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e Power allocation execution module current ripple is 0.053% of output current with excellent signal following capability.
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Hydrogen production from wind power has become one of the most important technolo-
gies for the large-scale comprehensive development and utilization of wind power, but the
randomness of wind power has a large negative impact on the stability and cost of such
wind-hydrogen hybrid energy systems. In this work, we initially analyze the relationship
between electrolyzer efficiency and degradation with a three-dimensional multi-physics
field model of PEMWE single-cell. Optimization of a power allocation strategy for wind-
hydrogen system with a multi-stack PEM water electrolyzer (PEMWE) is proposed by
considering degradation conditions. The multi-stack PEMWE power allocation strategy
consists of the control module and execution module. In the control module, the degra-
dation of PEMWE is quantified using the voltage degradation rate under different operating
conditions. By setting the turning power point and external power supply and calculating
the power allocation order online to reduce the degradation of PEMWE. In the execution
module, the extended duty cycle interleaved buck converter (EDCIBC) based on fuzzy PID
control is used to power each PEMWE single-stack. Case studies are carried out via com-
puter simulation based on the configuration and experimental data for a specific wind farm
located in Cixi, Zhejiang, China. Our results show that the energy efficiency of the wind-
hydrogen system is 61.65% in a one-year operation, the voltage degradation of the

E-mail addresses: jackxie@whut.edu.cn (C. Xie), zhaobozju@163.com (B. Zhao).
https://doi.org/10.1016/j.ijhydene.2022.11.092
0360-3199/© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.


mailto:jackxie@whut.edu.cn
mailto:zhaobozju@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2022.11.092&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2022.11.092
https://doi.org/10.1016/j.ijhydene.2022.11.092
https://doi.org/10.1016/j.ijhydene.2022.11.092

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 5850—-5872 5851

PEMWE single-stack is 7.5 V, and the maximum efficiency is 6.29% lower than that when it
is not aged. The EDCIBC output current ripple is as low as 0.053%, which rapidly and
accurately follows the generated power allocation signal.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Nomenclature

Abbreviations

PEMWE Proton Exchange Membrane Water Electrolyzer
EDCIBC Extended Duty Cycle Interleaved Buck Converter
AE Alkaline Electrolyzer

AEMWE Anion Exchange Membrane Water Electrolyzer
SOE Solid Oxide Electrolyzer

AST Accelerated Stress Test

PEM Proton Exchange Membrane

BP Bipolar Plate

GDL Gas Diffusion Layer
@I Catalytic Layer
Symbols

Veenl PEMWE single-cell voltage, V

Vo/Vin Open-circuit/thermoneutral voltage, V

Vact/Veon/Vonm activation/concentration/ohmic
overpotential, V

universal gas constant, J/(mol-K)

Faraday constant, C/mol

operating temperature, K

operating pressure, Pa

material activity

standard electric potential, V

current density, A/cm?

exchange current density, A/cm?

concentration, mol/cm?

activated membrane area, cm?

ohmic resistance, Q

resistance of the ion passing through the

membrane, Q

volume average velocity, cm®/s

mass source term

diffusion coefficient

heat capacity, J/K

power, W

voltage, V

current, A

cell number

operating electrolyzers number

wind wind power, W

Py start-stop power point, W

P, turning power point, W

™ oS TTmes 4 M

<vwAOS®nc =
=]
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Vi/Va/Ve/Ven/Ver voltage degradation rate under different

operating conditions, V

tm/ta/te/tm/tey Operating times under the corresponding

K
N

Vdc/ Vo
K,/Ki/K4
B

E@

P ref

operating conditions, h
electrolyzers total number
production rate m*/h
current ripple, A
voltage ratio
switching device voltage stress, V
inductor, mH
switching device duty cycle
switching device switching frequency, Hz
input/output voltage of MIBC, V
PID controller parameters
difference
change rate of E
system allocation power signal

Greek Symbols

R I DT T M > Q9 > 9

charge transfer coefficient
thickness, um

ion conductivity, S/m

water content

porosity

viscosity, Pa s

average density, g/cm?
efficiency, %

thermal conductivity, W/(m-K)

activated membrane area cm?

Subscripts

0 reference value

0O, oxygen

H, hydrogen

H,0 water

an anode

cat cathode

mem membrane

f fluid mixture

S solid area

m m-th material phase
eff effective value

ae auxiliary equipment
el electrolyzer
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Introduction

Wind power is one of the most mature and commercialized
renewable energy generation technologies [1]. According to
the Global Wind Energy Council, the cumulative global
installed capacity of wind power reached 837 GW in 2021, with
a yearly increase rate of 12.3% [2]. However, wind power is
intermittent and random, and in some time of periods, it
needs to be curtailed to prevent a negative impact on the
power grid, resulting in a significant underutilization of wind
energy [3]. Hydrogen, with a high energy density and conve-
nience for storage and transportation, has become an impor-
tant media for the large-scale, comprehensive development of
next-generation wind power systems [4]. In addition, a
plethora of investigations from different countries and re-
gions have also proved the technical and economic feasibility
of large-scale wind power hydrogen production [5—10].

Conventional hydrogen production by water electrolysis
operates at a fixed hydrogen production rate under a stable
power supply from conventional (e.g. fossil-fuelled) power
generation, which is very costly. Combining wind power with
water electrolysis for hydrogen production can improve the
utilization rate of wind power and reduce the cost of hydrogen
production at the same time [11]. There are four main types of
water electrolyzers: alkaline electrolyzer (AE), proton ex-
change membrane water electrolyzer (PEMWE), anion ex-
change membrane water electrolyzer (AEMWE), and solid
oxide electrolyzer (SOE). While the AE technology is mature
and widely used, there are some disadvantages such as low
current density, gas impurities, slow system response, and
environmental pollution [12]. A PEMWE adopts a zero-pitch
structure and conducts protons through the polymer mem-
brane. Because the movement of protons on the polymer
membrane responds rapidly to power fluctuations, the
PEMWE has good compatibility with wind power and photo-
voltaic and is conducive to rapid load change [13—15].
Although AEMWE theoretically combines the benefits of AE
and PEMWE, anion exchange membranes are difficult to pre-
pare, have low hydroxide conductivity and poor chemical
stability, and currently do not meet commercial requirements
[16—18]. The SOE is also a promising technology, but due to
severe degradation of the reactor at high temperatures and
hydrogen safety issues, it has not yet been commercially
viable and is still in the laboratory scale [19,20]. Combining the
characteristics and development of various types of electro-
lyzers, PEMWE is increasingly being used in hydrogen-electric
coupling demonstration projects, and has shown good results
[21], so this work focuses on using PEMWESs to build the elec-
trolyzer array for wind-hydrogen systems.

