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ABSTRACT OF THE THESIS

Mathematical Modeling of Polymer Electrolyte Membrane Water Electrolysis Cell with a
Component-level Approach

by
Daniela Fernanda Ruiz Diaz
Master of Sciences in Mechanical and Aerospace Engineering
University of California, Irvine, 2021

Professor Yun Wang, Chair

Nowadays, Proton Exchange Membrane Electrolysis Cells (PEMEC) have gained interest
for being one of the most promising technologies for high-purity hydrogen production with zero
emissions when coupled with renewable energy. Therefore, studying the factors affecting
PEMEC performance is one of the most important areas of study for this technology. This work
presents a component-level PEMEC model describing water exchange between electrodes,
proton conductance, electrochemical reaction kinetics, two-phase oxygen-liquid water mixture in
the flow channel, and two-phase transport in the porous transport layer (PTL). At the
channel/PTL interface, an interfacial resistance sub-model is proposed for oxygen removal. The
model investigates the cell performance under high current density considering 1.) homogeneous
properties in each component, 2.) isothermal conditions, and 3.) Tafel equation to approximate
electrochemical reaction kinetics. The model is implemented in MATLAB/Simulink for
predicting the contribution of the different voltage losses to the polarization curve under different
temperature (40°C to 80°C), pressure (1 to 10 bar), current density (0 to 5A/cm?), and liquid
saturation percentages (100% to 45%). The present model is validated against various sets of

experimental data available in the literature. The obtained results show that ohmic and activation
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overpotential contribute to a major voltage loss representing about 27% and 19% when working
at 5A/cm?, 1 atm, and 80°C. Additionally, when working at high current density, oxygen bubbles
are found to occupy an areal portion as large as 55% at the PTL/Ch interface, blocking the
available region for water transport to the catalyst layer and reducing the cell performance.
Furthermore, high-temperature operation helps the overall voltage by decreasing it around 4%
from 40°C to 60°C and about 8% from 60°C to 80°C. Increase in operating pressure raises the
overall voltage of the cell. However, the voltage rise is considered small compared to the effects
of temperature. PEMEC modeling is a powerful tool for predicting hydrogen generation. This is
especially true when considering a two-phase oxygen-liquid water mixture flow and two-phase
transport while working under high current densities, which is considered the most important

contribution of this work.
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Chapter 1. Literature review

According to the 2019 Global Energy Statistical Yearbook, the US was ranked second
place in energy consumption of about 2,258 Mtoe in 2019 following China with 3,284 Mtoe in
2019 [83], and due to growing concerns of fossil fuel depletion and climate change, researchers
have been seeking alternatives for sustainable energy generation. As a result, hydrogen has
drawn a lot of attention as it can be used as a continuous generation source and it is an
environmentally friendly alternative. Nowadays, there are many technologies available for
hydrogen production that seem to be a promising alternative for this problem. Within these
technologies are solid oxide water electrolysis (SOEC), alkaline water electrolysis (AWEC), and
proton exchange membrane water electrolysis (PEMWEC). PEM water electrolysis offers
several advantages like working under high current densities, and pressure, reaching higher
efficiencies around 80-90% [20]. However, due to these operation conditions, several problems
reach attention such as mass transport losses, ohmic, and activation overpotentials that reduce the

performance of the cell.

1.1. Introduction to water electrolysis and electrolysis cells

Hydrogen demand is constantly growing, and it is expected to reach a global demand
higher than 500 Mt/year by 2070, eight times more than 2019 [105]. Most of the global hydrogen
current demand is produced from natural gas by steam reforming. During the process, carbon
dioxide is emitted, making this method a non-sustainable one [106], helping researchers to make
valuable strides for hydrogen production. Water is the most reliable source of hydrogen since it
is sustainable due to its ease of being combined with renewables. The excess energy generated

by a renewable system can be used to generate hydrogen by means of water electrolysis.



In 1800, William Nicholson and Anthony Carlisle reported to used Alessandro Volta’s
invention about the voltaic pile to split water, identifying hydrogen and oxygen as the produced
species and establishing the concept of water electrolysis [69,107]. The physics behind
electrolysis were explained thirty-three years later by Michael Faraday, who was able to establish
a mathematical relationship between the mass of the species involved and the amount of
electricity passing through the cell [8]. The mathematical equations related to water splitting

reaction are explained later in this chapter.

Water splitting has many advantages since it is a mature technology that provides high
purity hydrogen with one of the simplest approaches with zero emissions and high efficiency.
Despite these, several aspects remain under study to optimize the efficiency of the cell and
achieve a lower cost of the produced hydrogen and the cell itself to make this technology

competitive as conventional ones.
1.2.Hydrogen production

Hydrogen is the lightest element in the periodic table and the most abundant chemical
substance in the Universe, being the 10 most abundant element on planet Hearth [77] and has a
high gravimetric energy density of ~120kJ/kg [48], but as mentioned before it needs to be
produce since in nature, it is found as a part of another substance such as alcohol, hydrocarbons,

biomass, and water [62].

Two of the most widely used methods for Hydrogen production are Steam Methane
Reforming (SMR) from fossil energy and water electrolysis. SMR separates the hydrogen from
the carbon atoms in methane, and the process is done in two stages, first, the natural gas is mixed

with steam and reacts in the presence of a catalyst [3,62] producing not only the desirable output



(Hy), but also carbon monoxide. In the second stage (Water-gas shift reaction), Carbon
monoxide and steam react in the presence of a catalyst producing carbon dioxide and more

hydrogen [75], hence this process contributes to the Greenhouse gas emissions.

Water electrolysis, on the other hand, represents a low polluting way to produce high
purity hydrogen, and the energy required for the process can be supplied from renewable sources
[41], thus hydrogen becomes as green as the source. According to the International Energy
Agency, in 2019, the low-carbon hydrogen production was about 0.36 Mt/year and it is expected
to increase to 7.97 Mt/ year by 2030 [30] thanks to the demand of the industry, followed by the

transport sector and power production [31].

1.3. Water electrolysis

Water electrolysis is the process where electricity is applied to split water into hydrogen
and oxygen. The electrolysis cell or electrolyzer is where the process takes place; it consists of
two electrodes (Anode and Cathode) that are separated by a membrane and an electrolyte (ion
conductor). The electrodes are connected through an external circuit. When a current is applied,
electrons flow to the cathode (negative electrode) and are removed from water at the anode
(positive electrode). Hydrogen ions travel from the anode to the cathode, where they get
recombined to produce hydrogen (reduction reaction), and oxygen is formed at the anode

(oxidation reaction). The energetic efficiency of electrolysis goes from around 50-70% [33].

Although electrolysis of water is a process that is well established today, there are still
several issues that require attention to increase hydrogen conversion efficiency and lower the
cost of production. An aspect that is of great interest for research is the two-phase flow

phenomena that occurs in the electrolysis of water. When the separation process takes place, part



of the oxygen produced is in the form of bubbles and another part is dissolved. Oxygen bubbles
are a concern as they can obstruct the space available for the water to react, causing the

efficiency and therefore also the hydrogen production to decrease.

