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Abstract

In an effort to replace fossil fuels by more sustainable solutions, the demand for green hydrogen has
grown significantly over the last few years. This has raised the interest in electrolysis and has boosted
its development. Water electrolysis produces hydrogen and oxygen from water using direct current,
nowadays often with an electrochemical efficiency of around 80%. Although much effort has been
made to reach such high efficiencies little research has been done on the excess heat produced by
electrolysis. This thesis intends to cover this topic, mainly focussing on Proton Exchange Membrane
(PEM) electrolysis. All of the inefficiencies of the electrolyser translate into heat and it is the objective of
this research to investigate how much of this heat can be extracted and contained for use in a separate
application. Furthermore, in the second part of this thesis, the available applications are studied in an
offshore and onshore production scenario to better understand potential of this heat.

In order to accurately simulate the thermal behaviour of a stack of PEM cells an electrochemical and
thermal model was created representing the average large-scale PEM electrolyser of today. Further-
more a basic integrated cooling system was designed in order to assess how much heat can be ex-
tracted from the stack and at what temperature. The system consists of separate channels for cooling
water inside the bipolar plates that separate the individual cells. It was found that well over 90% of
the heat produced by the stack can be extracted in the form of cooling water at a few degrees (<3°C)
below stack temperature without impeding the performance of the stack. The largest contributor to heat
being lost, was found to be the production of water vapour on the anode side of the cells which can be
reduced significantly by operating with an elevated pressure in the anode chamber (5 bar).

In the onshore case study it was found that an electrolyser is very well suited to be connected to a
district heating network. The low temperature heat serves well for applications such as space heating
and/or water heating. In an offshore scenario the excess heat can serve to aid in thermal desalination
however it proved to be more difficult to find an adequate application for the full amount of produced
heat.

In conclusion, the models presented in this thesis have shown very satisfactory results in terms po-
tential of excess heat. It has proved to be a very interesting field of study and more in-depth research
as well as broader studies on possible heat applications can be conducted to fully understand the
potential of excess heat from electrolysis.
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Introduction

This chapter will give a brief introduction on the subject and current development in the world of elec-
trolysis. It will explain where development is headed and where possible potential lies. By doing so it
will explain and underline the relevance of the research direction and present a clear objective.

1.1. Hydrogen and electrolysis

In an effort to replace fossil fuels by more sustainable solutions, using hydrogen as an energy carrier
is taking on momentum. Many hydrogen related projects of all sizes are starting to take shape around
the world. Working with hydrogen, whether it's producing it, transporting it or using it as fuel, has its
own challenges. Trying to deal with these challenges and exploiting potential opportunities best we
can is what research is all about. We have become experts in working with fossil fuels and have built
a world that runs on its energy. To reach the same level of expertise in renewable energy is a major
challenge and hydrogen will play a big part in it. Hydrogen is already used in many industries and
we are not new to working with this highly energetic substance. The demand for hydrogen has tripled
since the 1970’s and is rising rapidly. The current global demand for hydrogen is around 70 million
tonnes per year and nearly all of it is produced with fossil fuels [19]. For hydrogen to be ‘green’ and for
it to contribute to the reduction of carbon emission, its production needs to be fuelled by a renewable
power source and this is where electrolysis comes into perspective. This technique uses direct current
to split water molecules into oxygen and hydrogen. The current can be supplied by a renewable power
source like wind- or solar energy. Although hydrogen production by means of electrolysis is a technique
that has been around for decades it has never been the favoured technique for large-scale production
since it has not been able to compete with cheaper alternatives like steam reforming. However, now
more than ever, our focus lies on the reduction of greenhouse gasses. It is a major subject in politics
and governments are starting to conduct policies in favour of renewable energy. This, and the belief
that hydrogen will play a vital role in the future, is leading to a market where 'green’ hydrogen can be
a profitable product. Electrolysis has therefore gained a lot of attention over the last few years and
this, in turn, has boosted development in terms of efficiency and scalability. There are a few types
of electrolysis that differ in several ways, they do however share the property that, next to hydrogen
and oxygen, they produce heat. And it is this product of electrolysis that to this day has largely been
ignored. Now that electrolysis is being paired with renewable, and thus more valuable, energy it has
become more evident to let as little as possible go to waste. This mindset and the increase in scale of
such operations has attracted the interest to residual heat.

This thesis intends to investigate the potential of excess heat of large-scale electrolysis. The following
section will give an overview of the different techniques and of the kinetics and thermodynamics involved
to give an insight in the challenges and the amount of heat we are dealing with.



2 1. Introduction

1.2. Technical insight

Electrolysis is a technique that uses direct current to drive a reaction that would otherwise not occur.
The electrolysis of water produces hydrogen and oxygen by facilitating the transfer of electrons that is
required for the reaction:

1
H20() — Hazg) + 5 Oz

There is more than one way to achieve this reaction and the chosen materials and operating conditions
determine the half-reactions that take place inside the electrolyser cell. Two main types, in use today,
are suitable for large scale production: Liquid Alkaline and Proton Exchange Membrane electrolysis.
What they have in common is the main structure; an electrolyser cell is made up of a positive and a
negative electrode separated by an ion conduction electrolyte. The materials in the cell, and with that
the occurring half reactions, are however very different. The following section will give an insight in
both techniques.