A number of studies have shown that frequent start-stop
switching, power fluctuations, high-frequency current rip-
ple, etc., will accelerate the degradations of PEMWE electro-
catalysts and membrane, and aggravate metal ion poisoning
[22,23]. A study by Chandesris et al. [24] investigated the ef-
fects of temperature and current density on membrane
degradation by analyzing fluoride emissions during PEMWE
runs. Frensch et al. [25] examined PEMWE performance and
degradation under seven different operating conditions and
concluded that dynamic operation led to catalyst support

passivation accelerated. Weiss et al. [26,27] proposed a PEMWE
Accelerated Stress Test (AST) method that simulates a fluc-
tuating power supply, and they demonstrated the detrimental
effects of frequent start-stop switching, power fluctuations,
and long-term high-power operation on PEMWEs. Rakousky
et al. [28] conducted experiments on five PEMWE single-cells
and measured their degradation under both constant and
intermittent power in order to determine how the PEMWE
degradation rate changes under different working conditions.
Guo et al. [29] summarized the power electronic converters
under the scenario of hydrogen production using renewable
energy and compared their static characteristics such as
current ripple, voltage ratio, and voltage stress, concluded
that the interleaved parallel converter topology has superior
performance.

In the study of the power allocation for a multi-stack
electrolyzer, we found that it is somewhat similar to the
study of multi-stack fuel cells [30]. Muyeen et al. [31] devel-
oped a collaborative control system that pairs wind farms
with 10 water electrolysis hydrogen production units in par-
allel, utilizing first-in-first-out (FIFO) algorithms to control the
start-stop of each hydrogen production unit, thereby
increasing system performance. Fang et al. [32] found that by
installing supercapacitors in the wind-hydrogen system to
absorb transient power and adopting a modular adaptive
control strategy to optimize alkaline electrolyzer array oper-
ation, the number of electrolyzer start-stop switching could be
significantly reduced and the system hydrogen production
could be improved. Hong et al. [33] proposed an optimal
scheduling method for wind-hydrogen systems considering
efficiency optimization, using an artificial bee colony algo-
rithm to solve for the optimal hydrogen production power and
a segmented fuzzy control strategy to improve the overall
efficiency of the alkaline electrolyzer array. Luxa et al. [34]
established a multi-stack hydrogen production array con-
sisting of 100 PEM electrolyzers and demonstrated its appli-
cability under complex operating conditions by two control
strategies.

In the above, we reviewed the existing and limited studies
on the power allocation for wind-hydrogen system multi-
stack electrolyzer array. Most of them focus on the alkaline
electrolyzer, and ignores the impact of power fluctuations and
frequent start-stop switching on the life of the electrolyzer.
Furthermore, although some scholars have designed inter-
leaved parallel converters with better performance as elec-
trolyzer converters, the conventional Buck converter is still
used as the execution module of the power allocation strategy
in some system-level studies, with a large current ripple and
small voltage conversion ratio, and poor performance in
following the power allocation reference signal, which will
lead to performance degradation in practical applications
[29,35—39]. These research problems motivate us to investi-
gate the optimization of power allocation for wind-hydrogen
system multi-stack PEMWE considering degradation condi-
tions in this work. We analyze the relationship between
electrolyzer efficiency and degradation with a three-
dimensional multi-physics field model of PEMWE single-cell.
Optimization of a power allocation strategy for wind-
hydrogen systems with a multi-stack PEMWE is proposed by
considering degradation conditions. The multi-stack PEMWE
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power allocation strategy consists of the control module and
execution module. In the control module, the degradation of
PEMWE is quantified using the voltage degradation rate under
different operating conditions. By setting the turning power
point and external power supply and calculating the power
allocation order online to reduce the degradation of PEMWE.
In the execution module, we apply fuzzy PID control to the
extended duty cycle interleaved buck converter (EDCIBC)
proposed by Pan et al. [37], being used to power each PEMWE
single-stack. Case studies are carried out via computer simu-
lation based on the configuration and experimental data for a
specific wind farm located in Cixi, Zhejiang, China, verified the
superiority of the designed solution.

To present our solution, the rest of this paper is organized
as follows. Section Modeling and characterization of PEMWE
analyzes the relationship between electrolyzer efficiency and
degradation by building a multi-physics fields three-
dimensional model of PEWME. Section Optimization of
power allocation describes the structure and principles of
power allocation for wind-hydrogen system multi-stack
PEMWE considering degradation conditions. In Section Opti-
mization of power allocation, the results obtained by the
method proposed in this work are discussed. Conclusions are
drawn in Section Conclusion.

Modeling and characterization of PEMWE

PEMWE uses a DC power supply as the input power source. As
shown in Fig. 1, a single-cell of the PEMWE mainly consists of
bipolar plates (BP), gas diffusion layers (GDL), catalytic layers
(CL), and a proton exchange membrane (PEM). Liquid water
enters the electrolyzer through the anode gas diffusion layer,
oxygen produced by water electrolysis is precipitated from the
anode, protons enter the cathode through the proton ex-
change membrane, electrons are transmitted by the external
circuit, the protons through the PEM and the electrons trans-
mitted by the external circuit combine to produce hydrogen
[40]. The chemical reaction is governed by the following
equations:

DC Sources
4e”

2H>

Cathode

. GDL | PEM | GDL |
BP CL CcL BP

Fig. 1 — PEMWE single-cell structure and chemical

reactions.