1.3.1. Fuel cells

Similarly, Fuel Cells (FC) is an entrenched technology where hydrogen and oxygen get
recombined through an electrochemical conversion to produce current, heat, and water as the
only reaction product [98]. A FC consists of two electrodes (anode and
cathode) that are electron conductive, an electrolyte that should be proton conductive and
electrical insulator, a separator, and an external circuit [100]. The most common type of FC is
the Proton Exchange Membrane (PEMFC) that can also work as an electrolyzer. When the cell is
operated in fuel cell mode, hydrogen fuel is supplied to the anode and gets oxidized to produce
protons and electrons, protons migrate to the cathode through the electrolyte and electrons

through the external circuit to get recombined with oxygen to form water [101].

Cathode J}u} b) Cathode

e- 2Ze- > e-
Cathode PTL ﬂ e, ’} Cathode PTL %,
Q 1

Jakeq1sAjeleq
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l_l_\

e-

Anode PTL : s Anade PTL s i

1 Anode -

Anode

Figure 1. Basic schematic of a) PEM Fuel Cells (PEMFC) and b) PEM Electrolysis Cells (PEMECsS).
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When working in PEMEC mode, the process is reversed (including the current) [97] as
indicated in Figure 1. Many fundamentals in PEM fuel cells are applicable to PEMECs, such as
two-phase flow, electrochemical kinetics, and even materials. Numerous modeling studies are
available in the literature regarding PEMFCs, and most PEMEC models have been adapted from

these, hence, more modeling work needs to be developed regarding PEMECs.

1.4. Water electrolysis fundamentals

As previously mentioned, electrolysis of water is the process where water is decomposed
using electricity to produce oxygen and high purity hydrogen (~99.999 vol%) that can be
directly used in fuel cells, a combination that is expected to provide better diffusion of electricity
to the grid and storage energy system [20,108]. It is considered the most important hydrogen
production method since no fossil fuels are required for the process, it is considered to be simple,

and no pollutant emissions are present [89].

The research in the area has been focused on finding ways to reduce the energy
consumption required for hydrogen production, one of the main concerns related to hydrogen
production by means of water electrolysis. To achieve a lower electricity need, it is important to
understand the fundamentals of water electrolysis that are related to the electrocatalysts used for
a series of electrochemical reactions that make water splitting possible. In this section, the

fundamentals of water electrolysis will be introduced.

1.4.1. Typical structure of water electrolyzers

As mentioned before, the reaction of interest is the separation of water into hydrogen and
oxygen. This reaction is possible by means of electric energy being converted into chemical

energy. The typical components of an electrolytic cell consist of an external power supply,



electrolyte (water), a membrane, and two electrodes (anode and cathode) [89]. Electrodes are
usually coated with a catalyst layer to accelerate the desired reaction. Since hydrogen and
oxygen are the desired byproducts, the membrane (usually made by a porous material) acts like a
separator to facilitate the accumulation of these two species and prevent them mixing again since
hydrogen and oxygen by nature tend to easily mix, making the membrane one of the most
important parts of the cell. The type of membrane utilized is used to classify the type of water

electrolysis technology.

1.4.2. Types of water electrolyzers

Hydrogen technologies are a key tool to the zero-carbon emissions development that
science is looking. Water electrolyzers are classified according to the type of electrolyte used,
along with other characteristics such as operating conditions and their reachable efficiencies. The
electrolyte (usually a membrane or diaphragm) serves as a separator for the two half-reactions
(oxygen and hydrogen evolution reactions) taking place at each side of the cell (anode and

cathode) [6,8,20].

The main types of electrolysis technologies can be classified as Alkaline water
electrolysis (AWE), Solid Oxide water electrolysis (SOWE), and Polymer Electrolyte Membrane
water electrolysis (PEMWE) [36,64]. AWE most commonly use a potassium hydroxide solution
as electrolyte due to its high conductivity [109], SOWE utilize a ceramic material to transport
ions from oxygen since they work under high-temperature conditions [110], and PEMWE are
characterized by using a solid ion conducting membrane to transport protons from one side of the
cell to the other [36]. Each of the mentioned types of water electrolyzers will be briefly described

in the following sections.



1.4.2.1. Alkaline water electrolysis

AWE is one of the most established technologies, it was discovered in 1789 by
Troostwijk and Diemann [12]. One of its main characteristics is having a liquid alkaline
electrolyte, usually 20-30% KOH, but NaCl, NaOH, and H,S0, are also used. The electrolyte
allows ions to be transported between the anode and the cathode. Since the electrolyte is a liquid,

there is a need of a diaphragm to separate the produced species between the electrodes [2].

This type of electrolyzer operates below 80°C and 30 Bar and has an efficiency between

25-30%. Figure 2 presents a basic diagram of an AWE. The electrochemical reactions that take

place in this type of technology are 20H™ — %02 + H,0 + 2e~ at the anode, and 2H,0 +

2e” — H, + 20H™ at the cathode, to give an overall reaction of H,0 - H, + %02.

_
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Figure 2. Basic Alkaline Water Electrolyzer (AWE) [69].

The main concerns related to AWE are linked to the operation conditions, for example

this type of electrolysis cell can only operate at low current densities, this means it can only



operate at low loads and low pressure. The need of a diaphragm is also a disadvantage since

there is a gas crossover through it [8,14,17].

1.4.2.2. Solid oxide water electrolysis

Solid Oxide Electrolysis (SOWE) is characterized for working under high temperatures
and can be used for direct conversion of water steam or carbon dioxide into hydrogen and carbon

monoxide [28].

Anode Cathode

Hydrogen

H
Oxygen (Hy)

(Oy)

i[5

Figure 3. Basic Solid Oxide Water Electrolyzer (SOWE) [9].

When working with steam, the temperature range for this cell is between 500-850 °C [37],
this has the advantage of using waste heat for the process instead of electricity, increasing the
efficiency (60%-70%) compared with the other types of electrolyzers [79] The most common
material used for the electrolyte is YSZ (yttria-stabilized zirconia) due to its high ionic
conductivity and thermal stability when working under the normal conditions for this type of

technology. The electrochemical reactions involved in this process when working with water are



20% - 0, + 4e™ atthe anode and H,0 + 2e~ — H, + 0% at the cathode, to give H,0 —

H, + %02 as the overall reaction as shown in Figure 3.

1.4.2.3. Proton exchange membrane water electrolysis

This type of electrolysis cell is characterized by using an ionic conductor membrane.
Water is introduced at the anode (H,0 + Energy — H, + 120,) and is transported through the
Porous Transport layer (PTL) to the Catalyst Layer (CL) where the reaction occurs when a
voltage is applied. Water is oxidized to protons, electrons, and oxygen (H,0 — 120, + 2H* +

2e7).

