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Abstract: Hydrogen produced in a polymer electrolyte membrane (PEM) electrolyzer must be
stored under high pressure. It is discussed whether the gas should be compressed in subsequent
gas compressors or by the electrolyzer. While gas compressor stages can be reduced in the case of
electrochemical compression, safety problems arise for thin membranes due to the undesired permeation
of hydrogen across the membrane to the oxygen side, forming an explosive gas. In this study, a PEM
system is modeled to evaluate the membrane-specific total system efficiency. The optimum efficiency
is given depending on the external heat requirement, permeation, cell pressure, current density,
and membrane thickness. It shows that the heat requirement and hydrogen permeation dominate
the maximum efficiency below 1.6 V, while, above, the cell polarization is decisive. In addition, a
pressure-optimized cell operation is introduced by which the optimum cathode pressure is set as a
function of current density and membrane thickness. This approach indicates that thin membranes do
not provide increased safety issues compared to thick membranes. However, operating an N212-based
system instead of an N117-based one can generate twice the amount of hydrogen at the same system
efficiency while only one compressor stage must be added.

Keywords: polymer electrolyte membrane electrolyzer; membrane; pressure operation; system
optimization; system modelling; functional layer; storage pressure

1. Introduction

Water electrolysis plants are used to produce storable electric energy by converting it into hydrogen
as an energy carrier [1]. There are different types of water electrolyzers today, ranging from solid oxide
electrolyzers [2] to alkaline electrolyzers [3] and polymer electrolyte membrane (PEM) electrolyzers [4].
Due to its efficiency and potential dynamic operation, PEM electrolysis is a promising method for
generating hydrogen from wind energy and photovoltaics, which are, by their nature, fluctuating
electric energy suppliers [5]. Accordingly, much research and development is in progress to improve the
efficiency and reduce the costs of these technologies [6]. At the nanometer scale, new catalyst particles
are being developed to improve the electrochemical behavior of electrodes [7]. At the micrometer scale,
the manufacturing and characterization of functional layers are also under investigation [8]. At the
meter scale, process engineers are developing novel stacks and system technology [9]. In some cases, an
improvement on one scale means a worsening on another. Therefore, it is indispensable to communicate
between the different levels of development in order to achieve the highest overall performance.
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In order to store hydrogen at a pressure of between 30 and 800 bar [10,11], this paper discusses
whether the gas should be compressed electrochemically in the electrolyzer or by subsequent gas
compression. At the system level, it is desired to increase the pressure in the electrolysis cell to reduce
the number of compressors needed to store hydrogen at higher pressure as costs and system complexity
decrease [12]. On a functional layer level, hydrogen permeation across the membrane will increase
when increasing the pressure in the electrodes [13]. The crossover flow of oxygen from the anode side
to the cathode side and the crossover flow of hydrogen from the cathode side to the anode side are
not only a problem of product loss but also a safety issue [14]. Different ideas have been proposed
for reducing these flows by developing novel membrane materials [15] or using catalyst particles in
the membrane for recombining oxygen and hydrogen to form water [16]. While recombination could
eliminate the safety issue, the product loss can only be reduced by increasing the membrane thickness.
Unfortunately, thicker membranes are responsible for higher voltage drops in the electrolyzer by which
the cell efficiency decreases. From this point of view, it is very reasonable to use thin membranes and
operate these at atmospheric pressure to ensure low crossover flows. It is obvious that this opposing
approach must be discussed in combination with the inclusion of relevant processes on the functional
layer and system levels.

The existing literature shows approaches to model the total efficiency of a PEM electrolysis
system. Schalenbach et al., for instance, published a model for calculating the efficiency of a system
that focuses on hydrogen permeation across the membrane and whether the product gas should be
compressed electrochemically or subsequently by compressors [17,18]. They determined that subsequent
compression is more efficient than electrochemical compression for a 50 um membrane. In contrast
to this result, Tjarks et al. described the optimum operation for a 175 pm membrane and obtained a
cathode pressure of 20 bar for current densities of up to 3 A cm~2 [19]. According to Bensmann et al., a
differential pressure mode is recommended for pressures up to 40 bar [20]. In this case, four mechanical
compression steps can be saved when the storage pressure is 100 bar; the membrane thickness is not
given in this work. However, Suermann et al. concluded that the use of a Nafion 117 membrane allows a
reduction in permeation to low levels, and, hence, a cathode pressure of 100 bar [21]. Moreover, several
other studies have been conducted that focus on improving PEM electrolysis system operation and
efficiency [22-26]. All of these studies have neglected essential process steps in common, for example,
the current density effect on the hydrogen permeation losses, or the modeling that is too specifically
described for a system setup, for instance, in assuming a certain membrane thickness.

In this study, the essential processes are collected to generate a simple model. The PEM electrolysis
system is described, while the variability of the relevant parameters is considered. For this reason,
quantitative results are used to make more general statements about the relationship between membrane
thickness and cathode pressure. Ultimately, this helps to illuminate whether a thinner or thicker
membrane is preferable with respect to the issues of safety, efficiency, and feasibility.