Alkaline electrolysis

Here the electrolyte is an alkaline aqueous solution, usually KOH™. the electrolyte conducts OH™ ions
and the half-reactions in the cell are:

Anode:

1 -
20H(@q) — 3 Oz() * H20¢) + 2e

Cathode:
2 H20(|) +2e — H2(g) +2 OH(;q)

Overall:

1
H20() — Hazg) + 5 Oz

The anode where the oxygen evolution reaction (OER) takes place is usually stainless steel and the
cathode, where the hydrogen evolution reaction (HER) takes place, is usually made of a nickel-based
stainless steel. Nickel acts as the catalyst for the HER. Traditionally this technology has been the main
technique in large-scale electrolysis and it has been in use for several decades. It is therefore a very
mature and far developed technology that can still very well compete with the much newer PEM tech-
nology. Its main disadvantages compared to PEM technology are the low current density, resulting in
large equipment, and its lower flexibility in terms of load on the system. It is because of these proper-
ties that the demand for PEM technology has boosted over the last few years. However, despite the
maturity of alkaline technology, progress is still being made in this domain [34][46][47].

Proton exchange membrane electrolysis
Here the electrolyte is a solid polymer capable of conduction protons (H™* ions). The half-reactions in
the cell are as follows:

Anode:

H0() —> > Ogg) + 2H(iq) + 267
Cathode:

2H@q) + 267 — Hyg)

Overall:

1
H20() — Hazg) + 5 Oz
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The concentration of free H* ions means the cell is very acidic. Catalysts capable of operating under
these conditions are precious metals such as platinum and iridium; the first is used to catalyse the HER
on the cathode and the latter to catalyse the OER on the anode. The use of these precious metals
make PEM electrolysers relatively expensive and the acidic nature results in short lifetime compared to
alkaline technology. The solid polymer does however allow for very compact design. In PEM electrol-
ysers the electrodes are pressed against the electrolyte in a so-called zero-gap configuration. These
layers together are also referred to as the membrane electrode assembly (MEA) and form the heart
of the cell. The MEA together with current collectors and separator plates make up the cell that, on
average, is only 5-7 mm thick [48]. This structural compactness and the high current density result in
a much smaller footprint compared to alkaline technology.

1.2.1. Thermodynamics and Kinetics

Although both types of electrolysis follow a different path, the result is very much the same. Both cells
drive the same overall reaction and the products are hydrogen, oxygen and heat. To fully understand
how these products relate one needs to have an insight in the thermodynamics behind the reaction,
before getting into it in detail in chapter 3. The energy required to drive the water splitting reaction is
given by the change in enthalpy:

The minimum amount of energy that needs to be supplied in the form of electricity to split one mole
of water into hydrogen and oxygen is governed by the change in Gibbs free energy (AR G) that under
standard conditions is equal to Az G° = 237.23 kd/mol [30]. The theoretical minimum potential required
for the cell to operate is therefore:

U _ARG°_237.23-103_123V 1o
rev T ZF T 2-.96485 @ (12)

In which z is the number of transferred electrons in the water dissociation reaction (z = 2) and F is
the Faraday constant (F = 96485 C/mol). U,., is called the reversible potential and it corresponds to
the lower heating value (LHV) of hydrogen. In the case heat is delivered by an external heat-source
this is the minimum amount of electrical input required. However, the heat required for the reaction to
occur (heat of evaporation of water) is also delivered in the form of electricity. In that case the minimum
amount of electricity is governed by the change in enthalpy that under standard conditions is equal to
AR H® = 285.85 kJ/mol [30] which corresponds to the higher heating value (HHV) of hydrogen.

_ AgH°  285.85-10°
T zF  2-96485

Upn =148V (1.3)

This is called the thermoneutral voltage and a cell operating at this voltage neither consumes nor
produces heat. However, at this potential the reaction rate is infinitely small. To overcome the activation
energy of the half-reactions and the ohmic resistance of the cell an overpotential is required. Hence,
the actual cell voltage (U.;;) will always be higher than this value. For an electrolyser cell the voltage
is a very important measure. The higher the cell voltage the more inefficient the electrolyser cell is
and thus the more heat it produces. Chapter 3 will cover the relation between cell voltage, operating
conditions and efficiencies in more detail, however the following relation can always be expressed:

Q= Ucern = Ugn) - 1 [W] (1.4)

In which Q is the heat produced by the electrolyser.



4 1. Introduction

1.3. Research objective

The excess heat is the particular matter of interest in this thesis. The research is intended to investigate
the potential of excess heat from electrolysis. In doing so it will mainly focus on PEM technology. This
choice was made because PEM electrolysers usually operate at higher current densities than alkaline
electrolysers and the trend seems to be that these current densities will continue to rise in the near
future for PEM’s whereas these values have stagnated more for alkaline technology. Current density
is an important value for cooling and/or heat recovery since a high current density also means a high
concentration of heat and with that a higher load on the cooling system. This means that a cooling
solution for a PEM electrolysers is more easily adapted for an alkaline electrolyser than the other way
around.