Anode reaction equation:

2H,0(1) — O,(g) +4H" (aq) + 4e” (1)

Cathode reaction equation:

4H"(aq) +4e” —2H,(9) 2

PEMWE multi-physics fields three-dimensional modeling

To model the PEMWE single-cell, COMSOL Multiphysics was
used by coupling a three-dimensional geometric model with
multi-physics fields such as electrochemical kinetics, mass
transfer, and heat transfer. The developed PEMWE single-cell
three-dimensional geometric model is illustrated in Fig. 2.

Electrochemical kinetics
The operating voltage of a PEMWE single-cell consists of open-
circuit voltage V., activation overpotential V., concentra-
tion overpotential V.n, and ohmic overpotential Vonm,
expressed by Ref. [41]:

Vcell = Voc + Vact + Vcon + Vohm (3)

Here, V. is calculated using the Nernst equation:

In <sz \/p—02> } (@)

ay,o0

RT
Voc :EO + ﬁ

where R represents the universal gas constant, F is the
Faraday constant, T denotes the operating temperature, pu»
and po, are the partial pressures of hydrogen and oxygen and
Ao is the water activity between electrode and membrane (1
for liquid water). Furthermore, E, represents the standard
electric potential of the electrolyzer. In the literature, E; is
commonly assumed to be 1.23 V, but it can be affected by the
operating temperature. In this work, we adopt the following
equation [42]:

Eo=1.229— 0.9 x 10~3(T — 298) )

In Eq. (3), Vact is caused by the slowness of the electrode
reaction kinetics. Using the Butler-Volmer equation for the
electrode surface reaction, V. can be expressed in terms of
current density as follows:

@anFVae acatF Vac
exp <T> - eXP( - T)} ©)

where i denotes the current density, iy represents the ex-
change current density, and aa, and ac,e are the anode and
cathode charge transfer coefficients, respectively. Based on
Eq. (6), we have

i=1p

RT . i RT
Vaet =——=arcsinh (2. ! > +

aanF lan, 0 acatF

. i
arcsinh ( 2icat.o> (7)

Since the reactants on the surface of the porous electrode
are consumed, the electrode surface will produce a concen-
tration difference from the solution itself. The reactants will
slowly diffuse to the active site, causing a loss of electrolyzer
voltage. Therefore, V.o, is essentially the external manifesta-
tion of particle diffusion. Combining the Nernst equation with
Fick's law, the expression of Vo, is given as follows:
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Anode BP

Anode GDL
and CL

PEM

Cathode GDL
and CL

Cathode BP

Fig. 2 — PEMWE single-cell three-dimensional geometric model.

_ RT Co2 RT CH;
Veon = aF In (Coz,o) + >F In (CHZ.O (8)

where co, and cy, denote the concentrations of oxygen and
hydrogen at the intersection of membrane and electrode,
respectively, and coyp and cyyo denote the corresponding
reference values.

Ohmic polarization arises from the resistance to ion flow
and the equivalent resistance present in the electrodes and
the bipolar plate itself. According to Ohm's law, the Vonm, ap-
pears to be linearly proportional to the electrolytic current
during electrolysis, as shown in the following equation:

Vonhm = (2Rgp + 2Rcpr, 4+ 2Rcr, 4 Rin)1A (9)

where A is the activated membrane area. The ohmic resis-
tance of BP and GDL is calculated from the material resistivity.
The ohmic resistance of CL is generally ignored since the CL is
very thin. Furthermore, R;,, represents the resistance of the ion
in passing through the membrane and it is given by Ref. [43]:
Rin = m
OPEM

(10)

1 1
opem = (0.0051392 — 0.00326)exp {1268 (ﬁ - T)]

where dpem, opem, and A denote the thickness, conductivity,
and water content of PEM, respectively.

Mass transfer

Mass and momentum conservation equations are used to
describe the mass transfer of the mixture within the PEMWE
single-cell [44]:

V. (ep U) =0
{ V- (8pj:U2) = —€eVp + V- (euv) + S, (11)

where ¢ represents the porosity of the porous medium, x and
ps are the viscosity and average density of the fluid mixture,
respectively, S, denotes the source term, p represents the
operating pressure, and v is the volume average velocity of the
fluid mixture [45].

Convection and diffusion of each component of the gas-
liquid flow in the porous medium are described by the
Maxwell-Stefan equation:

V- (eUmCm) =V * ("2 VCp) + Sm (12)

where s, is the mass source term of the m-th material phase,
Um, Cm and d,, are the volume average velocity, molar con-
centration material and the effective diffusion coefficient of
the m-th material phase, and d,,, is the function of temperature
and pressure:

weol)(E)

where Dy, is the diffusion coefficient of the binary compo-
nent, Tp and po denote the T and p reference value.

Heat transfer

Electrochemical reactions and heat generation and con-
sumption occur simultaneously during the operation of the
PEMWE. While the electrolysis of water is typically an endo-
thermic process, in electrolysis cells, significant heat might be
generated. Thus, compared to other types of electrolyzers, the
PEMWE is more complicated in terms of heat transmission. An
electrolysis cell's thermal equilibrium can be described by its
energy equation:

v (Peffceff7m>T: V. ('YeffVT) +Sr (14)

where pesr, Cerr, and g are the effective average density,
effective heat capacity, and effective thermal conductivity,
respectively, given by:

Peff = (1 —&)ps + Eps
Cesr = (1 — £)Cs + ¢Cs (15)
Yetr = (1 — &)ys +evf

where ps, Cs, and ys represent the average density, heat ca-
pacity, and thermal conductivity of the solid areas, respec-
tively. pr, C;, and v; represent the average density, heat
capacity, and thermal conductivity of the fluid mixture,
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Table 1 — Parameters of PEMWE single-cell model.

