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Abstract: The main component of the hydrogen production system is the electrolyzer (EL), which is
used to convert electrical energy and water into hydrogen and oxygen. The power converter supplies
the EL, and the controller is used to ensure the global stability and safety of the overall system. This
review aims to investigate and analyze each one of these components: Proton Exchange Membrane
Electrolyzer (PEM EL) electrical modeling, DC/DC power converters, and control approaches. To
achieve this desired result, a review of the literature survey and an investigation of the PEM EL
electrical modeling of the empirical and semi-empirical, including the static and dynamic models, are
carried out. In addition, other sub-models used to predict the temperature, gas flow rates (H, and
O3y), hydrogen pressure, and energy efficiency for PEM EL are covered. DC/DC power converters
suitable for PEM EL are discussed in terms of efficiency, current ripple, voltage ratio, and their ability
to operate in the case of power switch failure. This review involves analysis and investigation of PEM
EL control strategies and approaches previously used to achieve control objectives, robustness, and
reliability in studying the DC/DC converter-PEM electrolyzer system. The paper also highlights the
online parameter identification of the PEM electrolyzer model and adaptive control issues. Finally, a
discussion of the results is developed to emphasize the strengths, weaknesses, and imperfections of
the literature on this subject as well as proposing ideas and challenges for future work.

Keywords: hydrogen; PEM electrolyzer; DC/DC converter; equivalent electrical model; control
strategies; parameter identification

1. Introduction

Due to greenhouse gas emissions, the climatic crises have become a salient issue that
interests the whole world. In the last decade, many efforts have been carried out to fight
climatic change, such as the Intergovernmental Panel on Climate Change (IPCC), which has
served to study and understand climate change and its effects on our planet. Additionally,
many countries signed the international treaty of the Kyoto Protocol which is aimed to
reduce greenhouse gas emissions. The current global crisis of the COVID-19 pandemic gave
us essential lessons on dealing with global issues such as climatic crises before they are
hard to control. We learned from this crisis that it is high time to make efforts, strengthen
solidarity among countries, and educate them regarding delaying dealing with crises as
that will have repercussions that will indeed threaten the whole of humanity [1,2].

To try to solve this climatic crisis we face today and limit greenhouse gas emissions,
we must reduce fossil fuel energy by integrating renewable energy sources (RES). For
example, photovoltaic (PV) panels, and wind turbines (WT) are the most widely used
intermittent RES. Unfortunately, these sources have a volatile behavior that complicates
electrical energy management [3]. The basic solution to this issue is to add efficient electrical
energy storage systems. The storage of electrical energy produced by RES in the shape of
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hydrogen is one of the most efficient, clean, and promising energy vectors [4]. The water
electrolyzers are the elements usually used to convert electrical energy into pure hydrogen.
The hydrogen produced can be stored in hydrogen tanks so that it can be restored by
fuel cells into electrical energy, which gives a degree of freedom to the electrical power
generation consisting of intermittent RES.

The PEM EL and alkaline electrolyzer, which produce pure hydrogen, have been
studied extensively by researchers in the last decade. PEM ELs have many advantages over
the alkaline electrolyzers, including their ability to operate at high current density, which
makes them more compact, and their higher efficiency and ability to produce hydrogen at
high pressure. They also have a fast-dynamic response, high purity of hydrogen, and the
best safety degree [5-7]. However, PEM ELs require expensive catalysts, typically platinum
and iridium, which increases their manufacturing cost. In recent years, researchers have
been working to reduce the cost of PEM ELs by developing new catalyst materials or
reducing the use of noble catalysts, in order to make PEM ELs commercially available [8-12].

The PEM EL modeling by an Equivalent Electrical Circuit (EEC) is the best way to
predict the PEM EL behavior and diagnose its lifetime, analyzing performances and its
uses in simulating, monitoring, and optimizing operation and energy efficiency. The EEC
is a powerful tool for identifying parameters [6,13-15].

PEM EL cannot be powered directly from RES. It usually requires electronic power
converters interfacing among the PEM EL, DC bus, and AC grid. DC/DC converters are
essentially the most widely used converters to supply the PEM EL from RES. Choosing the
most appropriate DC/DC converter is a crucial step to conversion ratio, current ripple, and
operating ability in case of power switch failure [16-19].

Elaboration of the control strategies for the DC/DC converter is necessary to ensure the
stability of the PEM EL-DC/DC converter system, optimize the energy efficiency, manage
hydrogen flow rate, and regulate the operation point of PEM EL [19-22]. PEM EL models
contain many parameters that are very sensitive to operating conditions. Online parameter
identification and adaptive control approach remain powerful tools for robust control to
solve this problem.

Recently, several reviews have been reported in the literature about PEM EL modeling.
Reference [23] has presented a short survey of the empirical, semi-empirical, analytical, and
mechanical models. This review focused on the mass transport in the PEM EL cells (water
transport and gas cross-over). Reference [24] has comprehensively analyzed different
modeling approaches for low-temperature PEM EL and alkaline electrolyzer, including the
thermal and fluid sub-models. Reference [25] has presented the static and dynamic PEM
EL models for the electrical domain modeling and has compared the static and dynamic
models. Additionally, PEM EL analyzed energy efficiency and specific energy consumption.
In reference [26], a review has discussed superficial modeling to describe the cell voltage of
PEM EL based on the empirical and analytical models, presented the different dynamic
models, and discussed the two-phase flow issue in the PEM EL cell. In reference [27], a
comparison of multiple DC/DC converters has been used to supply the PEM EL in terms
of current ripple, energy efficiency, voltage ratio, electromagnetic interference, cost, and
continuity of service in the case of power switch failures. Reference [28] discussed the
DC/DC converter suitable with PEM EL models for power converter control. Moreover,
a comparison between the static and dynamic PEM EL has developed. In reference [18],
the authors investigated the AC/DC converter interfacing between the PEM EL and alter-
native sources. There is a recent study presented in [29] where a graphical platform was
developed to make it easier for users to interact and understand the simulation results of
PEM electrolyzer systems. This platform also allows users to evaluate and simulate the
performance of PEM electrolyzer models under different conditions in a more efficient
and accurate way, leading to a better understanding of these systems and improving their
design and optimization.

As mentioned above, we examined several reviews of work on the PEM EL modeling
and others on the DC/DC converters appropriate to PEM EL. Recently, a few surveys
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have worked on the control system suitable with DC/DC converter-PEM EL. Contrary to
fuel cells, the PEM EL online parameter identification issues are not well discussed in the
literature, despite their importance in obtaining an accurate model and robust control. No
review investigates and analyzes the interaction between the electrical modeling of PEM
EL models for DC/DC converter and the control system.

The main contribution of this review is to investigate and analyze each sub-system,
i.e., the PEM EL model, DC/DC converter, and control system, as follows:

e Investigate and analyze the PEM EL models concerning transforming these models into
the equivalent electrical circuit because it is more convenient with power converters
and controller design. On the other hand, it evaluates the different models describing
the dynamic behavior, the number of parameters, complexity, accuracy range, and
suitability with a control problem.

e Investigate the interaction between the DC/DC converters and PEM EL in terms of
current ripple, energy efficiency, voltage ratio, electromagnetic interference, cost, and
continuity of service in the case of power switch failures.

e  Analyze and summarize the linear and nonlinear control strategies by considering
the interaction between the PEM EL and DC/DC converter systems regarding their
validity, reliability, and controller robustness under parameter variations.

2. Presentation of the Hydrogen Production System Based on PEM EL Technology

As shown in Figure 1, the hydrogen production system based on the PEM EL trans-
forms the electrical energy from the DC bus and water into hydrogen, oxygen, and heat.
The second element of the DC/DC converter serves to interface the PEM EL with the DC
bus, and, finally, the controller aims to control the current or voltage of PEM EL to optimize
energy efficiency, hydrogen flow rate management, and other operations. Other subsystems
should be added as a thermal management system to control the PEM EL temperature, and
a gas pressure regulator should be used to govern the pressure in the gas separators for
testing or operating reasons, among other things.
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Figure 1. Hydrogen production system based on the PEM EL.

The PEM EL technology is similar to PEM fuel cell technology. In the anode catalyst
layer, under the influence of an electrical field, two water molecules split into four protons
and oxygen molecules. The oxygen exits the anode electrode and travels to the anode flow
field through the anode gas diffusion layer. Meanwhile, the protons travel through the
proton exchange membrane and reach the cathode catalyst layer, where they combine with
electrons from the external circuit to form hydrogen. The hydrogen leaves the cathode to
the cathode flow field through the cathode gas diffusion layer [30-32]. The electrochemical
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reactions at the anode, the cathode, and the overall reaction are expressed by the following
equations respectively:

2H,0 — 4H' 4 4e” + O, (1)
A0 + de” — 2H, @)
2H,0 + Electrical energy — 2H, + O, + Heat 3)

3. Electrical Modeling of PEM

The electrical modeling of PEM EL is a salient and powerful tool used to describe
the electrical characteristic (i.e., the relationship between the applied voltage and current
density of PEM EL). The electrical modeling of the PEM EL can be modeled by equiva-
lent electrical circuits that facilitate the modeling of PEM EL, including power electronic
converters that can be used for simulation, diagnosis, identification issues, and controller
design. Several types of electrical modeling of PEM EL have developed relying on the
empirical and semi-empirical approaches; most of these models describe the electrical
characteristic at steady-state operation, and a few models consider the dynamic behavior.
Figure 2 illustrates the classification of the electrical models.
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Figure 2. Classification of PEM EL electrical modeling.