To fully understand the potential the excess heat has, a few questions arise that need to be answered.
The first and most obvious is:

1. How much heat does a PEM electrolyser produce?

To answer this question in a realistic manner for an electrolyser in every situation (i.e. powered with
both stable and fluctuating renewable power sources) a detailed model should be made that accurately
simulates the thermal behaviour of electrolysis. However a quantitative analysis is not sufficient and
therefore the next, equally important, question is:

2. How much of this heat can be extracted and at what temperature?

For the purpose of re-using the heat it is important to answer this and to do so a dedicated cooling
system should be designed and modelled. Knowing how much heat is available at what temperature
rises the third and last sub-question:

3. What possible applications, for the excess heat, are there and how much is gained capitalis-
ing on these possibilities?

It is the objective of this thesis to reveal the potential of the excess heat by answering these questions
in a clear and structured manner. The methodology in doing so and the structure of this thesis are
presented in the next chapter.



Research Approach and Summary

This chapter is intended to describe the structure of this thesis and the methodology used in answering
the research questions and to provide a concise summary of the observations made in this thesis.

2.1. Structure

To investigate the potential of excess heat from electrolysis the research is built up in two parts. The
first part is dedicated to answer the first two sub-questions; how much heat can be extracted from
electrolysis and at what temperature. The second part will be dedicated to value the heat from both
an economical and environmental perspective. The first part will be based on models simulating the
kinetics and thermodynamics of electrolysis and on the simulation of a cooling system designed for the
purpose of re-utilizing the heat. This part will give the necessary information to conduct the second part
of the research; the valuation of the heat.

2.2. Modelling

In order to properly investigate the potential of the excess heat produced by PEM electrolysis a model
constructed in Simulink. This model is intended to represent the stack of the electrolyser. It is divided
into three interconnecting parts. It consists of an electrochemical model, a thermal model and a model
of the cooling system. For a visual representation of the complete model and how these parts are
connected is referred to appendix B.1.4.

2.2.1. Electrochemical model

The electrochemical model, covered in chapter 3, will simulate the relation between current and voltage
in detail for different operating temperatures and pressures. It will explain the kinetics of the occurring
reactions and provide the information necessary for accurately simulating the heat production inside
a stack of PEM cells. Furthermore it simulates the exact composition of the product flows and the
consumption of water allowing for a detailed thermodynamic balance that will be coupled to a thermal
model.

2.2.2. Thermal model

Since the thermal behaviour of the system is the focus of this research most effort was made to ensure
that the thermal model is as accurate as possible. It is also of interest how the electrolyser thermally
behaves under varying load (renewable power source). Of lesser importance to this research has been
the complex and intricate electrochemical dynamic behaviour that occurs upon changes in power input.
Therefore the choice was made to connect a dynamic thermal model to a static electrochemical model.
This simplification is justified by the time-scale of the dynamic behaviour of the electrochemical pro-
cesses. The response-time of the electrochemical phenomena that occur in the electrolyser is generally
much shorter (< 2 seconds [39][33][15]) than the thermal response-time of the system (> 100 seconds
to reach operating temperature). This means that it responds much more quickly to a change in input

5
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variables than the temperature responds and therefore the transient behaviour of the electrochemistry
will have close to no effect on the outcome of the thermal behaviour.

2.2.3. Cooling system

And last but not least a cooling system, covered in chapter 4, is modelled to answer the second research
question: how much heat can be extracted and at what temperature? Since little to no information is
available on the cooling systems of PEM electrolysers basic cooling system concept is first proposed.
The heat transfer inside the electrolyser cells is modelled in Matlab and the resulting heat transfer
coefficients are implemented in the overarching Simulink model where a control system is modelled
controlling the mass flow of the cooling water. The resulting model represents a stack of cells that can
be subjected any desired and varying load which is automatically kept at the desired temperature by
the cooling system giving detailed information about the production of hydrogen, oxygen and heat in
the form of a flow of cooling water.

2.2.4. Results

In chapter 5 the combined model is subjected to a series of input currents to check if the model behaves
realistically. Thereafter the performance of the stack and the cooling circuit is analysed for a wide range
of input currents and operating conditions in order to answer the first two research questions. Hence, it
will give a clear picture of how much heat can be extracted form the stack in all conditions and how this
relates to the performance of the stack. Furthermore a section in this chapter is dedicated to analyse
the influence of several important parameters on these results and findings.

2.3. Heat applications

Where the first part of this thesis will have provided a qualitative and quantitative assessment of the
attainable heat from a technological perspective, the second part is intended to evaluate the possible
applications this thermal energy could be useful in, and will do so by investigating two, very different,
case studies: an offshore and an onshore case. What possibilities there are, will depend on the location
of the electrolysers and on the size of the project. Generally speaking there is more direct use for excess
heat onshore than offshore. However, the largest scale (GW-scale) production of green hydrogen is
most likely to be realised offshore in the future, therefore it will certainly be valuable to look into the
offshore possibilities.

