzers, effectively coordinating the
operation of each component of the system necessitates the imple-
mentation of precise operation strategies. These strategies wield a sig-
nificant impact on hydrogen production, system energy efficiency and
the switching times of electrolyzers. To optimize system performance, it
is crucial to adopt tailored control strategies for diverse application
scenarios. An operational strategy for a ongrid wind-hydrogen-fuel cell
system was proposed, in which the power generation was adjusted
hourly based on demand utilizing surplus grid electricity for hydrogen
generation during periods of low electricity consumption, and generate
electricity by fuel cell using the stored hydrogen in tank during periods
of high electricity demand. It is found that the conversion efficiency of
electricity-hydrogen-to-electricity is about 30 % [20]. Considering the
effect of wind speed fluctuation on the operating status of AWE, a
segment start strategy is proposed for ongrid wind-electrolyzer-
supercapacitor system, the simulation results show that amidst wind
fluctuations, the segment start strategy significantly reduces switching
times by 93.5 %, and enhances hydrogen production by 44.18 %
compared to the simple start-stop strategy [21]. For the wind-hydrogen
system involving multiple electrolyzers, operational strategies of the
wind power allocation to each electrolyzers is crucial. Zheng proposed a
new strategy to allocate wind power to four electrolyzer, which
exhibited higher hydrogen production of and energy efficiency of 61.3 %
compared with traditional strategies [22]. An optimal scheduling
method tailored for a ongrid wind-hydrogen system was proposed based
on segmented fuzzy control, which improves hydrogen production ef-
ficiency by 4.8 % compared to a conventional simple start-stop scheme
[23]. Du et al. [24] proposed an energy management strategy for opti-
mizing an off-grid solar photovoltaic-hydrogen-fuel cell system an
electrolyzer, in which the energy efficiency significantly increased from
47.6 % to 53.9 %.

Fresh water is an indispensable raw material for hydrogen produc-
tion by water electrolyzer, and the feed water for commercial PEMWE
requires high purity [25]. Taking into account the limited freshwater
resources, it is reasonable to use the abundant seawater for desalination
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Fig. 1. Schematic of integrated offgrid wind-hydrogen-desalination system.

treatment as a source of feed water for the PEMWE. However, the
desalination system for feed water of electrolyzer has not been taken
into account in previous hybrid wind-hydrogen systems, and thus the
effective operation strategy of the wind-hydrogen-desalination system is
the key to guarantee the optimal electricity-hydrogen/water conversion
efficiency.

In the context of off-grid wind-hydrogen coupled systems integrated
with seawater desalination, this study is focused on operational strate-
gies of the integrated system aiming to reduce electrolyzer switching
times to extend their lifespan, enhance hydrogen production, and opti-
mize the energy efficiency of the entire system. The wind-hydrogen
coupled system for integrated seawater desalination consists of the
wind turbine, PEMWE, seawater desalination system based on the real-
time wind data adopted from August and December in Shenzhen city,
China as the actual inputs. Section 2 describes the integrated system’s
components, sizes, and operational principles. Section 3 introduces the
models used for the system components. Section 4 presents the three
control strategies. By assessing hydrogen production, system energy
efficiency, freshwater production, and electrolyzer switching times of
three operation strategies based on Simulink model of integrated sys-
tem, step-by-step start strategy exhibiting enhanced the hydrogen pro-
duction, high system energy utilization efficiency and smaller switching
times of the electrolyzers, is proposed.

System description
System operating principles
The integrated system model in this study was developed using

Matlab/Simulink, Fig. 1. The integrated system in Fig. 1 is composed of a
1.5 MW wind turbine, 1.35 MW electrolyzer consisting of nine 150 kW

PEMWE stack, a 3 kW batch reverse osmosis (BRO) desalination system,
a 600kWh lithium-ion battery, and auxiliary devices including pumps
and valves. The contribution of auxiliary devices (like pumps and
valves) to overall energy consumption is negligible, hence they were not
taken into consideration.

Wind energy is converted into electricity through the wind turbine.
BRO system desalinates seawater to produce high-purity fresh water for
the PEMWE. It has been demonstrated that utilizing DC power proves
notably more efficient as an energy source for electrolysis within elec-
trolyzers compared to AC power [26]. The generated AC power from
wind turbine is converted to DC power via an inverter, with an efficiency
of 95 %. PEMWE stack convert DC electricity into hydrogen by utilizing
high-purity water produced from BRO desalination system. In to elimi-
nate the impacts of wind power fluctuation on operation stability of
PEMWE, a lithium-ion battery serves as an energy buffer device, storing
surplus wind electricity during optimal power generation periods, which
can release stored electricity when generated wind power is low,
ensuring stable operation of the PEMWE and BRO system. The produced
hydrogen and oxygen are stored separately in dedicated hydrogen and
oxygen tanks. Surplus pure water is stored in water tanks, ensuring
water self-sufficiency within the overall system.