3.1. Empirical Approach

The electrical characteristic of PEM EL can be described by an empirical approach
using the empirical equations and experimental data to obtain the parameters, except that
the models have a physical meaning (ohmic resistance, voltage, activation, etc.) which we
will discuss in this work because it is possible to transform them into EEC.

3.1.1. Static Modeling

Most of the PEM EL electrical models based on the empirical approach are static
models which describe the electrical characteristic at steady-state operation, known as the
polarization curve.

Among the simplest static models in the literature suggested by Atlam et al. [33] and
reported by several works [30,34-36], this model fits perfectly between the polarization
curve of the PEM EL model and the measurement data. It can also predict the hydrogen pro-
duction rate with a relative error of less than 2%. This model is expressed by algebraic linear
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equation. Equation (4) consists of an ohmic resistance Ryny, and a reversible voltage Erey as
a function of pressure and temperature that are expressed by Equations (5) and (6) [34]:

Vel = Rohm<e/ P) X Iel + Erev(e/ P) (4)
Ronm (,9) = Ra-+k (£ ) + dRa(0 - 00) ©)
0
R(273.15 + 6) P
0 .
EI'EV (e' P) EreV + oF In ( Po ) (6)

where Ry, po, and 6 are ohmic resistance, pressure, and temperature at reference conditions.
k is a constant parameter fitting, and dRg (Ohm/CP) is an ohmic resistance coefficient of
temperature. The Bl is a reversible voltage at reference conditions. Additionally, this
model introduced the ideal voltage V; as an essential term for calculating the useful power
P, (Equation (7)) and the efficiency of the PEM EL (Equation (8)). Finally, the EEC shown
in Figure 3 can be designed in Equation (4)—(7):

Prp = Vilg ()

P Vil Vi
Mg = o2 = 2 = L ®)
p VelIel Vel

where P is absorbed electrical power by PEM EL.

Heatloss =R, (6,p)I;  Excessvoltageloss =1, (E,, (6,p)-V;)
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Figure 3. Atlam PEM EL equivalent electrical circuit [34].

Additionally, Ullberg [37] developed a static model described by a nonlinear algebraic
equation (Equation (9)) for an alkaline electrolyzer which took into account the effect of
temperature and pressure [37-40], and some authors used it for PEM EL by changing the
fitting parameters [41,42].

The first term presents the reversible voltage determined from the Nernst equation
and fundamental thermodynamics laws. The parameters s1, s2, s3, r1, 12, t1, {2, and t3 were
obtained using one of the identification methods. The calculation details can be found in
the semi-empirical model’s section or see reference [42].

This empirical model can be transformed in EEC using ohmic resistance to represent
the second term and two voltage sources: the first for reversible voltage and the second for
the logarithmic term, as illustrated in Figure 4.

t t3
41,0 h+3+=3
%Iel + (51 + 500 + 5362> log (eezlel 1) ©

Ve = Erev(e/ p) + A
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Figure 4. Ulleberg PEM EL equivalent electrical circuit.

3.1.2. Dynamic Modeling

Dynamic modeling makes it possible to describe the actual behavior of the PEM EL in a
more precise and reliable manner, particularly when the PEM EL is coupled to intermittent
RES and when the operating conditions change fast over time [43]. Like fuel cells, several
dynamic empirical models have been developed in the literature using electrochemical
impedance spectroscopy (EIS) and the current interruption technique (IC).

Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a salient technique used in several
areas. The application of this technique has countless contributions as degradation analysis
and as diagnostic tools of the water electrolyzer [44-48]. However, only one study exploits
this technique to provide a dynamic model of PEM EL powered by PV with a DC/DC buck
converter to regulate the hydrogen flow rate [49].

The principle of the EIS technique consists of applying on the PEM EL a sinusoidal
current in a frequency range of 1mHz to 100KHz to the direct current; as shown in Figure 5,
the amplitude of the current should be small to linearize the behavior of the PEM EL around
the operating point [50]; the experimental data of EIS presented in the Nyquist plot to
model the complex impedance of PEM EL.

A

Operating point

<
o

Linearity zone

(A) abejjon sazhjonoa|g

Current density (Alcmz)

Figure 5. Schematic representation of EIS applied to PEM EL.

In literature, several EECs are discussed in references [51,52]. Generally, the Randles
circuit (Figure 6) and Randles—Warburg circuit (Figure 7) are suitable for the electronic
converter [48,49,53-55]. The Warburg circuit includes all electrochemical processes: ohmic
resistance (Rohm), activation losses, double-layer capacity (Cq;), and concentration losses
(Zwbg). However, the Randles circuit neglects the concentration losses that make the EEC
have a deviation, especially at high current density. This model predicts the behavior of



Clean Technol. 2023, 5

537

PEM EL at the current operating density when the contribution of concentration losses
is ultralow.

Ract
Erev R YWV
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=

Figure 6. Randles circuit.

—AM— VW —
Erev R,
onm

e

Figure 7. Randles-Warburg circuit.

After dozens of experimental data, the parameters of the electrical equivalent are
calculated using the Nyquist plot, then the optimal parameters are obtained by the identifi-
cation algorithm, which minimizes the difference between calculation and measurement
value [52].

The advantage of using the EIS technique to model the PEM EL is that this technique
describes the different electrochemical processes, including dynamic behavior [51], and
we can present them in the form of an electrical circuit, which is suitable with electronic
converters. However, the major disadvantage of the EIS technique is that it requires a
high cost of equipment, but recently, this problem has been overcome in some applications
using only the DC-DC converter and exploiting the controller element to use the EIS
technique. For more details, see [48]. The electrochemical processes cannot be presented
by pure electrical components (resistance, capacitor, inductance). Periodically, we use a
constant phase element instead of the capacitor when we have a surface irregularity or
a non-uniform current distribution [51]. In addition, the equivalent electrical model is
validated only in the neighborhood of the operating point (tested point) [52], which limits
the use of the equivalent model in a wide operation range.

Current Interruption

The Current Interruption CI technique has the same objective as EIS and is used to
derive the parameters of EEC. In the literature, only [50,53,56] have tackled this technique
to model the PEM EL in the EEC form. These studies have suggested two methods based
on the CI technique: the nature voltage response method (NVR) and system identification
(SI). The first method is suitable for Randles circuit when the concentration losses are
neglected [53]. In this case, in a steady state and at the operating point, the electric
current through PEM EL interrupts instantaneously. From the NVR, we can determine the
parameters of Randel’s circuit as shown in Figure 8, the drop voltage between Vj and V;
caused by ohmic resistance of the PEM EL, the exponential decay from V; to V; due to
discharge of the capacitor through the charge transfer resistance, and therefore, the three
parameters are calculated as follows [50]:

Vo—Vi

Rohm = I (10)
0

Vi -V,

Ract = IO

(11)
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Tdl
Cq = 12
=R (12)

where the Ty is the time constant of the R,Cq; branch.

V
0
5
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Figure 8. Nature voltage response [50].

The second method (SI) derives the parameters of the Randles—-Warburg circuit, shown
in Figure 7, when the concentration losses are considered. First, this technique uses the
NVR method to determine the ohmic resistance Ry, and other parameters: Ract, Cq1, and
Warburg impedance (Z,,g) which represent the losses of concentration, are derived by an
identification system using pseudo-random binary sequence excitation (PRBS) [53,56].

3.2. Semi-Empirical Approach

The most semi-empirical approach in the literature is based on electrochemical, ther-
modynamic, and empirical laws. Most of the semi-empirical methods reported in the
literature are static models, neglecting the dynamic behavior of PEM EL.

3.2.1. Static Modeling

The static model of a PEM EL can be represented mathematically using an equation
(Equation (13)), which defines the cell voltage of the PEM EL as the sum of the reversible
voltage and various overvoltage (ohmic overvoltage, activation overvoltage, and diffusion
overvoltage at both the anode and cathode).

Vcell = EBrev + Vohm + Vact + Vdiff (13)

Reversible Voltage

The reversible voltage is the minimum potential required between the electrodes to
split the water molecules into oxygen and hydrogen, as defined by the Nernst equation.

1/2
RT aH, A,
Erev = EY cell } chuse 14
rev rev + ZF n aHZO ( )

Equation (14) can be given by two general forms when oxygen and hydrogen are
considered pure gases, and water is assumed to exist only in liquid form (the water vapor
present at the anode and the cathode is neglected). In this case, ap,0 = 1 [57].

RT
Erev = E, + 2;911 In (szplo/z 2) (15)

If the partial pressure of hydrogen equals the partial pressure of oxygen, we can
simplify Equation (15) as:
3RTcenn In

Erev = E?QV + 4:P

(p) (16)
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The second form (Equation (17))) is used when the applied liquid water is assumed to
be equal to the sutured vapor pressure [58-60].