PEM electrolysis

20 -100°C
Cathode - | + Anode
Hz 8 ]
Cathode —1.
Pt
Membrane
H,0 2 2H'+%: 0, +2e Anode
2H +2e- > H, Cathode
HO > H,+%0, Totalreaction

Figure 4. Basic Proton Exchange Membrane Electrolysis Cell (PEMEC) [9,12].

Protons travel through the membrane and electrons travel through the external circuit to
be recombined at the cathode (2H* + 2e~ — H,) to produce hydrogen [8]. Figure 4 shows a

simplified schematic of the PEMWE.



1.4.3. PEM electrolysis cell components

An electrolyzer is typically composed of an external power supply, an electrolyte, a
membrane, and two electrodes. For the PEM type technology, the components are a Membrane,
two Catalyst Layers (CLs), one for each electrode; these two components together are sometimes
referred as to Membrane Electrode Assembly (MEA). There are also two Porous Transport
Layers (PTL), one for each electrode. Figure 5 illustrates the schematic of a PEMWE including

main components and reactions.

| Cathode Channel |

H, H,

s Cathode PTL

Prassu—ra ”Di‘ffarnncn
Jake] ishjesen

Anode Channel

Figure 5. Schematic of a Proton Exchange Membrane Electrolysis Cell (PEMEC).

This type of technology has the advantages of working under high current density
(>2A/cm?), low temperature (80-90°C), and relatively low pressure (<30 Pa), aspects that reduce
the operational cost [37]. It can achieve high efficiency (80-90%) [20], a fast response, zero
carbon emissions when coupled with renewables, compact design, and a pure hydrogen and
oxygen production [18, 25,37,46].

10



One of the main concerns related to PEMEC is the account of oxygen byproduct in the
form of dissolved bubbles present after the OER [74]. since these bubbles can create a blockage
in the electrode, adding a mass transport resistance, impeding water to react with the

electrocatalyst, and lowering the efficiency of the cell [63].
1.4.3.1. Membrane

The membrane is the most important component of the PEMWE since it provides proton
conductivity, keeps the byproducts separated to prevent them getting recombined, allows the
cells to work under high pressure, and helps to make the design compact [12]. It is characterized
for being a solid polymer, the most common material used is Nafion® since it is found to be
mechanical and chemical stable, presents a high proton conductivity when proper conditions are
met (hydration state), when working for water electrolysis, the membrane is assumed to be fully
hydrated most of the times unless the range of temperature of operation is close to the boiling
point, hence its proton commutativity depends on the water content (1) and the temperature [21].
The thickness of the membrane variates around 0.8 -3 mm [29]. Nafion® also allows the cell to

operate at high current density (above 3A/cm?), making it possible to achieve high efficiency.

1.4.3.2. Catalyst layer

Catalyst layers are a critical component since here is where the electrochemical reaction
of interest occurs [7], hence the CL is responsible of water transportation from the PTL to the
CL, electrons transportation from the CL to the PTL, protons transportation from CL the
membrane, and oxygen transport from the CL to the PTL [40]. Usually, noble metals like Ir, Pt,
Pd and Ru are used as catalyst, but catalysts based on Ru and Ir are the best choices for the

anode, due to degradation upon OER [81].

11



1.4.3.3. Porous transport layer

As its name indicates, PTLs are made from a porous material and are placed at each side
of the cell between the membrane and the electrode channels. These layers are responsible for
conducting electricity to the CLs and the electrodes, as well as transporting water, hydrogen, and
oxygen in and out of the CL area [38]. To perform the above, the PTLs must be chemical stable,
need to be able to permit the pass of gas species (byproducts), rigid, the surface of the material is
desired to be smooth to avoid electrical resistance between the components of the cell (not being
in direct contact), and high electrical conductivity [8]. They are made from highly stable metals,
usually titanium-based materials coated with Platinum (anode side) are used due to their
resistance in presence of hydrogen, electrical, thermal, and mechanical properties. Carbon-based

materials are also commonly used (cathode side) [42].

1.4.4. PEM water electrolysis thermodynamics

The anode (positive) and cathode (negative) are connected by an external power source to
form a circuit, when enough potential difference is applied across the water, the positive ions
move through the anode and the positive ions move to the cathode, resulting in the formation of
oxygen and hydrogen gas at the anode and the cathode respectively [45, 63]. The half-reaction at
the anode is called Oxygen Evolution Reaction (OER) and the half-reaction at the cathode is

called (HER) and are represented by Eq. (1) and Eq. (2).

Anode (OER): 0, (5y + 4H* (4q) + 4~ - 2H,0( 1)

Cathode (HER): 2H* (4q) + 2e™ + 4e~ - 2H,0( ()
. 1

Overall: ZHZO(Z) - H, @) + 502 @ (3)

12



Since water splitting is a process that requires energy in form of electricity and heat, the
theoretical amount of energy required is obtained by the enthalpy of reaction (AH,.) [54, 64], that

is defined as the energy absorbed or released during a chemical reaction and can be calculated by

Eq. (4):

AH, = AG, + TAS, (4)
Where AG, is the change in the Gibbs free energy and represents the energy that needs to
be applied as work and AS,. is the change in entropy, that is associated with the thermal energy
that is unavailable for doing useful work. When multiplied by the temperature of operation T,

represents the thermal energy needed for the reaction to happen.
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Figure 6. a) Temperature and b) Pressure effects on the voltage of an electrolyzer [24].

For water-splitting reaction, considering both forms of energy and standard conditions (1

atm and 25°C), the potential need would be given by given as [6]:

AG 5
Erep = n—FT =1.229V ©)

13
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Where n is the number of electrons transfer during the reaction, and F is the Faraday’s
constant (96,485 C/mol). This E,.,, value represents the minimum voltage required for the
reaction to take place at the given conditions. If no thermal portion is being provided, the

minimum voltage needed would be given by only considering the enthalpy of reaction as [47]:

AH, (6)
Epp =—— = 1481V

If conditions different than standard are considered, then the energy need is calculated by

means of the Nernst equation [8]:

RT P 7
E=E e ——7In 27 ()
nF PHZP(')S2

Where R is the universal gas constant (8.31447 J/mol K) and P the partial pressure of each of the

species involved. Figure 6 shows the effects of temperature and pressure on the voltage need.

1.4.5. Efficiency losses

During operation, current flows across the cell with electrons traveling on the outside and
ions traveling on the inside, leading into the above-mentioned Oxygen and Hydrogen Evolution
Reactions. Due to different factors like operating conditions, design, and materials,
overpotentials occur, increasing the voltage needed to perform the desired reaction. They can be
classified as activation (related to the electrochemical reactions at each electrode), ohmic (related
to electrons and ions transportation), and mass transport overpotential (related to oxygen
removal). These barriers consume part of the energy required for the reaction to happen and that
is why they are called overpotentials and the total voltage required from the cell is calculated as

the sum of the reversible voltage and the overpotentials mentioned above. Figure 7 shows an
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example of a polarization curve for a PEMWE and indicates the predominant region for each

overpotential.

Mass transport
— Overpotential

Ohmic \
Owverpotential
Activation \

Overpotentials

-/

Voltage [V]

Reversible
Overpotential
1 1 1 J

Current density [A/cm?]