PEMWE system

As a pivotal element of the wind-hydrogen coupling system, PEMWE
primarily transforms electrical energy into a stable form of chemical
energy. To augment hydrogen production, multiple electrolyzers are
commonly included, classified into series and parallel connections based
on their interconnection methods. In a series-connected electrolyzer
system, the total electrolytic voltage equals the sum of the voltages
across individual electrolyzers, and the currents flowing through each
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Fig. 2. Three-stage BRO system.

electrolyzer are equal and sum up to the total electrolytic current.
Conversely, in a parallel-connected electrolyzer system, the electrolytic
current equals the sum of the currents through each electrolyzer, while
the voltage across each electrolyzer equals the total voltage. To enhance
the compactness of the electrolyzer system and enable operation at
higher current densities for improved efficiency and hydrogen produc-
tion rates, this study employs a series-connected electrolyzer configu-
ration [27]. The startup order of the electrolyzers depends on the instant
generated power from wind turbine. As the power generation increases,
EL1- EL9 are sequentially activated, allowing for a maximum of nine
electrolyzers to start operation.
Four assumptions were made for PEMWE to simplify modelling:

(1) PEMWE maintains a consistent internal temperature without any
temperature variations.

(2) The cell voltage includes the energy open-circuit voltage, acti-
vation voltage, and ohmic voltage. The impact of diffusion
overpotential on the voltage is ignored, as it typically affects the
cell voltage only when the current density exceeds 1.6A/cm?
[28].

(3) Regarding the resistance of the electrolyzer, only the resistance of
the proton exchange membrane is taken into account, while
disregarding the resistance from the bipolar plates, catalyst layer,
and gas diffusion layer.

(4) Consistent pressure is applied to both the anode and cathode.

BRO system

In this study, seawater is desalinated and processed to serve as the
feedwater for the electrolyzer by BRO system. Compared with thermal
desalination technologies such as multi-stage flash (MSF) and multi-
effect distillation (MED), membrane-based desalination technologies
such as reverse osmosis (RO) and nano-filtration (NF) techniques exhibit
lower energy consumption and facile operation [29]. Compared with RO
system, BRO system is more attractive owing to their high yield, minimal
energy consumption, high anti-scaling property and outstanding struc-
tural resilience. These advantages are particularly pronounced at high
recovery rates, which is a crucial goal in various application scenarios

such as brackish water desalination. While BRO theoretically boasts
higher efficiency compared to continuous RO, it suffers from the
drawback that only the pressurization stage yields output [30]. Conse-
quently, when compared with RO, if the output per membrane area
remains constant, the permeate water flow rate of BRO will be higher for
the intermittent process. However, given the minimal consumption of
fresh water in this study, the BRO system is preferred from an energy-
saving perspective. Before entering the BRO system, seawater un-
dergoes pre-treatment processes such as flocculation, sedimentation,
and filtration to remove insoluble impurities from the seawater. Sub-
sequently, the pre-treated seawater enters the BRO system, where it
undergoes the first stage of treatment to separate it into fresh water and
brine. The produced freshwater proceeds to subsequent stages for
further purification. The brine extracted after the first-stage finds utility
in the salt industry. However, the treated freshwater from the second
stage cannot be directly applicable in the electrolyzer and requires
additional treatment in the third stage to meet the standards for
hydrogen electrolysis [31]. Once treated in the third stage, the fresh-
water satisfies the purity requirement for hydrogen electrolysis. Simul-
taneously, the brine generated from the second and third treatment
stages complies with drinking water standards [32]. Seawater after the
first-stage of BRO fails to meet these requirements. Hence, a multi-stage
treatment process for seawater is essential. After undergoing a three-
stage treatment process, desalinated water can meet the demands of
the electrolysis [31]. The layout of the BRO system is depicted in Fig. 2.

The three-stage BRO cycle comprises three processes: pressurization,
purge, and refill. During the pressurization, a continuous stream of
freshwater is generated, while the purge and refill do not yield fresh-
water. Each stage of the BRO system in this study comprises two units to
maintain an uninterrupted supply of freshwater output.

Simulation model

In this section, the modeling process is thoroughly elucidated. These
models are constructed using Matlab/Simulink. Various blocks,
including Signal Builder, Matlab Function, Integrator, PID Controller,
Constant, Add, Product, Gain, and Out to Workspace, are utilized
throughout the modeling process.
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Fig. 3. (a) Power curve of wind turbine, (b) hourly wind speed data across a month, (c) hourly output power across a month.

Table 1

Specific parameters of wind turbine.
Parameter Value Parameter Value Parameter Value
Prate 1500 Vin/Vout 2.5/25 Vr 11
a; 6.1480 x 10° by 0.0303 c; —0.1095
az 193 b, 0.8333 [} —0.5274
a3 48.3517 bs 1.5158  c3 ~0.8680

Wind turbine model

The power generated by a wind turbine is directly related to the wind
speed. The wind turbine model used in this study The wind speed and
out power relationship is described in Fig. 3(a).

