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Summary

The unprecedented increase in mean ambient temperature due to immoderate CO2

emissions has shifted the energy policy towards the replacement of fossil fuels with re-
newable energy sources. Nevertheless, the intermittency of these technologies renders
them unsuitable for reliable energy supply. A prominent solution is the utilization of
renewable energy to produce green hydrogen that can be stored for later use.

The most environmental-friendly viable method for green hydrogen production is the
electrolysis of water. Between the already existing types, alkaline electrolyser is the one
with the highest technological maturity and lowest cost of hydrogen production. Despite
that, the low energy efficiency, and the energy losses associated with the materials and
the geometrical configuration make it difficult to produce hydrogen at competitive prices
compared to fossil fuels. The connection with renewables exposes the electrolyser to
variable loads that negatively affect the life of materials and the purity of hydrogen since
the operating conditions like temperature and current change constantly.

Previous research work, as presented in this report, has shown that the energy losses
owing to the electrode kinetics, membrane, and electrolyte resistivity are responsible for
higher energy consumption than the thermodynamic minimum. These losses are a strong
function of temperature and current density. This research project aims to investigate
the performance of the electrolyser under fluctuating working conditions to get an insight
into how energy consumption and product purity are affected.
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1 | Shift towards green

In this chapter, a brief discussion is made on the eco-friendly energy policy fostered by
many governments, including the Netherlands, and the prominent role of green hydrogen.
Opportunities and obstacles are also underlined as part of the energy transition. Finally,
the focus of this research project is presented.

1.1 Motivation

One of humanity’s biggest threats is the increase of the mean atmospheric tem-
perature due to global warming. Intensive industrial operations and everyday human
activities have undoubtedly increased greenhouse gases since the Industrial Revolution
era [1, 2]. The employment of fossil fuels as a primary energy source led to the unravel-
ing boom of CO2 emissions to the atmosphere in the last 50 years, as seen in Fig. 1.1.
The high concentration of CO2 hampers the solar radiation from escaping the earth and
thus leads to an increase in the ambient temperature [3]. Repercussions such as the rise
of seawater level, potable water scarcity, and extreme weather conditions are becom-
ing more and more common in the last decades [2]. An unprecedented event was the
plunge of the CO2 emissions from the power sector in Europe by almost 20% during the
COVID pandemic [4]. Incidents like that give hope to humanity that the situation can
be reversed if actions are taken straight away.

A turning point to reverse this direction is the Paris agreement (2015) where countries
agreed upon holding the increase in the global average temperature to well below 2 °C
above pre-industrial levels [6]. The goal of this agreement is the achievement of carbon
neutrality till 2050. This commitment demands that the total global energy consumption
be based on renewable electricity up to 40% by 2050. This practically means a 10-fold
increase in renewable energy production from 1500 GW in 2015 to 15000 GW in 2050
[7].

Renewable energy technologies such as wind turbines and solar panels are ground-
breaking due to their remarkable power generation with low impact on the environment
[8]. Despite that, a major concern about the massive deployment of renewable energy
technologies is their intermittent operation due to fluctuating weather conditions that
render them insecure for stable energy supply [9]. Therefore, the operation of renewables
with energy storage technologies is imperative. A prominent and sustainable solution
to this problem is green hydrogen production through water electrolysis where the elec-
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CHAPTER 1. SHIFT TOWARDS GREEN

Figure 1.1: CO2 emissions in Europe and USA from 1800 to 2020. A continuous
surge in emissions is evident from 1950 and afterward. Data obtained from Refs.
[5].

tricity generated from renewable energy sources is utilized for the formation of hydrogen
with the help of electrolysers. The produced hydrogen can be stored in gas tanks and be
used in the future when the electricity from renewables is not enough to cover the basic
energy demands [9].

In general, there are three main types of hydrogen production: green hydrogen, blue
hydrogen, and grey hydrogen [10]. Green hydrogen is a CO2-free fuel that is produced
from renewable energy sources, and the most prevailing technology for its production
is water electrolysis. Grey hydrogen is produced from natural gas through methane
steam reforming, and it entails a considerable amount of CO2 emissions. Similarly, blue
hydrogen follows the same method as grey with the difference that a carbon capture
technology is implemented for the reduction of CO2 emissions. Currently, 95% of the
world’s hydrogen production is grey and it is based on coal and natural gas [7, 10, 11].
Nonetheless, grey and blue hydrogen are not considered viable solutions for a zero-carbon
future.

The green hydrogen to be produced is stored and used for the short-term or long-term
to satisfy global energy demands by employing it as gas or converting it to other useful
products [10], as seen in Fig. 1.2. There is an option to convert it back to electricity with
the help of fuel cells but from a cost-effective aspect, gas form is more efficient since gas
pipelines can carry more energy (20 GW) compared to electricity cables (2 GW) [12].
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1.2. THE PATH TO THE HYDROGEN ECONOMY

Figure 1.2: Hydrogen pathways from production to end use. Hydrogen in gas form
can be used in many areas like transportation, industry, and domestic consumption
while conversion back to electricity is possible through fuel cell technology. Pow-
ering the electrolyser with renewable energy leads to hydrogen production with
minimal environmental impact. Figure reproduced from Refs. [13].

1.2 The path to the hydrogen economy

The term hydrogen economy manifests the replacement of fossil fuels with hydrogen in
all the major sectors that are not able to use electricity for their everyday operations, such
as steel factories and heavy-duty transport [14]. Most countries consider this strategy
indispensable for the transition to a climate-neutral future. Nevertheless, its success is
halted by many barriers not only from the economic aspect but also technological.

First and foremost, the higher production costs of green hydrogen compared to grey
renders the idea financially unattractive for large-scale applications. The average market
price of green hydrogen is 4-6 e/kg where factors such as electricity price and operating
hours of the electrolyser play a crucial role in price determination. On the other hand,
the average market price of grey hydrogen is around 2 e/kg and is dictated by the price
of the natural gas which in most cases is low-cost [7, 10]. The absence of hydrogen
refueling stations, specifically 470 worldwide, and the premature gas pipeline network
for hydrogen transportation that is only 5000 km indicates that the infrastructure is not
sufficient for this transition. Finally, energy losses associated with the operation of the
electrolyser are close to 30% without considering the additional losses that occur due to
transportation and final use [10].

The Netherlands, committed to a more sustainable future, has forged its national
strategy for the achievement of the hydrogen economy. One of the main pillars in their
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agenda is the construction of hydrogen pipelines and the use of already existing natural
gas pipelines for the accommodation of hydrogen transport all over Europe. In addition,
the connection of hydrogen to offshore wind energy in conjunction with the improvement
of the electricity grid will substantially upgrade the production capabilities and reliability
of the system. Lastly, subsidies for research and development are indispensable for
reducing the cost of green hydrogen production, and for that reason, the government
plans to fund projects up to e15 million. With that being said, the national policy
focuses on making green hydrogen the primary energy source and aims in turning the
country into an energy hub [15].

Adriaan van Troostwijk and Johan Deiman in 1789 were the first to decompose water
into hydrogen and oxygen by applying electricity from an electrostatic generator [16].
Thenceforth, many projects worldwide have taken place to produce hydrogen on a large
scale. One of them is by Norsk Hydro in 1928 (Norway) where electrolysers utilized
available hydropower to produce hydrogen. The plant’s total capacity was 27900 Nm3 of
hydrogen (165 MW) and the main purpose was the production of ammonia for fertilizing
products.

In the Netherlands, the pilot plant ‘PosHYdon’ (2021) in the North Sea has a capac-
ity of 1 MW and uses wind energy to operate an electrolyser installed on an offshore
platform [17, 18]. The seawater, after desalination, is fed to the electrolyser for hydrogen
production. In the future, numerous green hydrogen projects are planned to be built
and one of them is the energy park in Eemshaven (Energiepark Eemshaven-West, 2020-
2023), where wind and solar electricity will be directly connected to an electrolyser and
a battery. The power capacity of the plant will be initially 10 MW and it is expected to
scale up to 100 MW by 2027. Another well promising project is the NortH2 where 3-4
GW of electricity from a wind farm in the North Sea will be converted to hydrogen and
it is expected to be fulfilled in 2030 [18].

1.3 XINTC Global

XINTC Global is a start-up company that is specialized in the manufacturing of
alkaline electrolysers and focuses on mid-range power applications (150 kW - 50 MW)
[19]. Their strategy is to build standardized and modular alkaline electrolysers together
with the balance of plant delivered in a containerized form. The containerized solutions
are ’plug and play’ with atmospheric hydrogen production. The produced hydrogen can
be delivered for pressures up to 30 bar. Atmospheric production of hydrogen allows using
inexpensive materials such as plastic and metals that are abundant in nature and lower
the capital expenditures of electrolysers (CAPEX). On the other hand, the novel design,
the modularity of the product, and the advanced control system aim to minimize the
operating expenses during the process (OPEX) and maximize the hydrogen production
from renewables.
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1.4 Research Objectives

The operation of the electrolyser is considerably affected by the temperature and the
pressure. The electricity flow through it is accompanied by heat generation and tem-
perature increase. The electrochemical reactions that take place in conjunction with the
start-stop mode due to connection with an intermittent source lead to unsteady state
operational conditions. In addition, each electrolyser has different dimensions and ma-
terials so the energy losses differ significantly. For that reason, this research aims to
investigate how various parameters affect the efficiency, energy consumption and hydro-
gen production rate of the electrolyser. In specific,

• How do geometrical parameters affect energy losses?

• How does temperature affect energy consumption?

• What impact does the variable current input have on the performance of the elec-
trolyser?

• What useful information can we extract from sensitivity analysis of current, elec-
trode and membrane materials, and ambient conditions?

This project will be executed in cooperation with XINTC Global, and the main
purpose is to investigate thoroughly the behavior of the company’s electrolyser. For a
more realistic approach to the problem, experiments will be performed.
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2 | Electrolysers - a theoretical
analysis

The basic principle of green hydrogen is the utilization of renewables to power the
decomposition of water into hydrogen and oxygen and for that reason, the electrolyser
is the focal point in sustainable production. The three main types of electrolysers are
discussed, and the process flow of the alkaline type is described. The basic physical
principles and sources of energy loss are elucidated for the alkaline electrolyser. Finally,
relevant research work from the literature is presented and some useful conclusions are
drawn.

2.1 Types of electrolysers

The main types of electrolysers are the alkaline water electrolyser (AWE), the proton
exchange membrane electrolyser (PEME), and the solid oxide electrolysis cell (SOEC).
The subsequent paragraphs describe their working principle, the materials used, and
some main advantages and disadvantages.

2.1.1 Alkaline water electrolyser (AWE)

An alkaline electrolyser is a device that it consists of two electrodes immersed in an
electrolyte with a membrane in between them [20]. One of the electrodes operates as an
anode while the other as a cathode and are made of metal oxides (LaNiO3, NiCO2O4)
due to the high electrochemical activity [21]. Perforated plates or expanded mesh are the
usual structures of the electrodes. The electrolyte in the alkaline electrolyser is NaOH
or KOH and the concentration is ranging from 25-35 wt%. The flow of electrolyte is in
both the anode and cathode regions to ensure pressure equilibrium and concentration
homogeneity. In the cathode, water is decomposed in hydrogen and hydroxide ions
(OH−) where the former leaves the cell as a gas, and the latter travel through the
membrane and react in the anode to produce oxygen gas. The production of hydrogen
in the cathode is called hydrogen evolution reaction (HER) while the oxygen production
in the anode is called oxygen evolution reaction (OER). The purpose of the membrane
(diaphragm) is to separate the two product gases (O2, H2) and allow the flow of the
ions between the two compartments [22]. Fig. 2.1, illustrates the process involved in the
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alkaline electrolysis while the reactions that take place are shown below.

Cathode: 2H2O+ 2e− → 2OH− +H2 (2.1)

Anode: 2OH− → 0.5O2 +H2O+ 2e− (2.2)

The purpose of the membrane is to prevent a short circuit, be conductive to the OH−

Figure 2.1: Illustration of the alkaline electrolysis cell including the anode, cathode,
membrane, and the power source. In the cathode, water is split to hydrogen and
hydroxides where the later travel through the membrane to the anode to give
oxygen and water. Simultaneously, the diaphragm blocks gases from traveling to
the other compartment, allowing only OH−. The power source ensures the electron
transfer from the anode to the cathode in order for the reactions to take place.
Figure reproduced from Refs. [23].

and block the produced gases from going to the other compartment. The first membranes
to be used were made from asbestos, but later on, were replaced by Zirconium Oxide
(Zirfon) due to its superior conductivity and stability in the operating conditions of the
electrolyser [21]. The temperature range of the electrolyzer is between 60-80 °C owing
to the high conductivity of the electrolyte, while the pressure does not exceed 30 bar.
The current density is between 0.2-0.4 A/cm2, characterizing it as a low current density
device. The main advantages of an alkaline electrolyser are its technological maturity
and the low cost of construction that allows its deployment on a large scale. On the other
hand, corrosion of the electrodes renders it vulnerable to part-load operations while its
slow start-up time makes it difficult to be coupled with renewable energy sources [20].

In the traditional alkaline cell, there is a gap between the electrodes and the mem-
brane that is filled with electrolyte. This type of configuration was found to induce
lower efficiency owing to high ionic losses. In a consequent step, a zero-gap electrolyser
was built-in which the electrodes are pressed on the membrane surface to minimize the
ohmic losses [21]. For large-scale applications, an electrolytic stack that consists of sev-
eral cells connected in series must be employed for a considerable amount of hydrogen
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production. The two main cell designs are monopolar and bipolar. In the monopolar
electrolytic stack, the cells are connected in parallel to an energy source while each elec-
trode is positively or negatively charged. In the bipolar design, the cells are connected in
series with each other and only the outer electrodes are connected to the source, so the
electrodes in the middle are positively charged on one side and negatively on the other
[24].

2.1.2 Proton exchange membrane electrolyser (PEME)

In a PEM electrolyser, two electrodes are attached to a thin membrane forming
a zero-gap configuration while the acidic electrolyte is contained inside the membrane
(Membrane Electrode Assembly, MEA). The materials used for the electrode and the
contact elements (i.e., bipolar plates, current collectors) are iridium, titanium, and plat-
inum due to their high durability in acidic solutions. As voltage is applied, water is
inserted from the anodic side and is oxidized in oxygen gas and protons (H+). The
protons move through the membrane to the cathode, where they reduce to hydrogen
gas. The typically used membrane material is Nafion owing to its high conductivity and
small thickness. The operating conditions of the PEM electrolyser involve temperatures
between 50-80 °C, pressures up to 50 bar, and current densities reaching 2 A/cm2. The
reactions that take place in the PEM electrolyser are shown below [20, 21].

Anode: H2O → 2H+ + 0.5O2 + 2e− (2.3)

Cathode: 2H+ + 2e− → H2 (2.4)

The benefits of PEM electrolysers are the high current density and the low voltage
drop that lead to large amounts of hydrogen production at high efficiency. In addition,
the small volume and the fast start-up time make it suitable for connection with a
renewable energy source. Nevertheless, the use of expensive materials such as Iridium and
Platinum for the components of the electrolyser in combination with the low operating
lifetime drives up the production cost and hinders the implementation on a large scale
[8, 20].

2.1.3 Solid oxide electrolysis cell (SOEC)

Solid oxide electrolysers are different compared to the previously mentioned ones
because they operate under extremely high temperatures (500-800 °C). The materials of
the anode and cathode are lanthanum strontium manganate and nickel, respectively. The
steam water is reduced in the cathode to form hydrogen gas and oxygen ions. The dense
electrolyte made of zirconium oxide doped with Y2O3 (yttria) ensures the movement of
the oxygen anions that get oxidized in the anode and lead to oxygen production.