Names Parameters Value Unit
Faraday constant F 96,486 C/mol
Universal gas constant R 8.314 J/(mol K)
Activated membrane area A 4 cm?
PEM thickness e 100 um
Anode/Cathode thickness Oan/Ocat 200 um
Anode transfer coefficient ®an 0.5 -
Cathode transfer coefficient Qeat 0.5 -
Exchange current ian0 1x10% A/cm?
density at anode
Exchange current ica0 1x10% A/cm
density at cathode
PEM conductivity OTpEM 10 S/m
GDL conductivity gapL 530 S/m
PEM porosity EPEM 0.5 =
GDL porosity £cpL 0.77 -
Thermal conductivity of PEM YPEM 0.67 W/(m K)
Thermal conductivity of GDL YepL 15.2 W/(m K)
Thermal conductivity of H, Y2 0.204 W/(m K)
Thermal conductivity of O, Yo2 0.0296 W/(m K)
Operating pressure p 10 kPa
Operating temperature T 353 K
Current density range i 0-3 A/cm?
Voltage range Veell 1.49-2.02 V

respectively. Furthermore, St in Eq. (14) is the source term that
can be calculated from the study by Toghyani [46] et al.

The parameters of the PEMWE single-cell model used in
this work are given in Table 1 [46—49].

From the simulation of the PEMWE single-cell model, the
operating voltage V.. = 1.8286 V is obtained when the current
density i = 1 A/cm? Fig. 3 illustrates the molar fractions of
water and oxygen at the anode. It can be seen that as the
oxidation reaction proceeds, the water content in the elec-
trolyzer gradually decreases and the oxygen content gradually
increases. The oxygen concentration is the largest and the
water content is the lowest at the exit of the anode flow field.

The polarization curve of the PEMWE single-cell is shown
in Fig. 4. With the increase of current density, the operating

voltage Ve rises from near the thermoneutral voltage Vy, to
Veenn = 2.02 V ati =3 A/cm?. The voltage increases very fast at
low currents and it gradually slows down, showing a non-
linear rising trend. It can be seen that Vo, dominates this
trend, verifying the model's accuracy.

Efficiency and degradation analysis of PEMWE

The efficiency of PEMWE using external electrical energy is
generally expressed by the voltage efficiency ny, which reflects
the membrane loss and heat loss. It is defined as the ratio of
Vin to Veen [13]:

o = Vin
M Vcell

(16)

Based on the single-cell polarization curve as shown in
Fig. 4 and Eq. (16), we can compute 7y at different current
densities. Since this efficiency term is close to 100% at low
current densities, it cannot fully reflect the electrolyzer effi-
ciency ne. ne can be expressed as the product of 7y, Faraday
efficiency nr and auxiliary equipment efficiency nge:

MNel = NV *NE * Nae (17)

where 7 reflects losses caused by gas diffusion and is closely
related to operating pressure p, given by Refs. [S0-52]. And
auxiliary equipment generally refers to electrolyzer water and
heat management equipment, with the efficiency around 90%.

np = (—0.0034p — 0.001711) - it 4 1 (18)

The relationship between PEMWE single-cell and single-
stack is shown in Eq. (19). The parameters of the 60-kW
PEMWE used in this work are shown in Table 2, which are
based on the simulation results and existing commercial
PEMWE parameters.

Pe) = Vol
Vel = Ne1* Veen (19)
I =i-A

(a)

(b)

01 02 03 04 05

06 07 08 09 |1

Fig. 3 — Anode molar fractions of (a) water and (b) oxygen.
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22 T T T T T

Voltage (V)

12 i . i
0 0.5 1 1.5 2 2.5 3
Current density (A/cmz)

Fig. 4 — Polarization curve of PEMWE single-cell.

Table 2 — Parameters of a 60-kW PEMWE.

Names Parameters Value Unit
Rated power Pal 60 kW
Operating voltage Va 75—100 \%
Operating current Ia 8—600 A
Cells number Nel 50 —
Activated membrane area A 200 cm?
Operating pressure p 10 kPa
Operating temperature T 353 K

Based on Egs. (16)—(19) and Table 2, Fig. 5 shows the
simulated relationship between efficiency and power of 60-
kW PEMWE. When the input power is less than 600 W, V; is
too low for the PEMWE to perform hydrogen production. This
is consistent with the experimental results of Weiss [26] et al.
At low power ranges, 7 increases rapidly with increasing
current density. It reaches its maximum value of 71.57% when
at Pe; = 9.41 kW, and then slowly decreases. In this process, ne
dominates in the low power range, while in the medium and

~J
wn

~
(=}
T

(9.41kW , 71.57%)

N
W
T

Electrolyzer efficiency (%)

40 " L L L L
0 10 20 30 40 50 60

Electrolyzer power (kW)

Fig. 5 — Relationship of efficiency versus power of a 60-kW
PEMWE.

Table 3 — Degradation of PEMWE components under
dynamic operation.

Degradation Causes Consequences
modes
Dissolution of High operating potential; Vacte?
catalyst Current reversal during
power off
Agglomeration of Load cycle and start-stop Vaete?
catalyst switching; Vohm T
High current density
Passivation of High operating potential Ve ||
catalyst support Viagzall
Passivation of High current density; Vonm 1
electrode Frequent fluctuations of
current
Dissolution of High current density Vohm |
membrane
Poisoning of Load cycle and start-stop Veont
membrane switching; Vohm 1
Frequent fluctuations of
current

high power ranges, nr approaches 100%, and thus the total
efficiency is mainly determined by 7y.

Dynamic operation is an important cause of PEMWE
degradation, and the degradation of PEMWE will cause a rise
in the operating voltage. The main causes of the degradation
of different components of the PEMWE are summarized in
Table 3 [22—24,26,28,53]. With the development of AST, re-
searchers have proposed that the voltage degradation rate of
PEMWE varies under different operating conditions, and the
voltage degradation rate can be used to quantitatively char-
acterize the degree of degradation of PEMWE. Low and me-
dium constant input power has little effect on voltage
degradation rate. However, frequent start-stop switching and
high constant input power have a great impact on the voltage
degradation rate, up to 230 pV/h; Additionally, fluctuating
operation within the rated power of the PEMWE is beneficial in
the short term to slow down aging, but the opposite is true in
the long term, even more, severe voltage degradation caused
by high power fluctuation operation [12,54,55].

When the V¢ gradually increases with the degradation of
PEMWE, the 7y will decrease and the efficiency of PEMWE at
the same power will gradually decrease, as shown in Fig. 6. In
a large-scale wind-hydrogen system, due to the small power
level of PEMWE single-stack, multiple electrolyzers need to be
combined to produce hydrogen. By optimizing the power
allocation of the multi-stack PEMWE array in the wind-
hydrogen system, it will not only extend the PEMWE lifetime
but also improve the overall system energy efficiency.