Figure 7. Polarization curve example corresponding to a PEMWE.

The polarization curve evaluation is a widely used method to characterize different types of
electrochemical cells, including electrolyzers. It consists of a Voltage (V) vs current density
(A/cm?) plot in most of the cases, but it is usually found in terms of power density (W/cm?) vs

current (A) [43].
1.4.5.1. Kinetics

For the desired chemical reaction to proceed, there is an activation energy barrier that
needs to be exceeded and is called activation energy. For PEMEC, the anode activation
overpotential tends to be of higher importance than the cathode due to slow kinetics at the anode.
Research focuses on reducing the activation energy at the anode, studying the design, materials,

and configuration of it. Eq. (8) represents the Butler-Volmer relationship that relates the
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overvoltage over the interface of the metal and the electrolyte [63]. It expresses the exponential
increase of the current density during an electrochemical reaction, showing that the current
generated during the reaction will exponentially increase with exchange current density and the

activation overpotential.

(1-a)
P = i |G ) ®)

Where i represents the current density in A/cm?, which can be defined as the current
flowing through a cross-sectional area, i, is the exchange current density that represents the
current at the electrode when it is under equilibrium, 1 is the overvoltage across the interface, n
is the number of electrons transferred during the reaction, a represents the charge transfer

coefficient of each electrode, and T the overall temperature of the cell.
1.4.6. Efficiency

The efficiency of the cell is closely related to the cost of the hydrogen produced, the
higher the efficiency achieved, the lower the operating cost [68] and can be defined in multiple
ways. Since water splitting reaction requires energy, and this requirement is dependent on the
operating conditions of the cell, the energy needed for water to get separated into oxygen and
hydrogen is usually calculated considering the first and second law of thermodynamics [36].
Several aspects like gas permeation, operating temperature and pressure, thicknesses of the
membrane and electrodes, current density, losses, among other particularities need to be
considered when the cell is analyzed as a part of a system. The following sections describe the

efficiency in terms of Faradic and voltage efficiencies.
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1.4.6.1. Faradic efficiency

The Faradic efficiency stayed in Eq. (9) is used when gas diffusion and leakage are
considered, as well as corrosion and oxidation, hence it is dominated by gas crossover [37,64]
affecting the hydrogen production compared with ideal conditions when no mass transfer is

assumed.

_ mnk (©)
~ IMy,

Nr

Where m represents the mass flow rate and My, is the hydrogen mass. It describes the

ratio between the actual amount of hydrogen generated and the theoretical hydrogen that could

be produced based on the electrical input [88].
1.4.6.2. Voltage efficiency

This efficiency relates the thermoneutral potential to the actual voltage of the electrolysis
cell as indicated in Eq. (10). It considers mass transport losses, as well as ohmic and activation
losses accounted in the actual voltage of the PEMEC (V,.;;) [5], losses that will be covered later
during chapter 2. Changes in pressure and temperature also impact the voltage efficiency, since

these conditions will affect the thermodynamical voltage required [72].

Erev (10)

1.4.6.3.0verall efficiency

The overall efficiency of the electrolyzer is calculated using Eq. (11) that considers both,
Faraday and voltage efficiencies [72] since aspects like the imperfect contact between the
components where the reactions take place, oxygen bubbles blocking the CL, and side reactions

that do not produce hydrogen but consume energy need to be considered.
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Ncett = NFNE (11)

1.5. Previous work and contribution of the present work.

Several studies have focused on the experimental investigation of PEMEC, nevertheless,
modeling represents a very powerful tool to understand the behavior of this type of system to
achieve cost-effective solutions to increase the performance of PEMEC. Previous modeling
works have tried to adapt the well-studied PEMFC models to PEM water electrolysis
[10,91,92,93,94], however, most of the studies recurred to simplified modeling and
considerations (0-D approximations considering low current densities, low operating temperature
and pressure, no detailed mass transport, no heat transfer, etc) to obtain fairly accurate results.
Busquet et al., (2004) [10] proposed a very classical and simplified semi empirical model that
didn’t consider the effect of diffusion or thermal degradation. The model proved to satisfactory
reproduce experimental data when working under low current density, but it was not useful to
prove the effects of high pressure due to its nature. Kim et al., (2013) [35] introduced a 1-D
dynamic model working under high-pressure conditions integrating gas permeation, volume
variation, compressibility, water transport, and vaporization. The results revealed that the
dynamics at the anode and the cathode are fast and slow respectively due to the fluid velocity,
that operating under low current density and flow rate, and high pressure cause an increase in the
hydrogen concentration.

Later works started to address higher complexity models, like Marangio et al. (2009)
[44] who contributed with a semi-empirical model considering high-pressure operation and its
effect on the voltage losses and resistances between the cell components, to do this, the authors
incorporated a thermodynamic analysis. Their work was extended to the construction of a

prototype that was tested under different pressure (1-7 MPa) and temperature (40°C, 48°C, and
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55°C) conditions. Particular attention was paid to the dependence of the cathodic exchange
current density and the diffusion coefficient of hydrogen protons in the membrane. Schalenbach
et al., (2013) [72] also considered the influence of high operating pressure (up to 30 bar) and its
correlation with the Faraday efficiency (gas crossover) by studying the dependency of the
membrane thickness, conductivity, permeability, current density, and the pressure of the
electrode. The authors were able to come with a computational model used to optimize the
membrane conditions based on the operating pressure.

Merrill, (2007) [45] suggested a mathematical model incorporating physical and
empirical approaches from previous works, mostly considering the cell electrochemical reaction
dynamics. The performance of the cell was evaluated under a range of temperatures (50°C-80°C)
at low current densities (up to 2A/cm?). Their main contribution was to define an efficiency
relationship in terms of temperature. Results showed that at low current densities, the first
principle of efficiency reached values higher than 100%, and at higher energy density values, the
efficiency started to decrease due to heat dissipation.

Several papers evaluate the PEMEC performance under current densities up to 2 or
3A/cm? [1,2,10,11,12,13,27,39,44,85] to simplify the modeling process avoiding some forms of
mass transport losses. As stayed by Faraday’s law, the increase in current density also increases
gas production [4], leading into formation of oxygen nano-bubbles. This nano-bubbles can
impede water to react at the CL, reducing the performance of the cell [32]. Fritz et al. (2014)
[22] presented one of the first models capable of analyzing the effects of mass transport at high
current densities (2-6 A/cm?). Ojong et al. (2017) [59] proposed a new design without flow
channels in the bipolar plates (BP). They developed a semi-empirical model that quantified the

effect of the bubble coverage at the cathode. Their analysis contemplated the operation at high
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current densities up to 5 A/cm? and neglected the effects of the contact resistance between the
cell components. It was determined that the PTL properties (like pore size and thickness) are
critical parameters to reduce the mass transport limitations when working under this non-
conventional design.