2. Model

2.1. Electrolysis Cell and System

The electrolysis cell and system operate as shown below and with reference to Figure 1: Water,
(nz;g) streams in the flow field on the anode side. The water is distributed by a porous transport layer
(PTL) and transported into the anode. At the anode, the water is oxidized to protons and electrons

at a catalyst while oxygen is produced; as catalyst iridium oxide is frequently used. Most of the

oxygen is released from the electrode to the flow field (hgf ), while a minor part permeates across the

membrane to the cathode (r'zx,o2). The protons are transported along the ionic phase of the electrode
and through the membrane to the ionic phase of the cathode. In PEM electrolysis, a typical ionomer
that is used for this purpose is Nafion®. The electrons are transferred in the outer circuit to the cathode
where the reduction of protons to hydrogen takes place. The most common catalyst on this side is
carbon-supported platinum. Equivalent to the anode side, most of the hydrogen is released through
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the PTL into the flow field (fzg;f ),' however, a small amount permeates across the membrane to the

anode (ﬁx,Hz). For heat management, the circulation rate of water in the flow field can exceed the value
needed for the electrochemical reaction by up to 3 orders of magnitude. In addition, the cathode side
is also flowed through by water (n;:ﬁgl) The mixture of hydrogen and liquid water released from

ZC”I;;(/; f )/ and the water-loaded hydrogen gas is dried (n;”;(;fof )

If the cell pressure differs from the storage pressure, the produced hydrogen will be compressed to the
desired storage pressure in the gas compressor afterward. It is also an option for the same procedure
to store pure oxygen from the anode reaction [4].

the cathodic flow field is separated (h

Electrolysis system
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Figure 1. Schematic structure of an electrolysis cell and system including the fluid flows. The indices
symbolize flows into (in) the cell, off the cell (off), permeation across the membrane (x), cathode (cat),
anode (an), gas (g), and liquid (1).

2.2. Fundamentals of System Efficiency

For the splitting of water to produce hydrogen and oxygen, energy is required, as the reaction is
an endothermic process. The amount of energy is determined by the enthalpy change, AH, which is
the sum of the Gibbs free energy, AG, and heat energy, TAS. While heat can be consumed from the
environment, the Gibbs free energy defines the minimum decomposition potential that is necessary for
an electrochemical reaction. In the case of PEM water electrolysis, water is supplied in its liquid form,
which requires additional energy for vaporization. At standard conditions (T =298 K, p = 1.013 bar,
pH =7), the enthalpy of change for the splitting of liquid water is AH = 286 k] mol~! and the Gibbs
free energy is AG = 237 k] mol~!. The Gibbs free energy can be converted into the standard electrode
potential of 1.23 V and the enthalpy into the thermoneutral voltage of 1.48 V [27].

In an electrolyzer, the applied voltage exceeds the reversible voltage to enhance the charge transfer in
the membrane electrode assembly (MEA), as the current density is directly proportional to the hydrogen
production rate. The difference in the experimentally observed voltage and the thermodynamically
determined value is called overpotential. This means that the output of hydrogen-bonded chemical
energy, Eyu, is lower than the energy required for its production, E;,,. The ratio of these values is defined
as the voltage efficiency of the cell, nilz,el' The energies can also be expressed as the input power, P;,,
and the output power, Py

The output power is the product of the hydrogen production per second, ﬁz , and the heat of
combustion of hydrogen. The heating value of hydrogen is a reference value, which can refer to the
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upper or lower heating value, depending on whether the heat released by this process can be used.
In this paper, it is assumed that heat is not usable, thus referring to the lower heating value of AHyyy =
—241 k] mol™!, which is equivalent to a voltage of 1.25 V.

On the other hand, the input power is the sum of the electric power, Py = U,y - Iy, and the heat
flow, Q, which are supplied to the system. Heat flow and electric power are closely interlinked as the
external heat requirement decreases with increasing overpotential due to Joule heating. To formally
describe this relationship, either the electric power must be converted into an enthalpy or the external
heat flow into an equivalent electric power. In this work, the heat flow is transformed into an equivalent
electric power, Q = Upent - Lee- From these considerations, Equation (1) follows:

.p .
. = Eo _ P _ "y Afiay Uiy - Len _ 125V
B Ep P Q+P, Upeat * Leett + Ucenr  Ieetn Uneat + Ucenl

)

Accordingly, the efficiency of hydrogen production depends on the cell voltage and the equivalent
voltage that describes the additional external heat that is required. Above, it is explained that the
enthalpy that includes the entropy term, TAS, as well as the vaporization enthalpy, leads to the
thermoneutral voltage of about 1.48 V. Additionally, the minimum decomposition voltage for liquid
water was declared to be 1.23 V. This ultimately means that the residual 0.25 V can be supplied either
electrically or by external heat. Therefore, the voltage equivalent of the external heat is the difference of
the thermoneutral voltage and the actual cell voltage. However, it has to be considered that the product
gases, hydrogen and oxygen, will be loaded by water vapor before they are released by the system.
For this reason, additional vaporization energy is required for the loading of the gases. As previously
mentioned, this vaporization energy can be transformed into a voltage equivalency, which is declared
as Ujy,g in this work. In total, the equivalent voltage to describe the required external heat, Uy, is
the thermoneutral voltage plus the vapor loading voltage equivalency. This value is reduced by the
supplied electric voltage:

Upeat = [1.48 V + Ujopg — Ucen]- 2)

This equation means that for positive values of the argument of Uy, the system must be heated,
and negative values mean that cooling of the system is necessary to keep the temperature constant. In
the case of negative arguments, Uy,,; = 0 can be assumed as cooling is apparent due to the high water
circulation rates through the cell with passive cooling by the environment. The energy required for
pumps and cooling is insignificant in this case [28]. Therefore, the maximum efficiency of hydrogen
production is only determined by the cell voltage:

» 125V
nHz’d B Ucell ’

®)

By contrast, if Uj,y is higher than 0V, the total amount of heat requirement limits the maximum
efficiency, with the efficiency being independent of the cell voltage:

125V

p _ . teov
nHz,hE‘ﬂf 148V + Ujond N

The efficiency of the system is reduced by further influences. As mentioned in the introduction,
product gas permeates across the membrane. In the case of hydrogen permeation, a direct loss of
storable energy carriers occurs. By contrast, when oxygen permeates across the membrane, water
is produced by consumption of the electrochemically produced hydrogen. In total, 7, denotes the
amount of energy carriers that are lost by permeation. According to Faraday’s law, the loss rates can
be expressed as a current density, jy. Therefore, the storable amount of hydrogen is lower than the
current density, j, suggests. This deviation can be expressed by Faraday’s efficiency, nﬁz, as
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14 .
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H, Ein niIZAHLHV ] ]
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In industrial contexts, the remaining hydrogen should be stored at certain storage pressures
that vary depending on the intended application. It is uncertain whether this pressurization should
be achieved inside the cell electrochemically, outside the cell by subsequent compression, or by a
combination of both. In the case of subsequent compression, pressure-volume work, W,, must be
performed. The additional pressure-volume work can be related to the heating value of storable
hydrogen. Then, the total efficiency reduces by the following factor:

We 1
(Tle - ﬂx)AHLHV e’

My, = 1- (6)

The equation takes into account the fact that gas compressors have a limited efficiency, 7.
However, Equation (6) is not equal to the compression efficiency, as it does not consider the mechanical
energy stored in the pressure, instead only describing the effort to compress the gas as a fraction of
stored energy.

Aside from Equations (1)—(6), all process steps such as gas drying above 2 bar or water pumping
can be assumed as negligible [19,28]. Ultimately, the total efficiency or system efficiency of a PEM

electrolysis system is
T

"= 1, My My @)

It can also be comprehended graphically, as illustrated in Figure 2. As the effort to produce
hydrogen is often given in values of kg Hy per kWh, it should be noticed that this value is given by the
ratio of efficiency and heating value of hydrogen. Therefore, the effort is proportional to the efficiency.

Cell
22 operation i
, p Total efficiency:
i point T _ P F ¢
1 iy My M
1o
Compression
06 | (i, — 2 )AHpy
04 | I
0.2 111 W,
0

Current Density

Figure 2. Left: The graph shows the cell voltage as a function of the current density. The areas symbolize
incoming and outgoing power densities. The circle marks the operation point that is exemplarily
set at 1.82 V. The green area, including area II, is the power density that is converted into chemical
energy (hydrogen). For its generation, an additional power density is required that is supplied as
electric energy and heat (area I). At 1.48 V, the heat released by the operation equals the required heat
of combustion of the chemical reaction. In this example, the heat required to saturate the product gases
with water is reached at 1.78 V, which is symbolized by a dashed line. While the cell voltage of 1.82 V is
above this value, no external heat must be supplied; instead, cooling is needed to remove heat from the
system. Area II marks the power density fraction that is lost due to permeation of product gases across
the membrane, thereby reducing the amount of hydrogen originally generated. Right: The chemical
energy of the produced hydrogen is given as the green area. Area III marks the required amount of
energy for the compression of the gas.
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The following describes how the voltage equivalency, Uj,,4, cell voltage, Uy, crossover current
densities, jy, and compression work, W, are modeled in this study.

2.3. Hydrogen Production Efficiency

With respect to Equation (1), the efficiency of hydrogen production depends on the thermal and
electric energy supplied to the system. According to Equation (2), the energy leaving the system as
steam must be determined. In the first step, the molar flow of steam, 75,0, is calculated by assuming
an ideal gas and Dalton’s law:

. . PH,O . PH,O
N0 =Ny - ——— + 10, —- 8)
Hy OZ

The flow depends on the production rates of hydrogen, ny,, and oxygen, 1p,, and their partial
pressures pfj; and pg in the associated half-cells in equilibrium, as well as depending on the partial
pressure of water, py,o. It is assumed that the product gases are saturated with water when the gas is
released. When multiplying Equation (8) with the enthalpy of vaporization, AHy,, and after using

Faraday’s law to replace the molar flow by the electric current, the voltage equivalency, Ujy,g, results in

PH0| 1 1
Ujpag = [—t + == | AHogp. 9)
2F p?}z 2}7‘6’12

Qualitatively, this equation expresses a decreasing overpotential equivalence from the gas loading
for the decreasing partial pressures of water and increasing partial pressure of the product gas.

While U, is the thermal energy voltage equivalency, the electric cell voltage, U,,;, describes the
electric energy that affects the chemical reaction. It contains the Nernst voltage, Uy, and the so-called
activation overpotential, Uy, as well as the resistance overpotential, Uyes:

Ucen = UN + Ugct + Ures. (10)

In this work, it is assumed that an additional so-called concentration overpotential is insignificantly
low for PEM electrolyzers, as current densities of more than 14 A cm~2 were measured without showing
this phenomenon in a previous work [29].

According to Nernst’s equation, the minimum voltage at which water is electrochemically split is
the difference in the electrode potentials, E”* and E*. By means of the reversible cell voltage, E%,,, and
by assuming the activity of liquid water in the cell to be 1, the Nernst equation is

RI F’g FCHM
__ pan cat __ 10 cell ] 2
Uy =E"-E" =E,, + In \/—O —0 . (11)

The reversible cell voltage can, according to Harrison [30], be calculated as follows:

\Y%
E%, =1.229V -0.9-1072- (Tey — 298 K) < (12)

Additionally, the Nernst voltage depends on the cell temperature and the partial pressures in the
electrode, referred to as the reference pressure, py. It can be seen from this equation that an increase in
pressure in the cell to achieve the storage pressure without mechanical compressors causes a voltage
increase and, therefore, reduces the efficiency of the system. The activation overpotential results
from the reaction kinetics at the electrodes and is described precisely by the Butler-Volmer equation.
However, when the applied current density is much higher than the exchange current density, jo, the
Tafel equation is a sufficiently accurate approximation. As current densities in PEM electrolyzers
are in the range of several A cm™ and the exchange current densities are in the range of nA cm=2
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to mA cm™2, the Tafel equation is used for the model [31]. The actual total activation overpotential
is the sum of the activation overpotential at the anode and cathode catalyst. However, as «a and jj
depend on the individual manufacturing process, they must be determined experimentally. In the
experiments, the cathode and anode cannot be separated by analyzing the polarization curve, as the
system is underdetermined. For this reason, the activation overpotential is fitted from experimental
data to obtain characteristic values for a and jy according to Equation (13):