Optimization of power allocation
Conventional power allocation strategy

The conventional power allocation strategies are mainly
divided into average allocation strategy and daisy chain allo-
cation strategy. The average allocation strategy means that a
constant number of electrolyzers are put into operation and
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Fig. 6 — Efficiency of PEMWE at different voltage
degradation.

the system input power is allocated equally to each single-
stack. In the daisy chain allocation strategy, single-stacks
are put into operation one by one, with the previous electro-
lyzer reaching rated power before starting the next one, and so
on. Some researchers have studied the power allocation
strategy considering optimal efficiency, when the system ef-
ficiency using k+1 electrolyzers is equal to the system effi-
ciency using k electrolyzers, the corresponding power is
denoted as the start-stop power point P,. When the system
input power is larger than Py, the input power is equally
allocated by k+1 electrolyzers. Otherwise, the input power is
allocated equally by k electrolyzers. Taking a multi-stack
system consisting of four 60-kW PEMWE single-stacks as an
example, the variation of system efficiency with input power
under three power allocation strategies is shown in Fig. 7.

It can be seen from Fig. 7 that compared to the daisy chain
strategy, the average allocation strategy is more efficient in
the middle and high power ranges but less efficient in the low
power range. When the input power is wind power, the
average allocation strategy will result in all electrolyzers
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Fig. 7 — Variation of system efficiency with input power
under three power allocation strategies.

bearing the same wind power fluctuation together, and the
first electrolyzer to start in the daisy chain allocation strategy
will operate in the high power range for a long time. Although
the power allocation strategy considering optimal efficiency
ensures that the system efficiency is always optimal, Py is
almost always in the low power range. Each electrolyzer still
faces the problem of frequent start-stop switching, which will
be more serious during low wind speed periods. At the same
time, in order to ensure optimal efficiency at all times, this
strategy requires an equal allocation of system input power
after determining the number of electrolyzers in operation.
This results in the need to instantaneously increase the power
from zero to the allocated value for an electrolyzer that has
just been started up, which is difficult to achieve in real-world
applications.

A proposed power allocation strategy considering
degradation conditions

The connection methods of multi-stack electrolyzer or fuel
cell array are mainly divided into series architecture, parallel
architecture, series-parallel architecture and cascade archi-
tecture [30]. In the series architecture, each single-stack
cannot be controlled individually and without a bypass cir-
cuit, the failure of one stack leads to the failure of the entire
system. In the parallel architecture, each single-stack is
powered by a corresponding converter, allowing for complete
independent control, but also resulting in higher costs. Series-
parallel architecture and cascade architecture combine both
parallel and series architecture, this configuration balances
both the advantages and the drawbacks of each configuration.
However, they still cannot realize the completely independent
control of each single-stack, which hinders the implementa-
tion of power allocation strategy, so this paper adopts parallel
architecture.

An overview of the basic architecture of the wind-
hydrogen system is shown in Fig. 8. The input wind power
Pying is connected to the multi-stack PEMWE array (in parallel)
through a DC bus, and the power allocation is divided into the
control module and the execution module. The control mod-
ule collects data on the operation of each PEMWE single-stack
and sends the power allocation signal to the execution mod-
ule in time. In addition, the control module controls the start-
stop of the external power supply to each PEMWE single-stack
to maintain the operation of the electrolyzer in the absence of
wind power input. The execution module consists of extended
duty cycle interleaved buck converter (EDCIBC) based on a
fuzzy PID control which supplies power to each single-stack,
adjusting the input power of each PEMWE single-stack ac-
cording to the received power allocation signal.

Control module

First, the allocation module needs to determine a turning
power point P, to split the operating power range. For a system
PEMWE with K single-stacks, when Py,ng < (K-Py), all single-
stacks will operate under the daisy chain allocation strategy.
The (k+1)th single-stack is put into operation when the kth
single-stack operating power reaches the P.. When Pying >
(K-Py), the excessive power will be equally allocated to each
single-stack.
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Fig. 8 — Basic architecture of the wind-hydrogen system.

In addition, the PEMWE cannot be restarted immediately
when it is fully stopped. Hence it cannot be used to cope with
high fluctuation of input wind power. And frequent start-stop
switching also causes hydrogen to collect at the anode and
permeate through the membrane to the cathode, leading to
severe safety problems. Some studies suggest using low power
supplies to maintain the voltage of the electrolyzer when
there is no electrical input [25,26]. In the power allocation
strategy proposed in this work, a 600 W external power supply
is applied to maintain the PEMWE operating at the minimum
operating voltage when no sufficient wind power is available
for hydrogen generation.

Based on the voltage degradation rates under different
operating conditions concluded from the current study, we
divide the PEMWE operations into five conditions: mainte-
nance operation, low power fluctuation operation, constant
turning power operation, high power fluctuation operation,
and constant rated power operation. The power range and
PEMWE single-cell voltage degradation rate for each operating
condition are shown in Table 4. In commercial PEMWE prod-
ucts, the current density over 2 A/cm? is generally identified as

Table 4 — Power range and PEMWE single-cell voltage
degradation rate for five operating conditions.

Operating conditions Parameters Power Voltage
range degradation
(kw)  rate (uV/h)
Maintaining operation Vs 0.6 15
Low power Va (0.6,Py) 50
fluctuation operation
Constant turning Vee P, 20
power operation
High power Vin (Pt,Pe1) 66
fluctuation operation
Constant rated Ver Pa 196

power operation

high power operation. Thus, the turning power point P, of the
60-kW PEMWE used in this work is assumed to be 40 kW.

We assume that the voltage degradation rates under
different operating conditions are independent of each other,
and the performances of all cells within the same PEMWE
single-stack are the same. Thus, the total voltage degradation
of the PEMWE single-stack can be expressed as:

AVg=nq- (tm *Vim+tasVa+te s Ver+tm s Vi +ter e Vcr) (20)

where tm, tg, tet, tm, and te, are the operating times under the
corresponding operating conditions, respectively.