1/2
RT Pu,Po
Erev = Egev + Zlc:ell ln< pzsat : ) (17)
H20

The first term (E%y) represented the standard reversible potential; many authors
took E%ey = 1299 [4,56,61-65], but it is only true under standard conditions (p = 1 atm,
T =298.15 K). This potential decreases as the temperature increases. The empirical equa-
tions used to represent the dependence of the standard reversible voltage on temperature
are summarized in five expressions. The first, Equation (18), was developed by LeRoy [66]
for the alkaline electrolyzer, and after that, many works have used the same expression
for PEM EL [67-73]; Dale [58] also followed the same LeRoy approach to derive another
similar expression (Equation (19)) and was quoted by several authors. Recently, Lopes [74]
approximated the temperature dependence of the standard reversible voltage by a third
order polynomial (Equation (20)). Additionally, several authors adopted a simple linear
empirical in Equation (21) [6,57,60,61,75-81].

EY,, = 1.5184 — 1.5421 x 107 3T + 9.523 x 10 °TIn T + 9.84 x 107 °T? (18)

EY,, = 1.5241 — 1.2261 x 10 73T + 1.1858 x 10 °TInT +5.6692 x 10~"T>  (19)
B, = 1.449 — 6.39 x 1074T — 4.592 x 10 7T? + 1.46 x 10 1°1° (20)

EY,, = 1.229 — 8.5 x 10~ 4(T — 298.15) (21)

Finally, Reference [82] is based on Gibbs’ free energy change (Equation (22)) to develop
the standard reversible voltage.

AGY  AH? — AS°
B, = G _ 5 (22)
2F 2F

If considering that the temperature at the cathode and the anode are equal (Tan = Teat = T),
we can deduce the standard Gibbs’ free energy changes as:

AGY = (Hp, (T) + 0.5Ho, (T) — Hy,0(T)) — T(Sh, (T, p) + 0.550, (T, p) — St,0(T, p)) (23)

Enthalpy and entropy of hydrogen, oxygen, and water have been evaluated using the
empirical correlation with temperature and pressure defined in (Equations (24) and (25)),
with aj, b;, ¢j, and d; as the fitting coefficients [82,83].

4 2 4
H(T) = a;T + gbiT5/4 + gCiT:«z/z i 7diT7/4 (24)
S(T,p) =i In T+ 46T/ 4 26T2 4 SdiT/4 ~ Rinp (25)

The partial pressures pip, poz, and p*'ip0 are necessary to calculate the reversible

voltage. Most of the authors have based their work on Dalton’s law (Equations (26) and (27))
and the three following assumptions to derive these partial pressures:

Al: Hydrogen and gaseous oxygen behave like ideal gases;

A2: At the anode, there is only water and oxygen vapor, and also at the cathode, there
is only water and hydrogen vapor;
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A3: The solubility of hydrogen and oxygen in water is assumed negligible.

P2 = Peat — Pi0O (26)
Po2 = Pan — p??;O (27)

The total pressure at the cathode p., and the anode pa, was measured from the gas
separator. Many equations can calculate the saturated vapor pressure pg,20. The August—
Roche-Magnus formula (Equation (28)) and Antoine equation (Equation (29)) remain the
most popular [43,57,59,67,78].

T —273.15

-3
Piiso = 6.1078 x 10~ exp | 17.694 x T g

(28)

pifio = 10P D5t (29)

Another analytical method developed in [82] has been used to calculate the partial
pressure based on the substance flow inside the PEM EL cells.

Ohmic Losses

The ohmic losses in the cells are due to two components and their ionic resistance
of the membrane (Ryny,), and electronic resistance of the electrodes and bipolar plates
(Rege)- In the literature, the ohmic resistance is calculated using empirical and analytical
methods. For the empirical method, the ohmic resistance is approximated by applying
electrochemical techniques (see dynamic model section), but this method gives authentic
ohmic resistance only under steady operating conditions. Some authors have estimated the
ionic resistance of the membrane (neglecting electronic resistance) by empirical correlation
with temperature. Table 1 summarizes these empiric expressions and their references.

For the analytical method, the ohmic resistance is calculated as:

Rmem = A Drmern
Rohm = Rmem + Reje : { Ry = Pul ﬁg‘:mcmem (30)
e el A,

The authors in study [82] have modeled electronic resistance (electrodes and bipolar
plates) as a network resistance and calculated them by analogies of electrical circuits. This
approach is complex because it requires knowledge of each component’s resistivity and
geometric dimensions. However, the contribution of the electronic resistance to the ohmic
losses remains very low compared to the ionic resistance [81]. In this case, the conductivity
of the membrane is the key to calculating the ionic resistance. A popular empirical expres-
sion defines the conductivity depending on cell temperature and membrane water content

(Equation (31)).
Gmem = 514 % 10~ Aem — 326 x 10~ exp 1268 = — = (31)
mem — 9. mem . P 303 T
Table 1. Ohmic empirical methods.
Empirical Method Ohmic Resistance (Unit) Reference
EIS technique Constant value (Ohm) [46,49,50,72,84,85]
CI technique Constant value (Ohm) [51,53,56]

Empirical correlation Rohm = 9.12 x 103 exp <¥) (Ohm.cm?) [81]
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Unlike a PEM fuel cell, water is present in large quantities at the anode and the cathode
in PEM EL. For this reason, many researchers considered the membrane fully hydrated and
assumed that the membrane water content is constant (up to 14) [4,7,63,75,76,81,82,86-90],
or used a conductivity simplified expression which depends only on the cell temperature
(Equation (32)). For more precision, some works give an empirical expression of membrane
water content as summarized in Table 2.

1 1
Omem = Oref €XP {Epro (Tf - T)] (32)
re

The membrane conductivity can be obtained by fitting algorithms or other expressions
as summarized in Table 3.

Table 2. Membrane water content equations.

Expression Reference
Amem = 0.043 +17.8a —39.85a% +36a> 0<a<1 [31,32,91-94]
Amem = 14+ 1.4(a — 1) 1<a<3
Amem = At 4 Acay [95,96]
Amem = 0-5(/\an + /\cat) [97]
Amem = 0.08533T — 6.77632 [25]
2 3
Amem = 0.3 4 10.8 (PH—ZO> ~16 x (PH—ZO) +14.1 x (ng0> [98]
PH,0 Pr,0 Pr,0

Table 3. Membrane conductivity.

Expression References
Omem = 514 X 10~ Amem — 3.26 x 102 exp[1268 (55 — 1 )] [4,7,25,31,32,59,63,69,75,76,80-82,86-97,99-102]
omen = a0 [ (1 )] 59717
Omem = 4.80257 x 1072 4 8.15178 x 10~ #(T — 273) 4 5.1192 x 10~ 7 (T — 273)? [58]
Omem = & [% (Dﬁ ,C5 +DS. Gy + D%;#)] [43,82,89,94,100,103]
Omem = 0.0013A3 .+ 0.0298A2, . + 0.2658 A mem exp [Em (ﬁ - %)] [98]
Omem = 2.29 exp [— %} [89]
Constant value [73,74,104,105]

Activation Losses

The activation overpotential arises from the electrochemical reaction’s kinetics at the
electrode’s surface. This overpotential is related to the catalyst’s materials, the active
catalyst surface, and temperature. Generally, the activation overpotential is described by
the Butler-Volmer equation (Equation (33)) or by the Tafel correlation (Equation (34)).

RT i RT i
Vact = sinh1< , ) + sinhl( : ) 33
act XanF 210,an OcatF 210,cat (33)
RT i RT i
Vact = ——=In[ — | + In ( - ) 34
act 20tanF (IO,an ) 20tcatF 10,cat (54)

Indeed, the reaction kinetics of oxygen at the anode are very slow compared to the
reaction kinetics of hydrogen at the cathode. Therefore, the contribution of overpotential ac-
tivation at the cathode is neglected in many works [4,31,59,63,67,71,78,88,90,91,93,106-108].
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The activation overpotential can be improved by correcting the electrode’s roughness,
which is translated to an active catalyst’s larger site. There are other expressions in the
literature used to represent the activation overpotential as shown in Table 4.

The charge transfer coefficient (CTC) and exchange current density (ECD) are essen-
tial electrochemical parameters to calculate the activation overpotential. For simplicity,
most of the authors assumed that the CTC is constant or equal to the symmetric factor
(ctan = cat = 0.5) (see Table 5). However, the operation temperature of PEM EL strongly
affected the CTC. This effect is more important at the anode electrode. Moreover, an estima-
tion error of CTC strongly influences the polarization curve and performance characteristics
of PEM EL [57,58,109].

The exchange current density (ECD) has a radical effect on the activation overpotential.
Many studies estimated ECD based only on the catalyst materials. We can observe from
Table 5 that the choice of the ECD is not clear. For the same catalyst materials, we can find
a big difference in ECD value estimates by different authors.

Additionally, the ECD strongly depends on the electrodes’ roughness, concentration,
the catalyst particles” dimension, and operating temperature [71,81,101]. Arrhenius expres-
sion (Equation (35)) is one of the most famous equations, which gives ECD as a function of
temperature, activation energy, and exchange current density at reference conditions. A
similar accurate expression represents the ECD as a function of precedent parameters and
the roughness factor in Equation (36).

—E 1 1
o =55 ep[ 5= (1 1) &
re
—E 1 1
1Oan —YManlf)gn exp |:lz;ct,an (T - T f)] (36)
re

The different expressions of ECD and their references are listed in Table 6, as well as
activation energy, exchange current density at reference conditions iy ™, and roughness
factor y in Table 7. Even though the correlation expression of ECD with the temperature is
adopted, the activation energy and ECD at reference conditions must be determined.