The advantage of the solid oxide electrolyser is its high efficiency, close to 100%, on
account of the high electrochemical kinetics and the option to use partly waste heat as
energy input instead of electricity. Despite that, this type of electrolyser is still in the
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research phase and has not yet been commercialized. Problems linked to the durability
of the materials and the long start-up times hamper its large-scale production [25].

2.2 Process flow

An alkaline electrolysis system involves a combination of equipment that take part
in the production of purified hydrogen gas. The heart of the system is the electrolyser
where water is dissociated into oxygen and hydrogen gas. Subsequently, the product
gases move on to the oxygen and hydrogen separator in which gas bubbles are separated
from the liquid solution. At the same time, the electrolyte flows back to the electrolyser
with the help of a pump. The separated gases are subjected to a purification system that
entails purification and drying for high purity and low water content. On the other hand,
the electrolyte flow from the anode (anolyte) and the cathode (catholyte) is firstly cooled
to keep the temperature of the electrolyser constant. The performed electrical work in
the electrolyser generates heat and leads to elevated temperatures, hence electrolyte
cooling is necessary for keeping the process under control. The reactions (Eq. 2.1 and
2.2) indicate that in the anodic chamber water is produced while in the cathodic it
is consumed, thus a concentration difference is expected to occur. Consequently, the
anolyte and catholyte, after cooling, should be mixed and then inserted into the cell.

2.3 Thermodynamics of water electrolysis

The main principle of electrolysis is the splitting of water into hydrogen and oxygen,
and it is imperative to comprehend the thermodynamics of this process for the calculation
of the energy balance. The reaction is as follows

H2O → H2 + 0.5O2 (2.5)

First of all, water electrolysis is a non-spontaneous reaction, consequently, an outer
source must provide energy for its dissociation. In this case, Gibbs free energy is positive
and denotes the minimum amount of energy to be provided for the reaction to take place.
Its value at standard conditions is 237 kJ/mol. The enthalpy change of water splitting
is positive and has a value of 285.8 kJ/mol, meaning that the reaction absorbs energy
[26]. The relation of Gibbs free energy and enthalpy is shown below.

∆G = ∆H − T∆S (2.6)

Where ∆G is the change in Gibbs free energy of water splitting, ∆H is the enthalpy
change of the reaction, T is the temperature, and ∆S is the entropy change. In water
electrolysis, it is common to express the input energy in voltage:

Urev =
∆G

nF
(2.7)
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Figure 2.2: Process flow diagram of the alkaline electrolyser. The electrolyte is
circulated from the separators via pumps and it is cooled with heat exchangers.
To avoid concentration gradients, the two streams (anolyte, catholyte) are mixed
before being inserted into the stack. The stack outflow is driven back to the
separators for the separation of the electrolyte from the gas products that end up
in the purification system.

Where F= 96485 C/mol is Faraday’s constant, and n=2 is the electrons exchanged
during the reaction. At standard conditions, the reversible potential Urev =1.23 V and
its value depends on the temperature and pressure [27]. Nevertheless, in the reversible
voltage calculation, it is assumed that the cell has a constant temperature, and the
heat of evaporation of water, during its conversion to hydrogen and oxygen gas, is not
considered [28]. For that reason, thermoneutral voltage is defined as follows

Utn =
∆H

nF
(2.8)

At standard conditions (25 °C, 1 bar), the thermoneutral potential Utn=1.48 V. When
the applied voltage is equal to the thermoneutral, then the temperature of the cell
remains constant. For smaller values the temperature drops, while for higher voltage
heat production starts to occur, thus increasing the cell temperature [27]. The variation
of thermoneutral and reversible voltage for 35 wt% KOH at ambient pressure is shown
in Fig. 2.3. As the temperature increases, more vapor is produced absorbing heat from
the cell, hence higher voltage is needed to keep the temperature constant. Regarding the
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reversible voltage, the increasing temperature reduces the Gibbs free energy of reaction
due to lower activation energy needed.

Figure 2.3: Thermoneutral and reversible voltage as a function of temperature for
35 wt% KOH at ambient pressure. The former increases with temperature due
to vapor production and the latter decreases caused by a lower activation energy.
The zone above the thermoneutral voltage leads to heat generation while below the
reversible voltage no reaction takes place. The area in between is characterized by
an endothermic reaction.

The variation of the reversible potential is expressed by the Nernst equation with
temperature, pressure, and molarity dependence [29].

U rev
T,P = U rev

T,P0
+

RT

nF
· ln

(
(P − Pw)

1.5 · P ∗
w

Pw

)
(2.9)

Where U rev
T,P0

is the reversible potential at temperature T and atmospheric pressure,
P is the pressure of the system, Pw is the partial pressure of the KOH solution and
P∗

w is the partial pressure of pure vapor. The calculation of the terms involved in the
Nernst equation as well as the calculation of the thermoneutral potential as a function
of pressure and temperature are investigated by many researchers [30, 31, 32]. In their
analysis, the non-ideality of the produced gases is considered by using a modified virial
equation of state. Moreover, the water content of the gases is also taken into account
since part of the water evaporates and leaves the electrolyser with the other gases as a
binary solution (O2-vapor, H2-vapor) [31].
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2.4 Electrochemical effects

The application of a voltage in the electrolyser induces electrochemical reactions
that take place at the interface of the electrode and the electrolyte. The rate of reactions
depends on the treatment of the interface, the concentration of the electrolyte, and the
activation energy of the reaction [30]. In a redox reaction, near each electrode surface,
both a forward and backward reaction take place at the same time but different rates
[26]. The difference in these rates is the current generated in the electrolyser. In general,

Red ⇐⇒ Ox + ne− (2.10)

The rate of reaction depends on the surface concentration of the reactant and is
expressed, for the forward (oxidation) and backward (reduction) reactions , as follows.

jf = kfCRed (2.11)

and
jb = kbCOx (2.12)

According to Faraday’s law, the net current density is

i = nF (jf − jb) (2.13)

Where i is the net current density in A/cm2, n is the number of electrons transferred
during the reaction, and F = 96485 C/mol is the Faraday’s constant. In addition,
j f and j b are the forward and backward reaction rates in mol/cm2 s, COx and CRed

are the surface concentrations of the oxidizing and reducing agent in mol/cm2 while k f

and kb are the forward and backward reaction rate constants, respectively, in s−1. At
equilibrium, no net current flows in the electrolyser since the forward reaction rate is
equal to the backward reaction rate, and the equilibrium voltage is established between
the electrode and the electrolyte. The current at which equilibrium is reached is called
exchange current density [26].

Based on the transition state theory [33] the reaction rate coefficient is expressed as

k = Af · e
−Ea
RT = Af · e

−∆Gact

RT (2.14)

Where E a denotes the activation energy of the reaction and Af is the frequency
factor expressing the number of attempts made to cross the energy barrier. The acti-
vation energy is proportional to the Gibbs free energy of the reaction adjusted by the
activation overvoltage. This is the extra applied voltage to break the equilibrium of
the electrochemical reaction and allow the forward or backward reaction to prevail [34].
Particularly, for oxidation reaction:

∆Gact
ox = ∆Geq

ox − αoxnFη (2.15)

and for reduction reaction:
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∆Gact
rd = ∆Geq

rd + αrdnFη (2.16)

Where ∆Gact
rd and ∆Gact

ox are the reduction and oxidation activation energies, ∆Geq
ox

and ∆Geq
rd are the equilibrium Gibbs free energy during oxidation and reduction, respec-

tively. The number of transferred electrons is denoted by n while αox and αrd are the
transfer coefficients corresponding to the oxidation and reduction reactions describing
a multi-electron process [30]. Lastly, η is the activation overvoltage and expresses the
difference between the electrode potential and the reversible potential.

When the rate constant is inserted in the net current, the well-known Butler-Volmer
equation is derived. The Butler-Volmer equation describes the relationship between the
current density and the overvoltage between the electrode and the electrolyte. If the
concentration of KOH at the bulk and the electrode surface are assumed equal [35], and
the exchange current density is inserted, then the equation yields that,

i = i0

[
exp

(
αoxnFη

RT

)
− exp

(
−αrdnFη

RT

)]
(2.17)

Where i is the current density, and i0 is the exchange current density. The exchange
current density is the current that flows during equilibrium. The higher its value the
lower the energy barrier between the electrode and the electrolyte. High exchange current
densities denote that the electrode area is more active and lower activation overpotential
is required for the same generated current [26]. In alkaline electrolysis, the exchange
current density of HER is orders of magnitude larger than that of OER [26, 36]. The
reason for that is the number of electrons that must be transferred to produce one mole
of gas as well as the electrocatalyst layer on the surface of the electrode. In the HER two
electrons are required to produce one mole of hydrogen while in the OER four electrons
are needed, thus the electron transfer process in OER is more complex [27].

In case the overpotential is small (η < RT
nFαox/rd

) the Butler-Volmer equation can be
linearized as follows

i = i0
nF (αox + αrd)

RT
η (2.18)

When the overpotential is high enough such that one of the exponentials contributes less
than 1% to the total current, then the Tafel equation is applied [30] and is defined as

η = 2.3026
RT

nFαox/rd

log

(
i

i0

)
(2.19)

The Tafel equation is a logarithmic approximation of the Butler-Volmer equation,
and it assumes that the concentration of the electrolyte in the electrode interface is the
same as the bulk. Hence, the limiting factor is the slow kinetics that takes place in
the electrode and not the diffusion of the electrolyte. It is important to note that the
enhancement of the exchange current density leads to lower overvoltage for the same
current, and thus lower energy consumption for the same production rate.
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2.5 Cell energy losses

Water electrolysis is accompanied by voltage losses that occur due to the different
components and processes that are present in the electrolyser, hence the cell voltage
should be higher than the reversible for the gas production to take place. The main con-
tributors to the voltage losses are associated with ionic resistances, electrical resistances,
gas crossover, diffusion of reactants, and electrochemical kinetics [26].

2.5.1 Electrochemical kinetics

As already mentioned, the reversible voltage induces slow kinetics, thus an additional
voltage is necessary to speed up the net reaction and lead to the formation of the prod-
ucts. For that reason, high current densities are applied enabling the calculation of the
overpotential by using the linearized Butler-Volmer or the Tafel equation.

2.5.2 Electrolyte

In alkaline water electrolysis, a KOH solution is used, where the OH− ions are the
charge carriers between the anode and the cathode. The volume of the electrolyte in
the cell is dictated by the gap between the two electrodes and the losses that occur are
proportional to the current (ohmic) and the gap distance [22]. Consequently, a large gap
induces a large voltage drop, but a considerably small gap (i.e., zero-gap) can lead to
extra losses due to two-phase flow effects [37]. The concentration of the KOH solution
is frequently selected between 25-35% mass fraction because experiments have shown
that in this range, it has the highest conductivity [38]. Furthermore, the conductiv-
ity increases linearly with temperature but due to the evaporation of the electrolyte a
temperature range of 60-80 °C is selected for atmospheric conditions.

2.5.3 Membrane & Electrodes

As already discussed, the principal role of the membrane is to separate the gas prod-
ucts and allow the flow of ions through the anodic and cathodic chambers. The material
and the thickness of the membrane are crucial not only for the above-mentioned reasons
but also for ohmic losses, especially for zero-gap configurations where the membrane has
the highest portion. Ohmic losses are proportional to the thickness of the membrane and
decrease with temperature. In the case of the Zirfon membrane, the custom thickness
is 0.5 mm, and its normalized area resistance at 25 °C is approximately 0.2 Ω cm2 [39].
On the contrary, electrodes of alkaline electrolysers are made of pure nickel (99.99%)
that have high electrical conductivity and their contribution to the ohmic losses is in-
significant. Experiments have shown that the resistivity of the electrodes increases with
temperature [40].
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2.5.4 Bubbles

The flow of current in the electrodes induces the production of dissolved gases. When
the concentration of the dissolved products reaches the supersaturation limit, gas bubbles
start to form in nucleation sites along the electrode surface [41]. The presence of bubbles
in the electrolyser affects energy losses during the operation. Particularly, as the current
density increases more bubbles start to nucleate and cover a larger area the electrode.
Therefore, part of the surface is electrochemically inactive, and the local current density
is increased due to the reduced available surface area. Consequently, based on the Tafel
kinetics (Eq. 2.19), overvoltage due to kinetics rises significantly. Moreover, as the
bubbles detach from the electrode surface, they start to disperse in the electrolyte. The
presence of bubbles in the electrolyte reduces the conductivity by hindering the flow of
ions and hence increases electrolyte ohmic losses. Concerning the operating conditions,
the research field indicates that the bubble electrode coverage and the bubble volume
fraction in the electrolyte reduce with increasing pressure and electrolyte flow [42, 43].
On the other hand, the effect of temperature is not yet clear since some publications
claim that it does not play any major role [42], while other research work supports that
it enhances the bubble presence in the electrolyser [44].

2.5.5 Gas diffusion

One of the main issues in the operation of the alkaline electrolyser is the hydrogen
and oxygen gas crossover. This phenomenon is undesirable because it lowers the hy-
drogen gas purity and faradaic efficiency posing safety issues and causing the shutdown
of the whole process [45]. The hydrogen crossover to the anode is prevailing compared
to that of oxygen in the cathode due to the higher diffusivity of the hydrogen in the
electrolyte [28]. In general, gas purity is affected by many factors such as temperature,
pressure, electrolyte concentration, and mass flow. The mechanisms that contribute to
the hydrogen crossover are associated with the dissolved gas in the electrolyte and the
crossover of the hydrogen bubbles through the membrane [46]. The membrane must
prevent the bubble diffusion to the other compartment because it leads to recombination
with oxygen (water formation) and lowers the efficiency of the cell. Additionally, when
the dissolved hydrogen is present in the anode, the concentration of hydrogen in the oxy-
gen bubbles increases and leads to reaching the explosion limit in the separator. This is
of special importance at low current densities because the amount of oxygen produced is
low while the hydrogen crossover remains the same since it does not depend on current
density. A consequence of that is the increase in the concentration of hydrogen at the
anode. Furthermore, the mixing of the anolyte and catholyte is an additional mechanism
that increases hydrogen content in the anode. This happens because dissolved hydrogen
in the catholyte is recirculated back in the cell after being mixed with the anolyte. A
common practice to prevent gas crossover is the alternating insertion of the anolyte and
catholyte into the cell as mixed and unmixed [21].
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2.5.6 Concentration overvoltage

At high current densities, the consumption of reactants at the electrode surface is so
rapid that the region is depleted. Consequently, a concentration gradient is established
between the interface and the bulk electrolyte that leads to the diffusion of the reactants
to the electrode surface. When the surface concentration is zero, the reaction rate is
limited by the diffusion rate, and the current density is called limiting current density
[26, 35]. It is noteworthy that in the case of industrial alkaline electrolysers this does
not happen because they operate at a current density lower than 0.6 A/cm2, and thus
can be neglected in the calculation of the overpotential [47, 48, 49].

2.6 Efficiency

An important aspect of water electrolysis is the efficiency of the electrolyser. High
efficiency is essential to make green hydrogen a financially feasible solution for a climate-
neutral future. In the literature, many ways are reported based on the reference input
power, but the most prevailing definition used by the research community is based on
the high heating value of hydrogen. Furthermore, efficiency consists of two parts, namely
the voltaic and the faradaic efficiency [24, 28]. In specific,

ηcell = ηU · ηF (2.20)

Where
ηU =

Utn

Uc

(2.21)

and
ηF = 1− Iloss

I
(2.22)

In the equations above, ηcell is the total efficiency of the electrolysis cell, and ηU, ηF

are the voltaic and faradaic efficiency, respectively. Moreover, Uc is the total voltage
applied to the cell while Iloss refers to the amount of current loss.