In this study, we established a semi-empirical relationship between
wind speed and output power using Fourier fitting based on the pa-
rameters provided by the manufacture. The equation between wind
speed and output power is can be expressed as:

0, v < v, &&v > vy
Pwt =
Py, <=v<=v,,

where P, represents the power generated by wind turbine, kW; P; is the
rated power of wind turbine, m/s; v is the wind speed, m/s; v;, is the cut-
in wind speed of wind turbine, m/s; v, is the rated speed of wind turbine,
m/s; Vot is the cut-out speed of wind turbine, m/s. ay, by, c;j...c3 repre-
sent the fitted parameters utilized in modeling the power generation of
the wind turbine as provided in Table 1. The goodness of fit (RZ) of the
Flourier model is 99.9 %, indicating a good agreement.

In this study, real-time wind speed data with hourly time steps from
Shenzhen City in August and December of 2022 are utilized, sourced
from NASA.The temporal variations in wind speed and subsequent
power generation demonstrates the low and more erratic wind speeds
during the summer and high wind speeds during winter. Notably, the
maximum power generation recorded is 1407.8 kW in August and 1500
kW in December. The depicted trend indicates a substantial disparity in
power generation between summer and winter.

a; x sin(by X v+ ) +ax xsin(by X v+ ¢2) +az x sin(by X v+c¢3), viy <= v < v, (@D)
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PEMWE model

The voltage of PEMWE can be described as the sum of open-circuit
voltage V,. and two voltage overpotentials of Vg and Vopm [33] in Eq.

(2):
V = Voe + Vaet + Vorm (2)

Veer = NeatV 3

where V,, is open-circuit voltage, Vy: and Vopy, are activation over-
potential and the ohmic overpotential, respectively. V. is the voltage of
PEMWE, N is the number of cells in the electrolyzer stack.

The open-circuit voltage can be expressed below [34]:

RT
Ve = 123—0.9 x 107(T = 298) +2.3 - log (P,ZL,ZP()Z) (4)

where T is operating temperature of PEMWE (K); R is universal gas
constant (8.3145 Jmol’lK’l);F is Faraday constant (96,485 Cmol’l);
Py, and Py, are the partial pressures of hydrogen and oxygen,
respectively.

The activation overpotential serves as an indicator of the electrodes’
activity, depicting the overpotential needed for an electrochemical re-
action to occur. This activation overpotential can be described using the
Butler-Volmer equation.

_ aZFrlacLi (1 - a)zFVa('t‘i P
J=Jo; [exp( RT > 7exp< RT Ji=a,c 5)

where J is the current density (A/cm?), Jy; is exchange current density
and subscripts a and c represent anode and cathode, respectively (A/
em?). a is symmetrical factor and z is the number of electrons involved
per reaction. For water electrolysis, a and z are found to be 0.5 and 2,
respectively [35]. The activation overpotential of an electrode can be
explicitly expressed as:

RT J RT | J J\?
Vaeri = —-sinh ™" =—1 1|,i=a, 6
" Fsm (2]0,,) 7 n ZJO,iJr (ZJ(,,,) + Ji=a,c 6)

The exchange current density (Jo;) indicating the electrode’s readiness
to proceed with the electrochemical reaction plays a pivotal role in the
computation of activation overpotential. High exchange current density
suggests high reactivity of the electrode. The exchange current density
for PEM electrolysis can be expressed as [36]:

Joi = J,mfexp< - %) d=a,c 7
where J{ef is the pre-exponential factor, and E,; is the activation energy
for anode and cathode, respectively.

The ohmic overpotential across the proton exchange membrane re-
sults from the membrane’s resistance to the movement of hydrogen ions
within it. This ionic resistance is influenced by factors such as the hu-
midification degree, membrane thickness, and the temperature at which
the membrane operates. The local ionic conductivity 6(x) of the mem-
brane has been empirically determined as [37]:

1 1

o[A(x)] = [0.5139A(x) — 0.326]exp {1268 ( 303 T) } (8)

where x is the location in the membrane measured from the cathode-
membrane interface;A(x) is the water content at the location x in the
membrane, which can be expressed linearly in terms of water content at
the membrane-electrode interfaces:

2(x) =22 5 A b ©)
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Table 2
Parameters of PEMWE models.
Parameter Value Parameter Value
Po, (atm) 1.0 [39,40] J (A/cm?) 1.0 x 103 [41,42]
Py, (atm) 1.0 [39,40] Aa 14 [37]
T (K) 353 Ae 10 [37]
Eact,a (kJ/mol) 76 [36] S(pm) 178
Eact,e (kJ/mol) 18 [36] Amem (cm?) 900
J¢ (A/em?) 1.0 x 10 [41,42] Neen 40

where & is membrane thickness (pm), 1, and A, are the water contents at
the anode-membrane and cathode-membrane interface, respectively.
The total ohmic resistance can be expressed as:

3 dx
Regy = | —— 10
= [ i 10
The ohmic overpotential can be expressed in terms of Ohm’s law:
Vohm = JRPEM (11)

The electrical efficiency of the electrolyzer can be calculated by
multiplying the Faradaic efficiency and voltage efficiency, formulated as
follows:

N, =g 1N, 12)
The voltage efficiency 7, is defined as:

 Vih 1481
7

(%]

where Vy, is the thermal neutral voltage, V is a single cell voltage.
The Faradaic efficiency 7, can be calculated as [38]:

13

0.0 75.5
Np = 96‘Sexp( 0 — >

JAmen  (JApen)”

where Aen is the proton exchange membrane area.
The power consumed by electrolyzer can be calculated as follows:

P = EcorJApmem (14)

Knowing the power consumption and the efficiency of the electro-
lyzer allows for the calculation of the hydrogen production rate in Eq.
(15):

P,

. 1
" = HHVy, as)

where my, is the hydrogen product rate and HHVy, is the higher heating
value of hydrogen in J/kg.
All parameters of the PEMWE model are provided in Table 2.