2.3.1. Onshore

Onshore the most obvious application for a significant amount of low-grade heat is district heating. In
Nieuwegein a 2 MW electrolyser, connected to a solar farm and the net, will be built in the near future
(possibly next year). This electrolyser will be connected to both the grid and a solar farm and thus be
able to operate night and day. The heat from the electrolyser could potentially be delivered to a heating
network. This situation was studied and the cost and benefits were compared so as to investigate the
potential of heat re-utilization in the presence of a heating network.

2.3.2. Offshore

Large-scale offshore hydrogen production will take place either on platforms or artificial islands. A2 GW
concept based on an island in the North Sea is currently being investigated by the North Sea Energy
Programme [21] and is taken as a base case in this thesis to investigate the potential of excess heat in
an offshore environment. The direct use for the excess heat in this scenario is limited by pre-heating
the process water and aiding in thermal desalination (to produce process water form sea water). As
the analysis in this chapter will show, these applications will consume only a small part of all attainable
heat and therefore the potential of a heat-to-power system is analysed as well.

2.4. The Electrolyser

For the structure of this thesis it will be helpful to give a detailed description of the electrolyser that
has been modelled before moving on to the rest the thesis. Many different electrolysers have been
documented in literature and many more have have been manufactured for commercial purposes. The
challenge in choosing design parameters for the model is to simulate an electrolyser that, as closely
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as possible, resembles state of the art large-scale commercial electrolysers that are in use today and
will be in the near future. Unfortunately most detailed information about such electrolysers is protected
by manufacturers. The cells and stacks documented in literature are generally of smaller scale and
most dimensions cannot simply be scaled up. The final design parameters and dimensions chosen for
the model, are therefore a combination of averages from literature and well informed choices based on
information from experts and manufacturers. The specifications of the final design of the electrolyser
are tabulated in table 2.1. This table can be viewed as a concise summary of the first part of this thesis.
Reaching this final design has partly been an iterative process and the design parameters are often
based on intermediate results. All choices made in the process are explained in the related chapters
and appendices referred to in the last column of the table.

Table 2.1: A summary of the specifications of the electrolyser and cooling system modelled in this thesis. More information and
motivation for certain choices can be found in the chapters/appendices specified in the last column

The Electrolyser \ Comments/More information
Stack
Number of cells per stack. More info/motivation
Number of cells Neenr 100 can be found in A.1
The cells are 31.6 by 31.6 cm squares.
2
Surface area Acelr 1000 cm More info in A1
Performance
. . The load the electrolyser is designed for.
2
Nominal load Inom 1.5 Alcm (= 100%) More info in A.2
- At nominal load and at 80°C. Based on the
[ 0,
Stack efficiency (at 80°C)  egc 80.0% higher heating value of hydrogen.
- Difference lies in typical BoP and conversion
0,
System efficiency Esys 74.4% inefficiencies. More info in A.2.1
For short periods (10-20 min) the stack is expected
- - 0,
Load range 0-160% to cope with loads up to 160%. More info in 4.1
Product
. . Results from the model explained in
3
Nominal H2 flow Va, 62.1 Nm->/h chapter 3
The output pressure of hydrogen
Cathode pressure P, 30 bar More info A.3
The output pressure of oxygen
Anode pressure Fa 5 bar More info in 3.1.5. and A.3
Cooling svstem Internal separate cooling channels
g sy inside bipolar plates. See Chapter 4.
Channel width W, 1.5 mm Wldth.of a'smgle channel inside the bipolar plate
More info in A.4
. Height of a single channel inside the bipolar plate
Channel height H¢p 1 mm More info in A4
Number of channels N 79 This is a result of the chosen dimensions
per cell ch and geometry of the bipolar plates.
Cooling fluid Liquid water MosF practical in use, both in stack
and in subsequent processes







Electrochemical and Thermal Model

The model should be able to accurately simulate the electrochemical and thermal behaviour of the
electrolyser. The electrolysers might be connected to a wind or solar farm and thus a fluctuating power
supply. The model should therefore be of dynamic nature. However, since for the purpose of this
research the thermal behaviour is most important, some simplifications can be made. The electro-
chemical response of electrolysers, especially of PEM’s, is much quicker than the thermal behaviour of
the system [33]. The dynamic and complicated electrochemical response to changing input and envi-
ronmental conditions will therefore have close to no effect on the thermal behaviour of the system. The
electrolyser therefore is modelled using a static electrochemical model coupled to a dynamic thermal
model.

3.1. Electrochemical model

The electrochemical model of the electrolyser forms the basis of the system. It gives a relation between
the current and the voltage at different operating conditions and the resulting product streams. With
this information can be calculated how much heat is produced. Since the model is static, it will not be
time-dependent and a certain input will always result in the same output. The relation between current
and voltage will be expressed in the form of a polarization curve at the end of this section in figure 3.3.
The next subsections will explain the variables and equations that result in the following relation.