The main causes for current loss are the hydrogen and oxygen cross permeation and
the parasitic current along the inlet/outlet manifolds in a stack. Thus, faradaic efficiency
denotes the ratio between the actual and theoretical amount of hydrogen produced during
the water electrolysis process. The proportion of current loss decreases with increasing
current due to a large amount of gas production [47, 50]. It should be noted that a
higher hydrogen production rate demands higher cell voltage due to the increase of the
voltage losses. This results in lower voltaic efficiencies of the cell with increasing current.
Lastly, high temperatures are proven to be beneficial for efficiency since the ohmic losses
decrease and the reaction kinetics are enhanced.
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2.7 Polarization curves

The polarization curve indicates the voltage of the electrolyser as a function of the
current density for a specific temperature, and it is of paramount importance since it re-
veals the energy demand for hydrogen production. It is desired that for a specific current
density the voltage be as low as possible for minimum energy consumption. A thorough
literature survey indicates that there are two main modeling approaches for the alkaline
electrolyser, the empirical and the analytical. The empirical models use available exper-
imental data to create parametric equations that describe the voltage and the current
density of the electrolyser. This mathematical approach does not consider the geomet-
rical characteristics and the operating conditions of the electrolyser (i.e., electrode gap,
temperature, electrolyte concentration). A major improvement is the incorporation of
non-linear temperature-dependent terms that predict the performance of the electrolyser
with good accuracy. Although mathematical models are easy to use, they require many
data sets to derive them while simultaneously being unique for each electrolyser and op-
erating conditions. A change in pressure or electrolyte concentration renders the model
inaccurate, and experiments must be repeated. Up to this point, mathematical models
have been implemented for the modeling of electrolysers with solar panels and wind tur-
bines [51] as well as several lab-scale electrolysers [24, 52]. The most detailed model in
alkaline electrolysis is the Simelint program developed under the Saudi Arabian-German
HYSOLAR project, where the model predicts the cell voltage, temperature, and gas
purity of the electrolyser for every operating condition [53].

On the contrary, analytical models include equations from the physical domain of
electrochemistry, two-phase flow, and thermodynamics. These models can predict the
performance of the electrolyser under different temperatures and pressures, while they
provide a better insight into the weaknesses of the system. The consideration of effects,
such as the electrolyte bubble volume and the gap gives the option to optimize the
electrolyser and minimize the energy requirements. Experimental data sets are not
necessary and by using general correlations the model can be used for other electrolysers
as well. The already existing work on lab-scale electrolysers supports the accuracy of
the models and their ability to identify the main sources of energy losses [29, 30, 48, 54].

2.8 Thermal modeling

The role of temperature is crucial in the operation of the alkaline electrolysis and for
that reason, it is important to investigate the thermal behavior of the electrolyser. High
temperatures are beneficial for the efficiency of the system due to the decrease in ohmic
losses, enhancement in the electrode kinetics, and reversible potential reduction. On the
other hand, the purity of the products and the lifetime of the materials are diminished.
The operation of the electrolyser with renewable energy sources poses a challenge due
to the fluctuating current densities that affect the whole performance of the system. A
detailed survey shows that there are not many existing models to investigate this aspect
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of the problem. The few existing publications assume a lumped capacitance model where
the temperature inside the electrolyser is uniform and spatial distributions are ignored.
The principal interest is the performance of the electrolyser under DC or AC input
[55, 56] and the effect of process conditions like electrolyte flow and power load [47].

2.9 Conclusions

The literature review presented above suggests that a realistic investigation of the
alkaline electrolyser necessitates a rigorous approach that encompasses all the losses
related to the geometry and the materials used. Furthermore, the confusion about
the bubble effect indicates that experimental data are a requisite. For that reason,
a mathematical model in Python will be built with equations that emanate from the
physical laws of electrochemistry as well as empirical relations from experimental data.
The analysis of the electrolyser from a thermodynamic point of view will establish the
relationship between the temperature and the efficiency of the process. It is anticipated
that the model will provide the necessary insight for identifying the major sources of
energy loss and give guidelines for the enhancement of the electrolyser’s performance.
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3 | Cell Modeling

The modeling of the alkaline electrolyser demands the detailed elucidation of the
equations and assumptions implemented for the approach of each aspect of the process.
In this chapter, all the necessary steps for the electrochemical modeling will be presented
with a focus on the energy losses inside the cell. In addition, the modeling of the system’s
thermal response is incorporated in the analysis of the chapter.

3.1 Thermodynamic properties

In this section, the electrical and thermal properties of the cell are discussed and all
the necessary formulas are displayed.

3.1.1 Electrolyte

The KOH electrolyte is the carrier of the ions in the alkaline cell and its conductivity
is important for the efficiency of the process. In atmospheric electrolysis applications,
the temperature range is 50-80 °C and the concentration is around 30 wt%. An accurate
electrolysis model necessitates the investigation of its thermal and electrical properties
as a function of the working conditions.

The concentration of the electrolyte on a molar basis is a function of the solution’s
density and is expressed by the general equation:

m =
w

100
· ρele
MKOH

(3.1)

Where m is the concentration in mol of KOH per liters of solution, w is the weight
percentage concentration (%), ρele is the electrolyte density in kg/m3, and MKOH=56.105
g/mol is the molecular weight of KOH.

Incorporating the density of the solution as a function of temperature and replacing
the molar weight, the equation above is modified to [49]:

m = w
(183.1221− 0.5684T + 984.5679e

w
115.96277

)

5610.5
(3.2)

Where T is the temperature of the solution in K.
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The conductivity of the electrolyte should be as high as possible for the minimization
of the losses in the cell. Based on numerous experiments performed in the past, conduc-
tivity changes with weight fraction and temperature (see Fig. 3.1). As the temperature
increases, the conductivity gets higher while there is optimum molarity, close to 30 wt%,
to reach the highest conductivity for a specific temperature.

Figure 3.1: Specific conductivity of KOH solution with KOH weight fraction for
different temperatures at atmospheric pressure. Specific conductivity is enhanced
with temperature and its maximum value is observed for weight fractions between
25% to 35%.

For modeling purposes, it is requisite to use an empirical equation that accurately
predicts the conductivity of the electrolyte for different temperatures and concentrations.
In our case, the following relation [38] is used:

kele = K1m−K2m
2 +K3(m · T ) +K4

(m
T

)
+K5m

3 −K6(m
2 · T 2) (3.3)

Where kele is the specific conductivity in S/cm, m is the morality in mol/L, Ki are
empirical constants, and T is the temperature in K.

Inside a common electrolysis cell, the electrolyte takes up most of the volume so it
can be understood that the thermal behavior of the cell depends on the thermal and
momentum properties of the electrolyte. In particular, the constant-pressure specific
heat [57] is expressed as follows:

cp,ele = K1 +K2 · ln(t/100) +
(
K3 +K4 ·

w

100
+ 8t

)
· w

100
(3.4)

Where cp,ele is the constant-pressure specific heat in J/kg K, Ki are empirical con-
stants, and t is the temperature in °C.
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Furthermore, the density and dynamic viscosity of the electrolyte are described by
the empirical relations [57] below:

ρele = (K1t
2 +K2t+K3) · exp

(
K4 ·

w

100

)
(3.5)

µele = K1(K2 + t)−K3 + 10(K4· w
100

+K5·t· w
100

) (3.6)

Where ρele is the density in kg/m3, µele is the dynamic viscosity in Pa·s, w is the
mass fraction of KOH (in %), Ki are empirical constants, and t is the temperature in °C.
Although ρele is introduced in Eq. 3.2, it is used only for the calculation of the molarity.
For any other purpose, Eq. 3.5 is used. Nonetheless, both equations yield the same
results.

The table below summarizes the empirical constants for each equation.

Table 3.1: Empirical constants for the electrolyte properties.

- K1 K2 K3 K4 K5 K6

kele(S/cm) -2.041 -0.0028 0.005332 207.2 0.001043 -0.0000003
µele(Pa · s) 5.98·10−1 4.33·10 1.54 1.12 2.03·10−3 -
ρele(kg/m3) -3.25·10−3 1.11·10−1 1.00171·103 8.6·10−1 - -

cp,ele(J/kg K) 4.236·103 1.075 -4.831·103 8 - -

3.1.2 Reversible potential

As it is already mentioned in the previous chapter, the thermodynamic minimum
energy for the electrolysis of water is a function of temperature and pressure. For the
calculation of the total voltage applied to the cell, it is important to know how the
reversible potential varies with the process conditions. This will indicate the share of
the minimum energy consumption and the losses involved during the process.

The reversible potential at standard pressure (1 bar) is expressed as a function of
temperature by the following equation [32] :

U rev
T,P0

= 1.50342− 9.956 · 10−4T + 2.5 · 10−7T 2 (3.7)

Where U rev
T,P0

is in Volts and T is the temperature in K.
In real applications, the pressure inside the cell can be way higher than the atmo-

spheric, hence it is useful to express the reversible potential as a function of pressure and
temperature. An accurate relation found in the literature that takes also into account
the non ideality of the product gases is shown below [30].
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U rev
T,P = U rev

T,P0
+

RT

nF
ln

(
(P − Pw)

1.5P
∗
w

Pw

)
+ (P − Pw)

(
21.661 · 10−6

− 5.471 · 10−3

T

)
+ (P − Pw)

2

(
−6.289 · 10−6

T
+

0.135 · 10−3

T 1.5

+
2.547 · 10−3

T 2
− 0.4825

T 3

)
(3.8)

Where U rev
T,P is in Volts, R= 8.3144 m3 Pa K−1 mol−1 is the universal gas constant,

n is the number of electrons transferred, F =96485 C/mol, Pw is the partial pressure
of KOH solution, P∗

w is the partial pressure of pure water and P is the pressure of the
system in bar.

The partial pressure of pure water and KOH solution is expressed as follows [31]:

P ∗
w = T−3.4159exp

(
37.043− 6275.7

T

)
(3.9)

Pw = T−3.498exp

(
37.93− 6426.32

T

)
· exp(0.016214 − 0.13082m + 0.1933m0.5) (3.10)

In the equations above, P ∗
w and Pw are in bar, T is the temperature in K and m is

the molarity in mol/L.

3.1.3 Thermoneutral voltage

The thermoneutral voltage is the limit above which heat generation inside the cell
takes place and the temperature starts to increase. The amount of heat produced is
dictated by the difference between the cell voltage and the thermoneutral voltage and its
value changes with pressure and temperature. During operation, as the cell temperature
starts to increase the amount of generated heat changes as well.

The variation of the thermoneutral voltage with temperature and pressure is de-
scribed below [30] :

U tn
t,P = 1.4756 + 2.252 · 10−4t+ 1.52 · 10−8t2

+ 1.5
Pw

nF (P − Pw)
· (42960 + 40.762t− 0.06682t2) + f(T, P ) (3.11)

Where U tn
t,P is the thermoneutral voltage in Volts, t is the temperature in °C and f

is a correction function that takes into account the difference in voltage between ideal
gas assumption and real gas considerations.
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For the correction function f , the following equation [30], as a function of pressure
and temperature is used:

f(T, P ) =

(
21.661 · 10−6 − 10.941 · 10−3

T

)
P +

(
−18.578 · 10−6

T

+
0.339 · 10−3

T 1.5
+

7.845 · 10−3

T 2
− 1.659

T 3

)
P 2 (3.12)

Where T is the temperature in K and P is the pressure in bar.

3.2 Electrochemical model

For the modeling of the electrochemical effects that take place in the cell and ul-
timately the derivation of the polarization curve, each component must be modeled
separately to account for its contribution to the total energy losses. In this section, a
comprehensive description of all the necessary equations for the modeling of the mem-
brane, electrodes, and the electrolyte is presented.

The voltage that has to be applied to the cell should be at least the thermodynamic
minimum required in addition to the voltage drop due to energy losses. Therefore,

Uc = U rev
T,P + (ηanact + ηanact−θ) + (ηcact + ηcact−θ) + (Rm + RNi/SS + RKOH) · I (3.13)

Where Uc is the total cell voltage, U rev
T,P is the reversible voltage, ηanact is the activation

overpotential at the anodic surface, ηcact is the activation overpotential at the cathodic
surface, ηanact−θ and ηcact−θ is the additional activation overpotential in Volts due to bubble
coverage of the anode and cathode, respectively. Moreover, Rm, RNi/SS, and RKOH are
the ohmic losses due to the membrane, stainless-steel or Nickel electrode, and electrolyte
expressed in Ω. Lastly, I is the current of the cell in Amps.

3.2.1 Ohmic losses

The ohmic losses obey Ohm’s law and are responsible for the energy dissipation of
the membrane, electrode, and electrolyte.

Membrane As has been already underlined in the previous chapter, the role of the
membrane is to separate the products of each compartment and allow the movement
of the ions from one side of the cell to the other. The electrical conductivity of the
membrane depends on many factors such as porosity, tortuosity, and thickness while the
material also plays a significant role in the general properties of the membrane. In the
past, asbestos was the main membrane material for alkaline electrolysers, but due to its
hazardous properties to human health, its use was stopped. Common materials for the
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PEM and AWE electrolysers are the Nafion and Zirfon, respectively, while new materials
like oxide of ceramics and polymers are tested to lower the ohmic losses [58]. Tab. 3.2
summarizes various membrane materials and their properties.

Table 3.2: Separator materials for alkaline electrolysers. Oxide membrane materials
show superior properties owing to lower specific resistance, smaller thickness, and
higher operating temperature. Data obtained from Refs. [58].

Material Temperature [°C] Thickness [μm] Spec. resistance [Ω cm2]
Asbestos/polymer-bound asbestos <100 2000-5000/200-500 0.74/0.15-0.2
PTFE-bound potassium titanate 120-150 300 0.1-0.15
Polymer-bonded zirconium oxide <160 200-500 0.25
Ceramic/oxide nickel materials <170 25-50 0.07-0.1

For the current model, a general equation is used for the description of the electrical
resistance and it can be implemented for different materials depending on their physical
characteristics. Such an equation is shown below [59].

Rm =
1

kele
· τ 2s δs
ωsεsAs

(3.14)

Where kele is the conductivity of the electrolyte (Eq. 3.3) in S/cm, τs is the tortuosity,
δs is the thickness in cm, ωs is the wettability, εs is the porosity and As is the surface of
the separator, in cm2.

In most cases, the manufacturer provides the porosity and thickness of the membrane.
On the contrary, tortuosity and wettability are parameters that demand specific tests for
their determination and usually are not performed. Therefore, a theoretical approach can
be followed for the calculation of the membrane’s tortuosity. In specific, the membrane’s
degree of crystallinity is correlated to its tortuosity. The degree of crystallinity denotes
the fraction of a material’s structural order, which strongly affects its properties. A
high degree of crystallinity in a polymer indicates more regularly aligned chains. The
following equation indicates this correlation [60]:

ln(τs) = −nm · ln(αam) (3.15)

Where nm is the slope and αam is the degree of amorphousness. In fact, αam is equal
to 1-αcr, with αcr denoting the degree of crystallinity.