Table 4. Activation overpotential.

Expressions Activation Overpotential at Cathode References
Vact = 780¢ 1n(ioia ) Neglected [4,31,63,90,91,93,106,107,110]
Vact = RF {smh ( > +sinh™ (21(““)} Considered [79]
Vier = psinn (1) + Spsinn (1) Considered 52,8657.97 9001, 1,112
Vet = ngFsmh (ZM) + 5 ngthmh (210{m> Considered [6,57,58,62,73,74,80,96,105,113]
Vact = 780¢ (lm) + KLy (10,;) Considered [89,94,109,110]
Vact = % ln(io,anivan> Neglected [88]
Vact = &lzsinh ! (ﬁ) O Neglected [78]
Vet = % sinh~—1 <2i[ian> Neglected [108]
Vet = % sinh 1 (Zig,an) Neglected [59,67]

RT .,1< i ) ;TF sin 1( i ) Considered [60]

s ] o T
OanF 2Yanloan 2V catlocat
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Table 5. Fitted parameters of activation overpotential.

i()’an (A.cm—z)

ig,cat (A.cm—2)

&an (Per unit)

Kcat (Per unit)

Operation Temperature

Operation Pressure

References

(Anode Catalyst) (Cathode Catalyst) (Kelvin) (bar)
y y
10-12-10—° 10~4-1073
) P 0.5 0.5 353 — [104]
0.76 x 1075-4.93 x 107° 0.18-0.39 0.1-0.6 283-333
) ) 0.5 10 [58]
42 x 10735 x 1074 0.179-0.433 0.179-0.433
) P 0.5 293-333 10 [57]
-3
0.13 > 10 X 0.452 X 353 _ [4]
(=)
10-13-10-6 0.025-0.1568
(Ir-Ru) P 0.5 0.5 313-328 1-70 [82]
—6 -2
3.348 x 10 4.957 x 10 042 05 353 1 [74]
(—) )
Cal Cal 300-353 1-5
0 P 0.5 0.5 [95]
) -1 !
0.1548 x 10 0.3539 x 10 0.7178 0.6395 300-303 1 [105]
(=) (=)
(C_a; X 05 X _ _ [59]
(C_a§ X 0.5 X — —_ [71]
—10 -3
110 110 2 0.5 328 100 [86]
=) )
1x 10 0.29
) o 0.1 0.9 293 1 [94]
10-2-10"12 10-3-10~*
) (Pt_1r) 0.5 0.5 313-353 — [7]
1.573 x 1078-6.667 x 10710
(With yan = 150) X 0.648-0.655 X 313-353 — [88]

(—)
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Table 5. Cont.

iO,an (A.cm_z)

ig,cat (A.cm—2)

Operation Temperature

Operation Pressure

(Anode Catalyst) (Cathode Catalyst) ®an (Per unit) Ocat (Per unit) (Kelvin) (bar) References
-7 -1
! X(Plt()) ! X(Plt()) 08 0.25 283-363 10-90 [81]
—6 -1
! T_l()) ! T_l()) 2 0.5 353 13.6 [76]
—9_ -7 -3
110 (PS x 10 3 X(Plt()) 05 0.5 303-353 — [79]
-7 -3
! X(_l()) 2 X(_l()) 2 0.5 280-360 1-350 [32]
1.65 x 1078 0.09 05 0.5 297.6-310 136 [114]
=) =)
2.27 x 1077-1.53 x 10°° 49 x 1072-1.05 x 10! 0.5 05 298323 L [69]
=) (=)
0('1_1)1 0(35)3 0.186 0.5 343 20 [78]
(Ircg ) ((1:;3 — — 313-353 1-30 [101]
—\2
2'47(2_‘ )1'43 2754-6024 0.8433-0.9484 0.8911-0.5491 298-333 1 [99]
Cal
) X 05 X 318-353 70-155 [108]
—-10 -3
! X(io) ! X(_l()’ 0.5 0.5 293-353 1-200 [89]
((lzjg ((fjat; 05 0.5 443 1 [73]
((ljjg (ISSIZ) 1.2 0.5 353 1 [43]
Cal X 0.7353 X 303-333 15-35 [43]

(Pt-TrO,)
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Table 5. Cont.

Operation Pressure

igan (A.cm~2) ig,cat (A.cm~2) . . Operation Temperature
(Anode Catalyst (Cathode Catalyst) an (Per unit) Ocat (Per unit) (Kelvin) (bar) References
-7
4-575(6_X) 10 X 0.5316 X 353 13.44 [90]
Cal
(PLIFO,) X 0.7353 X 303-333 15-35 [67]
—6_ -1 —
1x10 (_1) x 10 0.(()1_)10 05 0.5 333-368 1-40 [6]
1x10°7 1x10°3
(o) Y 0.5 0.5 293-353 1-20 [109]
—12_ -8 -3_
1x10 (Pt)l x 10 1x }gt) 10 0.5 0.5 313-353 1-70 [80]
(C_ai (C_a; 05 05 353 — [96]
-5 -3
1.381( 1)10 4.64(><_ )10 5 05 293 1 [97]
—18
1.65 (><_1)0 ?_0? _ _ 288 7 [111]
Cal Cal
r.0;) . 0.5 0.5 353 — [61]

—: not mentioned, X: the cathodic overpotential is neglected at the cathode, Cal: exchange current density is calculated using the physical law.
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Tables 6 and 7 show that these parameters vary from one author to another, which is
normal as the catalyst material, roughness factor, reference conditions, and fitted conditions
may differ. Therefore, identifying these parameters through appropriate methods remains
the best approach to derive them.

Diffusion Overpotential /Mass Transport Overpotential /Concentration Overpotential

The PEM EL utilizes water (H,Oj,) as the primary reactant for the production of
hydrogen and oxygen through the process of electrolysis. The transport of water into the
cell is due to three distinct phenomena, as illustrated in Figure 9: concentration gradient
(H2Ogigr), pressure gradient (H2Ope), and electro-osmotic drag (H2Ogoq)- The products
of hydrogen (Hjoyt) and oxygen (Opoyt) are then removed from the membrane—electrode
interface via the porous electrodes and transported to the channels. At the anode, a portion
of the water exits the cell (HyOgyt), while another portion crosses the membrane and is
removed from the cell at the cathode [81,82,86,99]. As the mass flow rate increases, a
diffusion overpotential may occur as a result of limitations in mass transport through the
porous electrodes. This phenomenon is particularly significant at high current densities, as
oxygen bubbles can accumulate on the membrane surface, thereby impeding the transport
of water to the active surface area [57,81,82,93,97].

Anode Membrane Cathode
O20ut H2out
- ——
HoO ks HpO
2Vout = 2Yout
-« —>
H20eo0d
>
HoOcans
H20iff

H20in

—r

Figure 9. Water transport in PEM EL cell.

The diffusion overpotential can be modelized by applied Nernst equation in

both electrodes: RT c RT c
Ve — - In 0O2,me ) + == ln( H2,me ) 37
At = 4F ( Co2,me0 2F CH2,me,0 (37)

where Fick’s law describes the concentration of oxygen and hydrogen at the membrane—
electrode interface; the theoretical analysis used to develop the diffusion overpotential is
not included in this study. More details can be found in [76,81,82].

Table 6. Exchange current density expression.

At the Anode (ig an) At the Cathode (ig cat) References
. _ 1000 .
ioan(T) = e xIn (f T >W1th Not considered [108]
(e =0.3037 and f = - 0.0856)
H H _Eac an 3 3 _Eac cal
10,an = 'YM,anlggn exp [Tt (% - Tief >} 10,cat = 'YM,catIB?gat exp [% (% - Tief >} [43,101]

H 3 7E1c an H 3 7Eac an
oan = e[ (1 - 12 )] o = B[ Tg= (1= )] B9S717%5%6 10
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Table 7. Exchange current density at reference conditions, activation energy, and roughness factor.

Anodic

Cathodic .ref

Catalyst iref (A-em?) Eact,an (Kj-mol™) Y M,an (PeT Unit) Catalyst i (A-em?) Eacteat(Kjmol™)  Yapcu(per unit)  References

Pt 1x 101 76 N.C Pt 1x 1073 18 N.C [95,115]
— 2 x 10712 52.649 N.C — X X N.C [110]
1rO, 5.35 x 1077 15 100 Pt 1x1073 18 40 [101]
Pt 8.4 x 1071 76 N.C Pt 3224 18 N.C [73]

(Pt — IrOy) 1.08 x 10~ 52.994 N.C X X X X [59,67]
— 1.7 x 10! 76 N.C — 46 x 107! 18 N.C [96]
IO, — 62.836 N.C Pt — 24.359 N.C [61]

—: not mentioned, N.C: not considered, X: the cathodic activation is neglected.

In reference [116], Fontes has suggested a simple expression of diffusion overpotential
for the fuel cell in Equation (38). Then, several authors applied it for PEM EL [4,36,63,90,91,93].
This formula depends on the parameter called diffusion limit current density, which means
the diffusion will stop at this value (hydrogen and oxygen production stopped at limited
current density) [36,116].