Ucet1 = Uocv + Uact + Uonmic [V (3.1)

Where U, is the open-circuit voltage that can be defined as the potential difference between the anode
and the cathode when no reaction is taking place and when the current is equal to zero. The remaining
terms; U, and U,nmic are a result of the activation overpotentials at both electrodes and of the ohmic
resistance of the cell(s) respectively.

3.1.1. Open-circuit voltage
The open-circuit voltage is usually calculated using the Nernst equation:

1

RT. aya}
Uoev = Upey + _IH(M

I V] (3.2)

Where R is the universal gas constant (R = 8.3145 J/molK) and ga; is the activity of the different species.
For liquid water this can be assumed to equal 1 [13]. For the gasses the activity is the effective partial
pressure which, for ideal gasses, is equal to (P,/P°) with p® = 1 bar. U,,, is the reversible potential
that is related to the minimum amount of electrical energy that needs to be supplied for the reaction to
take place. This amount of energy is represented by the Gibbs free energy change AG (T) in J/mol and
the resulting reversible potential is given by:

Uyer = 2600 1y (3.3)
rev = o .

9
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Under standard conditions (T = 298 K and p = 1 bar) the Gibbs free energy is equal to AG® = 237.22
kJ mol~! and the reversible potential becomes U2,, = 1.23 V.

However the change in Gibbs free energy, and with that the reversible potential, is temperature depen-
dent and therefore the model makes use of an empirically determined relation for the reversible voltage
[10]. This relation is between temperature and change in Gibbs free energy appears to be near linear
an is written as follows:

Upep(T) = 1.5184 — 1.5421 - 1073T + 9.523 - 10™5T In T + 9.84 - 1078T2 [V] (3.4)

This relation is compiled at 1 bar and implementing this equation into the Nernst equation (3.2) results
in a representation of both the temperature and pressure dependency of the open-circuit voltage. The
pressure in the anode and cathode are respectively set to 5 bar and 30 bar in this thesis (the motivation
behind this is further elaborated on in section 3.1.5 and appendix A.3. This means that water, being
fed to the cells (at 5 bar) to the anode side is split into oxygen at 5 bar on the anode side and via
electrochemical compression into hydrogen at 30 bar on the cathode side.

These pressures and the operating temperature can be inserted into equation 3.2 as for example: at
an operating temperature of 80°C and the pressures mentioned above this results in an open-circuit
voltage of U,., = 1.1835 + 0.0639 = 1.2474 V.

3.1.2. Activation overpotential

The voltage that needs to be applied for the water splitting reaction to actually occur is higher than cal-
culated while taking only the thermodynamics into account. The kinetics of the oxygen and hydrogen
evolution reactions (OER and HER) are limited and dependent on many parameters such as tempera-
ture, pressure and the catalysts used. The overpotential that needs to be applied because of this can
be related to the activation energy of the electrochemical reaction and is often denoted as U,.;. The
relation between the theoretical current density (i) and the overpotentials is given by the Butler-Volmer
relation that can be written for the half-reaction of each electrode:

i=i [exp (%) — exp <—%>] [A/cm?] (3.5)

With:
« iy: Exchange current density [A/cm?]
* a: Dimensionless transfer coefficient

» z: The number of transferred electrons (in the half-reaction)

For each of the electrodes a different part of the equation will dominate. For oxidation reactions (U, ; >
0) at sufficient current densities the second term of the Butler-Volmer equation can be neglected. For
reduction reactions (U,.; > 0) is is the other way around and the first term can be neglected. Therefore,
the activation overpotentials corresponding to each electrode can be written in terms of the current
density to obtain the Tafel-equation:

RT [
uacta=—1n(.i) v] (3.6)
’ ayzF loa
RT 1
Ugete = — 1n<;) V] (3.7)
’ a.zF loc

Note that a, and «,, called the charge transfer coefficients, are a result of the charge transfer coefficient
a in the Butler-Volmer relations. It represents the fraction of the electrostatic potential energy affecting
the reduction rate in an electrode reaction. The remainder (1-a) is the fraction that affects the oxidation.
As most reactions tend towards symmetry both these coefficients are generally assumed to be equal
to 0.5.
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Figure 3.1: (a) Shown here is the temperature dependency of the exchange current density of both the anode and the cathode.
(b) Shown here is the resulting total activation overpotential as a function of temperature and current density

Furthermore, equations (3.6) and (3.7) contain an expression for the exchange current density (i,) of
both electrodes. The value of the overpotential strongly depends on the value of the exchange current
density and it is therefore very important to try and represent this value as accurately as possible in the
model. The exchange current density depends on many factors as for example: type of catalyst and
the dimensions of the electrode. As this kind of information is most often protected by manufacturers
it is difficult to find a decent well-founded value for this. A value for the exchange current density is
therefore taken from literature. However, iy, and iy, are also temperature dependent and since the
temperature dependency of the electrolyser is important for this research this cannot be neglected.
To simulate this temperature dependency the exchange current density can be assumed to follow an
Arrhenius type of behaviour [5][4][10]. The Arrhenius expression, using an exchange current density
from literature (if,ef) at a known temperature (T7¢/) and an empirically determined activation energy
(E4ct) corresponding to the OER and HER for the anode and cathode respectively, can be written as

follows:
E 1 1
ip = is?l - exp[ ;Ct ( —)] [A/cm?] (3.8)