BRO model

BRO system comprises three distinct steps of pressurization, purge
and refill. During the pressurization, the concentration of the feed so-
lution rises as permeate water consistently exits through the RO mem-
brane module. Therefore, to accommodate this, the applied pressure
needs to be augmented throughout the pressurization process. Under the
assumption that salt permeation through the RO membrane is negli-
gible, the average applied pressure within the feed pump during the
pressurization can be determined using three non-ideal factors as fol-
lows [43]:

— 1 1 Jw AP,

P, jeea = SpSLSRTfoea—1 —t— 16
'pfeed pLR”fdr,7H17rp+Aw+ 3 (16)

_ JupvL

(0.5H)* an

m
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Table 4
The freshwater production and ion concentration at different stages.

J. Wang et al.

Table 3

Membrane and operating parameters in BRO model.
Parameter Value
Water permeability at 25 °C, A,, (m/s/Pa) 3.460 x 10712
Salt permeability at 25 °C, B (m/s) 1.210 x 10°®
Active membrane area, A, (m?) 40.800
Concentration polarisation Sp (-) 1.097
Longitudinal concentration gradient Sy, (-) 1.044
Salt retention Si (-) 1.139
Friction factor inside the RO module, fm (-) 20
Length, L (m) 1.020
Inner diameter of the pipes, dpjpe (m) 0.02692
Ionisation number, i (-) 1.86480

Channel width, w (m) 40

Purged volume, Vg (m%) 0.01610
Work exchanger volume, Vyo (m®) 0.06460
Friction factor in the pipe, fpipe (-) 0.03008
Recirculation ratio, 3.0
Feed pump efficiency, #fecq (%) 70
Recirculation pump efficiency, #ecir (%) 50
Feed concentration, Cfeq (g/L) 35
Feed temperature, Tfq (oC) 25
Feed flow rate, Vjeq(L/h) 10,202
Number of parallel BRO unit (-) 2

= Vrecir + O'SVfMd (18)

0.5Hw
Tfeed = 1CpeaRT 19

where S, is the concentration polarization factor, Sy is the longitudinal
concentration gradient factor, Sy is the salt retention factor, rfeq is the
osmotic pressure of the feed solution, r;, is the recovery at pressurization
phase, Jy is permeate flux, A, is the water permeability of the RO
membrane, APy, is the pressure drop in the RO membrane module, f;, is
the friction factor inside the RO module, L is the RO module length, v is
the linear velocity inside the RO module, y is the solution viscosity, H is
the membrane channel height, w is the membrane width, V. is the
recirculation flow rate at the exit of the RO module, ered is the feed flow
rate, i is the ionisation number, C.q is the feed concentration, R is the
gas constant, and T is the temperature.

The peak pressure by the end of the pressurization is described as
follows [43]:
=~ 1 J, AP,

Pfe :SSﬂeei s
preed = SpSnfeed— TS

(20)

The pressure applied by the recirculation pump during the pressur-
ization is determined based on the pressure loss occurring in the RO
module and the piping as follows [43]:

2 2

Pp, recir = AP,, +§ (fpipeLp ipe.inVpipe.in ;;:P’Pfﬂ"r"pipw“‘ + Zfi\f) 21
where f}e represents the friction factor in the pipe, Ly denotes the pipe
length, dpp. signifies the pipe inner diameter. The subscripts in and out
differentiate between the inlet and outlet pipe segments of the RO
module. f; denotes the loss factor in the i’th fitting or valve, calculated
via the Darby 3-K method [44]. Additionally, dyy. represent the inner
diameters of the pipes. The notation v; indicates the fluid velocity of the
respective pipe or valve.

The permeate concentration during the pressurization is calculated
as follows [39]:

B-A,

1
C)erm = 75‘;5 S C'ge —In
P ertd pOLORY drp

1—-r, 22

where B is the salt permeability of the RO membrane, A, is the mem-
brane area in the RO module(s) and Cfq is the feed concentration.

Stage Freshwater production SEC Ion concentration
(m®/day) (kWh/m?%) (kg/m?)

1st stage 12.24 x 2 = 24.48 2.662 0.1676

2nd stage 6.12 x 2 =12.24 0.433 5.64 x 10™

3rd stage 3.06 x 2 =6.12 0.221 6.21 x 10°®

Finally, specific energy consumption (SEC) in the pressurization is
calculated [39]:

P eec P, recir|
SEC,, = Lokt | Proeerl

Nfeed Nyecir

(23)

where f is defined as the ratio of recirculation flow rate at the RO
module outlet, 77,,q and #,,; are the feed and recirculation pump effi-
ciency, respectively.