When the wind-hydrogen system requires to operate with
multiple PEMWE single-stacks, allocating the power in a fixed
order will lead to longer operation time and more serious

Wind power
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Fig. 9 — The process of power allocation control module.
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Fig. 10 — Extended duty cycle interleaved buck converter (EDCIBC).

voltage degradation for the single-stack that is allocated
earlier. This will result in performance inconsistency for
different single-stacks. Therefore, the power allocation order
needs to take into account the voltage degradation status of
each PEMWE single-stack. If a PEMWE single-stack needs to be
put into operation, one should first prioritize using the one
with the least degradation. On the other hand, the most
degraded stack should be selected when a stack is required to
be stopped.

As shown in Fig. 9, the power allocation control module
mainly consists of operational data acquisition and online
calculation. With the wind power input, the control system
first determines the number of PEMWE single-stacks that will
be put into operation and the power allocated to each single-
stack. At the same time, the operating conditions of each
PEMWE single-stack are collected, and the power allocation
order of each single-stack is determined by an online calcu-
lation of the voltage degradation. If a single-stack has no wind
power input, its external power supply is used to maintain its
operation. Additionally, the system updates each single-stack

efficiency curve based on the voltage degradation status and
monitors the external power supply operating time to calcu-
late the system energy efficiency.

Execution module

According to Faraday's law, the hydrogen production rate of a
PEMWE single-cell is proportional to the electron transfer rate
on the electrodes, which equals the external circuit current.
Thus, the total hydrogen production rate of a PEMWE single-
stack consisting of multiple PEMWE single-cells in series is as
follows:

Neil
NH2:77F' ;1;1

(21)

As can be seen from Eq. (21), the size and quality of the
electrolysis current will directly affect hydrogen production. In
addition, currentripple Ai, from the converter harms the life of
the PEM fuel cell and electrolyzer, and high-frequency current
ripples will lead to more severe degradation [36,56]. Therefore,
the output current ripple of the converter of each PEMWE

s _| 2RR PEMWE
MIBC
f Fuzzy controller
]
{0 -

Fig. 11 — EDCIBC based on fuzzy PID control.
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Table 5 — Fuzzy control rules of K, K; and Kg.

K, E
NBE NM NS ZO PS PM  PB

EC NB PB PB PB ZO NB NM ZO
NM PB  PB PM ZO NM PS  PS
NS PB PM PS ZO ZO PM PM
Z0o PM PS PS ZO PS PM PB
PS PS PS ZO ZO PS PM  PS
PM 20 z0 NS ZO PM PB  PB
PB. Z0 NS NM ZO PM PB  PB

K E
NB NM NS Z0 PS PM  PB
EC NB NB NB NM NM NS NS ZO
NM NB NB NM NS NS Z0 Z0
NS NM NM NM ZO ZO PS PS
Z0 NM NS NS Z0 PS PS PM
PS NS NS ZO PS PS PM  PB
PM  ZO ZO PS PS PM  PB PB
PB ZO Z0 PS PM PM  PB PB

K4 E
NB NM NS Z0 PS PM  PB
EC NB PM NS NB NB NM NM  PS
NM  PS NM  NB NM NM NM ZO
NS PS NM NM NM NS NS ZO
Z0 ZO NS NS NS NS NS ZO
PS Z0 NS Z0 Z0 ZO0 Z0 Z0
PM PM  ZO PS PS PS PS PB
PB PB PM PM PM  PS PS PB

single-stack should be maintained as small as possible, so that
low-voltage high-current outputs can be achieved.

As shown in Fig. 10, we adopt the EDCIBC proposed in
Ref. [37], since it can achieve the above requirements. The
EDCIBC is obtained by adding four capacitors C4, C,, C3, and Cq4
to the conventional two-phase interleaved parallel buck con-
verter. Based on the principle of capacitive voltage division, the

EDCIBC can store energy in the input capacitors to improve the
voltage ratio R and reduce the voltage stress of the switching
device Vg. The static characteristics of EDCIBC are as follows:

V., D
R=y> =7 (22)
. 1—-2D)DV,
Aip— # (23)
Ve = Vsp = Vg = <
(24)
V.

where V,, is the output voltage, V4. is the input voltage, D is the
duty cycle of the switching device, L is the output inductor
(L1 =L, =Lin Fig. 10), and f; is the switching frequency of the
switching device.

Theoretically, the Ai, of EDCIBC is significantly reduced
compared to the conventional buck converter, and a high
voltage ratio can be obtained without using a small duty cycle.
Vs is not higher than one-half of the input voltage, and Vs, is
only one-fourth of the input voltage. Meanwhile, from the ex-
periments of Pan et al. the average efficiency of EDCIBC is
around 94%, and the major losses come from the active
switches, the diodes, and the output inductors. When replaced
with lower loss switching devices, the EDCIBC will achieve an
efficiency of 96%, which is considered ideal in the analysis
below. Therefore, the static characteristics of EDCIBC fit the
requirements for renewable energy hydrogen production
applications.

When the EDCIBC is connected to a linear load, the control
requirements can be fulfilled by using conventional PID control;
however, when the load is a non-linear load such as PEMWE,
using fixed values of K, K; and Kgq will not fulfill the
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Fig. 12 — Annual (8760 h) output power of a 200-kW wind turbine.
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Fig. 14 — Operation of each PEMWE single-stack for the first 148 h under different power allocation strategies. (a) PEMWE 1.
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requirements of the EDCIBC for fast signal following, its control
accuracy is relatively low. Parameter adjustment of PID
controller using artificial intelligence algorithm is an improved
idea, artificial intelligence-based controls can achieve fast
response, small overshoot and fast convergence, However, they
arerelatively difficult to be implemented in practice due to their
high dependence on alarge amount of data and high complexity
[57]. In practical projects, fuzzy logic control is preferred for the
control of converters. The advantages of fuzzy logic control are
timely response and simple structure, meanwhile, it does not
require a complex model and closely combines with PID control,
which can achieve high control accuracy by simply construct-
ing suitable fuzzy control rules [58]. Therefore, the fuzzy
controller is added on the basis of PID control to form EDCIBC
based on fuzzy PID control, as shown in Fig. 11.