Tref - T

The results of this equation with the reference values and activation energy chosen from literature can
be seen in figure 3.1a. More information on the chosen reference values and on the activation energies
can be found in appendix A.2. With these results the activation overpotentials of the electrodes can
be plotted as a function of current density and temperature alone. The activation overpotential of both
electrodes added together (Uger = Ugerq + (—Uget,c)) is shown in 3.1b. The contribution of the anode
to the total activation overpotential is much greater than that of the cathode. This is due the more
favourable kinetics of the HER compared to the OER.

3.1.3. Ohmic overpotential

The last term in equation 3.1 represents the overpotential that results from ohmic resistance in the
cell. This includes both ionic and electronic resistance, however the latter is generally a much smaller
contributor to the overpotential. Most of the ohmic resistance of an electrolyser comes from the ionic
resistance of the proton conduction membrane between the electrodes and is directly proportional to
its thickness. The ionic conductivity of solid polymer electrolytes, and especially Nafion, is extensively
studied for fuel cells and most literature makes use of a semi-empirical relation [33][49] to calculate the
conductivity of the membrane (a,,) in S - cm™1:

1
= (0.0051391 — 0.00362 1268 — —
0m = (0.0051391 — 0.0036 )exp[ 68<303 "

>] [S/cm] (3.9)
This relation, first proposed by [42], again is an Arrhenius type equation in which the first part, (0.0051391—
0.00362), is the reference conductivity at 30°C. It contains a factor 1 that represents the water content
of the membrane. In fuel cells this value is highly dependent on operating conditions as the membrane
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is humidified by a gaseous flow of reactants. The factor is calculated using the following empirical
equation:
A1 =0.043 + 17.81a — 39.85a% + 36.0a3 (3.10)

In which a is the water-vapour activity that, in the case of liquid water electrolysis, can be assumed
to be equal to 1. In this case the water content is equal to 4 = 14 and the ionic conductivity of the
membrane becomes:

Om = 0.0683 - exp [1268 <ﬁ - Tcell)] [S/cm] (3.11)

Then with a membrane thickness t,,, the ionic resistance of the membrane becomes:

tm
= Q 3.12
UmAcell [ ] ( )

m

The electrical resistance of the current collector and the bipolar plate is a much smaller contributor to
the overall resistance since the conductivity of titanium (the material they are made of) is rather good.
For the current to flow from one MEA to the other it needs to flow through the current collector in the
anode chamber, through the bipolar plate and through the current collector in the cathode chamber of
the next cell in series (see appendix A.1.1 for more information on the indvidual layers). The electrical
conductivity of the current collector depends, among other parameters, on the material, the porosity
and the pore size. In literature the reported electrical conductivity of titanium current collectors ranges
from 100 for very porous current collectors (e = 50%) to 200 S - cm™? for less porous (e = 30%) ones
[14]. The current collector modelled here has a porosity of € = 37% and an electrical conductivity of
o.c = 145 S/cm and a thickness of 1 mm. The resistance becomes:

Ree = —%— 0] (3.13)
UccAcell
The electrical resistance of the bipolar plate depends most strongly on the width of the flow distribution
and cooling channels as virtually no current flows through these regions . The exact configuration and
dimensions of these channels will be discussed in more detail in chapter 4. For now it is sufficient to
know that the cross section available for electrical conduction is about 0.25 - A..; and the thickness of
the titanium bipolar plate is 2 mm. The resistance becomes:

top

Ryp= ——22
bp 0.25 - UtiAcell

(] (3.14)

Since all layers are connected in series the resistances can be simply added together and the total
overpotential as a result of ohmic resistance can be calculated:

Uohmic = (Rm + 2 Rec + Rpp)l [V] (3.15)
tm tcc tbp .
Uohmic = +2- A
ohmie (amAcell UccAcell 0.25- O-tiAcell)l cett [V]

Ushmic = (— )i [V] (3.16)

m cc ti

t 2t 4t
(m + cc + bp

The resulting overpotential as a function of the current density is depicted in 3.2. The electrical resis-
tance is negligible in comparison to the ionic resistance. This is useful information since it also tells us
where the heat is produced inside the cell. It can thus be concluded that, by approximation, all heat is
produced at the MEA.

3.1.4. Polarization curve

Equation 3.1 can now be filled in and results in the polarization curve shown in figure 3.3. This figure
shows the relation between the current density and the cell voltage for different operating temperatures.
The pressures inside the anode and the cathode are set to respectively 5 and 30 bar, as will remain
unchanged in the rest of this thesis.
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Figure 3.3: The polarisation curve of the simulated PEM cell for various operating temperatures [°C]

3.1.5. Faradaic model
To model the composition and magnitude of the product flow a simple Faraday law and thermodynamic
balance can be applied. Both the cathode and anode operate with a certain Faradaic efficiency ng.