During the purge-and-refill process, the applied pressure in both the
feed and recirculation pumps is derived from the pressure drop in the
pipes and RO module. Subsequently, the Specific Energy Consumption
(SEQ) in the purge-and-refill process is calculated as follows [39]:

P r.feed Vpg +

Py recir

SECre = 24

Neea Voo Myecir
Ultimately, the Specific Energy Consumption (SEC) for the entire
process is computed by summing the power consumption, including the
SEC of the controller and valve during operation.

SEC = SEC,, + SECe + SEC,ux (25)

The parameters used in the BRO model are summarized in Table 3.

In this work, seawater necessitates successive stages of desalination
treatment to attain the requisite ionic concentration for its application as
feedwater in the electrolyzer. The study employs a three-stage desali-
nation process for seawater, and the corresponding specific energy
consumption and freshwater production are detailed in Table 4.

According to Table 4, the total energy consumption of the BRO
system (Pgro o) is 3.00 kW. The amount of freshwater obtained after the
three-stage treatment can fulfill the consumption needs of all electro-
lyzers operating at maximum capacity. The water resulting from the
second-stage treatment, encompassing both freshwater and concen-
trated brine satisfies the prescribed ion concentration for drinking
water. Consequently, the freshwater generated after the second-stage
treatment can undergo additional processing to serve as feedwater for
hydrogen production in electrolysis tanks. This treated freshwater from
the second stage can then be utilized as feedwater for hydrogen pro-
duction in the electrolyzer. Additionally, the brine produced following
the second-stage treatment can find application in various contexts,
including irrigation and domestic water use.

Battery model

The state of charge (SOC) is a measure of the proportion of remaining
battery capacity relative to the capacity of the fully charged state. To
extend the lifespan of lithium battery, SOC was constrained within the
range of 0.2 and 0.9 in this study. This limitation aims to optimize the
operational conditions of the battery, promoting longevity and preser-
ving its overall health. The SOC can be calculated as follows [45]:

1 l
SOC = SOCy +———— | 1:(0)n,, di 26
0t e, % 3600 /w 1 (26)

where SOCy represents the SOC of the battery at the initial moment,
which is set to 0.3; Cgp is the maximum battery capacity, which is set to
600kWh; I;; is the working current of battery. Positive values denote the
battery being in a state of discharge, while negative values indicate a
state of charge.r,,, represents the Coulombic efficiency, which is set to
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0.95.

The battery voltage is determined as the disparity between the open-
circuit voltage and the voltage generated from the internal resistance.
This relationship is articulated by the following equation:

Vii = Voo — RinlLi 27)

The open-circuit voltage and internal resistance of the battery are
contingent upon SOC of the battery, as represented by the following
equations [46]:

Voc = 3.685 — 1.031e7¥359€ 40.215650C — 0.117850C? +0.320150C*?
(28)

Ry, = 0.1562¢+3759€ 1007446 (29)

where V,. is the open-circuit voltage of battery, R;, is the internal
resistance.
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Model validation

The models of BRO [39] and lithium ion battery [46] systems in this
work have been validated in previous study. The PEMWE model is
validated as shown in the Fig. 4. The maximum error between the
simulated results of the PEMWE and the experimental data [40] is less
than 1 %, indicating a high level of accuracy, further confirming the
precision and reliability of the mathematical model utilized in this
study.

Control strategy of integrated system

The wind-hydrogen coupled energy system can be categorized into
two types: grid-connected and off-grid systems. Absolutely, the primary
objective of a grid-connected wind-hydrogen coupling system revolves
around minimizing wind power wastage, harnessing surplus wind en-
ergy for hydrogen production, and enhancing overall energy efficiency.
Conversely, off-grid wind-hydrogen coupling systems predominantly
concentrate on hydrogen production. In this study, the primary
emphasis is placed on analyzing off-grid wind-hydrogen coupling sys-
tems. In this study, the correlation between the total efficiency of the
electrolyzer and its power is established based on the PEMWE model as
illustrated in Fig. 5. The graph demonstrates an initial rise in the elec-
trolyzer’s efficiency with increasing operational power, followed by a
decline after reaching a peak, particularly noticeable around the power
of 4 kW (Pel,min)~

Consequently, adopting a strategy that involves commencing the
electrolyzer at lower power levels during low generating power, grad-
ually scaling up the electrolyzer’s power as the generating power in-
creases (effectively grading the electrolyzer’s power range), proves
beneficial [19]. This approach aids in augmenting hydrogen production
and, subsequently, elevating the overall system efficiency.

Energy management strategies wield substantial influence over
hydrogen production, energy efficiency, and the operational switching
times of the electrolyzer within wind-hydrogen coupled systems. Hence,
customized energy management strategies are imperative for diverse
application scenarios to enhance the performance of integrated system.
Considering the relationship between electrolyzer input power and
hydrogen production efficiency in Fig. 5, the flow diagram of the step-
by-step start strategy outlining the integrated system is depicted in
Fig. 6. This illustration embodies the orchestrated management of en-
ergy resources to optimize system performance.