_ RTcell i
Upe = —<1 1n(],0). (13)

As jo becomes a fitting parameter through this approach, it is challenging to express its naturally
given temperature and pressure dependence. Therefore, a constant temperature of 80 °C is assumed
in the model. However, the pressure dependency is more challenging to handle. It was shown by
Grigoriev et al. that for high current densities, the cell voltage can be reduced by increasing the pressure,
which is in contradiction to the Nernst equation [32]. This result was approved by Bernt et al. [33] and
was shown by Suermann et al. for the balance pressure mode [21]. This finding relates to enhanced
reaction kinetics, which makes jj a function of pressure. In this study, this effect is not considered, for
two reasons. First, it has not been quantitatively described in detail until now, and second, the effect
on the results in this paper is low compared to the impact of other parameters.

The last term of Equation (10) contains the electric resistance of the cell, which can be divided into
two parts. The electric resistance, Ry, summarizes the resistances of the electrodes, PTLs, bipolar plates,
and interface resistances. The ionic resistance of the membrane depends on the membrane thickness,
d", the swelling of the membrane, 6™, and its conductivity, 6. Assuming Nafion as a membrane,
the conductivity is a function of temperature and water activity in the membrane, aﬁz o [34]. In this
work, it is assumed that the membrane is saturated with water and its temperature is identical to the
electrode temperature. In total, the resistance overpotential is calculated according to Equation (14):

amem

ures = RO + —m
Gm(TCEll; aHzO)

(14)

2.4. Faraday Efficiency

As mentioned in the previous section, the storable amount of hydrogen is reduced due to the
permeation of product gases across the membrane. It is expressed as a function of the current density
and the hydrogen crossover current density. At zero current density, it is commonly supposed that the
hydrogen crossover current density can be expressed by Equation (15) [35]:

cat

, Py
JxH, = 2F- PITJZ dmézm'

(15)

In this equation, PITJ2 symbolizes the temperature-dependent permeability coefficient and it is
assumed that the anodic hydrogen partial pressure is negligible. When increasing the current density,
a deviation to higher gas crossover current densities occurs. This deviation is most often described as a
linear function of the current density. Even though many studies have been published on this effect,
the reason for this behavior is still debated; it was postulated that a local pressure enhancement in the
electrode leads to a higher permeation current density in comparison to Equation (15) [36]. In contrast
to this, other studies suppose a supersaturation of the water surrounded by the ionomer, resulting in
increased mass transfer to the ionic phase [37]. In addition, the occurrence of convection is also under
discussion [35]. Furthermore, the cell compression appears to have an impact on the gas permeation
across the membrane [38]. In this work, the effect on the gas crossover current density is described by
adding a linear term with a constant, ay, to Equation (16):



Energies 2020, 13, 612 8 of 21

cat
. . T H» Ay .
]X,Hz - 2F.PH2 damom + dm(jm]'

(16)

The dependence of the crossover current density on the membrane thickness was proved to be
valid for all membrane thicknesses by Albert et al. [39]. Trinke et al., in turn, showed that the slope of
the current density effect on the crossover current density is a constant for all cathode pressures [40].

Finally, the total gas crossover current density, jr, described in Equation (5), is the sum of the
hydrogen, ji 5,, and oxygen, j, 0,, crossover current densities. The permeability coefficient of oxygen
through Nafion® is reported to be approximately twice the value of the hydrogen permeability
coefficient [17,18,41]. It is assumed that the current density effect on the permeation is the same for
both electrodes [17,18]. Then, the total gas crossover current density is described by Equation (17):

cat + pn
R R

(17)

Aside from the crossover current density, it is important to consider that hydrogen in oxygen
forms an explosive mixture if the hydrogen concentration exceeds a value of 4%. According to safety
regulations, a test station is to be shut down when half of this value is reached. To calculate the volume
fraction of hydrogen in oxygen, ¢y, in 0,, Equation (18) is used in this study:

x,H, _ JxH,
= - —.
MoHy T10,  jum, + 5]

PH, in 0, = (18)

2.5. Compression Effort

According to Equation (6), a subsequent compression of the resulting gases leads to a loss of
efficiency due to the volume—pressure work, W, that must be performed. The efficiency is further
reduced by the limited efficiency of mechanical compressors, 15.. The best case of ideal isothermal
compression is not achievable from a technical point of view. By contrast, the worst case of isentropic
compression is not applied. Instead, gas is cooled down to an initial temperature, Tj,, at which the
compression process starts. With the compression process, both the pressure and the temperature
increase. At an upper temperature limit, the compression stage stops and the gas is cooled down to
the initial temperature to start the next compression stage. The compression factor, c., is the ratio of
the pressure after compression and before compression. For a single compression stage, the required
energy, W/, is calculated as follows [42]:

K

1_ p rd
W= S, —nx)RTmZ(cc & 1). (19)

x symbolizes the average heat capacity ratio and Z is the average compressibility factor [43]. The
number of stages, s, that are needed to increase the pressure from cell pressure to storage pressure,
pilz, can be calculated according to Equation (20):

i)
o= —— 2/ (20)
¢ log(cc)

Therefore, the total amount of energy required for subsequent compression is
W, =s.- WL (21)

For technical reasons, the physically existing number of compressor stages must be a whole
number, but for calculating Equation (21), it is a positive real number. If the number of stages and the
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compression factor are given, the minimum input pressure of each stage, (p.);, can be calculated from
a sequence:
Ph,
(Pe)i = ———- (22)
((ce))izy