This efficiency is, as in most literature, taken as np = 0.99 [7][4]. The molar flow rate and composition
of the product flows can be calculated as follows:

I
Ny e = oF ‘np [mol/s] (3.17)

I
itoye = 75+ (1L=1r) [mol/s] (3.18)
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The same method applies for the anode for which the equations are:

I
My a = 55 - (1=np) [mol/s] (3.19)
I
Mo,a = 75 "7 [mol/s] (3.20)
(3.21)

Since these gaseous products form in water the water content in the gaseous product flow is expected
to be saturated. The molar flow of water vapour in both the anode and the cathode can then be repre-
sented by the following equations:

0.6
iyoe = D Gy 4, [mol/s]  (3.22)
200 7 P = Poge(T) 117 0 3
?g 0.4
Psat(T) \0
n =—F—-(n +n mol/s 3.23 S
H,0,a Pa_Psat(T) ( H,,a Oz,a) [ / ] ( ) Bm
£ 02
o
K
These relations show that the lower the pressure, the
higher the concentration of water vapour in the prod- 0755 40 60 80
uct flows, especially at higher temperatures (higher sat- Temperature [°C]
uration pressure). This is effectively lost heat and that _ .
is the main motive in the choice for operating with Figure 3.4: Vapour content in the anode
an elevated anode pressure Figure 3.4 shows that product flow for 1 and 5 bar anode pres-
P : 9 Y o sure (purple adn blue resp.) expressed as
an anode pressure of 5 bar results in a significantly the ratio of moles gaseous water per mole
lower water vapour content in the product flow thus of water split into hydrogen and oxygen.
leaving more heat to be extracted by the cooling sys-
tem.

3.1.6. Thermodynamic balance

Now that the exact composition of the product flow is known it is possible to formulate the thermo-
dynamic balance of the electrolyser and with that the exact amount of heat to be extracted from the
system. The thermodynamic balance of the stack can, as for any system, be written as follows:

Q=W 5 SO + k) W] (3:24)

Here Q is the heat that needs to be extracted from the stack, W is the work that is put into the system
((U-Negeys) - 1), Z—f is the rate of change of the energy inside the system and is equal to zero for steady-
state operation and r; and h; are the mass flows and their specific enthalpy of all components flowing in
and out of the system. The specific enthalpy of every substance is calculated by NIST REFPROP and
the process water. Since this part of the model is intended to represent the stack only, the process water
(fed to the anode side) enters the system at 5 bar (anode pressure) and at operating temperature. For
any normal operating condition the outcome of 3.24 is then approximately equal to Q = (U..;; —1.48) 1.
This explains the use by literature of U;,, = 1.48 as the cell voltage at which the heat production is equal
to the heat consumption. However, this does not take into account the water content, in the form of
vapour, present in product flow of both anode and the cathode. Hence, the actual voltage at which the
cell is thermally stable is slightly higher and at the pressures discussed above U, = 1.50V. A more
generic expression can be written as follows:

S 300 oue + E(iihy)in
Uen(T,p) = - V] (3.25)
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3.2. Thermal model

3.2.1. Lumped thermal capacity

Now that the electrochemical model is complete and the thermodynamic balance of the hydrogen pro-
duction is established it is time to couple this information to a thermal model of the system. The thermal
model is intended to simulate the thermal inertia of the system, i.e. how quickly does the system heat
up or cool down upon changes in input parameters. To simulate this the thermal capacity of the stack
needs to be calculated. To do this a lumped thermal capacity can be compiled [33] where the thermal
capacitance of all material is added together as follows:

Cose = ) i Ve pi /K] (3.26)

Calculating the thermal capacity like this is accurate under the assumption that all materials change
temperature in unison. For the stack itself this assumption is easily justified by the thickness and the
general arrangement of the layers. A detailed description of all layers present in the stack and their
thickness can be found in appendix A.1.1. The heat produced in the MEA’s is evenly spread over the
surface area of the cells and there is only millimetres between one and the next MEA. Furthermore
the stack is assumed to be properly insulated from both the surrounding air as well as the structure
securing it (see next section for heat loss calculations). The thermodynamic balance from equation
3.24 can now then be updated:

T
Cp,st ) dt =W —Q —Z(Mihy)our + Z(Mihy)in  [W] (3.27)
The enthalpy of the substances flowing in and out of the system is already taken into account in this
balance, however there is no term representing the amount of water, hydrogen and oxygen present
in the stack at any given time. If these values are known they can be added to the heat capacity in
equation (3.26). Normally a surplus of process water is fed to the electrolyser to ensure the cell is wet
throughout. This has not yet been discussed since it does not effect the thermodynamic balance if the
water is fed to the system at cell temperature. How feeding at cell temperature can be realised and
how large the flow needs to be will be discussed later on. What is important for now is that the flow of
process water is at least large enough to ensure a liquid-gas ratio close to one. For the thermal model
the stack is therefore assumed to be saturated with water. The process water channels and pores in
the current collector are thus filled with water and the thermal capacity of the stack can be calculated.
The stack was found to have a thermal mass of 135.1 kJ/K. This thermal mass is added to the Simulink
model in the fashion depicted in figure 3.6 at the end of this chapter. For the calculation is referred to
appendix A.1.1.