A contribution considering high current density was made by Saebea et al. (2017) [70]
who determined working under high pressure and high current density (15000 A/cm?) increases
the gas crossover. The authors analyzed the effect of the membrane thickness to reduce the gas
leakage, concluding that the use of a thicker membrane reduces the cell performance. Oliveira et
al. (2013) [56] contributed with a multi-scale transient model considering the kinetics and a non-
equilibrium behavior of the nanoscale catalyst—electrolyte interface. This work analyzed the
performance of the cell at different operating conditions and catalyst loadings. The mathematical
model consisted of a 1-D mass transport approach that was validated against experimental data
taken at different temperatures (17°C-107°C).

Chen et al. (2020) [13] used a 2-D multi-physics model to account for two-phase flow,
electron/proton transfer, mass transport, and water electrolysis kinetics on the PTL and the
Channel -Land structure. The model coupled charge conservation equations for protons and
electrons with electro-kinetics and mass and momentum conservation for liquid and gas phases.
This model was used to study the impact of the PTL thickness (100um, 200um, and 500um) and
local current density on liquid water saturation. Their study concluded that derived from the
OER at the anode, water saturation decreases from the flow channel to the CL and from the
channel to the land (considering the plane direction). At conditions where the thickness of the
PTL is 100pum and current density higher than 4A/cm?, the water saturation showed to be low,

increasing the overvoltage about 0.2 V at 5A/cm?.
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Though many modeling studies have been attempted, few works considered a two-phase
mixture in the PTL and channel and the interfacial resistance at the PTL surface, along with
validation against various experimental data. The aim of the present work is to study the
contribution of the different voltage losses to the polarization curve under different current
density, pressure, temperature, and liquid saturation percentages. The study proposes a cell level
PEMEC model that has been tested against available literature data. Basic electrochemical and
mass transport phenomena related to water electrolysis have been simulated using
MATLAB/Simulink considering some specific properties of the electrodes and the membrane

along with operating conditions.

Chapter 2-Mathematical modeling

This chapter presents a model for PEMEC voltage losses taking place during water
splitting reactions considering the following assumptions: 1.) isothermal conditions, 2.) cathode
transport loss is neglected, 3.) electrochemical reaction Kinetics are approximated by the Tafel
equation, and 4.) homogeneous properties in each component. The model is divided into four
main sections: PEMEC Voltage, Anode Side, PEM, and Cathode Side, and the components
modeled are shown in Figure 8 along with the formulas used on each section. Each of the
MATLAB/Simulink modules of the diagram interact with each other and are designed to be run

separately.

The model first describes the overall voltage of the PEMEC at the PEMEC voltage
section, considering the minimum necessary voltage for the reaction of interest to take place
along with the main voltage losses related to the process. The subsequent section Anode side

indicates how to calculate the water flows and fluxes at this side of the cell, considering vapor
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and liquid fractions. This section also includes the interfacial sub-model at the PTL/Channel

interface that takes into account the influence of the mass transport overpotential (liquid water

saturation) at the PTL. The following section named PEM, covers the water transport at the

membrane, considering diffusion, electro-osmotic drag (EOD), and water movement due to

pressure differences between the anode and the cathode. Finally, the last section called cathode

calculates the mass balance at this side of the PEMEC considering the relevant species present.

Eq.(20)
Eq.(21)
Eq.(22)
Eq.(23)
Eq.(24)
Eq.(25)
Eq.(26)
Eq.(27)

Eq.(37)

Results from Eq. (25)

Eq.(28)
Eq.(29)
Eq.(30)
Eq.(31)
Eq.(32)
Eq.(33)
Eq.(34)
Eq.(35)
Eq.(36)

to be used on Eq. (13)

Results from Eq. (37)
to be used on Eq. (16)

Results from Eq. 27 i

Anode

to be used in Eq. (1Z) 7

Eq.(38)
Eq.(39)
Eq. (40)
Eq. (41)
Eq.(42)

Eq.(13)
Eq. (14)
Eq.(16)

Eq.(43)
Eq.(44)
Eq.(45)

Result from Eq. (45)

Eq.(17)
Eg.(18)
Eg.(19)

to be used in Eq.(13)

Cathode

PEM

PEMEC Voltage

Results from Eq. (13 — 19) _:I
tobeusedin Eq. (12) | Eq.(12)

Overall Voltage

Figure 8. Diagram indicating the equations used at each block of the MATLAB/Simulink model.

2.1. PEMEC voltage

The operating voltage (E) of an electrolyzer is calculated as the sum of the Nernst voltage

and three overpotentials, ohmic, activation, and transport (V,pm, Vacr, @and Ve,,,) [1,39,44, 85]:
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E =Voe +Vace + Vorm + Veon (12)

Where V. represents the open circuit (OC) voltage, assuming it is the same as the

reversible voltage of the cell, and is defined as the necessary external energy demand [1,45]:

RT  (Py,Po," (13)
V(,C=Eo+—1n<&>

2F ap,o

The water activity ay,, is equal to one since liquid water is fed the cell. E, represents the
maximum amount of electrical work needed without losses when working under standard
conditions [8,39]:

E, = % (14)

The activation overpotential V., accounts for the loss (electrons transference) related to
the kinetics of the OER and HER reactions taking place at the surface of each electrode. It can be
evaluated using the following formula based on the Butler-Volmer equation [1,23,39,44,85]:

L, _RT (N RT (15)
et = Fa. " \2ip.) TFag " \2iga

Where a, and a, represent the charge coefficient of each electrode (cathode and anode
respectively). Eq. (15) was modified to take the liquid water saturation s at the anode CL/PTL

interface as:

RT [ i RT [ i (16)
Vact =ﬁsmh 1 + sinh

c 2ip ¢ Fa, 209 4So
The details related to water saturation are described in the section of “Anode side”. The

Ohmic overpotential occurs due to the ohmic resistance in the membrane and between the cell
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components (i.e. contact resistance). Assuming the contact resistance is negligible, it can be

calculated using Ohm’s Law [1] as:

Gmem

Vohm -

Where 6,,,.m represents the membrane thickness. Since the material used at the
membrane is Nafion®, its conductivity o,,.., IS treated as a function of the water content and

temperature [67]:

11 (18)
Omem = (0.0051391 — 0.00326)e<1268(303 T))

The concentration overpotential, is driven by a change in the concentration of the
reactants at each electrode (like that in fuel cells) [82]. It can be estimated by the concentration

of gaseous species in the electrodes or at the membrane surface (Cg*™ and C;,°™) and a

reference position (C9, mem and Cg, mem) following [1,39,44]:

o= L )T (G o
con —
4F ng,mem 2F CIE)Iz,mem

2.2. Anode side

As mentioned before, water is pumped to the anode and when a voltage is applied, an OER
takes place. Oxygen is produced on the anode side while protons and electrons travel through the
membrane and the external circuit to the other side of the cell [37]. Therefore, the water mass

balance in the anode side can be developed by [1,39]:

NH20 = NHZO,in - NHZO,cons - NHZO,vapor - NHZO,eod (20)
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As shown in Eqg. (20), liquid water (NHZO,m) IS inputted to the anode side: part of which is
consumed (NHzolcons)during the process and part dragged through the membrane (NHZO,eod) by

electro-osmotic drag (EOD). Part is also vaporized into gas phase (NHZO,,,apOT).