As illustrated in Fig. 6, the electricity generated from the battery or
the wind turbine takes precedence in catering to the consumption needs
of the desalination system. This prioritization ensures that the electro-
lyzes operate without constraints of freshwater availability. The fresh-
water production in the desalination system is determined by the
freshwater consumption of all electrolyzers operating at their maximum
capacity.

Step-by-step start strategy: each electrolyzer (EL1, EL2, ..., EL9) is
divided into three stages based on its operational power. Parameters i
and j represent the numerical sequence from 1 to 9 for these electro-
lyzers. The electricity generated by the wind turbine is initially allocated
to meet the energy demands of BRO system, ensuring an adequate
production of fresh water. If the power is consumed by the electrolyzers,
Pgr, > O(PgL = Pyind-Pdes), the desalination system operates at its rated
power. Otherwise, the operation of desalination system depends on SOC
of battery: if SOC is greater than 0.2, the desalination system operates at
its rated power; otherwise, it shuts down. The sequence of events is as
follows:

(1) If the total power allocated to the electrolyzers Py, < 0, all
electrolyzers are deactivated. In such instances, if the SOC of
battery surpasses 0.2, they provide power to the BRO system.
Otherwise, the desalination system shuts down, and the elec-
tricity from the wind turbine recharges the batteries.
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Fig. 6. The step-by-step start control strategy of integrated system.

(2) If Pgy, below the minimum starting power, Pej min, the electrolyzer
shuts down. Simultaneously, if the SOC exceeds 0.9, battery is in
an idle state; otherwise, it is charged. When Py, exceeds Pej min,
EL1 initiates operation, and Pejmin is 10 % of the rated power.

(3) As Pgy, surpasses Pelmid (i.€. 50 % of Praeq) and extends beyond Py,
(set at 4 kW), EL2 activates to utilize the excess wind energy. If
the SOC exceeds 0.2, the battery provides power to EL2 up to
Pmig; otherwise, the battery is idle. The equation Pej(2) = Pgp-Pe,
mid governs EL2's power consumption. When Pgy, exceeds the Pej,
mid of EL2, any additional power is allocated to EL3, and this
pattern persists until all electrolyzers are initiated, completing
the first stage of startup.

(4) As Py, rises, surpassing the value of Pejmax designated for each

electrolyzer (i.e., 80 % of the Py4eq), the startup advances to the

second stage, during which the battery ceases to provide power to
electrolyzers.

If Py, continues to rise, the surplus power is initially directed to

EL1 to reach its rated power. Then, it extends to EL2, EL3, and so

forth until all electrolyzers. During this phase, the battery re-

mains inactive. When Pgp, > 9P 4eq, all electrolyzers operate at
their rated power. If the SOC falls below 0.9, it is charged.

However, if SOC > 0.9, the battery stops charging. In rare in-

stances, when there is an excess of power beyond this point, it is

allocated to the electrolyzers. This systematic approach ensures a

staged and organized startup of the electrolyzers based on the

available wind power.

()

Two conventional strategies including simple start-stop strategy and
slow start strategy were also implemented as control.

Simple start-stop strategy: EL1 initiates operation when the power
of all electrolyzers (Pgr) exceeds the individual rated power (Pyateq) for

each electrolyzer. As Pgy, continues to rise and reaches the Pyaeq of EL2,
EL2 commences its operation. This sequential activation continues, with
each successive electrolyzer being started as the total power matches the
power rating designated for each one.

Slow start strategy: Each electrolyzer has its minimum starting
power Pejmin.EL1 initiates its operation when the total power (Pgp)
surpasses the minimum starting power Pe| min. As Pg, continues to rise,
EL1's output power increases accordingly. Upon further escalation of
Py, if it exceeds the rated power of EL1 and Pejmin of EL2, EL2 starts
operating while EL1 functions at its rated power. This pattern of gradual
activation continues for subsequent electrolyzers in a similar sequential
manner.

Based on the aforementioned strategies and the relationship between
the starting power of the electrolyzer and efficiency illustrated in Fig. 5,
we can determine the efficiency of the electrolyzer under the three
strategies. The efficiency of the electrolyzer varies depending on the
minimum starting power under different control strategies. With the
smallest minimum starting power in the step-by-step start strategy, the
electrolyzer’s efficiency ranges from 66.84 % to 73.25 %. In contrast, the
minimum starting power falls in the middle for the slow start strategy,
resulting in the electrolyzer’s efficiency varying from 66.84 % to 71.6 %.
Conversely, the simple start-stop strategy initiates the electrolyzer only
at the rated power, maintaining a consistent efficiency of 66.84 %.

Results and discussion

The proposed integrated system in this study comprises a 1.5 MW
wind turbine, a 3 kW BRO seawater desalination system, nine proton
exchange membrane electrolyzers with a total capacity of 1.35 MW, and
600 kWh lithium batteries. Simulations of the system were conducted
using the wind speeds recorded in Shenzhen City for August and
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December as input parameters, employing the control strategy outlined
in Section 4.