RT i
Vaiss = <F In <1 + ) (38)

In the literature, some other formulas of diffusion overpotential are summarized in
Table 8 with their references.

As mentioned above, the diffusion losses were important, especially at high current
density, but fortunately, PEM ELs work under a nominal condition to achieve high efficiency.
For that reason, many models have neglected the diffusion overpotential at operation cur-
rent density [7,31,32,57-59,61,62,67,69,71,73-75,77-79,87,88,95-97,104-107,110,111,114,117].

Finally, the semi-empirical model can be transformed into EEC, consisting of a voltage
source representing the reversible voltage Erey, and three series of resistors, Ropm, Ract, and
Rgigs which represent the ohmic, activation, and diffusion losses, respectively (Figure 10).
The activation and diffusion overpotential have a nonlinear voltage-current density behav-
ior. In this case, the differential resistance is useful to derive Ryt and Ryyg [79,104,117]:

_ dVqc
Roct = (39)
Raigp = =
Er SV Rolnn Rac t Rd iff
Iel
- ~
el

Figure 10. Equivalent electrical circuit based on the static semi-empirical modeling of PEM EL.

3.2.2. Dynamic Modeling

Most of the semi-empirical models reported in literature are static models, neglecting
the dynamic behavior of PEM EL. However, these models are only valid if the PEM EL
operates at a constant operating current (unchangeable operational current). Recently, in
study [20], it was shown that during an abrupt variation of the input current, the error
between the static model and the experimental data was greater than 15%, and that this
was particularly significant during transient operation. In contrast, for the dynamic model,
the error did not exceed 4%. However, in most cases, PEM EL is powered by intermittent
energy sources such as photovoltaic panels or wind turbines, which can result in sudden
variations in energy input, therefore, taking into account the dynamics of the system is
more accurate and reliable for predicting the behavior of PEM EL in such cases.
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Table 8. Diffusion overpotential.

Expression References
Vg = X 1n< cC(ZZ;,‘}‘ZfO) + BT 1n( c%iii’l}) [6,43,60,76,80-82,86,94,99,101,109]
Vag = 2 In (1 + ﬁ) [4,63,90,91,93,118]
Vdiff ancat = 1 {M (imiax> Hz] [95]
Vit = 5p ln<1 - iuni,ch) + 55 ln(l - iLi,:,H2> [108]
Vaitt = 580y In () [89]

As mentioned in the previous section, the EIS and CI techniques introduced an equiva-
lent capacitor in their models. This capacitor was explained by the accumulation of charges
(electrons and protons) at the cell’s electrode/electrolyte surface, called double-layer charg-
ing capacitance [92,119-124]. In the end, the dynamic model is represented by the same
previous static semi-empirical model, adding a capacitor in parallel with the activation and
diffusion resistors. In case the diffusion losses have been neglected, the capacitor remains
only parallel with the activation resistor as shown in Figure 11 [14,15,19,20,25,63,74,92,125].

Vrev R Ract Rdiff

ohm

lel +11

<

Figure 11. EEC of dynamic semi-empirical model.

4. PEM EL Sub-Models

The PEM EL efficiency is an important key to indicating and improving the perfor-
mance of PEM EL and the overall system. Usually, the electrical models, energy efficiency,
gas production, and water consumption of the PEM EL are affected by temperature and
pressure. Developing the sub-models to provide these magnitudes are crucial to obtain
accurate models and necessary for monitoring and controlling these quantities to avoid
any damage and malfunction of PEM EL [25,32]. This subsection is devoted to highlighting
and discussing the sub-models such as the thermal sub-model, the hydrogen storage tank
sub-model, the mass flow of gas products, and efficiency of PEM EL which can be coupled
with the PEM EL electrical model.

4.1. Thermal Sub-Model

Most scientific researchers have not been modeling the thermal behavior of the PEM
EL stack. However, the polarization curve V-1, durability, gas flow rate, and efficiency are
affected by temperature. So, the thermal management system is indispensable to obtain
a precise model and optimize the efficiency of PEM EL, as well as the monitoring and
regulation temperature required to avoid any damage caused by overheating.

In studies [72,106], PEM EL temperature is measured directly by thermocouple sensors
on the cell body. Recently, Lee [126] measured the local temperature using the new technol-
ogy of the micro temperature sensors (the thick polyimide film material whose resistance
changes with temperature) embedded in PEM EL. However, the direct measurement of
PEM EL stack temperature from an integrated sensor has a high maintenance cost and
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NHzoutxAHH2
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can interrupt the electrolysis process if the sensors fail. For more reliability, a thermal
sub-model can be added to the sensor measurement for redundancy, or we rely solely on
the thermal model and external sensors to evaluate the PEM EL stack temperature.
According to reference [15], we estimate the stack temperature as a function of the am-
bient temperature and power supply to the PEM EL using the following algebraic equation:

Tel = Tamb + Rth (Vellel) (40)

The thermal resistance Ry, has been identified by applying the least squares regression
on the measured temperature data. This method gives a good agreement with measurement
data for the stack current range between 0.04 A/cm? and 0.16 A/cm?, but the stack current
range is between 0 A/cm? and 1 A/cm?. Furthermore, this method does not describe the
dynamic of stack temperature, which is necessary when temperature management systems
are added to regulate the stack temperature.

Under a key assumption, the thermal gradient within PEM EL is negligible, leading
many authors to adopt the lumped thermal capacitance to describe the dynamic behavior
of PEM EL stack temperature.

From Figure 12 and the thermal energy balance, the dynamic of stack temperature can
be formulated by an ordinary differential equation:

dTstack -_in . . -_out
Cth% = We_heat + NHZOAHHZO - Qlossﬁamb - Qcool - Z Nj AHqut (41)
j=H2,00,H,O

- in
where the W, e, represents the electrical power dissipation as heat, Ny, o is the heat of the
water fed to the PEM EL, Qloss_amb represents the heat loss to the ambient, Qcool represents

the heat removed from the electrolyzer stack by a cooling system, and the last term of
Equation (41) represents the heat that leaves the stack with hydrogen, oxygen, and water.

Qloss

Qcool

NO20ut><AH02

NH,O out x AHy ,

Figure 12. Heat transfer in a PEM EL [24].

Table 9 gathers all the previous literature regarding the thermal sub-model of PEM EL
based on lumped thermal capacitance.
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Table 9. Thermal model of PEM EL stack based on lumped thermal capacitance.

Expression Cooling System Parameters References
Cth% = Weﬁheat - Qloss
Wefheat = Ncell(vcell - Vth)Iel Not included Cin and h afjals(iesnif;f(iﬁ;r;ﬁ(fge nonlinear [4,62,99]
Ql_oss = H(Tstack — Tamb) . Are neglected q
. In - ou
NHzOAHHZO and Z N] AHjOUt
j:Hz,Oz,Hzo
d(Tstack) — - - -
Q:;n _ Nceie(nvcell _Os\s]th)lejoo Included Cin and Ry, estimated experimentally [110]
- — TfTamb
Qloss ~ "Ra
Qoo : Not mentioned
d'-[‘S acl P - -
Cth dtt k= Wefheat - Qloss - QCOO] '
We heat = Neetl (Veell — Vin) el Included Not mentioned [107,111,127]
N TfTam
Qloss = Tb A
Qcool = iﬁ (T?#t - Tg{)
detack — i - - qout out
CthT - Wefheat + NHZOAHHzO - Qcool - Qloss - HZO Nj AH]' ¢
J=H2/0n Cin and Ry, are identified using particle
We_heat = Ncell(vcell - Vth)Iel Included swarm optimization (PSO) [59,67]

- 1IN

NHzOAHHZO = (Wpump,elenmotoR_ele) - (QAppump>
quss - R%h (T — Tamb) _

ZN]'AH = NHZCPHZ (T — Tamp) + NOszOZ (T — Tamp)
Qcool = Not mentioned
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4.2. PEM EL Efficiency

The PEM EL efficiency can be defined as a ratio between useful and absorbed power
(Equation (8)). This magnitude is related to the operating conditions [70,72,108,117]. Partic-
ularly when the PEM EL is coupled to intermittent energy sources (wide range of operating
conditions), it is important to optimize the efficiency to improve PEM EL performance. Few
works evaluated this key magnitude despite its importance. Recently, Hernandez in [25],
investigated the efficiency and specific energy consumption of the PEM EL. However, there
are three types of efficiency: faraday, voltage, and PEM EL efficiency.