2.6. Parameter Values

2.6.1. Parameter Values from Literature

The parameter values used for the simulation are listed in Table 1. They are defined by the following:
The partial pressure of water at 80 °C was calculated by use of the Magnus approximation [44]. The
permeability coefficient for water at the same temperature was measured by Schalenbach et al. [17,18].
The conductivity of Nafion was calculated according to Yadav and Fedkiw [34], while Shi et al. analyzed
the membrane swelling [45]. The compression ratio was chosen to be within the range of 2.5-3, as
given by Bensmann et al. [20]. Therefore, ¢ = 2.75 was assumed, which is similar to the assumptions of
a previous work [19]. According to the literature, the adiabatic efficiency of reciprocating compressors
is up to 90% [46]. However, the average value is 80-85%, which also matches with the efficiency of
high-class diaphragm compressors [47]. For this reason, 1. = 82.5% was chosen. Furthermore, the
outlet pressure was chosen as being typical for pipelines [48].

Table 1. Parameter values used for this work.

Parameter Value Unit
PH,0 47,948 Pa
AHygp 41,572 J mol™!
Pjég’c 5.31-10716 mol (cm s Pa)~!

o' 0.137 Scm™!
o 1.15 -

ce 2.75 -
Tin 300 K

K 1.4 -

Ne 0.825 -
P 200 bar

2.6.2. Parameter Values Evaluated

The coefficients «a, jo, and ay were determined from fitting experimental data at 80 °C and
atmospheric pressure. Nafion 212 has been used as the membrane (d" = 51 um), and a platinum loading
of the cathode of 0.25 mg cm~2 and an iridium oxide loading of the anode of 0.96 mg cm~2 have been
used. The ionomer content was set to 10 wt.%. Platinum-coated Bekaert titanium felt (350 um) was
used as the anode PTL, along with Toray carbon paper TGP-H-120. An electric resistance of 68 m() cm?
was measured for the cell area of 17.64 cm? by impedance spectroscopy, which means that Ry = 27 mQ
cm?. The voltage was set to be between 0 and 1.85 V, resulting in current densities of up to 3.07 A cm~2.

The results are shown in Figure 3 and the evaluated parameters are listed in Table 2.

Table 2. Parameter values evaluated for this work.

Parameter Value Unit
o 0.43 -
jo 8-107° A cm™2
ax 1.2-107° cm

Ro 27 mQ cm?
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Figure 3. Top: Cell voltage as a function of current density of the real data (orange dots) and the fit
(black). Bottom: Hydrogen concentration in oxygen (line) and hydrogen crossover current density
(dashed) as a function of current density. The real data are shown as orange marks.

3. Results and Discussion

The simulation protocol is as follows: First, the optimal total efficiency of a PEM electrolyzer is
calculated as a function of current density (0.05 A cm~2 steps) by evaluating the best combination
of hydrogen partial pressure (10 mbar steps) in the cathode and membrane thickness (1 um steps).
Afterward, the system is constrained to understand how it works under realistic conditions. In all
cases, a differential pressure mode is assumed and that the heat must be supplied by the system.

3.1. The Ideal PEM Electrolyzer

The no-restriction optimization (see Figure 4) symbolizes the ideal case in which the cathode
pressure and membrane thickness can be set independently of any technical restrictions. It shows
which setup should be chosen to achieve the maximum system efficiency for a certain current density.
At 0.5 A cm~2, the optimal membrane thickness is 88 um and the cell should be operated at 6.2 bar in
order to obtain a total efficiency of 73% at 1.59 V. By increasing the current density, the optimal pressure
decreases to 3 bar at 1.2 A cm™2 and 1.62 V, while the optimal membrane thickness is 27 um and the
best total efficiency is 71%. Additionally, this condition results in a minimum hydrogen concentration
in oxygen of 1.9%. By further increasing the current density, the ideal membrane thickness decreases to
values lower than 10 um and the ideal pressure rebounds. The system efficiency of the PEM electrolyzer
decreases to 64% at 1.8 V, which is often used as a continuous operation point.
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Figure 4. Maximum total system efficiency of the polymer electrolyte membrane (PEM) electrolyzer
(Equation (7)) as a function of current density determined by evaluating the optimal membrane
thickness and optimal cathode pressure when no restrictions are assumed.

Figure 5A is helpful to understand why the membrane thickness and cathode pressure start at
high values at low current density and then decrease to a local minimum. It is obvious that the total
efficiency of the system mainly depends on the hydrogen production efficiency as the efficiency loss by
hydrogen permeation across the membrane and gas compression is on the order of 5%.
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Figure 5. The contribution of the hydrogen production, permeation, and permeation efficiency to the
total efficiency is illustrated as a function of current density for the ideal electrolyzer (A) and for a
voltage-limited N211-based system (B). Additionally, the hydrogen production efficiency is separated
into electricity (Equation (3)) and heat (Equation (4)). The production efficiency curve symbolizes the
minimum of heat or electrical efficiency that can be achieved.
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At high current densities, the hydrogen production efficiency is equal to its electrical efficiency
(see Equation (3)), as the required heat for the reaction and for saturating the product gas with water is
produced by overpotential. Heat would be required to be supplied externally if the electrical efficiency
(dashed blue line) was higher than the heat efficiency curve (dashed green line), which is between
76 and 78% at high current density. This situation can also be seen at low current density. However,
according to Equation (9), the required energy can be reduced by an increase in pressure. This is
precisely why Figure 4 shows an elevated pressure that decreases to a minimum at 0.9 A cm™2
1.62V, as heat is increasingly supplied by overpotential. Unfortunately, the increase in pressure also
promotes the permeation of hydrogen to the anode, which is why Faraday’s efficiency declines. When

or

the voltage is above 1.62 V, heat is completely supplied by overpotential. In the following, an increase
in cathode pressure is preferable to reduce the losses by subsequent gas compression.