Fig. 7 illustrates the freshwater production and consumption of the
integrated system by different strategies, primarily linked to wind tur-
bine and lithium battery power. When wind turbine power is absent, the
lithium battery takes over. If the SOC of lithium battery drops below 0.2,
the desalination system shuts down, ensuring enough water for
hydrogen production in the electrolyzer. Freshwater consumption aligns
with hydrogen production rates—higher rates favor increased fresh-
water usage. In August, freshwater production across three strategies

10

varied: 227.0 tons, 203.4 tons, and 227.4 tons, with the slow-start
strategy yielding the least. However, by December, all three strategies
showed almost identical freshwater production. Low wind speeds in
August led to wind power primarily used for water electrolysis, causing
longer desalination system downtimes due to low lithium battery SOC,
which results a reduction in the freshwater yield of the integrated system
using the two traditional strategies.

Figs. 7c and d illustrate the variations in freshwater production
during August and December, respectively. In Fig. 7c, intermittent levels
of the freshwater output line, indicative of the slow-start strategy,
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denote periods when the desalination system was inactive, halting
freshwater production. While the identical in freshwater output for the
simple start-stop and step-by-step start strategies throughout August in
Fig. 7c owing to the continuing operation of BRO system for freshwater
production. Conversely, Fig. 7d exhibits a consistent freshwater yield
across the integrated system for the three strategies during December,
which results from the uninterrupted operation of the desalination sys-
tem at its rated power.

Fig. 8 illustrates the comparative relationship among the switching
times of each electrolyzer. In August, the total switching times for the
three control strategies were as follows: 89 times for the simple start-
stop, 80 times for the slow start, and 109 times for the step-by-step
start. This indicates an increase in the total switching times of electro-
lyzers when using the newly proposed control strategy compared to the
two traditional ones. The rationale behind this lies in the lower wind
power and significant wind speed fluctuations during August. The newly
proposed strategy initiates more electrolyzers at lower power levels,
thus leading to increased switching times when wind speeds decrease.
This observation is reinforced by the notably higher switching frequency
of the front-numbered electrolyzers compared to the back-numbered
ones.

The total switch times in December across the three control strategies
stands at 196 for simple start-stop, 144 for slow start, and 149 for step-
by-step start. There is a decreased switch times in the step-by-step start
strategy compared to simple start-stop and a slight increase compared
with slow start. The switching times for electrolyzers under traditional
strategies fluctuates with the number of electrolyzer involved, peaking
midway and then gradually decreasing. Conversely, under the new
strategy, the switching times steadily increases with the rising number of
electrolyzers. This trend emerges because wind power generation is
concentrated between 300 and 800 kW, causing frequent start/stops for
EL3-EL5 in the two traditional strategies. However, under step-by-step
start strategy, the electrolyzers start gradually from EL1 to EL9. Fluc-
tuations in generation power influence the subsequent electrolyzer
start/stop times, presenting a similar trend, albeit without a significant
increase in the total switch times.

The lithium battery serves a crucial role in energy regulation within
the system and its SOC alters over time, depicted in Fig. 9. Notably, the
SOC status differs significantly across the three operation strategies.
Specifically, the SOC remains stable at 0.9 under the step-by-step start
strategy, whereas it continuously fluctuates under the other two stra-
tegies, oscillating up and down without stabilization. Under the tradi-
tional strategies, the lithium battery intervenes frequently in the system,
engaging in repeated charging and discharging cycles to power both the
electrolyzer and the desalination system. Conversely, the step-by-step
strategy showcases smoother operation of the lithium battery. Even
during August’s erratic wind fluctuations, it primarily supplies power to
the desalination system to sustain the wind generator’s normal opera-
tion during shutdowns.
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Fig. 10. (a) Hydrogen production and energy efficiency (The bar graph illus-
trates hydrogen production, while the dotted line graph depicts the energy
utilization efficiency of the integrated system), (b) The real-time hydrogen
production throughout August (measured in hours), (c) The real-time hydrogen
production throughout December (measured in hours).

After one month’s operation, the SOC of August were 0.37 for simple
start-stop strategy, 0.20 for slow start strategy, and 0.90 for step-by-step
start strategy, with only the slow start strategy showing discharge while
the rest charging. In December, SOCs were 0.32 for simple start-stop
strategy, 0.2 for slow start strategy, and 0.9 for step-by-step start strat-
egy, with only the slow-start battery discharging and the others
charging. Frequent charge-discharge cycles are not beneficial for bat-
tery health, emphasizing the advantage of the step-by-step start strategy
in maintaining good battery condition.

Beyond comparing the integrated system’s component operations,
assessing the system’s energy management strategy crucially involves
evaluating its hydrogen yield and energy utilization efficiency, both
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Table 5
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Performance of the wind-hydrogen-desalination system under three control strategies.