4.2.1. Faraday Efficiency

Faraday efficiency is a ratio between real and theoretical hydrogen flow because, in
reality, the portion of hydrogen can be across the membrane from the cathode to the anode.
This phenomenon is important at low current density. At operation conditions, many
authors assumed it less than or equal to 1% [5,7,59,67,72,89,99,106,128]. However, some
researchers have determined this magnitude using empirical or semi-empirical expressions.
In studies [31,129,130], the internal current density and hydrogen loss (iLim) were intro-
duced as critical parameters and the magnitude was determined using Equation (42). In
study [131], it was expressed in Equation (43) as a function of the flux density across the
membrane of the hydrogen (®P"fy;) and oxygen (PP y), and their theoretical molar flow

rate (NH2 and Noz), as well as an empirical expression (Equation (44)), was used to estimate
the faraday efficiency as a function of an electrolyzer current [117,132-134], and finally, in
study [108], which was based on the mass flow calculation to deduce the faraday efficiency
as the difference between theoretical molar flow rate and molar flow back diffusion over
theoretical molar flow (Equation (45)).

i—i
np = ——* (42)
per PPer
np=1-—2 -0 (43)
N, N,
0.09 755
g =96.5|exp| — — —— (44)
Iel Iel

__ M\,theo — MH,back

g = (45)

MH, theo

In the preceding section, we discussed the energy efficiency of PEM EL. However, in
order to obtain a more comprehensive assessment of the overall efficiency of PEM EL, it is
crucial to consider the exergy efficiency. The exergy efficiency accounts for the availability
of energy and the different losses, taking into consideration various magnitude such as
heat loss, the temperatures of internal and external water, and reactant gases, water and gas
pressures, mass flow rate, and current-voltage during operation [135,136]. It is noteworthy
that this study does not investigate the exergy efficiency of the PEM EL cells.

4.2.2. Voltage efficiency

As mentioned previously, the reversible voltage at operation conditions (p, T) is the
minimum voltage required to split water into hydrogen and oxygen, but this electrochemi-
cal process needs to absorb heat (endothermic process). The electrolyzer voltage must be
greater than the reversible voltage called thermoneutral voltage Vth to obtain an isothermal
process [25,28,32,66,137].

The voltage efficiency term describes the voltage lost due to irreversibility losses
(energy lost as heat) and can be defined as a ratio between thermoneutral voltage and the
real voltage applied to the PEM EL (Equation (46)). The voltage efficiency is always very
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2 _
NHzRTtank (1 . alI\IHz > |:Vtank Tan (1 . aBNH2>:| o a4 (1 Viank

small compared to the faradic efficiency; consequently, the electrolyzer efficiency is still
strongly affected by faradic efficiency [32,64,70].
Vin
‘n =
v Veell

(46)

The PEM EL efficiency can be defined as a product of faraday efficiency and voltage
efficiency (Equation (47)) [18,25].
Ncell = NeMy (47)

Additionally, several scientific researchers have defined PEM EL efficiency as high
heating value voltage of hydrogen over real PEM EL voltage (Equation (48)) [19,32,74,138].

Viny 1482

Ncell = = (48)
ce Vcell Vcell

4.3. Mass Flow of Gas Products and Water Consumed

According to the faraday law, we can easily deduce the mass flow rate of hydrogen
and oxygen products as shown in the following expressions:

- L

No, = Neen 4%111: (49)
. . Iel
Nu, = Ny,0 = NcellﬁnF (50)

4.4. Hydrogen Storage Tank Sub-Model

The hydrogen gas produced by PEM EL can be stored directly in the tanks so that they
can be restored by the fuel cells when we need it or compressed at high pressure into liquid
hydrogen to transport it. Assuming the hydrogen gas is ideal under a low-pressure storage
process (hydrogen pressure less than 138 bar), the following equation can give the dynamic
storage [32,36,106,132,134]:

NH2 RTtank

Ptank = z MHZVtank ptank_initial (51)

At high-pressure storage, the ideal gas assumption becomes inefficient in calculating
the tank pressure. The Van der Waals equation (Equation (52)) is one of the favorite
expressions used to estimate the hydrogen tank’s pressure [77]:

2
NHZRTtank . NH2

Viank — bNHz V%ank

Ptank = (52)

where a and b are Van der Waals coefficients of hydrogen. Another expression called the
Beattie-Bridgeman equation (Equation (53)) was also used to calculate the tank’s pressure
for real gases [107,139]:

asNp, >
Hy

2 (53)

tank

2

3
Viank

tank Np, Vtank

Viank T

where aj—ay are empirical parameters.

5. DC/DC Power Converter for PEM EL

In a hydrogen production system, the PEM EL cannot be powered directly, and it
frequently requires power electronic converters for interfacing the PEM EL and renewable
energy sources (RES) or the power grid. There are many power converter topologies (i.e.,
AC/DC converters, DC/DC converters, and AC/DC followed by DC/DC converters) that
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can be used to supply PEM EL, generally depending on the types of energy sources (i.e.,
RES, AC grid power or DC bus) and voltage level which are required for the PEM EL.

In the case of PEM EL powered by wind turbines, AC grid, or AC bus configuration, it
is indispensable to use AC/DC converters (i.e., uncontrolled rectifiers, controlled rectifiers).
We can use AC/DC converters directly to supply PEM EL in the first case. However,
the output voltage of these topologies is usually very high compared to the PEM EL
voltage [27]. We can add a step-down transformer between the AC voltage sources and
AC/DC converter to remedy this problem. However, this solution increases the global cost
and decreases the total efficiency of the hydrogen production system. Again, this topology
has some drawbacks, and it has a high current ripple which increases the specific power
consumption of PEM EL, and poor power quality and power factor due to the presence of
harmonics which requires adding the passive harmonic filters or active harmonic filters,
which will complicate the converter design. Finally, in an energy management system or an
autonomous renewable energy system based on the production of hydrogen from hybrid
RES, the power grid, and RES supply of the DC bus via a suitable power converter, as
well as PEM EL supplies by DC bus via DC/DC converter, this configuration has been the
subject of considerable research [17,19,27,140-143]; also in this study, we will focus on the
DC/DC converter interfacing PEM EL and DC bus. These drawbacks can be improved
by using DC/DC converter after AC/DC converter [18]. Recently, some reviews have
investigated differences in power converter topologies used for PEM EL [18,28]. In the
second configuration, we will find the PEM EL powered by photovoltaic panels (PVs) via
DC/DC converters (generally buck converters) with MPPT to extract the maximum of
energy available to PVs.

Recently, in reference [27], the state-of-art is carried out on DC/DC converters adapted
with PEM EL. First, this study shows that the step-down converters are used in most cases
when the PEM EL is connected to the DC bus. In the second part, this study compared
and evaluated the different step-down converters for PEM EL application (isolated and
non-isolated step-down converters) in terms of meeting specific requirements: high energy
efficiency, high current density, low conversion ratio, low current ripple, low electromag-
netic interference, low cost, and continuity of service in the case of power switch fail-
ures [17,27,28]. The main result of this study shows that the Isolated Half-Bridge Converter
(IHBC) and Interlaced Buck Converter (IBC) meet the main requirements mentioned above.

The IBC converter interests several researchers due to having a low current rip-
ple and its ability to operate in the case of power switch failures. Unfortunately, this
topology has two major drawbacks: high voltage conversion ratio, which makes the IBC
not suitable for high voltage DC bus, and high voltage stress at the terminals of power
switches [17,19,27,144]. In studies [16,17], an investigation on several IBC topologies shows
that the three following modified conventional IBCs can be improved significantly regard-
ing the voltage conversion ratio and energy efficiency without affecting the dynamic of the
IBC: IBC with coupled winding (Figure 13), IBC with windings-cross-coupled inductors
and passive-less clamp scheme (Figure 14), and interleaved-coupled buck converter with
active-clamped circuits (Figure 15).

nT nT 1T

NMNN—YYYN @ 2% Vel
L2c L1b s L1a
Vin s2 co
nT nT < T
- Lic L2p 53@; L2a =
Two Synchronous

coupled sa interleaved buck
windings

Figure 13. IBC with coupled winding [145].
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Figure 15. Interleaved-coupled buck converter with active-clamped circuits [145].

Increasing the switching frequency improves the current ripple, power density (i.e.,
decreases the filter volume and size), and dynamic performances of IBC. However, in
return, it increases the switching losses at turn OFF and turn ON transition, losses due
to the reverse recovery time of diodes, and the electromagnetic interferences [145-147].
These drawbacks can be improved using the above soft switching circuits. Moreover,
several studies have proposed modifying the IBC by incorporating soft switching circuits
to enhance its performance [145-152].

Through the previous investigation, we can consider the improved converter IBC as a
good converter suitable for PEM EL because of its advantages. Notably, it has a low current
ripple, the ability to keep working in case of switching failure, and low switching losses.

6. Control Strategy of DC-DC Converter—-PEM EL Systems

The design of the controller for the DC/DC converter-PEM EL system is a crucial and
essential step. The primary goal of the controller is to ensure the closed-loop stability of the
entire system, while other objectives depend on the type of hydrogen production config-
uration (e.g., PVs-PEM EL, wind turbine-PEM EL, DC bus-PEM EL), and the controlled
magnitude (e.g., hydrogen flow rate control, optimization of the energy efficiency of PEM
EL, etc.).

In the literature, many kinds of control strategies have been adopted for different
topologies and PEM EL models, as summarized in Table 10.