The case of setting the membrane to be flexible in its thickness gives the following result: At low
current density, thick membranes are preferable, as permeation losses must be prevented. By contrast,
the hydrogen production efficiency would become worse at a high current density. Therefore, the
membrane thickness should be reduced with an increase in the current density.

3.2. Voltage Limitation and Constant Membrane Thickness

In a real electrolyzer, one membrane must cover the entire current density operation range.
Therefore, the membrane thickness is restricted in the model to have constant values. The chosen
specifications relate to commercially available membranes (N211—25.4 pm, N212—51 pm, N115—127 pm,
and N117—183 um). Additionally, high overpotential is responsible for degradation processes.
Therefore, PEM electrolyzers are normally not operated at cell voltages above 2.2 V [4]. In this work,
a more conservative approach is chosen by limiting the cell voltage to 2 V. In comparison to the
no-restriction case, the total efficiency curves become more complex (see Figure 6). All curves show the
same qualitative behavior. Starting with 0 A cm~2, the optimum total efficiency as a function of current
density increases to a maximum. The optimum pressure develops simultaneously with this behavior.
With the further increase in current density, the total efficiency decreases continuously. At the same
time, the optimum cathode pressure decreases from a local maximum to a local minimum, while
the hydrogen concentration in oxygen follows this behavior. At higher current density, the cathode
pressure and hydrogen concentration at the anode increase again. When reaching 2 V, the maximum
current density is obtained under optimum pressure conditions. As the Nernst voltage is a function of
gas pressure (Equation (11)), it is possible to achieve higher current densities by reducing the pressure
while keeping the cell voltage constant. However, this approach causes a deviation from the optimal
cell operation conditions. For this reason, the system efficiency drop per current density increases.

The complexity of the curves can be understood by noting the individual contributions to the
efficiencies. The right side of Figure 5B shows the contributions when using an N211-membrane;
however, all membranes qualitatively show the same behavior. While the behavior of the contributions
is similar to those in the previous section at high current densities, the low current density range is more
complex. Coming from high current densities where the cell voltage dominates the total efficiency,
the required heat that must be supplied to saturate the product gases limits this efficiency to below
0.95 A cm™2 (also see Equation (4)). As before, the total efficiency can be increased for lower current
densities when increasing the cathode pressure. Thus, reducing the current density to 0.75 A cm~2, a
pressure increase from 4 bar to a local maximum of 6 bar can be seen (see Figure 6). At the same time,
the permeation loss strongly increases, as the permeation flux increases due to the elevated cathode
pressure and the oxygen production reduces due to the decreasing current density. In addition to these
findings, the polarization curve shows an atypical kink. This relates to the cathode pressure behavior,
which affects the Nernst voltage (see Equation (11)). At 0.75 A cm™2, the permeation loss becomes
dominant for the process and exceeds the benefit gained by the reduced additional heat requirement.
Therefore, the optimum cathode pressure reduces with decreasing current density. The occurring
compression efficiency loss does not take this disadvantage into account.
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Figure 6. Top: Maximum total efficiency of the PEM electrolyzer as a function of current density by
evaluating the optimal cathode pressure for commercial membranes: N211 (red), N212 (orange), N115
(green), N117 (blue). Bottom: Polarization curve and hydrogen in oxygen concentration at the anode.

When comparing the curves quantitatively, the best total efficiency of 73.7% is achieved at
0.3 A cm~2 and a 9-bar cathode pressure by the use of an N117 membrane. By the use of thinner
membranes, the best overall efficiency is reduced and shifted to higher current densities, while the
optimal pressure decreases. The N211 membrane has its best system efficiency of 71.7% at 0.85 A cm 2
and 4.7 bar. This advantage of the thicker membrane is due to a lower permeation loss, which allows
a higher cathode pressure. This eventually reduces the heat required to saturate the gas phase and
improves the system efficiency. Consequently, the local maximum pressure is higher for thicker
membranes and the permeation is reduced. The advantage of higher total efficiency by the use of
thicker membranes is lost when the current density is increased, as additional heat no longer contributes.
In addition to the local maximum pressure (11.3 bar for N117 and 6.0 bar for N211), the local minimum
pressure decreases with decreasing membrane thickness. The highest minimum is found to be at
5.9 bar for N117 at 0.4 A cm~2 and 2.9 bar for N211 at 1.25 A cm~2. In relation to the cell voltage, the
local minimum is always located between 1.60 and 1.63 V.

With respect to the hydrogen permeation, the hydrogen concentration in oxygen for N211 is
above 10% at 0.1 A cm~2, while N117 shows a maximum concentration of about 5.2% at this value.
The location of the minimum hydrogen concentration in oxygen is shifted to higher current densities
for thinner membranes, while the minimum concentration is reduced. With an increase in current
density, a local minimum for the hydrogen content in oxygen is found. The value is between 1.43%
(N117) and 2.17% (N211). A further increase in the current density results in slightly increasing values.

While the voltage is limited to 2 V, the optimal pressure is also limited to a membrane-specific
value. The N117 membrane has the highest cathode pressure of 34.6 bar at 2.1 A cm~2. By reducing the
pressure to 1 bar, a maximum current density of 2.45 A cm~? is achievable, which is an increase of 14%.
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In comparison to these values, the maximum current density for the N211 membrane is 8.45 A cm~2 at
1 bar. The highest total efficiency at 2 V is achieved at 7.4 A cm~2 and 17.2 bar, which is also equal to an
increase of 14%. It would seem that an additional hydrogen production of about 14% is available when
the cathode pressure is reduced by sacrificing the total efficiency at the same voltage level.

It can be determined that the system efficiency at 2 V is almost the same for all membranes (56-57%).
As mentioned above, at high current density and elevated pressure, the exchange current density may
change, which could eliminate this advantage. Additionally, this would result in differences in high
current-density total efficiency; however, it would not affect the interaction of contributions at low
current density. Therefore, no qualitative changes in the behavior are expected.