On the other hand, wettability expresses the ability of the material to maintain
contact surface with liquid or, equivalently, the tendency of a liquid to spread on a solid
surface. For instance, a hydrophilic material has a large contact area with water resulting
in pores totally filled with electrolyte. By contrast, hydrophobic ones lead to pores that
are not filled with electrolyte and allow gas to permeate them. Unfortunately, there is
not any relation regarding the wettability of membranes since its value depends on many
parameters. Nevertheless, for modeling purposes, a reasonable estimation will be given.
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Electrolyte The volume of the electrolyte that is dictated by the distance between
the electrodes and their height leads to a voltage drop inside the cell. It is apparent that
the greater the distance, the larger the losses. New cell configurations are structured in
a nearly-zero gap or zero-gap configuration where the voltage losses due to electrolyte
are minimized. The voltage drop due to the electrolyte obeys Ohm’s law, which means
it is linear with the distance between the electrodes. The exact calculation is formulated
as shown below [29]:

RKOH =
1

kele

(
dam
Aa

+
dcm
Ac

)
(3.16)

Where RKOH is the resistance of the pure electrolyte (no bubbles) in Ω, kele is the
conductivity of the electrolyte as described in Eq. 3.3, dam and d cm is the distance
between anode and cathode from the membrane in cm, respectively. Aa and Ac is the
anodic and cathodic electrolyte area in cm2.

Bubbles The gas bubbles that are generated on the surface of the electrodes, detach
and scatter inside the electrolyte volume. Therefore, they block the path of ions and
increase the voltage drop inside the electrolyte. There are many empirical relations
found in the literature that attempt to calculate the conductivity of the electrolyte-
bubble mixture, but most of them do not take into account the type of the electrode.
The majority represents flat plate electrodes while for perforated ones there is not enough
work done. The benefit of utilizing perforated electrodes is the fact that bubbles can
escape from the back reducing their volume inside the electrolyte and hence lowering the
ohmic losses. The bubble volume fraction in the electrolyte increases with the electrode
height and decreases with the gap between the anode and the cathode due to the difficulty
of the bubbles to escape from the cell. On the other hand, high electrolyte velocity favors
their removal.

On flat plate electrodes, a common approach is to find the average volume fraction of
the bubbles by applying a momentum balance between the cathode and the membrane
[37]. After proper rearrangements, the following equation is deduced:

αc =
1

4

RT

P

IH

AFdub

(3.17)

For the anode-membrane gap, the average volume fraction is provided as follows:

αa =
1

8

RT

P

IH

AFdub

(3.18)

Where T is the temperature in Kelvin, P is the pressure in Pascals, and I is the
current in Amps. In addition, H is the height of the electrode in m, A is the electrode
surface area in m2, d is the electrode-membrane distance in m, and ub is the bubble
rising velocity in m/s.

Regarding the bubble rising velocity near the electrode, conditions such as pressure,
temperature, current, and bubble diameter have a significant influence. Assuming that
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the applicability of the ideal gas law is valid, the faraday’s law, which is presented in
a subsequent section, is introduced. Simultaneously, the effect of pressure is considered
by including a correction factor. Thus, the following equation is derived for a natural
buoyancy flow [61].

ub =
zI

nFdwel

RT

P

(
P

P − Pw

)
(3.19)

Where ub is the bubble rising velocity in m/s, z is the coefficient of the gas in the
balanced chemical reaction (Eq. 2.5), wel is the width of the electrode in m, Pw is the
electrolyte vapour pressure in Pa, and d is the electrode-membrane distance in m. In the
present work, a homogeneous flow is assumed. This implies that the electrolyte-bubble
mixture has a common velocity equal to the maximum between the natural buoyancy
velocity and the electrolyte velocity in the channels.

The presence of bubbles in the electrolyte significantly increases its resistivity because
they block the ions to travel from the anode to the cathode. An empirical relation about
the conductivity of the bubble-electrolyte mixture is given by Bruggeman [30] and it is
formulated as shown below

kg
kele

= (1− αa/c)
1.5 (3.20)

Where kg is the electrical conductivity of the bubbly electrolyte, kele is the electrical
conductivity of the pure one, and αa/c is the bubble average volume fraction in the
anode or cathode. Hence, each compartment has different electrolyte conductivity. The
consideration of the bubbles in the voltage drop calculation necessitates the replacement
of kele in Eq. 3.16 with kg. Therefore, the ohmic drop due to electrolyte with bubbles is
expressed as follows.

RKOH =
1

kg

(
dam
Aa

+
dcm
Ac

)
(3.21)

Electrodes The electrode material selection is crucial for the effectiveness of the re-
actions and the energy consumption to produce gases. Numerous studies have shown
that noble metals like Iridium, Ruthenium, and Platinum as well as their oxides are
considered the most effective for the OER and HER due to their high electrochemical
activity. Nevertheless, the scarcity and the high cost of these materials lead to the quest
for alternatives. Reasonable alternatives are the Nickel and Stainless Steel electrodes
which are used as the main material for the alkaline electrolysers.

Contrary to their electrochemical activity, the electrical conductivity of both metals
is high and the contribution to the total ohmic losses is negligible. In this work, for
the sake of completeness, the resistivity of the electrodes is taken into account and is
described by the following experimental equations [40, 62].

ρNi = −1.21 · 10−6 + 2.29 · 10−8T + 6.1 · 10−14T 3 (3.22)
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ρSS = 9.843 · 10−5 − 1.502 · 10−7T + 3.434 · 10−10T 2 (3.23)

Where ρNi/SS is the resistivity in Ω · cm and T is the temperature in K.
Hence, the ohmic resistance due to each electrode is obtained as follows:

RNi/SS = ρNi/SS ·
(
LNi/SS

S

)
(3.24)

Where RNi/SS is the ohmic resistance in Ω, LNi/SS is the electrode thickness in cm and
S is the active area of the electrode in cm2, respectively.

3.2.2 Activation losses

The activation losses are associated with the electrochemical process that takes place
at the surface of the electrode.

Electrode activation losses In alkaline electrolysers, the low current densities enable
us to assume that the concentration of the electrolyte at the interface is the same as
that of the bulk. The overpotential is high enough to neglect one of the exponentials of
Eq. 2.17 therefore, the modeling of the activation losses will be approximated with the use
of the Tafel equation (Eq. 2.19). The implementation of the Tafel equation necessitates
the use of the exchange current density and the transfer coefficient. Their value depends
on the electrode material, the temperature, and the type of reaction (OER or HER).
For high accuracy, cyclic voltammetry experiments must be performed for the anode
and cathode under various temperature conditions. In the literature, few experiments
have been performed for different kinds of electrodes to determine the exchange current
density and the transfer coefficient [63, 64, 65]. The values reported have a significant
discrepancy between them due to experimental conditions such as the surface roughness
factor of the electrode and the catalyst loading. Consequently, if individual experiments
are not performed for a cell that is of particular interest, then data from the literature
have to be used with a high chance to be modified to satisfy the characteristics of the
cell under investigation.

The exchange current depends on the activation energy and the temperature of the
reaction, and similar to the reaction rate, it is expressed as an Arrhenius-type equation.
In addition, surface properties like specific area and loading indicate the active sites that
influence the reaction rate. A general form of the exchange current density coefficient is
provided by the following equation [26]:

i0 = iref0 actLct

(
P

Pref

)γ

exp

[
− Ea

RT

(
1− T

Tref

)]
(3.25)

Where iref0 is the exchange current density at reference conditions (298 K, 1 bar) in A/cm2,
act is the catalyst specific area in cm2 of catalyst area per mg of catalyst, Lct catalyst
loading in mg of catalyst per cm2 of electrode area. T is the temperature in K, Ea is the
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activation energy in J/mol, γ is the pressure dependency coefficient, and Pref , Tref is the
reference pressure and temperature in Pa and K, respectively. The product of act ·Lct is
called electrode roughness and indicates the catalyst area in cm2 per electrode geometric
area in cm2. In our case, there is no catalyst used and for that reason the product is
equal to 1.

The estimation of the exchange current density coefficient for each electrode is based
on experimental data on pure Nickel and is a function of temperature. The relation for
each electrode in atmospheric conditions is expressed as follows [65]:

i0,c = 1.08 · 10−5 · exp
[
−50000

RT

(
1− T

Tref

)]
(3.26)

i0,a = 1.21 · 10−6 · exp
[
−80000

RT

(
1− T

Tref

)]
(3.27)

Where i0,a is the exchange current density of the anode in A/cm2, i0,c is the exchange
current density of the cathode in A/cm2, T is the temperature in K, and Tref = 298 K is
the reference temperature.

The exchange current density of the anode and cathode made of stainless steel (SS)
and operating at atmospheric conditions is approximated through the expressions below
[66]:

i0,a = 1.72 · 10−9 · exp
[
−50000

RT

(
1− T

Tref

)]
(3.28)

i0,c = 1 · 10−8 · exp
[
−50000

RT

(
1− T

Tref

)]
(3.29)

In both materials, the reference exchange current density is obtained after fitting the
experimental data acquired in the XINTC Global laboratory.

Many models found in the literature assume that the transfer coefficient of the anode
and cathode is equal to 0.5 (symmetry) without considering the temperature effects. In
reality, similar to the exchange current density, it depends not only on the temperature
but also on the electrode surface properties. For that reason, experimental data have
been used to derive an empirical relation for Nickel electrodes. This relation for both
electrodes is given below [29].

αc = 0.1175 + 0.00095T (3.30)

αa = 0.0675 + 0.00095T (3.31)

In the equations above, αc and αa are the transfer coefficients for the cathode and
anode respectively, while T is the temperature in K.

On the contrary, the anodic and cathodic transfer coefficients of the stainless-steel
electrode fluctuate between 0.4 and 0.5, according to the literature [66, 67].
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Bubble activation losses During the operation of the electrolyser, oxygen and hydro-
gen bubbles start to develop on the surface of the electrodes, and as more products are
being generated the bubbles grow in size and cover a larger surface area. After the size
becomes large enough, buoyancy drives the bubbles upwards detaching them from the
electrode surface. Part of the electrode is rendered inactive due to the bubble coverage
leading to a higher voltage drop.

The real current density that is used in the Tafel equation is expressed as follows:

i =
I

A(1− θ)
(3.32)

The electrode bubble coverage, θ, depends on many factors such as temperature,
pressure, current density, and surface characteristics. A widely used equation found in
the literature is derived from experimental data and is described below [48]:

θ =

[
−97.25 + 182

(
T

Tref

)
− 84

(
T

Tref

)2]
·
(

i

ilim

)0.3

·
(

P

P − Pw

)
(3.33)

Where T is the temperature of the cell in K, Tref = 300K is the reference temperature,
i is the current density in A/cm2, ilim = 30 A/cm2 is the limiting current density [44] ,
P is the pressure of the system in bar, and Pw is the vapor pressure of KOH solution, in
bar.

3.2.3 Efficiency

The research community is focused on improving the efficiency of the alkaline elec-
trolyser and thus making its wide deployment more profitable. It has been mentioned
that the efficiency of the electrolyser is the product of the voltaic and faradaic efficiency
(Eq. 2.20), so during the investigation of the system, both parts have to be considered.
The connection of the electrolyser with a renewable source leads to cell temperature
changes with the current profile, thus altering the efficiency of the system.

Based on Eq. 2.21 and the analysis of the cell losses so far, the voltaic efficiency is
higher at elevated temperatures. In addition, Eq. 3.11 and Fig. 2.3 indicate that a tem-
perature increase yields higher voltaic efficiency due to the increase of the thermoneutral
voltage. Consequently, for the calculation of the voltaic efficiency Eq. 2.21, Eq. 3.11, and
Eq. 3.13 will be implemented.

On the other hand, the faradaic efficiency indicates the current losses due to shunt
currents that reduces with temperature. The figure below (Fig. 3.2) is based on ex-
perimental data of the HYSOLAR-project electrolyser connected to a solar panel. It
is obvious that at low current densities the proportion of losses to the total current is
high and the efficiency deteriorates with temperature. The calculation of the faradaic
efficiency is deduced from experiments by measuring the mass flow of the products at
the exit of the electrolyser and dividing it by the theoretical amount.

In the literature field, it is suggested that the faradaic efficiency is satisfied by the
following empirical relation, and it is a function of temperature and current density [56].
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Figure 3.2: Faradaic efficiency of the HYSOLAR-project electrolyser for three
different temperatures at ambient pressure. High efficiency is achieved at current
densities greater than 50 mA/cm2. Increasing temperature lowers the faradaic
efficiency owing to the gas crossover and the shunt current in the stack that reduce
with increasing gas production. Figure reproduced from Refs. [45, 56].

ηF =

(
i2

f11 + f12t+ i2

)
· (f21 + f22t) (3.34)

Where i is the current density in mA/cm2 and t is the temperature in °C. The
empirical constant are f11=50, f12=2.5, f21=1, and f22= -2.5·10−4

3.2.4 Molar flow of products

One important aspect of the electrolyser is the production capacity for specific energy
consumption where the molar flows of hydrogen and oxygen gases are proportional to
the current applied to the cell. As already mentioned in the previous section, part of
the applied current ends up as parasitic losses and does not lead to useful products.
When the operating conditions are close to the boiling point of the electrolyte, a non-
negligible amount of water vapor is produced leaving the system in a mixed state with the
main products. The production of vapor is not desirable because the system consumes
additional energy, and this is the enthalpy of vaporization.

The molar flow rate of the products is given by Faraday’s law [26] and is formulated
as:

ṅH2 =
I

2F
· ηF (3.35)

32



3.3. THERMAL MODEL

ṅO2 =
I

4F
· ηF (3.36)

ṅH2O =
I

2F
· ηF (3.37)

Where ṅH2 , ṅO2 , and ṅH2O are the molar flow rates of hydrogen,oxygen, and water
consumed in mol/s and I is the current of the cell in Amps.

The molar flow of water vapor, as described below, depends on the pressure of the
system and the molar flow of the product gases.

ṅv =
Pw

P − Pw

· (ṅH2 + ṅO2) (3.38)

As the temperature increases, the saturation pressure of the electrolyte increases as
well. This results in a high water vapor content in the products, hence the rationale is
to operate under low temperatures (50-80 °C) or high pressures (5-30 bar).

3.3 Thermal model

In this project, the thermal modeling is approached by a lumped capacitance model
where a uniform temperature profile is assumed inside the electrolyser and temperature
gradients are ignored [68].

3.3.1 Stack

The assumption of uniform temperature is considered reasonable because the con-
duction taking place inside the electrolyser is faster compared to convection between it
and the environment. It has been already stressed that the operating temperature plays
a significant role in the energy consumption of the cell and the efficiency of the system,
thus it is important to be investigated for a more holistic approach.

The energy and mass balance applied on a single cell can be easily extended for a stack
with N number of cells. Considering the electrolyser as the system under examination
(Fig. 3.3), the first law of thermodynamics for reactive systems is applied considering all
the inflows, outflows, and heat losses that occur [69].

After simplifications, the stack’s thermal balance is formulated as follows (see sec-
tion A.1):

Ct
dTstack

dt
= Q̇gen − Q̇liq − Q̇amb (3.39)

• The term Ct represents the constant-pressure overall thermal capacitance of the
electrolyser by taking into account the volume and density of all the individual
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Figure 3.3: Control volume for the thermal balance. The heat generation inside the
stack due to ohmic losses, the heat abduction due to the temperature difference
with the environment , and the inflow-outflow of electrolyte and gas products
dictate the thermal response of the system.

parts of the assembly [47]. Hence, it can be estimated as:

Ct =

(∑
i

ρi · cpi · Vi

)
Ncell (3.40)

Where ρi, cpi and Vi are the density, constant-pressure specific heat capacity, and
volume of each element of the cell. In addition, Ncell indicates the number of cells
inside the electrolyser.

• The term Q̇gen signifies the generation of heat and is the driving force for the
temperature changes inside the electrolyser. The equation below is used for the
description of the term.

Q̇gen = I(Uc − U tn
t,P)Ncell (3.41)

It is comprehensible that heat generation is affected by the voltage and the temper-
ature change inside the cell since both U tn

t,P and Uc are a function of temperature.