Using Faraday’s Law, the amount of water consumed can be calculated using Eq. (21)
[1,39]:
Nity0,cons = 5= Where [ =~ (21)
Once the reaction takes place, the oxygen generated can be calculated by [1,39,44,85]:

. i 22
Noz,gen = E (22)

The Oxygen flux rate at the anode is equivalent to the oxygen generated rate per unit area
[1,34,85]:

NOZ = Noz,gen (23)

Following [16,39], water vapor saturation pressure is assumed to be temperature

dependent and is calculated using Antoine’s equation:

1730.63 (24)

_ 18.07131 550
Py,0,sat = 10 233.426+T

Hence, the partial pressure of oxygen P,, can be obtained as the difference between the
total pressures of the anode minus the saturated pressure of water vapor (Py, ¢, sq¢) using Dalton’s

law [1,85]:

POZ =lfa — PHZO,sat (25)
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The volumetric flow rate of liquid water (\'7’H20,l) at the anode outlet can be calculated

considering the total flow rate of water at the outlet, molar mass, and density of water:

Muz0 (26)

szO

VHZO,IZ (NHZO, in — NHZO, cons — NHZO, vapor — NHZO, eod)

Where NHZO,vapor can be calculated considering the oxygen flow, pressure, and the

water-vapor pressure at the anode:

_ NOZPHZO,sat (27)

NHZ O,vapor — J2
03

Using the ideal gas law, the volumetric flow rate of oxygen (V,,) and water vapor

(Vi,0, vapor) Can be calculated as:

No,RT (28)
. No,RT (29)
VH20, vapor— m
2Y,

The volumetric fraction of liquid water (¢4,,) at the outlet can be then calculated by

using the volumetric flow rate of the gaseous species involved as:

Vi,0.1 (30)
PH,0,1 = ¢

VH20,l + VHZO, vapor + VOZ

Finally, assuming liquid water and gas are homogeneously mixed in the channel [97], the

gas volume fraction at the outlet can be obtained by:

Vo, * Pu,0,vapor =1 — Quz0, (31)

Liquid water saturation is defined as the volume fraction of liquid relative to the pore

volume or void space [90], which is similar to that in PEM fuel cells [99,102].
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For a 1-D problem, the below solution is reached considering the PT/CL interface at x=0

and PTL/ channel interface as x=200um [103]:

I ko (32)
ﬁ MHZO = 7 KVp,

Where p, is the capillary pressure, K represents the permeability in m?, v the kinematic
viscosity of water, and liquid saturation, K represents the permeability in m?, v the kinematic
viscosity of water, and k,.; is the relative permeability of the liquid phase. The approach
considers a steady state flow in the through-plane direction, assuming the capillary action as the

main driving force for liquid flow yields. Substituting the Leveret function into Eg. (32) leads to:

1 3 1

S e\1/2
ﬁMHZO = —71{0' cos 6, (E) V](s)

(33)

Where s is the liquid saturation, o stands for the surface tension, 6, is the contact angle of
the PTL, ¢ the electrode porosity, and J(s) is the Leverette function. Considering a hydrophilic

GDL, the J function takes the form [13]:
J(s) = 1.417(1 —s) — 2.120(1 — s)?2 + 1.263(1 — 5)3 (34)
Then the solution to Eq. (34) will give:

1
s*(—0.2415 + 0.6676s — 0.61355%) = — My, (35)

°F x+C;

v
acos(@c)\/%
Where C; is a constant of integration determined by the boundary conditions.

2.3. Interfacial sub-model at the PTL/Channel interface

Mass transport related overpotentials have been gaining attention due to the lack of

understanding of the phenomena since the processes related are of a high complexity. The
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following sub-model intents to help to understand the influence of the mass transport
overpotential at the PTL. In this case, the study of interest is the liquid water saturation at the
anode PTL surface s, or the oxygen area fraction covering the PTL surface (1-s,) as shown in in

Figure 9.

Considering convective mass transfer the transport of material between a moving fluid
and a boundary surface [52,104] (bulk movement of a fluid), it is assumed that the oxygen
bubble removal at the PTL surface follows the species convective transport at a solid/fluid

interface:

SOZ = Rmass (COZ - Coz,bulk flow) (36)

Anode

1 -5, 1 — Spwik

MEM (CL| PTL  Channel

x=0 x = 200um

Figure 9. Schematic diagram of the anode side indicating the liquid saturation position in the PTL.

Where h,,,,¢s represents the mass-transfer coefficient that is related to the geometry of the

system analyzed, the properties of the fluid, and the characteristics of the flowing fluid [70]. In
Eq. (36), So, is equal to ﬁ. Because the oxygen volume fraction is equal to 1 — s, the below

equation can be established at the PTL/Channel interface, relating the surface liquid fraction to

the current density i:
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So = lC + CO (37)

Where C and C, are i-independent parameters, determined by the oxygen bubble
adhesion on PTL surface and drag by the water flow. Note that the two forces are related to the
surface wettability, pore size, and channel water velocity. In this study, we consider C,=1, i.e. the

liquid fully occupies the PTL surface when there is no oxygen production.

2.4. PEM

As previously mentioned, water can be transported between the anode and the cathode
sides due to the following phenomena: diffusion, electro-osmotic drag (EOD), and pressure
difference between electrodes, hence the water flow through the membrane can be calculated as

[1,8, 39, 44]:

NHZO,mem = NHZO,Diff + NHZO,eod - NHZO,Pe (38)

Water diffusion occurs due to a concentration with the diffusive rate given by [1,8,11,39,

44]:

AD

. w
— c a
NHZO,Diff - 5 (CHZO,mem - CHZO,mem)
mem

(39)

The water flux due to EOD is related to the movement of protons in the ionomer phase

[44], which can be calculated using the following equation [1, 4,15,16]:

NHZO, eod = T

Where n, represents the electro-osmotic drag coefficient. This coefficient depends on the

water content as [13]:
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1.0 for A < 14 (41)
Ng = 1.5 .
5 (A—14) 4+ 1.0 otherwise
Some of the liquid water from the cathode permeates across the membrane to the other
side of the cell when there is a total pressure gradient. This water transport NHZO,PQ IS estimated

by [1,2,7,18,56]:

(KDarcysz OAP) (42)

MHZO.UH205mem

NHZO,Pe -

In this work, symmetric pressure between both electrodes is assumed, hence NHZO,PQ 5

considered to be zero.
2.5. Cathode side

Protons and electrons arrive at the cathode after traveling through the PEM (proton
conductive) and the external circuit respectively, to be recombined to produce hydrogen [37].
Thus, the mass balance in the cathode needs to consider the generated hydrogen and the amount

of hydrogen going in and going out of the cell [1,39,44,85]:
ndNHz = NHz,in - NHZO,out + NHz,gen (43)

Generated hydrogen can be obtained using a similar approach as for the oxygen at the

anode side and is calculated as follows [1,37,44,85]:

. l 44
NHz,gen = ﬁ (44)

Finally, the partial pressure of hydrogen at the cathode can be calculated as [44, 85]:
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PHZ =P - PHZO,sat (45)

Figure 10 shows the Simulink model of the PEM water electrolysis cell. Which considers

the anode, cathode, and PEM for the PEMEC voltage prediction.