These results impressively show the complexity of choosing the best membrane—cathode pressure
combination. It also indicates that neither the thinnest membrane at constant low pressure to reduce
the hydrogen crossover, nor the thickest membrane at constant high pressure to reduce the compression
work, seems to be the best option at any current density.

3.3. Membrane Thickness and Pressure Mode

In contrast to pressure-optimized operation, PEM electrolyzers are often operated at a constant
pressure level of 30 bar [49]. This leads to the discussion as to whether thin membranes at low pressure
or thick membranes at high pressure are preferable. The advantages of thin membranes are higher
current densities, but their disadvantage is a high permeation loss, which is why operation at a lower
pressure is necessary. The use of thick membranes allows operation at high pressure, as permeation
loss is reduced, but the current density is also reduced. Moreover, Tjarks et al. proposed pressure
optimization as a function of current density [19].

3.3.1. System Based on an N117 Membrane

According to Equation (22), a compression ratio of 2.75, and an output pressure of 200 bar, the
minimum input pressures for the compressor stages are 72.7, 26.5, 9.6, 3.5, 1.3, and 0.5 bar. Figure 7
illustrates how the total efficiency of a system with an N117 membrane is affected if no compressor
(pﬁé = 200 bar) is used and if one (pg; = 72.7 bar) or two stages (pg; = 26.5 bar) are used. These values
can be compared to the system efficiency for the optimum cathode pressure that requires five stages.
In all cases, it shows that the total efficiency is much less than in the optimum case at a low current
density. However, with increasing current density, the difference becomes smaller as the permeation
loss is reduced. If a relevant voltage range of 1.65-1.85 V is assumed, current densities of between 0.5
and 1.5 A cm~2 are applicable when operating at 26 bar. The total efficiency is less than 1% worse than in
pressure-optimized mode. By contrast, the total efficiency is 3% to 15% worse if no compressor is used
in the same current density range. A deviation resulting from improved kinetics that might improve
the polarization curve should not have a significant impact on this result, as much total efficiency is
lost due to permeation loss. Operating the system at 200 bar increases the hydrogen concentration in
oxygen by up to 30% at 0.5 A cm~2, while, even at 1.8 A cm~2, the concentration is still above 10%.
Therefore, a recombination catalyst layer is required for safety reasons. However, it is unclear how
much reduction is possible with this approach. A study published by Klose et al. indicates that the
recombination catalyst layer does not completely consume the permeating hydrogen, but still retains
10% of the initial permeated hydrogen [16]. As a maximum hydrogen concentration in oxygen of 2%
is allowed at the stack outlet, the maximum hydrogen concentration before recombination must not
exceed 20%. If this maximum value is assumed, a PEM stack with an N117 membrane and 200 bar is
not operable below 1.76 V. By contrast, the N117 membrane at 26 bar can be operated for a cell voltage
above 1.53 V and at 73 bar for a cell voltage higher than 1.62 V. This situation might change as soon as
the efficiency of recombination catalyst layers is quantified in more detail for high permeation fluxes.
However, the system efficiency is unaffected by the consumption efficiency as crossover is always a
system efficiency loss.



Energies 2020, 13, 612 15 of 21

80% 240
75% 200 _
©
r\ =2
§70% /'\ \ 160 ~
2 _— 2
£65% // \\ 120 2
(¥7] \ -
T60% HH— f—— e 80§
g / N L3
55% - 0 £
-1<- -------_-_-.!-""-.--\ -}
PR I L - \ ]
50% — ~=1 0
0 0.5 1 1.5 2 2.5
Current Density / A/cm?
Efficiency ====- Pressure
2.1 35.0%

2 30.0%
> &
: 1.9 25.0% g
EP 1.8 20'0%.5
Q17 15.o%§°
= o
3 16 10.0% 5

15 5.0% T
\ - e o e - L
1.4 = 0.0%
0 0.5 1 1.5 2
Current density/ A/cm?
Cell Voltage — — —H2in 02

Figure 7. Top: Total efficiency and cathode pressure as a function of current density. Bottom: Polarization
curve and hydrogen concentration in oxygen as a function of current density. The different pressures
are colorized: 200 bar (red), 72.7 bar (orange), 26.5 bar (green), pressure optimization (blue). The curves
refer to the use of an N117 membrane.

For the given reasons, it is not recommended to operate an N117-based system at storage pressure.
Instead, at least one compressor is required for an N117, but the voltage range is restricted to U > 1.62 V.
The decision as to whether one or two compressors are preferable depends on the costs and the
continuous operation condition of the electrolyzer. If it is assumed that the electrolyzer most often
operates at 1.80 V, the one-stage and two-stage cases have a difference of 1%. In this case, it might be
reasonable to save one stage and thus reduce the capital expenditure. However, the system cannot
work below 1.62 V, which is a strong restriction on the partial load operating range. Therefore, a more
conservative solution would be to install two compressor stages and operate at 26 bar. This result is in
accordance with published studies that propose intermediate pressures [19,20].

3.3.2. System Based on N212 Membrane

While N211 would, in fact, be the thinnest membrane discussed in this paper so far, the membrane
is not frequently used in real-world applications. For this reason, a system based on an N212 membrane
is discussed. For the constant pressure mode, the cathode pressure is set to 3.5, 9.6, and 26.5 bar.
The minimum outlet pressure of 1.3 bar is not considered, as the assumption of the negligible impact
of gas drying would no longer be valid. The simulation results are shown in Figure 8.