• The term Q̇liq denotes the energy that enters and leaves the system due to the
inflow/outflow of fresh electrolyte and the outflow of gas products. The corre-
sponding expression is shown below:

Q̇liq = ṁele,in · cp,ele(Tstack − Tin) +Ncell · ṁvhlg (3.42)
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Where ṁele,in is the mass flow of electrolyte coming into the system, ṁv is the mass
flow of vapor leaving the system, Tstack is the temperature inside the electrolyser,
Tin is the temperature of the electrolyte at the inlet of the stack, hlg is the enthalpy
of phase change of pure water, and cp,ele is the constant-pressure specific heat
capacity of the electrolyte.

• The term Q̇amb represents the heat losses to the environment due to the tempera-
ture difference between the surface of the electrolyser and the ambient. The main
mechanisms to be considered are convection and radiation, therefore the equation
to be used is the following:

Q̇amb = σAstacke(T
4
stack − T 4

amb) + hstackAstack(Tstack − Tamb) (3.43)

Where σ = 5.67 · 10−8 W m−2 K−4 is the Stefan-Boltzmann constant, Astack is the
surface area of the electrolyser in m2, e is the emissivity of the outer material of
the stack, hstack is the average heat transfer coefficient in W/m2 K, and Tamb is the
ambient temperature.

The coefficient hstack depends on many factors such as temperature difference, stack
shape, and velocity of the ambient air. In most cases, the stack has a cylindrical or
rectangular shape that affects the heat losses differently. A rectangular shape can
be approximated as an object with two horizontal and four vertical plates. With
that being said, the average heat transfer coefficient in natural convection for a
vertical plate is given as follows:

hnatural =
kair
L

[
0.68 + 0.670(RaL ·Ψ)1/4

]
(3.44)

Where Rayleigh number, RaL, is defined as:

RaL =
βg∆TL3

ναair

(3.45)

and the parameter Ψ as

Ψ =

[
1 +

(
0.492

Pr

)9/16
]−16/9

(3.46)

In the equations above, L is the characteristic length of the plate, Pr is the Prandtl
number and β is the thermal expansion coefficient of air. The parameter g is the
gravity, ν and αair are the kinematic viscosity and thermal diffusivity of air, kair is
the thermal conductivity of the air, and ∆T is the temperature difference between
air and the stack’s surface.
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For a horizontal plate, the average heat transfer coefficient for natural convection
is provided in the following manner:

hnatural =
kair
L

(
0.14 ·Ra

1/3
L

)
(3.47)

In real applications, the surrounding air of the system may not be quiescent, thus
leading to additional heat losses. Therefore, besides natural convection, also forced
convection takes place. In such cases, it is reasonable to consider mixed convection
for an accurate calculation of the heat transfer coefficient.

The average heat transfer coefficient for a laminar flow over a flat plate is obtained
as follows:

hforced = (
kair
L

) · 0.664(Re
1/2
L )(Pr1/3) (3.48)

Where ReL is the Reynolds number over a flat plate.

Mixed convection for a rectangular electrolyser is approximated as follows [70]:

Nu
7/2

mixed = Nu
7/2

natural +Nu
7/2

forced (3.49)

Where Numixed, Nunatural, Nuforced and is the average Nusselt number for mixed,
natural, and forced convection.

3.3.2 Separators

An important component of the production system is the hydrogen and oxygen gas
separator due to their main objective of separating the gaseous products from the elec-
trolyte. The gaseous products go to the purification system, while the electrolyte is
recirculated back to the stack, therefore, the thermal behavior of the separator is sig-
nificantly affecting the stack’s operating conditions. Concomitantly, demineralized feed
water is used to refill the electrolyte that is consumed to produce H2, O2, and vapor.

A lumped capacitance model is applied for the thermal modeling of the separator
assuming that the temperature gradients inside it are negligible. In addition, any con-
centration gradient that may exist in the electrolyte is considered minor and impotent
to affect the thermal response.

The control volume under investigation is the separator itself and is depicted in the
figure below (Fig. 3.4). The description of the separator’s thermal model is formulated
on the 1st law of thermodynamics by incorporating the mass balance and introducing
simplifications (see section A.3) that yields the same equation as Eq. 3.39. In this case,
each term denotes:
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Figure 3.4: Illustration of the gas separator. The electrolyte-gas mixture coming
from the stack, enters the tank to separate into pure electrolyte and gas bubbles.
Pure electrolyte recirculates back to the stack while gas is sent to the purification
system. Simultaneously, feed water is inserted to replenish the consumed water.

• The term Ct,sep represents the constant-pressure overall thermal capacity of the
separator by taking into account the volume and density of the electrolyte and the
gaseous product. The estimation of it is based on Eq. 3.40

• The term Q̇gen is absent in this case since there is no heat generation inside the
separators.

• The term Q̇liq denotes the energy that enters and leaves the system due to the
inflow/outflow of fresh electrolyte and gas products:

Q̇liq = ṁmix(g) · cp,gas · (Tsep − Tin) + ṁmix(l) · cp,ele · (Tsep − Tin)

+ṁf · cp,water · (Tsep − Tf) (3.50)

Where ṁmix(g) is the mass flow of the gaseous product that leaves the stack to-
gether with the electrolyte in a mixed form, while ṁmix(l) is the liquid part of this
mixture (electrolyte). Both parts enter the control volume at temperature Tin. The
mass flow of the feed water replenishing the consumed water is denoted by ṁf and
enters the system at temperature Tf . Frequently, the feed temperature is set equal
to the ambient temperature. Nonetheless, the feed water inflow is included in the
energy and mass balance for sake of completeness since our experimental setup has
not feed inflow. This will not affect the steady state condition assumed in the mass
balance since the mass of water consumed for less than 7 hours of experimental
time is lower than 2.5% of the total electrolyte mass in the system. In addition,
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cp,gas, cp,ele, and cp,water express the constant-pressure specific heat capacity of gas
product (H2 or O2 with vapor), electrolyte, and demi-water, respectively. Tsep is
the temperature of the separator.

• An unavoidable part of every energy system are the heat losses to the environment,
Q̇amb, and in this case, these are represented by the losses through the walls of the
separator. The average heat transfer coefficient for a horizontal cylinder is provided
by the equation below [70]:

hnatural =
kair
D

·
(
0.36 +

0.518Ra0.25D

[1 + (0.559/Pr)9/16]4/9

)
(3.51)

Where hnatural is the average heat transfer coefficient in natural convection, kair is
the thermal conductivity of air and D is the diameter of the cylindrical separator.

As stated before, ambient conditions can potentially create a state of mixed con-
vection that must be considered. By using the heat transfer coefficient for forced
convection found in the literature [70], the mixed convection heat transfer coeffi-
cient is provided by the expression below.

(Numixed − 0.3)3 = (Nunatural − 0.3)3 + (Nuforced − 0.3)3 (3.52)

Where Numixed, Nunatural, Nuforced and is the average Nusselt number for mixed,
natural, and forced convection.

3.4 Entropy balance

The first law of thermodynamics indicates the conservation of energy in a system with-
out providing additional information about the maximum achievable efficiency. With
that being said, the second law analysis is imperative for the identification of the irre-
versibilities involved in the system. In light of a steady-state approach, the second law
can be applied only when the stack has reached a constant temperature.

Considering the same control volume for the stack, the entropy balance, after rigorous
calculations (see section A.2), is formulated in the following way:

0 = ṁele,in · (sele,in − sele,out)−Ncell · ṁv · slg +Ncell · I ·
U rev
T,P − U tn

t,P

Tstack

+ Ṡgen −
Q̇amb

Tstack

(3.53)

Where sele,in, and sele,out are the specific entropy of the electrolyte at the inlet and
outlet of the stack, respectively. Additionally, slg is the specific entropy of water’s phase
change, while Ṡgen is the generated entropy due to the irreversibility of the system. The
term Tstack refers to the temperature of the stack at the boundary with the environment,
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but due to the lumped capacitance hypothesis, this value is equal to the temperature of
the stack calculated by the 1st law (see Eq. 3.39).

The calculation of the generated entropy, as shown in the equation above, indicates
the current at which the system operates more efficiently considering the mass flows
into the system and the energy needed for the reaction to take place. Furthermore,
ohmic losses are indirectly included in the heat losses to the environment. In overall, the
analysis allows attribution of losses to design and operating parameters.
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4 | Results

In this chapter, the experimental setup, and the main equipment in the laboratory
is presented. In addition, the results of the experiments, regarding the electrochemical
and thermal testing of the stack, are demonstrated and discussed for each case scenario.

4.1 Experimental setup

The production of hydrogen involves not only the electrolysis stack, which is the
heart of the system, but also the gas separators, pumps, gas chromatograph, sensors,
and valves that are necessary for a safe operation. A broad view of the lab can be seen
in the figure below (Fig. 4.1). In the subsequent paragraphs, each component is briefly
analyzed for a more comprehensive description of the process.

4.1.1 Pumps and vanes

The role of the pump is to circulate the electrolyte in the system at the desired rate
and at the same time cool the stack, thus avoiding overheating. The current lab includes
two magnetic impeller drive pumps with a polysulfone impeller casing and a stainless-
steel head. Having 6.5 cm diameter and 16.5 cm length, the maximum flow rate is 19
L/min, and the nominal power is 25 W. The two pumps displace the electrolyte from
each gas separator to the inlet of the stack’s anode and cathode. Regarding the vanes,
their role is to keep separated or allow the mixing of anolyte and catholyte before they
are inserted to the stack. They operate electronically and their opening can be dictated
in precise.

4.1.2 Sensors

The durability of the membrane prohibits the operation of the stack at temperatures
above 70 °C. With that being said, sensors at the inlet/outlet of the stack as well as inside
the separators are used to record the temperature every second. When the temperature
exceeds the safety limit, the cooling circuit is activated. The temperature sensor is
a Pt1000 probe, a Platinum resistance thermometer with a measuring principle based
on the change of electrical resistance due to the temperature change. The sensor is
characterized by a working range of 0 °C to 150 °C and an accuracy of +/- 0.2 °C.
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Figure 4.1: Experimental setup. The power supply unit (PSU) with maximum
power of 760 W provides direct current (DC) to the stack. The two impeller-type
pumps circulate the electrolyte in the system while the vanes ensure the mixing or
separation of the anolyte and catholyte. In the oxygen separator tank, anolyte is
separated from oxygen while in the hydrogen separator tank, catholyte is segregated
from hydrogen gas.

4.1.3 Piping

The pipes are necessary for the transportation of the electrolyte-gas mixture from
the stack to the gas separators and the return of the electrolyte back to the stack. The
ones used in the experimental setup are made of PVC with a 17 mm outer diameter and
2 mm wall thickness. The total pipe length in the system is 5 m.

4.1.4 Gas chromatograph

It is known that when hydrogen reacts with oxygen at the right proportions, an
explosion takes place. A common cause is the diffusivity of the product gases through
the membrane inside the cell that leads to the migration of oxygen and hydrogen to other
compartments and later on to the gas separator. When the concentration approaches
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Figure 4.2: Magnetic impeller drive pump. Each pump is 25 W, has a maximum
flow rate of 19 L/min, and circulates the anolyte/catholyte from the gas tank to
the stack. The pump has a 6.5 cm diameter and 16.5 cm length.

the lower explosion limit (LEL), the operation of the system is shut down for safety
purposes. Subsequently, the gas chromatograph Thermo Scientific Trace 1300 is installed
to monitor the gas concentration by taking samples every 5mins both from the hydrogen
and oxygen gas separator and analyzing them. The sample is injected with a syringe
into the device while at the same time helium gas is inserted as the gas carrier for faster
analysis times. The operating temperatures of the device are 5 °C to 400 °C, pressures
up to 100 bar, and a resolution of 0.1 °C.

4.1.5 Gas separators

In the present configuration, the gas separators are PVC horizontal cylinders as can
be seen in the figure below (Fig. 4.3). The hydrogen separator has a diameter of 31 cm,
length of 40 cm, and volume of 32 L. The oxygen separator tank has a 31 cm of diameter,
20 cm length, and 16 L volume emphasizing the 2:1 ratio of gas production in the stack.
Inside the tanks, the spiral tubes are utilized for the circulation of cooling or heating
water during the overheating or the startup of the system. The temperature, pressure,
and level sensors ensure proper conditions and prevent the flooding or emptying of the
tank with electrolyte.
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Figure 4.3: H2 gas separator (left) and O2 gas separator (right). The 32 L H2

gas separator is used for the separation of electrolyte from hydrogen, has a 31 cm
diameter, and 40 cm length. Accordingly, the 16 L O2 separator separates the
electrolyte from the oxygen, has the same diameter, and its length is 20 cm. Inside
the tanks, there are spiral tubes allowing the flow of water in the event of cooling
demand.

4.1.6 Stack-Cell

The stack under investigation is made of 21 bipolar cells connected in series with a
total length of 23 cm and a cross section of 21 cm x 19 cm and each cell consists of
stainless-steel electrodes. Between the electrodes and the membrane is the KOH (35
wt%) electrolyte which is decomposed in hydrogen and oxygen. On a stack level, there
are two inlet and two outlet ports. Each inlet and outlet corresponds to the anolyte and
catholyte while the flow is distributed in parallel between the cells.
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Figure 4.4: Single cell with stainless-steel electrode. The bolts are used to fasten
the anodic and cathodic chambers. At the bottom plastic tubes, the electrolyte is
inserted while at the upper tubes the electrolyte with the product gases leaves the
cell. The cell has dimensions of 22 cm x 19 cm.

4.2 Polarization curves

An important aspect of electrolyser modeling is the polarization curve that expresses
the energy consumption of the stack. As previously mentioned, the stack of the lab
consists of 21 individual cells that are connected in series. To accurately measure the
polarization curve of the stack and avoid the presence of shunt current, which is often
observed in stacks with more than 21 cells [50], an identical single cell is built. The
measurements were performed for 30 °C, 40 °C, and 50 °C after varying the current from
26.6 mA/cm2 (2 A) to 160 mA/cm2 (12 A). The results recorded by the instruments were
used to calibrate the model in Python. The same procedure was followed for a Nickel
electrode cell on grounds of comparison. The characteristics of both cells are shown in
the table below (Tab. 4.1). Proper anode and cathode exchange current density had to
be fitted such that the error between the voltage dictated by the experimental data and
the one predicted by the model is minimal (see section A.4). The values should be in a
range indicated by the literature to be plausible and reliable [63, 64, 65, 66]. The figures
below illustrate the behavior of the single cell under different temperatures, pressures,
and geometrical variations.

It can be observed from Fig. 4.5 that the curves reveal a good agreement between
the experimental data (cell 1) and the physical model since the maximum error does not
exceed 1.7%. The values of ωs and τs found to represent the data satisfactorily are 0.4
and 1.8, respectively. As already mentioned in the previous chapters, high temperatures
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Table 4.1: Geometrical aspects and materials of the cell components. The flow of
the electrolyte is chosen to be high to avoid bubble congestion in the interelectrode
gap while the material selection is based on the cost and their low electrical resis-
tance according to the literature.

Alkaline cells
Specification Cell 1 Cell 2
Electrode material Stainless Steel Nickel
Height (cm) 5 5
Area (cm2) 75 75
Spacing (cm) 0.2 0.16
Membrane material Material A Material B
Membrane thickness (cm) 0.1 0.06
Electrolyte KOH (35 wt%) KOH (35 wt%)
Electrolyte flow (lt/min) 1 1

increase the electrolyte conductivity and enhance kinetics, thus leading to less voltage
generated. At low current density, a non-linear behavior is observed due to activation
losses in the electrodes while at high current density activation losses reach a constant
value because of their logarithmic nature. At the same time, the linear ohmic losses on
account of the components such as membrane and electrolyte, prevail. In general, the
model can predict the voltage of the cell for a specific current and capture the behavior
for different operating conditions.