Current Density

i \—~ Temperature
—_,—> Current density Water Flow|—

T H P O2— @1
Pa Anode Pressure
Temperature
S0 (F?—C\)—l—’ Cathode Pressure
Water Flow
PEM
’/ Anode

P02
"+ Current Density
P H2 PH2  Overall Voltage Overall Voltage
-~ Temperature
Interfacial Submodel
Cathode PEMEC Voltage

Figure 10. Simulink Model of a PEMEC system.

Chapter 3- Results and discussion

This study is focused on the influence of different current densities, pressure,
temperature, and liquid saturation percentages to the voltage losses of the cell and its
contribution to each section of the polarization curve to evaluate the importance of each the
parameters considered for the simulation. The software selected for the simulation was
MATLAB/Simulink. First, the simulation was carried at normal current density operation (0 to

2A/cm? and fixed temperature and pressure of 80°C and 1 bar respectively to validate it against
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the extensive data available in the literature. Three different values of s, where used for to
evaluate its influence in the voltage of the cell. After comparing the obtained results with the
literature, the best fit selected was s, = 0.45. After confirming the validity of the model, it was
tested under high-current density (0 to 5A/cm?) and same conditions of temperature and pressure
as the previous case. The influence of high current density under fixed pressure and temperature
to each region of the polarization curve was analyzed. Finally, the model was used to evaluate
the impact on the cell voltage when working under high current densities, and different

temperature and pressure.

3.1. Water saturation at the PTL surface

Figure 11a and 11b show the polarization curves recorded when working between 0 to 2
Alcm? and 0 to 5 A/cm? respectively. Both cases were run under 80°C and 1 bar and considering
three different values of water saturation at the PTL surface. Tablel lists different values of s, at

its corresponding current density for s, = 0.45, s, = 0.40, and s, = 0.35 respectively.
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Figure 11. Polarization curve considering three different s, values when working at a) 0-2A/cm? and b) 0-
5A/cm?
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The influence of the saturation value is attributed to the formation of bubbles that is hard
to describe under this model. For all the three cases, a fully liquid water saturation state
wasassumed until reaching the above values defined for s,.

As shown in Figure 11a and 11b, the simulated data using a value of s, = 0.35 resulted
on voltages accounting for ~1.9 V and ~2.5 at 2A/cm? and 5A/cm? respectively. For the value
of s, = 0.40 voltages turned ~1.89V and ~2.49V at 2A/cm? and 5A/cm? respectively. Finally,
when working with an s, = .45, the voltage reached was ~1.894V and ~2.48V at 2A/cm?and

5A/cm?.

Table 1. Numerical values for water saturation a) s, = 0.45, b) s, = 0.40 and c) s, = 0.35at the

PTL surface.
a) sp =1C + Cy, where b) so=1iC + Cy, where c) so =1iC + C,y, where
C = 1.595x10 %and C,=1 C = 1.3x107%and C,=1 C = 1.2x10"%and C,=1
Current density Water saturation at Current density Water saturation at Current density Water saturation at the
(Alcm?) the PTL Surface (s,) (Alcm?) the PTL Surface (Alcm?) PTL Surface (s,)
(o)

0 1 0 1 0 1

1 0.89 1 0.88 1 0.87

2 0.78 2 0.75 2 0.74

3 0.67 3 0.64 3 0.61

4 0.56 4 0.52 4 0.48

5 0.45 5 0.40 5 0.35

According to Eq. (16), the effect of water saturation is accounted in the activation
overpotential at the anode side, hence the rest of the voltage losses remain the same as inferred
from Figure 12 where the contribution of each voltage loss is presented. It can be observed that
the difference between the three runs when analyzing the anode activation overpotential is about

1%.
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Figure 12. Contribution to the different voltage losses considering a) s, = .35, b) s, = .40, and ¢)
SO = 4‘5

After analyzing the results, a saturation of 0.45 was selected to be included on the model.
This seems to be reasonable when compared with the data provided by [13] that proved to have a
water saturation between 0.4 and 0.45 when working at high current density and a PTL thickness
between 200um and 500um due to the formation of oxygen bubbles blocking the space of the

CL where the reactions of interest take place.
3.2. Normal current density

Once the s, value to be used in the model is defined assuming fully liquid water
saturation state (s, = 1), until reaching a value of 0.45 at 5A/cm?, the obtained information was

validated using the experimental data obtained by [13], [71], and [95] under a range of current
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density from 0 to 2A/cm? at 80°C as shown in Figure 13. The results were modeled considering a

PTL and membrane thicknesses of 200um [59,80].
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Figure 13. Polarization curve (0-2A/cm?) comparison @80°C and 1 bar

Pressure was set to 1 bar and a porosity of 0.3 was considered [1,44] since are common
experimental conditions found in the literature. Results show a good agreement with the
information provided by Chen et al. (2020), Han et al. (2017), and Seo et al. (2020) [13,39,95].
Figure 13 shows a logarithmic trend due to the contribution of the different losses explained by
Eq. (12) to Eqg. (19), primally due to the influence of the ohmic and activation overpotentials
accounting for ~0.25 V and ~0.44 V respectively at 2A/cm?. Ohmic and activation losses are
dependent on the current density, the higher the greater the losses due to an ohmic resistance
between the cell components, same case with the activation losses due to the formation of gas
bubbles. However, this last overpotential is also influenced by the operating temperature, the
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higher the temperature the lower the losses. The effect of temperature is discussed later in section
3.3. Since Figure 13 presents the results when the PEMEC is working between 0 and 2A/cm?, the
voltages reached are smaller than the ones presented in the following sections when the model is

being evaluated under high current density and the influence of its effect is greater.

3.3. High current density operation
As mentioned before, the operation under higher current densities (>3A/cm?) is desirable
as it leads to a higher rate of hydrogen produced per area or catalyst loading. Figure 14 presents

the validation of the present model working from 0 to 5A/cm?,
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Figure 14. Polarization curve (0-5A/cm?) comparison @80°C and 1 bar.
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It is simple to determine that the higher the current density the higher the overall voltage
of the cell. For higher current density, there is a greater need for overpotential at the reaction
interface to drive the reaction rate. It is seen that the cell voltage increase accelerates slightly
after 3-4A/cm?. At 3A/cm?, the electrolyzer reached a voltage of ~2.20V, at 4A/cm?, it achieved
~2.30V. Finally, when working at 5A/cm?, the calculated voltage was ~2.48V. This may be
related to the mass transport limitation in the PTL and bubble removal resistance at the PTL/Ch
interface.