Month Control Hydrogen production Freshwater production Freshwater Average  Energy efficiency Total switching times of
strategy (kg ) (ton) consumption socC (%) electrolyzers
(ton) (per month)
August Simple start- 3097 227.07 27.87 0.37 54.87 89
stop
Slow start 3564.4 203.37 32.08 0.20 63.13 80
Step-by-step 3640.6 227.38 32.77 0.90 64.57 109
start
December  Simple start- 7884.7 227.38 70.96 0.32 58.62 196
stop
Slow start 8514.6 227.38 76.63 0.20 63.29 144
Step-by-step 8696.3 227.38 78.27 0.90 64.68 149

start

illustrated in Fig. 10 across the three control strategies. It is revealed that
hydrogen production and energy efficiency are at their lowest with the
simple start-stop strategy, while they peak with the step-by-step start
strategy. The slow start strategy positions hydrogen production and
energy utilization efficiency between the two. Notably, compared to the
simple start-stop strategy, the slow start strategy shows more significant
improvement. The step-by-step start strategy demonstrates a 17.55 %
and 2.14 % increase in hydrogen production amount in August and a
10.29 % and 2.14 % increase in December. Meanwhile, the energy uti-
lization efficiency of the integrated system operating under the step-by-
step start strategy fluctuates between 64.48 % and 64.57 %, which is
significantly higher than the system comprising 2.3 MW offshore wind
turbine and 1.852 MW PEMWE (56.1-56.9 %) [18]. Compared to the
two conventional control strategies in this work, there is a 17.68 % and
2.28 % increase in the energy utilization efficiency for August and a
10.44 % and 2.20 % increase for December, respectively.

Figs. 10b and 10c illustrate the real-time hydrogen production for
three strategies during August and December, respectively. It is found
that throughout August, due to low and unstable wind speeds, only a
number of the nine electrolyzers could operate, resulting in inconsistent
power generation from the wind turbine. In December (Fig.10c), high
wind speeds led to increased power generation by the wind turbine.
Consequently, hydrogen production continued to rise, with rare ap-
pearances of horizontal lines indicating electrolyzer shutdowns. Within
the initial 200 h, minimal disparity in hydrogen production was
observed among the integrated system utilizing the three strategies.
However, beyond the 200 h, the step-by-step start strategy facilitated
the initiation of more electrolyzers. This approach enhanced the
hydrogen production efficiency of each electrolyzer (Fig. 5), leading to
an overall augmentation in hydrogen generation. Consequently, the
system employing the step-by-step start strategy gradually surpassed the
other two strategies over time.

In summary, the hybrid system employing the step-by-step strategy
demonstrated significant improvements in both hydrogen yield and
energy efficiency compared to the conventional simple start-stop and
slow start strategies. This improvement was found to be positively
correlated with their freshwater consumption, as detailed in Table 5.
While the freshwater yields among the three strategies were comparable
except the slow-start strategy in August, which is ascribed to the failure
to initiate the BRO due to insufficient battery power (SOC < 0.2) at
ultralow wind speed. SOC of battery followed the order of step-by-step
start > simple start-stop > slow-start, which is mainly contributed by
the higher charging opportunity for step-by-step start strategy. The step-
by-step start strategy has the highest number of switching times in
August, attributed to the low and fluctuating summer wind speeds,
which increased the switching probability of electrolyzers. In contrast,
although the switching times for all three strategies increased in
December compared to August, the switching times of step-by-step start
strategy is relatively lower than simple start-stop, which is primarily
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ascribed to the operating state of the electrolyzers after the second stage
of the step-by-step start strategy. The low operating power of the elec-
trolyzers imposed insignificant impact on the switching times of elec-
trolyzers unless there was a drastic short-term variation in wind speed of
summer, which favors the reduced number of switching times in the
step-by-step start strategy.

Conclusions and future work

In this study, we established an integrated model of a wind-
hydrogen-desalination system powered by fluctuating wind energy to
produce hydrogen and fresh water. A novel operation strategy for the
hybrid system at two operational scenarios, low-wind-speed summer
and high-wind-speed winter, has been proposed to improve hydrogen
production and energy efficiency. Using wind data from August and
December in Shenzhen City as a case study, the integrated system
employing the step-by-step start strategy yields hydrogen production of
3640.6 kg and 8693 kg in August and December, respectively. Compared
to the slow start and simple start-stop strategies, the step-by-step start
strategy gives rise to an increase in hydrogen production of 17.55 % and
2.14 % in August, and 10.29 % and 2.14 % in December, respectively.
Additionally, the energy utilization efficiencies of the step-by-step start
strategy are 64.48 % and 64.57 %, respectively, demonstrating im-
provements of 17.68 % and 2.28 % in August, and 10.44 % and 2.20 % in
December, respectively, compared with the two conventional operation
strategies. Moreover, regardless of an increase in electrolyzer switching
times during low-wind-speed summer, step-by-step start strategy dem-
onstrates enhanced hydrogen production, increased energy utilization
efficiency and reduced switching times in high-wind-speed winter,
contributing to the stable operation of the system. It should be noted the
findings from this work may be further validated in real-world scenarios
beyond the constraints and simplifications of simulations. Besides, the
thermal management of the PEMWE electrolyzer and the heat source for
heating fresh water were not taken into account in this study. This
omission could potentially result in an overestimation of the system’s
energy efficiency, highlighting the need for further investigation in
future research endeavors.
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