Regarding cell 2, the comparison of the experimental data and the simulation are
shown in Fig. 4.6. It is clear that the model describes adequately the data with less
than 1.9% deviation. In this case, the values of ωs and τs are 0.9 and 1.41, respectively.
Once more, the low current region is distinguished by the non-linear behavior where the
activation losses have the highest portion of the overvoltages. On the other hand, as
the current increases, the activation losses reach a maximum value and the ohmic losses
start to prevail rendering a linear profile to the polarization curve.

Concerning the sensitivity of cell 1 voltage to the pressure, the physical model
(Fig. 4.7) indicates that as the pressure increases the voltage increases insignificantly.
This can be explained by two counter-effects taking place inside the cell. On the one
hand, an increase in the pressure rises the reversible voltage which is a major part of the
total voltage. On the contrary, high pressures are beneficial for reducing the size of the
bubbles on the electrode surface and in the bulk of the electrolyte, hence reducing the
activation and ohmic losses.

It is well known that materials with high electrochemical activity are preferable on
account of their low activation losses and enhanced overall efficiency. An important
indicator of the material’s activity is the exchange current density. Fig. 4.8 reveals the
sensitivity of cell 1 to the electrode materials and underlines the fact that the cell’s
efficiency is tremendously influenced. It can be observed that an increase of the cathodic
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Figure 4.5: Comparison of polarization curves between experimental data (cell
1) and model for 1 bar and different temperatures. The experimental data are
described reasonably well by the model for all the temperatures tested. The non-
linear behavior due to the activation losses in low current densities, and the linear
one owing to the ohmic losses at high densities are observed in the polarization
curves.

exchange current density by two and four orders of magnitude diminishes the voltage by
approximately 10% and 20%, respectively. In general, high exchange current densities
lead to a low cell voltage. The elevated temperature is an additional parameter that
enhances kinetics and positively affects the exchange current density.

It has already been stressed that the electrode’s material is important in the total
energy consumption during hydrogen production. Nowadays, inexpensive materials with
low activation losses are preferred to make the cost of green hydrogen production com-
petitive with that of grey. Such material is Nickel and for that reason, a Nickel electrode
cell is built with the aim of comparing it with Stainless-Steel. Although the cells have
different structures, the model can predict their behavior under different specifications
such as spacing and membrane material. Fig. 4.9 illustrates the polarization curves for
Stainless-Steel and Nickel electrodes at 50°C, 1 bar, and different membrane material se-
lections. In Fig. 4.9(b) and Fig. 4.9(c), the voltage of cell 2 is on average 17.7% less than
that of cell 1. The explanation lies in the higher exchange current density of Nickel which
reduces the activation losses, a large portion of the total voltage losses. In Fig. 4.9(a)
and Fig. 4.9(d), it is apparent that membrane A for both Nickel and Stainless-Steel leads
to a higher voltage compared to membrane B and this difference grows linearly. The
largest difference is observed at 160 mA/cm2 where membrane A induces on average
11.7% higher voltage for both electrodes. A reason for that is the larger thickness, the
low wettability and higher tortuosity that hinder the movement of charged ions and
cause a higher membrane resistance.
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Figure 4.6: Comparison of polarization curves between experimental data (cell
2) and model for 1 bar and different temperatures. The experimental data are
simulated by the model with less than 1.9% error for all the temperatures tested.
The non-linear behavior due to the activation losses in low current densities, and
the linear one owing to the ohmic losses at high densities are distinguished in the
graph.

Figure 4.7: Cell 1 voltage as a function of pressure for various current densities at 50
°C. The reversible voltage increases with pressure while the opposite occurs for the
losses due to the bubble presence in the electrolyte and electrode. Consequently,
an insignificant increase in cell voltage due to pressure is observed.
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Figure 4.8: Effect of the cathodic exchange current density on polarization curve
for cell 1 at 50 °C and atmospheric pressure. It is clear that the exchange current
density heavily affects the cell voltage. Its enhancement by two or four orders of
magnitude leads to 10% and 20% voltage reduction, accordingly. This discrepancy
is observed irrespective of the current density applied.

Fig. 4.10 illustrates the contribution of each source of overpotential to the total
voltage of cell 1 at 1 bar and 50 °C. The dominant losses are the activation that take up
a significant part of the total energy input with a constant contribution at high current
densities owing to the logarithmic nature. Increasing the exchange current density by
selecting highly electroactive materials would considerably lower the activation losses.
In addition, the ohmic losses grow linearly with current and play a significant role in
the total cell voltage, especially at elevated current. Their contribution is maximum at
160 mA/cm2 reaching 15% of the total voltage. Normally, small spacing, conductive
membranes, and high electrolyte flow have proven to reduce ohmic losses.

The energy consumption and the efficiency of cell 1 are of paramount importance
for the evaluation of the system. Fig. 4.11 displays that for 30 °C and 50 °C, where is
it evident that efficiency decrease with current and increase with temperature while the
opposite occurs for the power. In specific, high temperatures lead to the reduction of
the activation and ohmic losses but at the same time reduce the thermoneutral voltage.
The benefits of high temperatures in the cell efficiency grow with the current applied
where at 27 mA/cm2 and 160 mA/cm2 the difference between 30 °C and 50 °C is 3% and
7.5%, respectively. On the other hand, the difference in the power is significant for high
currents where at 160 mA/cm2 this difference is around 14.5%. The explanation lies in
the fact that at currents below 67 mA/cm2 the cell voltage does not alter considerably
with temperature (see Fig. 4.5).
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Figure 4.9: Polarization curves of Stainless Steel and Nickel electrode at 50 °C
and 1 bar. Nickel electrode demonstrates superior performance by having 17.7%
less voltage compared to SS owing to the higher electrochemical activity. This can
be seen in (b) and (c). Simultaneously, in both electrodes, membrane B induces
less voltage drop as opposed to membrane A as can be seen in (a) and (d). The
voltage difference increases with the current density and reaches a maximum value
of 11.7% at 160 mA/cm2. The explanation lies in the electrolyte repelling pores,
the thick material, and the higher tortuosity of membrane A.

4.3 Thermal modeling

This section is dedicated to the demonstration of the thermal behavior of the stack
under various circumstances including structural limitations like bypass current.

4.3.1 Theoretical stack performance

The reaction taking place in the stack is the driving force for the heat generation
and the temperature increase of the system. Under normal circumstances, the single
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Figure 4.10: Contribution of each overpotential term to the total voltage for cell 1
at 50 °C and 1 bar. The proportion of the reversible voltage to the total reduces
with current since its value is constant. Concerning the overvoltages, the activation
losses have the highest contribution compared to the ohmic ones in the current
density range displayed. Nonetheless, the ohmic losses grow linearly with current
where at 10 mA/cm2 is almost 0% while at 160 mA/cm2 is 15%.

cell voltage is equal to the voltage of each cell in the stack for the same current density.
Applying the operating conditions mentioned in Tab. 4.2 and performing a sensitivity
analysis, insightful observations are made.

Fig. 4.12 shows the temperature of the stack and gas separators for 100 mA/cm2

(Fig. 4.12(a)) and 200 mA/cm2 (Fig. 4.12(b)). It is evident that the higher the current
density, the more heat is generated, thus leading to higher temperatures. Specifically,
the steady state temperature for 100 mA/cm2 and 200 mA/cm2 is 38 °C and 58 °C,
respectively. The temperature difference between the stack and the gas separators in-
creases from 0.5 °C at 100 mA/cm2 to 1 °C at 200 mA/cm2 on account of higher heat
losses to the environment since both the temperature difference and the heat transfer
coefficient is higher. It is noteworthy that at 200 mA/cm2 the stack reaches a steady
state condition faster compared to 100 mA/cm2. The explanation lies in the fact that
as the stack temperature grows, the cell voltage reduces while the thermoneutral voltage
increases, hence heat production reduces (Eq. 3.41). At elevated temperatures, ambient
heat losses are higher, therefore a decreasing heat generation and an increasing heat
abduction lead to a rapid steady-state condition.

Another aspect of the system’s analysis is the mass flow of the electrolyte. Fig. 4.13
displays the thermal behavior of the system for 0.01 kg/s (or 0.5 Lt/min, Fig. 4.13(a))
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Figure 4.11: Efficiency and power of cell 1 at 30 °C and 50 °C under atmospheric
pressure. The efficiency of the cell at 50 °C is considerably higher by 7.5% com-
pared to 30 °C at 160 mA/cm2 due to lower ohmic losses. Regarding the power,
a difference of almost 15% is observed. In both cases, the temperature has no
significant effect at very low current densities since ohmic losses are negligible and
mainly the activation overpotential prevails.

and 0.5 kg/s (or 25 Lt/min, Fig. 4.13(b)) at 200 mA/cm2. When the mass flow is high,
heat generation in the stack is immediately circulated in the hydrogen and oxygen tanks
retaining a uniform temperature distribution along the system (< 0.5 °C difference). On
the other hand, low electrolyte mass flow hinders the cooling of the electrolyte causing
a higher stack temperature compared to that of the separator tanks. In the case shown,
this difference is more than 8 °C. Regarding the energy consumption of the low electrolyte
flow, the stack reaches faster the steady state at a higher temperature which leads to
lower voltage. In addition, lower pumping costs increase the efficiency of the system. It
can be anticipated that the velocity of the electrolyte due to pumping is significantly
low and the higher bubble velocity due to buoyancy will drag the electrolyte upwards
increasing its velocity. Therefore, a drift flux model would reproduce more accurate
results concerning the real electrolyte mass flow.

Throughout the formulation of the ambient losses of the system in chapter 3, both
natural and mixed convection approach were considered. Although natural convection is
mainly driven by the temperature difference, forced convection is strongly dependent on
the air velocity of the surrounding air. A quiescent air leads to low heat losses that depend
mainly on natural convection and result in high system temperature. This response is
displayed in Fig. 4.14, where for 0.1 m/s (Fig. 4.14(a)) and 200 mA/cm2 the steady-
state temperature is 54 °C and is approximately 4 °C degrees lower compared to the
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Table 4.2: Simulation input parameters for the theoretical modeling of the stack
behavior. The parameters were chosen according to custom experimental condi-
tions performed in the lab.

Parameter Value Unit
Electrolyte mass flow 0.108 kg/s
Ambient temperature 20 °C
Initial system temperature 20 °C
Ambient air speed ≈ 0 m/s
Electrolyte volume in H2 tank 13 Liters
Electrolyte volume in O2 tank 7 Liters
Operating pressure 1 bar

Figure 4.12: System temperature with time for constant current of 100 mA/cm2

(a) and 200 mA/cm2 (b). At 200 mA/cm2 the heat generation is larger thus leading
to 20 °C higher steady state temperature. In both cases, the system has a nearly
uniform temperature owing to the high electrolyte flow. It must be noted that
in the high current density case the system reaches faster steady conditions due
to the increasing thermoneutral voltage with the temperature that leads to faster
equalization of the ambient heat losses to the heat generation.

case of natural convection(Fig. 4.12(b)). On the other hand, for 1 m/s (Fig. 4.14(b)),
forced convection prevails leading to significantly high ambient losses that reduce the
temperature to 43.5 °C. The temperature difference between the two extreme cases is
more than 10 °C, affecting remarkably the energy consumption of the system. Despite
the smaller voltage generated at low heat losses, the cooling circuit has to be activated
more frequently, thus increasing expenses. On the contrary, if the cooling system is
integrated into a heat pump configuration, then minimal ambient heat loss is preferred.

Fig. 4.15 explores the influence of the stack’s temperature by the total electrolyte
volume in the separator tanks. Large electrolyte volume increases the time for the
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Figure 4.13: System temperature variation versus time for electrolyte flow of 0.5
Lt/min (a) and 25 Lt/min (b) at 200 mA/cm2. At high electrolyte circulation,
the cooling of the stack is achieved and the temperature is observed to be uniform
across the components of the system. On the contrary, at a low mass flow, the
stack temperature is almost 10°C higher than that of the separators.

Figure 4.14: System temperature variation versus time for ambient air velocity
of 0.1 m/s (a) and 1 m/s (b) at 200 mA/cm2. For a nearly quiescent ambient
air, heat losses are driven mainly due to natural convection leading to high stack
temperature. On the other hand, at 1m/s air speed, the steady state temperature
is 43.5 °C which is more than 10 °C than the 0.1 m/s air velocity case.

system to reach steady state conditions while doubling the volume increases the thermal
response by approximately one hour. On the other hand, no significant effect on the
final temperature of the stack is observed. It is interesting to note that since the size of
the separators remains the same, the value of the heat losses is almost the same for each
case. Nonetheless, the smaller the electrolyte’s volume, the higher the proportion of the
heat losses, and hence irreversibility, to the total energy of the system. Furthermore, the
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Figure 4.15: System temperature variation versus time for different electrolyte
volumes in the system and 200 mA/cm2. It is noticeable that the volume of the
electrolyte in the separator tanks does not influence the steady-state temperature
of the system. An expected outcome is the longer time that takes for the system
to reach this condition as the tank volume increases.

system’s thermal behavior is prone to ambient conditions that render it unsafe under
unsteady operating conditions.

All alkaline electrolyser systems operate until a maximum temperature for protection
against membrane failure. In the examined system, the highest operating point is 60
°C, and for that reason, a cooling system (coils) is installed in both gas separator tanks.
Fig. 4.16 displays the response of the system under continuous (a) and interval (b)
cooling mode at 220 mA/cm2. For continuous, when the maximum allowed temperature
is reached, 200 W of cooling is applied to keep the system at the constant temperature
of 50 °C. After 4 hours the system reaches a steady state which means that the heat
generated by the stack equals the heat losses to the environment plus the cooling load.
The power of the stack is approximately 1030 W, therefore, almost 20% of this power can
be extracted in the form of heat. In large-scale electrolysis systems that operate under
constant temperature and higher currents, the cooling load is significantly high that can
be used in heat pumps or district heating. For the interval mode, Fig. 4.16 (b), 500 W
cooling is applied until the system’s temperature reaches 50 °C which is accomplished
after 45 minutes. Although the cooling coils are in the gas separators, the high electrolyte
flow enables the stack to cool quickly and eliminate temperature differences among the
components of the system.

The second law analysis is a necessary tool to evaluate the irreversibility of the system
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Figure 4.16: System temperature variation at 200 mA/cm2 under 200 W of con-
tinuous (a) and 500 W of interval cooling. A continuous low cooling load causes
a constant temperature of 50 °C in the stack that takes almost 4 hours to reach
equilibrium. Regarding the interval cooling, the system needs a shorter time (45
mins) to achieve the lower temperature bound. After its deactivation, the stack
temperature starts to increase again.

under given conditions and provide guidelines for an efficient operation. Fig. 4.17 presents
the entropy generated in the stack with the applied current. The relatively linear trend
suggests that the high current densities come with the price of large losses mainly due
to ohmic resistances. Doubling the current from 80 mA/cm2 to 160 mA/cm2 gives rise
to entropy generation from 0.45 W/K to 1 W/K, slightly higher than twofold. The
increase in current density leads to a higher steady-state temperature which increases
the difference between the reversible and the thermoneutral voltage resulting in an almost
constant slope. Another key factor is the ambient heat losses that grow with the current
owing to the larger temperature differences between the stack and the environment. On
the other hand, the convective term does not significantly affect the entropy generation
since the temperature of the stack and the gas separators is the same. A clear message
from the figure would be the operation at a low current density for minimum losses.
Nonetheless, the faradaic efficiency of the electrolyser must be considered in case shunt
currents are present, especially in the low current region. Consequently, based on the
faradaic efficiencies of commercial electrolysers, a range of 100 - 130 mA/cm2 would be
a rational choice.
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Figure 4.17: Steady state entropy generation in the stack as a function of current
density. The generated entropy increases linearly to the current density since
its value doubles when the system shifts from 80 mA/cm2 to 160 mA/cm2. The
combination of increasing heat losses and the difference between the thermoneutral
with the reversible voltage is responsible for that trend.