For operation at high current densities, the formation of bubbles is faster, leading to a
large bubble coverage at the PTL/Ch interface and consequently lower accessibility of liquid
water to the CL. In addition, a higher current density will raise the liquid saturation drop from
the PTL/Ch to the CL, as shown in Eq. (37), which causes a lower liquid water content in the CL

as refered in Figure 15 and larger voltage loss.
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Figure 15. Water saturation profile at different current densities.
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In Chen et al. (2020) [13], they show that part of the PTL and CL under the land is
subject to very low liquid water content, which significantly raises the voltage loss. Figure 16
shows the overpotentials due to the Nernst voltage (\Voc), proton transport through the PEM
(ohmic), and electrode reaction Kinetics (activation). The ohmic overpotential, marked in green is
one of the highest contributors to the cell voltage, reaching ~0.68V at 5A/cm?, representing 27%
of the total voltage. When comparing the results of the present model with the ones obtained by
Ojong et al. (2017) [59], an increment of the activation overpotential can be seen at high current

density, this can be explained by the gas saturation increment considered at the anode.
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Figure 16. Influence of the different overpotentials (0-5A/cm?) @ 80°C and 1 bar.

At 3A/cm?, the gas saturation 1 — 50 is estimated to be ~0.33, contributing to the
activation overpotential increment of approximately 7% compared to the authors. A similar trend

is obtained at 4A/cm? and 5A/cm? where the oxygen saturation near the PTL surface is 0.44 and
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0.55 respectively, making the activation losses increase ~8% and ~10% respectively. Figure 16

also shows that the Nernst VVoltage represents around 68% of the total voltage at 1A/cm? and

47% at 5A/cm?.

As anticipated, the PEMEC temperature affects the 1-V curve. When operating at a high

temperature, the activation overpotential tends to be reduced, as well as the Gibbs free energy,

and the ohmic overpotential. From a thermodynamic point of view, the reaction is more likely to

take place at a high temperature, but considering the membrane properties, the temperature is

usually kept under the boiling point to avoid dehydration. Temperature also improves the

reaction Kkinetics, increasing the PEMEC efficiency [77] as captured by Eqg. (10), Eq. (16), Eq.

(13) and Eq. (17).
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Figure 17. Polarization curve (0-5A/cm?) comparison at variable a) Temperature and b)

Pressure.

Figure 17a presents the effect of temperature on the voltage of the cell (from 40°C to

80°C). The figure shows how the voltage decreases with the increase of temperature, going from

~2.65V at 40°C to ~2.48 at 80°C, thus less energy in form of electricity is needed to complete the
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separation water splitting process and the cost of hydrogen production can also be reduced. It is
considered that working at higher temperature (under 100°C) is a technique to reach a higher

efficiency and a reduction on the price of the hydrogen produced.
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Figure 18. Effects of operating temperature on each overpotential: a) Voc and Vohm and b) Vact.

Figure 18 plots temperature effects on each overpotential, showing that the open-circuit
(OC) voltage and ohmic overpotentials are strongly affected by temperature. When working
under 40°C and 5A/cm? the open-circuit voltage is ~1.22 V, but when working under 80°C and
at the same current density, this voltage dropped to ~1.18 V. At 40°C and at the same current
density, the ohmic overpotential is ~0.8 V, compared to ~0.68 V at 80°C. Figure 18b makes it
possible to see that the activation overpotential increases as temperature decreases. At 80°C and
5A/cm?, the activation overpotentials reached ~0.60 V compared to ~0.64 V at 40°C and
5A/cm?. Note that in this study, we assume the open-circuit potential is equal to the thermal

reversible potential.
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Figure 17b reflects the effect of pressure on the PEMEC voltage. It can be inferred that
the cell voltage increases as pressure rises, this is because pressure affects the open-circuit
voltage of the PEMEC. The small increment with the increase of the operating pressure can be
explained by the fact that the other overpotentials remain almost the same. When working at 10
bar, a voltage of ~2.53V and 5 A/cm? is achieved, while when working at 1 bar and 5 A/cm?, a
voltage of ~2.48V is reached. Since the increment on pressure shows a very small effect on the
cell voltage, it is inferred that working under high pressure results in a lower efficiency since
more energy is required to increase the operating pressure, but the losses remain almost the
same, hence incrementing the pressure has almost negligible effects on the overall voltage of the

PEMEC.

Chapter 4. Conclusions

Hydrogen is a promising energy carrier due to its high-energy density and carbon free
feature. It can be obtained from different sources including water electrolysis, being PEM water
electrolyzers considered as one of the best solutions for sustainable high purity hydrogen

production when coupled with a renewable power source.

In this study, a component-level mathematical model was implemented using
MATLAB/Simulink to study the factors affecting PEMECSs. The model considered aspects like
two-phase transport at the PTL, electrochemical kinetics related to the water splitting reactions,
water exchange between the anode and the cathode, proton conductance, two-phase oxygen-
liquid in the channel of the cell, and an interfacial sub-model for oxygen removal at the

channel/PTL interface. The work aimed to contribute by studying the effects of operating
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conditions and mass transport phenomena to each region of the polarization curve. The model
assumes 1.) homogeneous properties in each component, 2.) isothermal conditions, and 3.) Tafel

equation to approximate electrochemical reaction kinetics.

Using the interfacial sub-model, three different cases of water saturation at the PTL
(0.35,0.40, and 0.45) were evaluated to measure their effects in the activation overpotential at the
anode side, attributed to the formation of gas bubbles at the anode. The results showed a
difference of about 1% between each case. After a comparison with the data available in the
literature, a fully liquid water saturation state was assumed until reaching a saturation of 0.45 to
be implemented in the model. Once the saturation was selected, the model was tested under
different operating conditions, the current densities varied from 0 to 5A/cm?, temperature from
40°C to 80°C, the pressure changed from 1 to 10 bar and liquid saturation percentages from 100

to 45%. A porosity of .3, and a PTL and membrane thicknesses of 200umwere considered.

The simulated results proved to have a good agreement when validated against various
experimental data available un the literature. The obtained information shows that ohmic and
activation overpotential contribute to a major voltage loss representing about 27% and 19%
when working at 5A/cm?,1 atm, and 80°C. Additionally, when working at high current density,
oxygen bubbles are found to occupy an area as large as 55% at the PTL/Ch interface, blocking

the available region for water transport to the catalyst layer, reducing the cell performance.

Furthermore, high-temperature operation helps the overall voltage to decrease around 4%
when changing from 40°C to 60°C, and about 8% when changing from 60°C to 80°C thanks to

the thermal energy added.
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The change in operating pressure revealed that the rise in the operating pressure raised
the overall voltage of the cell due to its effect on the open-circuit voltage, but this rise is
considered small compared to the effects of temperature. From these observations, it can be
concluded that operating at relatively high temperature, increases the hydrogen production of the
electrolysis cell, and that the material properties should be optimized, as well as the design to

improve the gas bubble removal at the channel/PTL interface.
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