It is demonstrated that the best pressure for an N117-based system of 26.5 bar is the worst for an
N212-based system at low current density but shows the highest total efficiency at high current density.
This efficiency drops by up to 5% below 1 A cm™2 or 1.66 V. Adding a third compressor stage at 9.6 bar
to the system eliminates this disadvantage. By contrast, a fourth compressor (3.5 bar) would slightly
decrease the total efficiency across the entire range. However, the hydrogen concentration in oxygen
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is the lowest in this case. Through the use of a recombination catalyst layer, this system should be
operable at all cell voltages. In comparison to this, operating at 9.6 bar enables cell voltages above 1.52
and 1.59 V when the cathode pressure is set to 26.5 bar. From this point of view, it is worth considering
operation at 26.5 bar; however, it could be more conservative to operate at 9.6 bar in order to expand
the voltage range if this low partial load range is frequently used. This argument is in accordance with
the N117-based case discussed in the previous subsection.
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Figure 8. Top: Total efficiency and cathode pressure as a function of current density. Bottom: Polarization
curve and hydrogen concentration in oxygen as a function of current density. The different pressures are
colorized: 26.5 bar (green), 9.6 bar (orange), 3.5 bar (red), pressure optimization (blue). The curves refer to
the use of an N212 membrane.

Aside from these considerations, installing a fourth gas compressor eliminates the need for a
recombination catalyst layer at cell voltages above 1.60 V. As compressors are available in this case
to compress the gas in the total range from 3.5 to 200 bar, the pressure-optimized mode is applicable
to the system. Consequently, the maximum overall efficiency is achievable across the entire current
density range, which reduces the operational expenditure with the result that a techno-economic study
is needed to decide how to most economically run a system based on N212.

3.3.3. Economic Consideration

While it is unclear which mode is best for an N212-based PEM electrolysis system, this study
indicates a strong tendency as to which membrane thickness is preferable with respect to system
efficiency and economics. Therefore, an N212-based, pressure-optimized electrolyzer with three
compressor stages and an N117-based, pressure-optimized electrolyzer with two compressor stages are
compared. Figure 9 illustrates a higher hydrogen concentration in oxygen for N212 in terms of current
density but similar concentrations when the value is related to the cell voltage. If a recombination



Energies 2020, 13, 612 17 of 21

catalyst layer is used, the minimum voltages are 1.52 V for N212 and 1.53 V for N117. As the hydrogen
permeation across the membrane is similar, the best membrane choice is given by the best ratio of
hydrogen production and costs. Defining a total system efficiency of 70%, the following cell voltage
and current densities result for the membranes: 1.30 A cm™2 at 1.67 V (N212) and 0.65 A cm ™2 at
1.69 V (N117). The hydrogen production of the N212-based system is twice that of the N117-based
system at a lower cell voltage. Therefore, the cell area must be twice the size of the N117-based
PEM electrolyzer. This means that the costs of manufacturing the stack are at least twice those for
producing it for an N212-based system. The costs for the MEA materials, manufacturing, bipolar
plates, and current collectors are 40-60% of the total system costs, independent of the system’s power
class, while a reduction is not expected in the future [50-54]. For this reason, it is improbable that it is
more cost-efficient to produce systems with thick membranes. However, it should be noted that thin
membranes may show higher degradation rates [55].
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Figure 9. Top: Total efficiency and cathode pressure as a function of current density. Bottom: Polarization
curve and hydrogen concentration in oxygen as a function of current density. The colors symbolize the
pressure-optimized operation of an N212-based system (orange) with three stages and an N117-based
system with two stages (blue).

4. Conclusions

It can be concluded that pressure-optimized operation is a favorable way to run a PEM electrolyzer.
By comparing an N117-based system and an N212-based system, comparable total efficiencies and
hydrogen concentrations in oxygen were discovered. However, the system with the thinner membrane
produces a significantly larger amount of hydrogen that cannot be compensated by saving compressor
stages. This result indicates that the use of thinner membranes in PEM electrolyzers is required. With
regard to membrane development, permeation across the membrane is obviously not restrictive for
the use of thin membranes, and so the mechanical and chemical stability of thin membranes are more
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preferable for improvement. The model shows that the total system efficiency is dominated by the
heat supply and hydrogen crossover loss of up to 1.60-1.63 V in pressure-optimized mode. Above this
value, the polarization curve is responsible for more than 90% of the system’s efficiency. In addition,
between 1.60 and 1.63 V, the highest efficiency of about 74% is achieved, which is independent of
the membrane thickness. By applying pressure optimization, the hydrogen concentration in oxygen
is between 1.7% and 2.4% between 1.6 and 2 V. At 2 V, the system efficiency is about 56% for all
membranes if no minimum pressure due to gas compressor stages is assumed. In this case, it could
also be possible to extend the current density range at constant cell voltage by 14% by decreasing the
cathode pressure. If the gas compressor stages are taken into consideration, it shows that operating at
a storage pressure of 200 bar will result in poor system performance, as the permeation loss would be
too high. By contrast, the use of thin membranes and very low pressures also proves to be a bad choice,
as the required heat would limit the total efficiency.
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Abbreviations

Nomenclature

A ampere

a current density effect on permeation
Cc compression factor

d membrane thickness

E energy

F Faraday constant

G Gibbs free energy

H enthalpy

I current

Ji current density

K Kelvin

n molar flow

P power

PITi2 permeability coefficient
pressure

heat flow

gas constant

electric resistance
entropy

compressor stages
temperature

voltage

volt

pressure—volume work
compressibility factor
number of transferred electrons

NNT<CS "3;37\1%20-‘“
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Greek Symbols

a charge transfer coefficient

A difference

o swelling factor

n efficiency

K average heat capacity ratio

o conductivity

¢ volume fraction

Subscripts

0 standard

1 one step

act activation

an anode

C compression

cat cathode

el electric

F Faraday

i index number

load vapor loading

N Nernst

P production

res resistance

rev reversible

S storage

T total

vap vaporization

X crossover
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