4.3.2 Real stack performance

In bipolar stacks, the presence of bypass current is significant, and it leads to less
voltage and less hydrogen production. The origin of bypass current is the low electrical
resistance of the electrolyte in the channels and manifolds giving the current viable paths
to escape from the main zone of reaction. Therefore, part of the current is not utilized
for the dissociation of water resulting in lower efficiency and lower voltage. The shunt
current (or bypass current) in bipolar electrolysers is well documented in the literature
where the main focus has been the prediction and minimization of it [50, 71, 72]. The
operation of the stack is considerably different than that of the single cell due to the
different flow rates and patterns of electrolyte inside the stack. The handmade nature of
the products introduces inevitable differences in the design that may notably affect the
batch-to-batch behavior. Therefore, the theoretical model can no longer be regarded as
an accurate approach, and individual experiments for the stack performance have to be
executed.

A successful thermal model necessitates the prediction of the stack’s voltage at every
temperature and current for the calculation of the generated heat. A series of experiments
(Tab. 4.3) were performed for investigating the thermal behavior of the system. The
current, voltage, and temperature measurements throughout the procedure enabled the
determination of an empirical correlation of the voltage as a function of current and
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temperature (Eq. 4.1).

Ustack = 40.59 + 13.31 · log(I)− 0.084 · t (4.1)

Where I is the current in A, and t is the temperature in °C
The mathematical expression that satisfies the experimental results has a 1.5% av-

erage and 6% maximum error which is mainly encountered at low current density. It
should be mentioned that for low current density levels (< 100 mA/cm2) the voltage
increased irrespective of the temperature. Although this behavior is not found in the
literature before, it is suspected that the presence of the shunt currents affects the re-
sponse of the circuit’s resistance. Additionally, the double capacitance layer due to the
immediate transition from one current to the other and the harmonics from the PSU
alter the voltage of the stack [73]. On the other hand, for high current densities, the
voltage reduced with temperature as expected. Consequently, deriving an accurate ex-
pression for the voltage is not an easy task because part load and full load operation do
not have the same trend with temperature.

Incorporating the empirical equation above in the thermal model, the temperature
of the stack can be predicted for various working conditions.

Table 4.3: Experimental conditions during the testing of the stack. The electrolyte
flow avoids the overheating of the stack while the ambient temperature is controlled
with the help of the A/C unit located in the lab. The PSU ensures the monitoring
of the current to the desired values.

Parameter Test 1 Test 2 Test 3
Electrolyte flow
(kg/s)

0.108 0.0954 0.0954

Lab temperature
(°C)

20 20 18

Current (A) 14 A, 0<t<13 min 4 A, 0<t<69 min 2 A, 0<t<60 min
13 A, 113<t<397
min

6A, 69<t<157 min 4A, 60<t<120 min

8 A, 157<t<201 min
10 A, 201<t<244
min
12 A, 244<t<319
min

Electrolyte in H2

tank (lt)
13 13 13

Electrolyte in O2

tank (lt)
7 7 7

Operating pres-
sure (bar)

1 1 1

Insulation No No Glass wool roll and
polyethylene (PE) in-
sulation pipes

Fig. 4.18 displays the temperature of the stack (a) and H2 separator (b) recorded by
the thermocouples. The current is regulated at 14 A for the first 13 mins and later on
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lowered to 13 A due to the incapability of the PSU to cope with this power. The total
duration of the experiment was 6 hours, and the lab temperature was 20 °C, maintained
constant throughout the process (Tab. 4.3, Test 1). It is noticeable that the temperature
keeps increasing owing to the heat generated from the ohmic losses. After 6 hours, it
reaches a steady state at 46 °C for the stack and 45 °C for the separator, signifying the
equilibrium between heat production and ambient losses. The uniform energy distribu-
tion of the system is visible from the minute temperature difference between the stack
and the separator, manifesting the aftermath of a high electrolyte mass flow. On the
same graph, the temperature profiles computed by the model are presented. It is ap-
parent that the thermal behavior of the system is well predicted, and the deviation does
not exceed 1.44 °C (3.1%). The main contributions to that are the sound assumptions
regarding the heat losses and the heat production inside the stack.

Figure 4.18: Experimental (dotted lines) and simulated (solid lines) heating curves
of the stack (a) and the H2 separator tank (b). The thermal response of the stack
and the separator, shown by the experiment, is almost the same and it is computed
accurately by the model. The maximum deviation between the measurements of
test 1 and the simulation does not exceed 1.5 °C.

Fig. 4.19 shows the temperature profile versus time regarding the stack (a) and the
H2 separator (b). This time, the current starts from 4 A and is increased by 2 A roughly
every hour (Tab. 4.3, Test 2). The transition to a higher current is visible each time from
the small ‘alcove’ on the line. The purpose was to observe the system’s thermal response
at lower currents and compare it to the model. Owing to the constantly changing current,
the system terminates at 41.5 °C without reaching steady-state conditions. As far as the
model is concerned, it is evident that there is a discrepancy with the experimental data
that grows with time and after a certain period, it reaches a maximum deviation of 4.5 °C
(10.8%). First thoughts would indicate an overestimation of the heat transfer coefficient
or the thermal capacity of the system. Nevertheless, such an argument would contradict
the validity of the first experiment since heat transfer depends solely on temperature and
air velocity, and is independent of the applied current. By taking a closer look at the stack
temperature, the difference in the gradient between the experimental and simulated line
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is large in the beginning. In particular, as the current increases, the deviation in gradient
becomes smaller, so towards the end of the experiment (I > 10 A), they become parallel.
This indicates a significant discrepancy mainly in heat generation and not in heat loss
since stack and ambient temperature have less than a 5 °C difference. Consequently, at
low currents heat generation is underpredicted and at high ones is described reasonably
well.

Figure 4.19: Experimental (dotted lines) and simulated (solid lines) heating curves
of the stack (a) and the H2 separator tank (b). The current starts from 4 A
and is increased by 2 A every hours. In both figures, the model underpredicts
the temperature of the system. This discrepancy grows with time and after a
certain point, it reaches a maximum value of 10.8%. The difference between the
temperature gradient observed in the experiment (test 2) and the model is high in
currents lower than 8 A whereas for higher currents they seem to be parallel.

The explanation lies in the presence of bypass current which is notable at lower than
10 A, leading to a heat generation that is higher than the calculated one (Eq. 3.41). On
the other hand, for currents higher than 10 A, bypass current has diminished to such an
extent that heat generation is well predicted by the simulation. The following step is to
calculate the proportion of bypass current to the total one by taking advantage of the
stack’s thermal behavior. A first approach would assume that all the cells of the stack
have the same voltage and the shunt current path, owing to electrolyte channels and
manifold, is treated as one resistance. In each cell, the current flowing is less than that
provided by the PSU since part of it escapes the reaction zone. The above mentioned
explanation can be formulated as:

Q̇gen = Q̇reaction−zone + Q̇shunt ⇔ Q̇gen = (IPSU − Ishunt) · (Ustack −Ncell · U tn
t,P)+

Ishunt · Ustack (4.2)

The energy balance formulated in the previous chapter concerned a single cell and
was extended for a stack. Nonetheless, a single cell does not suffer from leakage current
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and the term Ishunt was not taken into account. The purpose is to adjust the model
and diminish the deviation observed in Fig. 4.19 while at the same time getting an
approximate value of the shunt current in the stack. A simple way to make this link
would be the introduction of a correction factor to the heat generation term in Eq. 3.41
In mathematical terms, this yields

αcorr · IPSU · (Ustack −Ncell · U tn
t,P) = (IPSU − Ishunt) · (Ustack −Ncell · U tn

t,P)+

Ishunt · Ustack, for αcorr > 1 (4.3)

After rearrangements, the equation get the following form.

ηF = 1− Ishunt
IPSU

= 1−
(αcorr − 1) · (Ustack −Ncell · U tn

t,P)

Ncell · U tn
t,P

(4.4)

It can be seen that the faradaic efficiency of the stack can be evaluated according
to its thermal response by finding the correction factor for each current. As discussed
earlier, a possible miscalculation of the heat transfer coefficient during the first hour of
the experiment can be neglected because the difference in ambient and stack tempera-
ture is small. Nonetheless, an additional experiment is performed where the stack and
separators are insulated with glass wool and the electrolyte pipes with PE (Tab. 4.3,
Test 3). Initially, the stack operates at 2 A for the first hour, and then a higher current
of 4 A for the second hour is applied. Fig. 4.20 demonstrates the temperature of the
stack with time for the two-hour experiment recorded by the sensors while at the same
time the model prediction is included. In both curves, the transition from 2 A to 4 A is
observed in the increase of temperature slope since a larger current induces larger heat
generation. It is apparent once more that the simulation underpredicts the temperature
of the stack, thus validating the existence of a shunt current.

An empirical equation for the faradaic efficiency can be derived by finding the correc-
tion factors of Fig. 4.20 for 2 A and 4 A. The shape of this curve (Fig. 3.2) necessitates
one more current at the maximum value (100% faradaic efficiency) for its determination.
For that reason, a plausible assumption would be a 100% efficiency at 14 A, bearing in
mind the examination of Fig. 4.18.

In fully functional hydrogen production setups, gas flow meters are installed down-
stream of the cathode and anode of the stack. This allows the direct measurement of the
products’ mass flow at any moment while at the same time dividing it by the theoretical
amount yields the faradaic efficiency. Nonetheless, the presence of vapour or diffused
gas in the stream alters the accuracy of the gauge, hence an accurate measuring spot is
downstream of the purification system. In the current experimental setup, the gas flow
meters were not yet installed leading to the quest for a quicker and cheaper method of
quantifying the faradaic efficiency. Taking advantage of the system’s thermal response,
a reasonable evaluation of it can be deduced.

The estimation of the correction factors through the 2 A, 4 A, and 14 A enables
the implementation of a fifth-order polynomial fitting curve for the prediction of all the
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Figure 4.20: Experimental (dotted lines) and simulated (solid lines) heating curves
of the stack for the insulated system (test 3). For the first hour, 2 A current is
applied to the stack and later it on switched to 4 A. This transition can be also
distinguished from the change in the temperature slope of the simulation curve
after 60 minutes emphasizing the higher heat generation at larger currents. Com-
paring the experimental and simulated curves, a considerable deviation is detected
between the temperature measurements and the model where the discrepancy in
the gradient is still observed. An immediate consequence is that the model under-
predicts the heat generation in the stack.

intermediate values. It should be noted that the faradaic efficiency is also a function of
temperature ([74]), hence for each current, an average value of the correction factor is
chosen. The equation derived is presented below.

ηF = 2.56 ·10−7 ·I5+2.5 ·10−6 ·I4−18.5 ·10−5 ·I3−3.69 ·10−3 ·I2+0.13 ·I+0.082 (4.5)

Fig. 4.21 shows the experimental and simulated thermal response of the stack during
Test 2 (Tab. 4.3) after the implementation of the faradaic efficiency in the computations.
The temperature is well described by the model for every current emphasizing the fact
that, indeed, the heat production via bypass current is significant and cannot be ne-
glected. The maximum deviation does not exceed 2 °C (5%). The two lines are almost
parallel revealing that if the experiment was executed for a longer period, the deviation
would not propagate, and the error would remain the same.

Knowing the faradaic efficiency provides the opportunity to get an insight into the to-
tal efficiency which is of paramount importance for the evaluation of the system. Fig. 4.22
displays the faradaic, the voltaic, and the total efficiency with current density at 30 °C.
As expected, the faradaic efficiency is low in the low current density range and reaches
100% at values higher than 180 mA/cm2. It should be noted that even at 173.3 mA/cm2
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Figure 4.21: Experimental (dotted lines) and simulated (solid lines) heating curves
of the stack after correction (test 2). It is clearly shown that the implementation of
the correction factor reduces the deviation to a maximum value of 5% and manifests
the important role of the shunt current in the thermal response of the stack. This
time, the lines are practically parallel denoting the reliability of the model if a
longer experiment was executed.

(or 13A) the faradaic efficiency is higher than 99% pointing out that Fig. 4.18 does not
require any correction at all. Regarding the voltaic efficiency, it starts from 86% and
drops to less than 60% at 340 mA/cm2 due to the activation and ohmic losses. The really
high value in beginning is justified by the fact that the shunt current induces less voltage
in the stack and thus increasing the ratio of the thermoneutral to the stack voltage. On
the other hand, the total efficiency reaches a maximum point of 60% around 12.7 A (or
170 mA/cm2) and starts to decline after that on account of the ohmic losses. It should
be emphasized that the optimum efficiency is achieved when the product of faradaic and
voltaic has the maximum value, since the former increases and the latter decreases with
current density. Although a low current density is recommended for minimum overvolt-
age losses, the shunt current is so notable that undermines the high voltaic efficiency.
Therefore, an operating span for optimum production would be from 120 mA/cm2 to
180 mA/cm2.
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Figure 4.22: Faradaic, voltaic, and total efficiency of the stack with current density
at 30 °C. The faradaic efficiency is relatively low for current densities smaller than
100 mA/cm2 and thus the total stack efficiency suffers. On the other hand, the
voltaic efficiency starts from really high values and drops with current owing to
overvoltage losses. The total efficiency increases with current and reaches a peak
at 170 mA/cm2 which corresponds to a faradaic efficiency of nearly 100%. For
higher currents, it reduces because the shunt current is zero while the ohmic losses
grow linearly with the current.
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In this chapter, all the salient results of the experiments and modeling are summa-
rized, and the main conclusions are drawn. The experience accumulated through the
practical and theoretical study of the alkaline electrolyser allows the inclusion of the
necessary recommendations for enhancing the accuracy of the model and improving the
efficiency of the stack.

5.1 Conclusions

The experiments and simulations performed on a cell and stack level provide the
answers to the research objectives that were posed in the first chapter of this report and
give insights into hydrogen production.

5.1.1 Cell level

The comprehension of the necessary knowledge and the formulation of the equa-
tions enabled not only the validation of the single cell’s experimental data but also the
modeling of its behavior under various conditions. The main deductions are explained
below.

An analytical model formed on the basic principles of electrochemistry and fluids
can accurately predict the polarization curve of a cell for every temperature. This is
confirmed by the maximum error of 1.7% and 1.9% between the experimental data of SS
and Nickel electrode compared to the simulation. The temperature has a positive effect
on the voltage since it reduces considerably the voltage losses, especially in the high
current region where ohmic losses prevail. This is also observed in the total power of the
cell which is reduced by nearly 15% when the temperature raises from 30 °C to 50 °C.
Regarding pressure, the cell voltage slightly increases owing to the rise in the reversible
potential.

An important aspect is the selection of materials. It has been seen that membrane
B is superior to membrane A by 11.7% at a current density of 160 mA/cm2. The high
surface tension of the membrane A blocks the electrolyte ions and leads to higher ohmic
losses. On top of that, electrode material is of paramount importance for the overall
efficiency of the cell since the overpotential losses account for the biggest portion of the
total losses. This is also shown in the simulation where a 10% decrease in the voltage is
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observed when the exchange current density is enhanced by two orders of magnitude. A
real example is the lower voltage of the Ni electrode cell by 17.7% compared to that of
SS.