For DC bus configuration-PEM EL, the controller has been designed according to the
following objective:

- Regulation of the hydrogen flow rate to its constant reference through the PEM EL
current under a wide variation of operating conditions. The reference current can be
determined as follows:
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The hydrogen flow rate (m>/h) can be deduced from Equation (54) and ideal gas law:

I\TcellRT
v = X ———— x 3600 |I 54
Qn,-v (TlF 2Fpr; el (54)
2
Table 10. Different control strategies for different converter-PEM EL configurations.
Hydrog.en Modeling Methods of DC/DC Converter Magnitude Control Law
Production PEM EL Used to Supply Controlled Strate References
Configuration PEM EL 8y
PV-PEM EL EIS (dynamic model) Buck converter Current regulator Lme(al\rni/([))n trol [49]
Model-based on
experimental data MPC with a
PEM EL-PEM FC (linear time invariance Buck converter Voltage regulator disturbance’s [153]
state space in observer
discrete-time)
PEM Static linear model Phase-shifted
EL-Three-phase grid (Retack-Vetack) full-bridge Current regulator PI control [154]
PEM EL-DC bus Dynamic linear model IBC converter Voltage regulator SMC control with [155]
linear observer
PEM EL-DC bus Dynamic linear model IBC converter Voltage regulator SMC control [156]
PEM EL-DC bus Dynamic linear model Quadratic buck Current regulator SMC control [20]
converter
. . Synchronous buck
PEM EL-DC bus Static nonlinear model Voltage regulator PI control [143]
converter
Phase-shift
PEMEL "l"rlrl};ee-phase Static linear model full-bridge Current regulator PI control [157]
& converter
Micro wind . Full bridge
generator-PEM EL Static linear model converter Current regulator PI control [158]
Three-
. . levelinterleaved
DC-bus PEM EL Linear static model DC-DC buck Voltage control PI control [19]
converter
. Stacked
High DC voltage Dynamic linear model  interleaved buck Voltage control PI control [119]
RES sources
converter
PV-PEM EL Linear static model Classical buck Voltage control PID control [36]
converter
. . Classical buck
PV-PEM EL Nonlinear static model Voltage control PI control [159]
converter
Stacked Combined with
DC-bus PEM EL Linear static model interleaved DC-DC  voltage control and PID control [21]
buck converter current control
DC-bus PEM EL Linear static model Buck converter Current control ST- SMC control [160]

The standardized hydrogen flow rate is usually expressed in standard liter per minute
(slpm). We get the hydrogen flow rate in slpm by replacing the temperature and pressure
with their values at standard conditions (T = 298.15 and p = 1 bar).

QH, —slpm = (0.007608 X Mg X Neen)lel

(55)
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Then, the reference current I, ¢ is found as a function of the desired hydrogen flow
rate QHZ-slpm-ref :
QHz—slpm—Ref

Lol Ref = 56
el=Ref ™ 0.007608 x Mg X Nyt (56)

- Control hydrogen flow rate through PEM EL current as shown above according to the
state of charge of the hydrogen tank and hydrogen consumption by fuel cells.

- Regulate the PEM EL voltage to its reference voltage despite the DC bus voltage
variation and the operation point variation.

- Some objectives can be added, such as ensuring equal current sharing between the
three parallel legs when the IBC is used, etc.

To design the controller, most authors based their work on the average state-space
model of DC/DC converter-PEM EL [55,143,155,156,158].

After identifying the control objectives and developing the mathematical model of
the system, the last step is to design the controller. In study [143], PI linear control has
been used to regulate the PEM EL voltage to its nominal voltage. Study [119] also used PI
control to regulate the PEM EL voltage to its constant reference despite the input voltage
variation. Likewise, in study [19], based on the PI control, the energy efficiency of the
DC/DC converter-PEM EL system is optimized by regulating the PEM EL voltage to its
optimal value. In study [20], Sliding Mode Control (SMC) was adopted as a nonlinear
control method to handle the hydrogen flow rate through the PEM EL current according to
the state of charge of the hydrogen tank and hydrogen consumption from fuel cells despite
the operation condition variation. Additionally, studies [155,156] and SMC were chosen to
regulate the PEM EL voltage to its constant reference value at the nominal operating point.

The PEM EL models we studied previously contain many unknown parameters that
must be determined to design the controller or diagnose its health. The parameters were
identified using the CI or EIS method for PEM EL models based on the Randles equivalent
circuit and the Randles—-Warburg equivalent circuit [49,53,56]. Additionally, for nonlinear
static models, some authors have used nonlinear least squares regression to derive these
parameters. Moreover, some other authors have based their work on particle swarm
optimization (PSO) [4,59]. In studies [15,20,125], the linear dynamic model was proposed
and identified the unknown parameters using linear least squares regression (LSR). These
identification techniques and their references are summarized in Table 11.

In the literature, most of the methods dedicated to identifying the parameters of the
PEM EL models are offline. In fact, the PEM EL parameters are strongly changing with
energy input and operation conditions, and a slight parameter variation leads to a wide
variation in the PEM EL voltage [6]. For more reliability, these parameters should be
identified online. Several works use online parameter identification algorithms for fuel
cells, such as [161], which has used adaptative recursive least square (ARLS) as a linear
identification method to identify the parameters of the semi-empirical model. Study [134]
has proposed three identification algorithms for three semi-empirical models, recursive
least square (RLS) and Kalman Filter (KF) for linear identification and Extended Kalman
Filter (EKF) for nonlinear identification. However, three recent studies have addressed this
subject for the PEM EL. The first one [162] has been based on the model reference adaptive
approach, which can be an online estimate of the time constant of the cathode reaction of
PEM EL. Moreover, the last two studies [14,163] described the behavior of the parameters
of the dynamic model as a function of the PEM EL current by a series of experiences. Then,
from the observations the reversible voltage and membrane resistance as the constant value
has been estimated. The other parameters (time constants and capacitances of the PEM EL
model) behave like a Gaussian function, estimating these parameters as a current function
using the normal law and linear relation between parameters.
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Table 11. The identification techniques.
Model Adopted Identification Method Parameter’s Vector Mean Relative Error References
Nonlinear static Nonlinear least square _ L o
model identification (NLS) ® = [Rmem an o fim « ] 0.32% [4]
Model-based on CI Current interruption o
method (CI) ® = [Rmem Ract Zybg Cal 7.38% [53,56]
Nonlinear static MATLAB identification O = 0.11% [62,99]
model tools [Omem ®an Xcat dan lcat ] ' ’
Nonlinear static Particle swarm
optimization algorithm ® = [Rmem ®an igan] 2% [59]
model ’
(PSO)
Li d . Li d i last 15% for static
mnear C}lrr}amlc near ynarmc. as D5 static_model = [Rint Vint] model;4% for [15,20,125]
moae Square regression ¢LSR7dynamic7model = [Rl R, C; CZ] dynamic model
Linear dynamic :
moc}llel EIS method ® = [Rmem Ract Zbg Cal Not mentioned [49]

The online identification of the parameters of the PEM EL model is crucial to develop
a robust controller and the performance evaluations of PEM EL. As shown above, many
methods have been used to control PEM EL with online parameter estimation of the
static and dynamic PEM EL models. Moreover, the adaptive controls or the extended
observer like Extended Kalman Filter (EKF) are needed to investigate them for the DC/DC
converter-PEM EL system.

7. Discussion

In this review, a literature survey of the PEM EL models, DC/DC converters suitable
with PEM EL, and controller design of the hydrogen production system are carried out.

In the first step, different empirical and analytical modeling of PEM EL in the literature
has been evaluated. There is only one static empirical model developed to describe the
polarization curve [30,33-36]; this model is simple, considering the temperature and pres-
sure effect, and it can predict the hydrogen production flow rate with a relative error of less
than 2%. However, this modeling is only validated on the PEM EL single cell. Additionally,
the activation overpotential and the concentration overpotential are not considered. This
model still needs to be validated on many PEM EL stacks to evaluate their reliability and
performance. Unlike static empirical models, few dynamic empirical PEM EL models are
developed in the literature. The majority of these models are based on Randles circuits
as shown in Figure 6 and the Randles—-Warburg circuit as shown in Figure 7 [49-51,53,56].
Usually, the parameters of these models are derived using EIS or CI techniques, but these
parameters remain valid around the operating point of PEM EL. Therefore, these identi-
fication techniques (EIS and CI) require an online implementation to make these models
valid in a wide operating range, but this leads to an increase in the equipment cost added
to implement this technique.

On the other hand, many semi-empirical models of PEM EL have been developed,
and the static semi-empirical models describe the polarization curve V-1 of PEM EL at
steady-state and dynamic semi-empirical models that can be described as the dynamic
behavior of PEM EL. These semi-empirical models are described by many equations
based on physical and semi-empirical laws. These equations used to describe the physical
phenomenon (reversible voltage, ohmic losses, activation losses, concentration losses, and
double-layer charge capacitor) are summarized in Tables 1-8. The majority of these models
are experimentally validated. Nevertheless, no study has been carried out to compare these
different models to evaluate the performance and reliability of each model and select the
appropriate models according to the targeted objective (diagnosis of PEM EL, efficiency
control, hydrogen flow rate control, etc.).
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The second step investigates the different sub-models that integrate with PEM EL
models: firstly, a thermal sub-model that describes the stack temperature of PEM EL. Most
thermal sub-models developed in the literature are based on the lumped thermal capaci-
tance [4,59,62,67,99,107,110,111,127]. Contrary to fuel cells, many methods are adopted to
describe the temperature in the PEM EL stack. Secondly, the efficiency of PEM EL (Faraday
efficiency, voltage efficiency, and PEM EL efficiency) are investigated. In the literature, a
few works considered this magnitude despite their importance in evaluating the PEM EL
performances. Thirdly, regarding the gas flow rate produced and water consumed by PEM
EL, Marangio [82] has developed a semi-empirical model that describes the different mass
flow rates inside the cell. This issue has not been addressed in this review.