The fuzzy controller adopts the structure of two inputs and
three outputs. The difference E between the actual operating
power of the PEMWE single-stack and the power allocated by
the system, and the change rate EC of the E are the input. The
dynamic PID parameters K, K;, and K4 are calculated by the
fuzzy controller and output to the PID controller to complete
the control. In the fuzzy controller, the E is divided into seven
levels: NB (Negative big), NM (Negative medium), NS (Negative
small), Z (Zero), PS (Positive small), PM (Positive medium), and
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PB (Positive big). PB represents that the actual operating power
of PEMWE is much less than the system allocated power, and
NB represents that the actual operating power is much bigger
than the system allocated power. The fuzzy control rules of Kp,,
K;, and K4 are shown in Table 5. In addition, the degree of
membership function selects the triangle function and the
method of defuzzification selects the center-of-gravity method.

Simulation results and discussions
Verification of power allocation control module

A hydrogen-electric coupled DC microgrid demonstration
project was established in 2020 in Cixi City, Zhejiang Province,
China. The annual (8760 h) output power data of a 200-kW
wind turbine in this project is shown in Fig. 12. The wind at
this location is highly fluctuating, so the wind turbine rarely
operates at rated power and is frequently shut down at low
wind periods. Based on the wind turbine output, a multi-stack
array consisting of four 60-kW PEMWE single-stacks (denoted
by PEMWE 1 to PEMWE 4) is used in the wind-hydrogen sys-
tem. The measured operating power of each PEMWE single-
stack in 8760 h is shown in Fig. 13. It can be seen that each
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Fig. 15 — The operating time of each PEMWE single-stack under five operating conditions with (a) average allocation, (b)
daisy chain allocation, (c) optimal efficiency allocation, and (d) proposed allocation strategy.
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Fig. 16 — The voltage degradation of each PEMWE single-stack under (a) average allocation, (b) daisy chain allocation, (c)
optimal efficiency allocation, and (d) proposed allocation strategy.

single-stack operates at similar operating conditions and
operates below the P most of the time without over-operation
or long-time idle.

To clearly compare the power allocation of each single-
stack under different strategies, the operation of each
PEMWE single-stack for the first 148 h under each power
allocation strategy is shown in Fig. 14. In the figure, the curves
for each single-stack at the same operating power are over-
lapping, which should be noted in the analysis. It can be seen
that the operation of each single-stack under the average
allocation strategy is identical and the power volatility is the
same as the wind power. There is a significant difference in
the operation of each single-stack in the daisy chain allocation
strategy. For example, PEMWE 1 operates first and for the
longest time, operating under harsher conditions, while
PEMWE 4 is idle for a long time. The power allocation strategy
considers optimal efficiency to maintain the efficiency opti-
mum all the time, when the wind power fluctuates in the low
power range (e.g., 0—40 h and 80-120 h) the start-stop
switching of each single-stack is too frequent. Under the
power allocation strategy considering PEMWE degradation

designed in this work, the working time and condition of each
single-stack are basically the same, and the first working
electrolyzer will be ordered backward according to the voltage
degradation, taking turns to bear the wind power volatility.

The operating time of each PEMWE single-stack under five
operating conditions with different power allocation strate-
gies is shown in Fig. 15. With the average allocation strategy,
the operation time for different operating conditions of each
single-stack is exactly the same, and operates at low power
fluctuations most of the time. The differences in the operation
of each single-stack under the optimal efficiency allocation
are smaller than under the daisy chain allocation, and the
operating time of each single-stack at high power fluctuation
is the same because all single-stacks have started up. The
operation of each single-stack under the allocation strategy in
this work is basically the same, which is consistent with the
previous analysis.

The voltage degradation of each PEMWE single-stack under
different power allocation strategies is shown in Fig. 16. The
voltage degradation of each single-stack under different
strategies is obviously different, the cumulative voltage
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Fig. 17 — Voltage degradation of each PEMWE single-stack under (a) daisy chain allocation and (b) optimal efficiency

allocation (after optimization).

degradation of a single-stack in one year is 17.43 V under the
average allocation strategy. In the daisy chain allocation
strategy, PEMWE 1 has the most serious voltage degradation,
which is 34.25 V, and the other single-stacks are reduced in
order to startup, which are 15.32 V, 8.55 V, and 2.37 V. The
trend of voltage degradation for each single-stack under the
optimal efficiency allocation is similar to the daisy chain
allocation, but the magnitude is smaller, which are 16.52 V,
13.36 V, 11.15 V, and 9.79 V. Under the allocation strategy in
this work, the voltage degradation is basically the same for
each single-stack, which is about 7.5 V.

In order to solve the problem of inconsistent voltage
degradation for each single-stack in the daisy chain allocation
and the optimal efficiency allocation, the power allocation
order sorting module designed in this work is added for opti-
mization, and the voltage degradation is shown in Fig. 17.
After adding the power allocation order sorting module, the
multi-stack consistency is basically ensured, but the voltage
degradation is still high, which is 15.1 V under the daisy chain
allocation, and 12.9 V under the optimal efficiency allocation.
In the subsequent analysis, the operating data under both
strategies are the data after adding the power allocation order
sorting module.

The PEMWE single-stack efficiency curves under the four
strategies after 8760 h of operation are shown in Fig. 18. It can
be seen that under the power allocation strategy considering
PEMWE degradation, the maximum efficiency of the PEMWE
single-stack is 65.28%, which is 6.29% lower than that without
degradation, and all other power allocation strategies are
more than 10% decrease.

The cumulative energy efficiency of the multi-stack
PEMWE array under the four power allocation strategies is
shown in Fig. 19. The electrolyzer efficiency is lower under the
daisy chain allocation strategy, which has been analyzed in
Fig. 8. Therefore, the allocation strategy in this work (about
64%) also has lower energy efficiency at the beginning of
system operation, which is slightly higher than the daisy
chain allocation strategy (about 63%), but lower compared
with other allocation strategies (about 67%).