5.1.2 Stack level

The thermal modeling of the stack is developed in terms of the lumped capacitance
method. Useful details are provided on the theoretical stack behavior, including the gas
separators.

The heat generation is proportional to the current of the stack and is shown that high
currents lead to higher equilibrium temperature. This has an important effect on the
stack voltage that reduces with temperature. On the other hand, the generated entropy
increases due to the higher heat losses, as indicated by the relevant figure. Regarding
the energy distribution in the system, a high electrolyte mass flow ensures a uniform
temperature while a low one can create differences up to 10 °C between the stack and
the separators. Additionally, the size of the separator tanks mainly affects the time it
takes for the system to equilibrium. In specific, the larger the volume, the longer it takes.

Cooling is an indispensable feature in hydrogen production for the protection of the
membrane and the avoidance of water evaporation. The theoretical model indicates that
a stack with nearly quiescent ambient air is 10 °C hotter than that with 1m/s airspeed.
This is of particular importance in systems that are exposed to the outer environment.
Along the same lines, the time it takes for the stack to cool depends on the load of the
cooling circuit in the separators. In general, the cooling demand of the simulated stack
accounted for up to 20% of its total power.

Performing experiments on the stack enabled the identification of discrepancies be-
tween the theoretical and real behavior that emanate from the design and the current
losses. The comparison of the temperature measurements and the model at high currents
yielded a maximum error of 3.1% and signified that the current losses are close to zero.
On the contrary, the same comparison for low currents underlined the existence of the
bypass losses that enlarge the heat generation. In the previous chapter, a mathematical
approach to calculating the faradaic efficiency is elucidated. This is formulated on the
thermal behavior of the stack by considering it as a simple electrical circuit and its cal-
ibration is done on an insulated stack. The integration of the faradaic efficiency to the
thermal balance computations extended the accuracy of the model even at low currents.
This is supported by the fact that the maximum deviation between the experiment and
the simulation in the low current region did not exceed 5%. The assessment of the sys-
tem’s total efficiency at 30 °C showed that the maximum value is 60% at 170 mA/cm2

current density. Before and after that, it drops due to the current and ohmic losses,
respectively.

A final remark would be the importance of the model calibration. Parameters like
the electrode activity, membrane resistance, and heat transfer coefficient are usually
unknown and for that reason must be adjusted to the experimental results. Therefore,
experiments are essential for the creation of a trustworthy simulation that can predict
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the electrolyser’s performance under most circumstances.

5.2 Recommendations

The thorough investigation of hydrogen production through water electrolysis gave
awareness of the weaknesses not only of the system itself but also of the modeling ap-
proach. The knowledge gained so far can be culminated in the following recommenda-
tions.

The presence of bubbles in the cell was expressed according to mass balance and
empirical equations. Nonetheless, the flow of electrolyte in the tested cell is not uniformly
distributed and the surface properties of the electrode differ from that of the literature.
Therefore, areas of high and low bubble velocity are created leading to different bubble
volume fractions and electrode coverage. A two-phase flow simulation of the cell would
provide a more accurate representation of the bubble distribution enabling the estimation
of the voltage drop and the bubble-electrolyte velocity in a naturally driven flow. It
has been shown that the electrochemical activity of the electrode and the membrane
resistivity significantly affect cell efficiency. Dedicated experiments for both parts would
avoid their fitting and simultaneously allow the comparison with other materials available
in the market.

The benefit of operating at high temperatures implies that the stack should start up
with a large current to heat the system. In addition, minimizing ambient losses or even
insulating the system will allow the extraction of useful heat energy through a cooling
medium. According to the performance of the real stack, mid-range current densities
are preferred for long-term operation since low current levels are distinguished by the
presence of bypass losses. A consequent step is the elimination of the bypass current by
increasing the electrolyte path in the channels that could permit the operation of the
stack in lower currents and higher efficiency. Regarding the experimental process, more
experiments should be performed for the insulated stack under a greater range of current
densities attaining a better calibration of the faradaic efficiency.
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A.1 Stack mass & energy balance

The investigation of the thermal behavior of the stack necessitates the implementation
of the 1st law of thermodynamics for reaction systems. A rather rigorous derivation of
Eq. 3.39 will be presented in the following paragraph.

Firstly, it is important to start with the electrolyte molar balance of the cell. Hence,

dnele

dt
= ṅele,in − ṅele,out − ṅv − ṅcons

Where, nele, ṅele,in, ṅele,out, ṅv, and ṅcons are the moles of the water in the stack, the
molar flow of water getting into the stack, water going out of the stack, the water turned
into vapor, and water consumed during the reaction.

The amount of water produced/consumed in the system is not significant to create
unsteady conditions inside the stack. The small current densities to be applied, render
it reasonable to assume steady state conditions. Consequently,

ṅele,out = ṅele,in − ṅv − ṅcons (A.1)

Figure A.1: Illustration of the flows entering and exiting the stack. At the inlet,
the pure electrolyte is inserted while the electrolyte with hydrogen, oxygen, and
vapor leaves the stack. The amount of water consumed in the reaction zone is
relative insignificant enabling the use of a steady state molar balance.
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The energy balance for an open system with reaction, is formulated as follows.

Cm
dTcell

dt
= ṅele,in · hele,in − ṅele,out · hele,out − ṅO2 · hO2 − ṅH2 · hH2 − ṅv · hv

+Uc · I − Q̇amb
Eq. A.1⇐====⇒ Cm

dTcell

dt
= ṅele,in · hele,in − (ṅele,in − ṅv − ṅcons) · hele,out

−ṅO2 · hO2 − ṅH2 · hH2 − ṅv · hv + Uc · I − Q̇amb

Where hele,in, hele,out, hO2 , hH2 , and hv are the specific molar enthalpies of the elec-
trolyte at the inlet, electrolyte at the outlet, oxygen, hydrogen, and water vapor, respec-
tively. The overall heat capacity of the cell is denoted as Cm. The temperature of the
cell is indicated by Tcell

In addition,

UcI = UcI + UtnI − UtnI = I(Uc − Utn) + I
∆Hrxn

2F

Where ∆Hrxn is the enthalpy of reaction at temperature T. Hence, the term Utn can
be replaced according to Eq. 2.8.

Moreover,

ṅH2 = 2ṅO2 = ṅcons =
I

2F
(A.2)

Therefore,

Cm
dTcell

dt
= ṅele,in · (hele,in − hele,out) + ṅcons · hele,out + ṅv · hele,out−

ṅcons · hH2 −
1

2
ṅcons · hO2 − ṅv · hv + I(Uc − Utn) +

I

2F
∆Hrxn

−Q̇amb ⇔ Cm
dTcell

dt
= ṅele,in · (hele,in − hele,out) + ṅcons · (hele,out

−hH2 −
1

2
hO2) + I(Uc − Utn) +

I

2F
∆Hrxn − Q̇amb + ṅv · (hele,out − hv)

But,

−∆Hrxn = hele,out − hH2 −
1

2
hO2 (A.3)

and

hlg = hv − hele,out (A.4)

Where hlg is the specific molar enthalpy of water’s phase change at the electrolyte’s
outlet temperature. So, based on Eq. A.2, A.3, and A.4 the energy balance is formulated
in the following way.
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Cm
dTcell

dt
= ṅele,in · (hele,in − hele,out) + I(Uc − Utn) +

I

2F
∆Hrxn

− I

2F
∆Hrxn − Q̇amb + ṅv · (hele,out − hv) ⇔ Cm

dTcell

dt
= ṅele,in·

(hele,in − hele,out) + I(Uc − Utn)− Q̇amb − ṅv · hlg

Or,

Cm
dTcell

dt
= ṅele,in · cp,ele · (Tin − Tcell) + I(Uc − Utn)− ṅv · hlg − Q̇amb

By expressing the molar flows, heat capacity, and specific enthalpy with the corre-
sponding mass ones, taking into account the number of cells in the stack, and considering
the change of thermoneutral voltage with temperature, the final equation gets the fol-
lowing form:

Ct
dTstack

dt
= ṁele,in · cp,ele · (Tin − Tstack) +Ncell · I(Uc − U tn

t,P)−Ncell · ṁv · hlg − Q̇amb

(A.5)

Where Ct is the overall heat capacity of the stack.

A.2 Stack entropy balance

An equally significant aspect of the analysis is the thermodynamic approach of the
stack dictated by the second law. For that reason, this paragraph is dedicated to the
derivation of the entropy balance implemented in the main model.

Considering the same control volume as that of the energy balance, the second law
analysis in steady-state conditions is formulated as follows:

0 = ṅele,in · sele,in − ṅele,out · sele,out − ṅO2 · sO2 − ṅH2 · sH2 − ṅv · sv

+Ṡgen −
Q̇amb

Tcell

Eq. A.1⇐====⇒ 0 = ṅele,in · sele,in − (ṅele,in − ṅv − ṅcons) · sele,out

−ṅO2 · sO2 − ṅH2 · sH2 − ṅv · sv + Ṡgen −
Q̇amb

Tcell

Eq. A.2⇐====⇒ 0 = ṅele,in·

(sele,in − sele,out) + ṅv · (sele,out − sv) + ṅcons · (sele,out − sH2 −
1

2
sO2)

+Ṡgen −
Q̇amb

Tcell

Where sele,in, sele,out, sH2 , sO2 , and sv are the specific molar entropies of the electrolyte
at the inlet, electrolyte at the outlet, oxygen, hydrogen, and water vapor, respectively.
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On the other hand, Ṡgen expresses the generated entropy due to the irreversibility of the
process and Tcell is the temperature at the boundary of the system and its environment
which is equal to the temperature of the cell due to the lumped thermal capacitance
model.

slg = sv − sele,out (A.6)

Where slg is the specific molar entropy of water’s phase change.
Moreover,

∆Srxn = sH2 +
1

2
sO2 − sele,out (A.7)

Based on Eq. A.6 and A.7, the entropy balance is expressed as follows:

0 = ṅele,in · (sele,in − sele,out)− ṅv · slg + ṅcons · (−∆Srxn) + Ṡgen −
Q̇amb

Tcell

According to the thermodynamics of water electrolysis (Eq. 2.6, Eq. 2.7, and 2.8) it
can be derived that

∆S =
∆H −∆G

Tcell

⇔ ∆S =
2F · (Utn − Urev)

Tcell

(A.8)

Hence, substituting Eq. A.8 and A.2, the entropy balance is modified in the following
way:

0 = ṅele,in · (sele,in − sele,out)− ṅv · slg + I · Urev − Utn

Tcell

+ Ṡgen −
Q̇amb

Tcell

Alternatively, the expression of the entropy balance in mass basis instead of molar, the
consideration of all cells in the stack, and taking into account the temperature variation
of the reversible and thermoneutral voltage leads to the below mentioned expression.

0 = ṁele,in · (sele,in − sele,out)−Ncell · ṁv · slg +Ncell · I ·
U rev
T,P − U tn

t,P

Tstack

+ Ṡgen −
Q̇amb

Tstack

(A.9)

A.3 Separator mass & energy balance

The modeling of the separators is an important aspect of the total system’s response.
The same approach is followed as the one applied in the stack.

Firstly, the mass balance of each phase inside the separator must be set up by iden-
tifying the flow streams that enter and exit the control volume. The small amount of
electrolyte converted into the gaseous product as well as its replenishment with feed demi
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water rationalizes the assumption of negligible mass change in the separators. In addi-
tion, the amount of vapor that condenses inside the separator is neglected. A dynamic
model is necessary for the thermal behavior considering the fact that the heat generated
in the stack acts on the separator’s internal energy.

At the inlet, both electrolyte and gas products are inserted as a mixture while they
exit from the outlet as two separate phases. Conversely, the demineralized feed water
serves to replenish the consumed water and maintain the concentration of the electrolyte.
Hence, the mass balance for the liquid and gas phase is formulated as shown below.

ṁmix(g) = ṁgas + ṁv (A.10)

ṁmix(l) + ṁf = ṁout (A.11)

Where ṁmix(g) and ṁmix(l) are the mass flow rates of the gaseous and liquid phase
entering the control volume as a mixture. The terms ṁgas and ṁv denote the mass
flow rates of H2 or O2 and vapor leaving the separator while ṁf is the mass flow of the
demineralized water. Moreover, the electrolyte leaving the separator is expressed as ṁout

The gaseous products that enter the separator are firstly produced in the stack,
consequently, ṁmix(g) is calculated using the Eq. 3.35, 3.36, 3.38. In addition, the water
converted into H2, O2, and vapor has to be replenished with demi water, thus

ṁmix(g) = ṁf

Considering the thermal balance of the separator, the 1st law of thermodynamics
indicates that:

Ct,sep
dTsep

dt
= ṁmix(g) · hgas,in + ṁmix(l) · hele,in + ṁf · hf − ṁgas · hgas,out

−ṁout · hele,out − ṁv · hgas,out − Q̇amb

Where hgas,in and hgas,out is the specific enthalpy of gas products entering and leaving
the separator, respectively. In addition, hele,in, hele,out, and hf is the specific enthalpy of
the electrolyte entering, leaving, and the feed water entering the system. The tempera-
ture of the separator is indicated by Tsep and the overall heat capacity of the separator
is denoted as Ct,sep.

By considering the mass balance (Eq. A.11 and A.10) and executing the necessary
simplifications, the thermal balance is expressed as follows:

Ct,sep
dTsep

dt
= ṁmix(g) · cp,gas · (Tin − Tsep) + ṁmix(l) · cp,ele · (Tin − Tsep)

+ṁf · cp,water · (Tf − Tsep)− Q̇amb (A.12)

Where cp,gas, cp,ele, and cp,water is the constant-pressure specific thermal capacity of
H2 or O2 with vapor, electrolyte, and demi water, respectively. Furthermore, Tin is
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the inlet temperature of the electrolyte and gas entering the separator, while Tsep is
the temperature of streams at the outlet as well as that of the control volume. Lastly,
Tf is the inlet temperature of the feed water and Q̇amb denotes the heat losses to the
environment.

A.4 Solvers

The thermal and electrochemical modeling of the stack necessitates the implemen-
tation of appropriate solvers that provide the solution to differential equations and the
minimization of objective functions. In the following section, all the necessary informa-
tion and working principles regarding the solvers used are provided

The polarization curve of the cell with Stainless-steel and Nickel electrodes is accom-
plished after building the algorithm explained in chapter 3 and fitting the free parameters
based on the experimental data. It is desired that the modeled polarization curve has
a minimum difference compared to the experimental data for every current density and
temperature. With that being said,

Minimize Error =
50∑

t=30

12∑
I=2

|U(I, t)− Uexp(I, t)| (A.13)

The algorithms used for the minimization of the objective function above are the
Nelder-Mead and the Differential Evolution. The Nelder-Mead algorithm is a direct
search method (no gradient is required) usually applied to non-linear optimization prob-
lems. Furthermore, it is a heuristic method that may converge to non-stationary points
[75]. The Differential Evolution is a metaheuristic method that does not use the gradient
of the objective function but attempts different candidate solutions for the minimization
of the problem. Moreover, it is frequently used in multidimensional problems that are
not continuous, are noisy, and change with time [76].

Regarding the thermal modeling of the setup, a system of ordinary differential equa-
tions (Eq. A.5, A.12) describing the stack’s and separators’ temperature with time has
to be solved simultaneously. For that reason, the Python solver odeint is implemented.
The odeint command is based on the algorithm LSODA that includes several explicit
(i.e., Euler method, Adams-Bashforth) and implicit methods (i.e., implicit Runge-Kutta,
Rosenbrock). The algorithm automatically selects between stiff and non-stiff methods,
and it has the advantage of starting with non-stiff ones and after monitoring data, it
decides which method to apply [77, 78].
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