The third step aims to synthesize the current DC/DC converters used to supply the
PEM EL in a DC bus configuration. Through the previous studies in the literature, it
can be said that resonant IBC converters are good converters that can satisfy most of the
requirements [145-150,152].

In the fourth step, a survey of the controllers used to control the hydrogen production
system is based on the PEM EL. Most of the controllers are designed to control the DC/DC
converter in order to ensure the global stability of the system (DC/DC converter-PEM
EL), and other aims depend on the desired objective: regulation of the PEM EL voltage or
PEM EL current to their references; control the hydrogen flow rate according to the state
of charge of the hydrogen tanks and hydrogen consumed by fuel cells, and optimize the
efficiency of PEM EL.

It can be observed that all proposed controllers (see Table 11) are based on the lin-
earized model (static and dynamic), and most of them adopted the PI control. The nonlinear
models should be checked and advanced control strategies for more reliability and validity
need to be adopted.

The last step was regarding the PEM EL parameter identification issues. The PEM
EL performance is very sensitive to parameter variation [6], so the identification param-
eters are crucial for a reliable and precise model. Many authors used offline identifica-
tion [4,15,20,49,53,56,59,125]. However, the PEM EL can be operated in a wide operation
range, especially when the PEM ELs are connected to the RES. For this reason, online
identification remains the most efficient technique for accurate modeling of the controller
performances and for a good diagnosis of PEM EL.

The analysis of PEM EL performance utilizing mathematical models has several
limitations. Static models, which rely on empirical and semi-empirical approaches, may not
fully capture the underlying physics of the system and are limited to describing the electrical
characteristics at steady-state operation, neglecting dynamic behavior. The parameters
used in these models are often obtained through experimental data, which can be difficult
to obtain and may not be accurate or reliable. Furthermore, the models are often complex
and challenging to interpret, making it difficult to diagnose issues or design controllers.
Additionally, there is a lack of models that consider the effects of temperature and pressure
on PEM EL performance, which are important factors in practical applications. Dynamic
modeling of PEM EL is an area of ongoing research and development, with techniques
such as EIS and CI not yet widely adopted and requiring specialized equipment.

The IBC topology is commonly used in PEM EL systems to convert DC power to a
lower voltage. However, there are several limitations to this topology. Firstly, it may not be
suitable for high voltage DC bus as it has a low voltage conversion ratio. Additionally, the
IBC topology also has high voltage stress at the terminals of power switches. Furthermore,
increasing the switching frequency in IBC improves the current ripple, power density, and
dynamic performance, but it also increases the switching losses and the size and cost of
additional passive components. These limitations should be considered when evaluating
the performance and design of PEM electrolyzer systems that use the IBC topology.

The control strategy for the DC/DC converter-PEM EL system plays a crucial role in
the efficient and effective operation of PEM EL. However, the specific goals of the controller
vary depending on the type of hydrogen production configuration, such as PV-PEM EL or
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wind turbine-PEM EL. One of the main objectives of the control strategy is to regulate the
hydrogen flow rate through the PEM EL current, which is typically based on a constant
reference, but this reference may vary depending on the operating conditions and the state
of charge of the hydrogen tank. Regulating the PEM EL voltage to its reference voltage
is another common control objective, but it can be challenging to maintain this reference
voltage despite variations in the DC bus voltage and the operation point. A variety of
control strategies, such as PI control, have been proposed in the literature, but they have
limitations in terms of stability and robustness. Furthermore, the identification of PEM EL
parameters, which is crucial for controller design, is often conducted offline, which can lead
to less reliable and less accurate results due to the variability of the PEM EL parameters
under different operating conditions. Therefore, it is important to consider these limitations
when designing and implementing the control strategy for the DC/DC converter-PEM
EL system.

8. Conclusions

Using an electrolyzer, storing electrical energy produced by RES in the form of hydro-
gen is one of the cleanest, most powerful, and promising energy storage methods. The PEM
EL is one of the most commonly used types to produce hydrogen due to its reliability and
efficiency compared to other types, such as alkaline and solid oxide electrolyzers. Several
reviews have been reported in the literature about PEM EL modeling, as well as power
converters suitable for use with PEM ELs. However, few studies have focused on controller
design for the DC/DC converter-PEM EL system. Despite the importance of these three
elements in providing a comprehensive and clear vision of the hydrogen production system
based on PEM EL, no review has combined them. Therefore, this review presents various
models of PEM ELs that are appropriate for use with DC/DC converters and discusses
controller design. The second section presented the essential sub-models, such as the ther-
mal sub-model to estimate the PEM EL temperature, the efficiency sub-model to evaluate
the PEM EL efficiency, and the mass flow rate of gases necessary to estimate the hydrogen
product. The third section investigated different DC/DC converters used to supply the
PEM EL. Furthermore, this paper examined control laws that have been reported in the
literature, as well as an identification technique used to estimate the parameters of the
PEM EL.
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Nomenclature

List of symbols and abbreviations

ARLS Adaptative least square regression
CI Current interruption

CTC Charge transfer coefficient
DC/DC Direct current/direct current

ECD Exchange current density

EEC Equivalent electrical circuit
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EIS
EKF
GDL
IBC
THBC
KF
LSR
MPC
MPPT
NVR
PEM EL
PI

PID
PRBS
PSO
DY

Eact
Epro

H,

H,O
H>Ocon
Lel

P H20

R

R(p,0)

R(p,T)

Rin

81,82, 83,11, I'y, ty,
tp and t3

Electrochemical impedance spectroscopy

Extended Kalman filter

Gas diffusion layer

Interleaved buck converter

Isolated Half-Bridge Converter

Kalman filter

Least square regression

Model predictive control

Maximum power point tracker

Nature voltage response method

Proton exchange membrane electrolyzer

Proportional integral

Proportional-integral-derivative

Pseudo-random binary sequence excitation

Particle swarm optimization

Concentration of protons participating in en masse diffusion
Parameterized pre-exponential factor of ig an

Activation energy required for the electron transport in the electrodes
Activation energy required for the proton transport in the membrane
Faraday’s constant

Parameterized coefficient of ip an

Hydrogen

Water

Water consumed by electrolysis process

Electrolyzer current

Current density

Electrode exchange current density

Diffusion limit current density

Current density of illumination

Constant parameter fitting

Mass flow

Molar quantity of O, /H,/H,0

Molar flow rate of O, /H,/H,O

Number of cells

Oxygen

Pressure

Absorbed electrical power by PEM EL

Useful power of PEM EL

Partial pressure of the component i

Saturated water pressure

Volumetric flow rate

Heat flow rate

Universal gas constant

Equivalent resistance as a function of pressure Pa and temperature in C°
Equivalent resistance as a function of pressure in Pa and temperature in K
Thermal resistance

Fitting parameters of Ullberg model

Temperature in Kelvin

Cooling medium temperature

Volume

Voltage

High heating value voltage of hydrogen
Ideal voltage of PEM electrolyzer

Drop voltage of j with j= ohm/act/diff
Logarithm voltage

Thermoneutral voltage

Represents the electrical power dissipation as heat
Compressibility factor

Warburg diffusion element

Activation



Clean Technol. 2023, 5

561

amb
an/cat
cell
PV
RES
SI
slpm
SMC
WT

A

a,b
aj,ap,az, a4
and ag
ar/p
B,Cand D
Cal
Chs+
CoH2/02
Cin

Cx
CZH+
dRg
]:)H-+—2
DGH+
cool
diff
EL/el
ele
env
eod
gen

in

init
loss
mem
ohm
out
pe
pump
ref
rev
stack
theo
ASy
AGy
AH,
Ap
PP /00
o}

o

dc

Ambient

Anode/cathode

Cell

Photovoltaic

Renewable energy sources
System identification
Standard liter per minute
Sliding mode control
Wind turbine

Active surface area

Van der Waals coefficients

Beattie-Bridgeman coefficients

Activity of reaction/product or water
Antoine coefficients

Double-layer capacitance

Proton concentration

Molar specific heat of H2/02

Lumped thermal capacity

Molar concentration of x species
Concentration of protons participating in surface diffusion
Ohmic resistance coefficient of temperature
Diffusion coefficient of protons for the surface diffusion mechanism
Diffusion coefficient of protons for the Grotthuss diffusion mechanism
Cooling

Diffusion

Electrolyzer

Electronic

Environment

Electro-osmotic drag

Generated

Input

Initial

Losses

Membrane

Ohmic

Output

Pressure gradient

Of the pump

Reference condition

Reversible voltage

Of the stack

Theoretical

Entropy changes

Gibbs’ free energy change

Enthalpy change

Differential pressure

Flux density across the membrane of Hy /02
Parameter vectors

Charge transfer coefficient

Stefan-Maxwell diffusion ratio

Porosity of the membrane

Concentration overpotential

Tortuosity factor

Time constant

Temperature in degrees Celsius

Membrane tackiness

Membrane conductivity

Electronic conductor resistivity

Membrane water content

Experimental tuned coefficient
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Lo Length of electronic conductors
MNel Electrolyzer efficiency

Y Roughness factor

nF Faraday efficiency

ny Voltage efficiency

Neell Cell efficiency

B Experimentally defined coefficient
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