The efficiency data in Figs. 18 and 19 were collated into
Fig. 20. The energy efficiency under the optimal efficiency
allocation strategy is the highest, with 61.86%, which is pre-
dictable because all the single-stacks operate at the optimal
efficiency point at all times. In the daisy chain allocation
strategy, due to the low-efficiency curve of the system and the
rapid degradation of each single-stack, the cumulative energy
efficiency is very low. And under the allocation strategy in this
work, due to the slow degradation rate of each single-stack,
although the initial energy efficiency of the system is not
high, the cumulative energy efficiency of the system reaches
61.65%, which is comparable to the efficiency of the optimal
allocation strategy.

In addition, to verify the necessity of a 600 W external
power supply, it is assumed that the speed of PEMWE start-up
(shutdown) can fully follow the fluctuation of wind power, and
frequent start-stop switching doesn't affect the aging. Then
there will be no need to set the external power supply, the
energy efficiency of the multi-stack PEMWE array under the
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Fig. 21 — Cumulative energy efficiency of the multi-stack PEMWE array without external power supply under the proposed

power allocation strategy.

allocation strategy in this work is shown in Fig. 21. Without an
external power supply, the cumulative energy efficiency is
63.37%, so the external power supply has less influence on the
energy efficiency of the wind-hydrogen system. However, the
above assumptions are not valid in actual operation, and the
complete start-up (shutdown) of PEMWE requires other

Table 6 — EDCIBC parameters.

Parameters Value Unit
fe 100 kHz
Vide 1 kv
Cy 250 uF
@a 250 WE
C3 10 uF
Cy 10 uF
Co 250 mF
L5 1 mH
gy 1 mH

auxiliary equipment, which takes a long time. Moreover, as
mentioned in Table 3, frequent start-stop switching will
accelerate the degradation of the electrolyzer, so setting the
external power supply in the wind-hydrogen system is an
effective solution for the power following and frequent start-
stop switching of PEMWE.

Verification of power allocation execution module

The previous section basically verified the role of the power
allocation control module, but the power allocation of the
wind-hydrogen system eventually needs to be transformed
into a stable hydrogen output, which requires the execution
module to fast follow the changes of the power allocation
signal and provide high-quality power with low current ripple
to each PEMWE, while ensuring the reliability of the converter.
This will not be achieved by optimizing the power allocation
strategy, and this section will verify the performance of the
EDCIBC based on fuzzy PID control as an execution module.
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Fig. 22 — Static characteristics of EDCIBC. (a) Duty cycle D. (b) Current ripple Ai,. (c) Switching device voltage stress Vs.

The. EDCIBC parameters are set as shown in Table 6.

When the system allocation power signal P, = 40 kW, the
EDCIBC duty cycle D, current ripple Ai,, and switching device
voltage stress Vg are shown in Fig. 22.

Comparing the data in the figure with the theoretical data
calculated by Egs. (22)—(24), as shown in Table 7, basically
verifies the advantages of the static characteristics of EDCIBC.

Table 7 — Comparison of theoretical and simulated values
of EDCIBC static characteristics.

Names Parameters  Theoretical  Simulated
value value
Duty cycle D 0.39 0.41
Current ripple Al (A) 0.215 0.218
Switching device Vsa (V) 500 475.8
voltage stress Vss (V) 250 240.9

60 T T T T
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Fig. 23 — EDCIBC output power response curve based on
conventional PID control and fuzzy PID control.
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Fig. 24 — The dynamic characteristics of EDCIBC (24 h).

Setting the Pr to step from 40 kW to 50 kW in 0.5 s, the
EDCIBC output power response curve based on conven-
tional PID control and fuzzy PID control is shown in Fig. 23.
It can be seen that the EDCIBC output power based on
fuzzy PID control has obvious advantages, the transient
time is about 19 ms, which is only 53% of the conventional
PID control, and the overshoot is 9.23%, which is only 20.5%
of the conventional PID control, fulfilling the requirement
of fast and steadily.

The first 24 h power allocation value (blue line) of
PEMWE (1) based on the allocation strategy of this work in
Fig. 14(a) is used as Per input to the execution module, as
shown in Fig. 24. The EDCIBC output power value basically
overlaps with the power allocation signal, and the current
ripple is small, which verifies the feasibility and superiority
of the EDCIBC based on fuzzy PID control as the power
allocation strategy execution module of the wind-hydrogen
system.

Conclusion

In this paper, an optimization of power allocation for wind-
hydrogen system multi-stack PEM water electrolyzer
(PEMWE) considering degradation conditions is proposed. The
main findings are concluded as follows.

1) A multi-physics fields three-dimensional model of the
PEMWE single-cell was established. From the model anal-
ysis, we know that the PEMWE efficiency has a maximum
value. With the increase in operation time, PEMWE will
have voltage degradation. The voltage degradation rate is
different under different operating conditions, and the
voltage degradation becomes more serious, and the
hydrogen production efficiency becomes lower.

2) Power allocation control module. In 8760 h of operation,
the cumulative energy efficiency of the wind-hydrogen
system reached 61.65%, which is comparable to the
power allocation strategy considering optimal efficiency.
Meanwhile, the PEMWE single-stack voltage degradation is
7.5V, and the maximum efficiency is 6.29% lower than that
without degradation, both of which are better than other
power allocation strategies.

3) Power allocation execution module. The EDCIBC based on
fuzzy PID control has great bucking capability and output
power quality. The current ripple amplitude is only 0.053%
of the output current, and the switching device voltage
stress is up to 50% of the input voltage. Compared with
conventional PID control, the transient time is shortened
by 53%, the overshoot is shortened by 79.5%, and the power
allocation signal can be followed fast and steadily.

The optimization method proposed in this work effectively
slows down the degradation of the multi-stack PEMWE array
and improves the system energy efficiency, which has prac-
tical significance for the large-scale application of wind-
hydrogen systems. However, it should be noted that the size
of the external power supply power and the turning power
point P; of the system need to be determined based on the
performance and operating conditions of the PEMWE in the
actual application. In addition, the method is also applicable
to AE, AEMWE and SOE, and its general applicability will be
verified in future work.
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