3.2.2. Heat loss

To complete the thermal response of the stack
a heat loss to the environment is added to the
model. Conventional electrolysers are not insu-
lated and lose a lot of heat to their environment
via radiation and convection as well as conduc-
tion through the structure it is supported by. In-
sulating the stack should however not be too dif-
ficult since there are no high temperatures differ-
ences anywhere in the system so a fairly basic
layer of insulation will be able to contain most of
the heat inside the system. Let’s first estimate
the heat loss to the environment in the absence
of any insulation The dimensions of the stack are
depicted in figure 3.5. The stack has an outside
surface area of A;, = 0.7546 m? and the heat loss
to the environment can be calculated as follows:

H=43.9 cm

Qross = (he + hy) - Age - (Ts — Te)  [W] (3.28)

Figure 3.5: Outside dimension of the simulated 100 cell stack.
The values can also be extracted from table A.1. The H is the
thickness of all layers added together and the and L an W come

from \/Acep = V1000
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In which::

* h.: Convective heat transfer coefficient [W/(m?K)]

h,: Radiative heat transfer coefficient [W/(m?K)]
+ A, Outside surface area of the stack [m?]
* Ty = Tgrack: Surface temperature assumed to be equal to internal (cell) temperature [K]

* T,: The temperature of the environment (and surrounding enclosure) [K]

The convective heat transfer coefficient is acquired by an empirically determined relation for the Nusselt
number out of Basic Heat and Mass Transfer by A. Mills [31]. Since electrolysers can potentially create
an explosive atmosphere inside its enclosure the air needs to be refreshed. Therefore the convection
can be modelled as a low velocity forced convection problem. This falls within the regime of mixed
convection where both buoyancy forces and forced air flow play a role. Such mixed flows are very
complex and going into it here in detail is unnecessary. The following simple relation is compiled for a
forced convective flow across a rectangular block:

Nu, = 0.66Re} *”°Pr'/? (3.29)

For a slow moving air flow (0.2 m/s, Re; #5000 and Pr=0.7) the Nusselt number becomes mf =184.0
resulting in a convective heat transfer coefficient of:

_ Nugk  184.0-0.025

= =~ 2
he=— i 14.55 W/m2K (3.30)

A representation of the radiative heat transfer coefficient is given by the following simple formula:
h, = 4ecT3, [W/m?K] (3.31)

Where e is the emittance of the stacks outside material, o is the Stefan-Boltzman constant (= 5.67-1078
W /m?K*) and T,, is the mean temperature in Kelvin of the stack surface and the enclosing container.
In the absence of insulation the outside surface of the stack consists of a combination of steel and
titanium. The emittance will depend on the material as well as its finish (e.g. polished or not). For
the purpose of making a rough estimate of the heat loss for calculation the emittance of unpolished
stainless steel is used (¢ = 0.6). For operating at 80°C in an environment of 10°C the radiative heat
transfer coefficient becomes h, = 4 - 0.6 - 5.67 - 107% - 3183 = 4.36 W/m?K. Equation (3.28) can now
be calculated for the non-insulated case. Again T; = 80°C and T, = 10°C:

Qloss = (1455 + 4.36) - 0.7546 - (80 — 10) = 998.86 W (3.32)

For a stack consuming approximately 300 kW this is not much, however it will prove to be equivalent
to about 2% of the attainable heat and since insulation is not too complicated or expensive it seems
reasonable to add an insulation layer to the stack. With a thin layer of insulation equation 3.28 can be
rewritten as:

Qioss = 1 tins Agt - (Tstack - Te) [W] (333)
hethr | Kins

Where t;,, is the thickness of the insulation layer and k;, is its conductivity. A basic insulation layer
like rock wool has a conductivity of k;,,; = 0.045 W /mK. This is implemented in the Simulink model as
depicted in figure 3.6. For a 2 cm thick layer of insulation the heat loss at normal operation is equal to
Qi0ss =105.56 W.
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Cooling System; Concept Outline &
Modelling

This chapter covers the cooling system for the electrolyser. The cooling circuit is designed and operated
specifically for the purpose of re-using the heat in a subsequent process. Most electrolysers operative
today are cooled to simply to get rid of the heat. Heat loss to the environment is stimulated and for
small-scale single-cell electrolysers; simply having no insulation and a fan controlling the flow of air
around it, can be sufficient to keep the cell at the desired operating temperature. This type of cooling
however, is not useful if re-using the heat is desired. In that case it is important for the heat transfer to
a cooling medium to be as effective as possible. In this way the heat can be contained within a closed
system at as high as possible temperatures, extracting maximal potential.

4.1. Cooling requirements

The cooling system should be to able keep the stack within a desired temperature range under every
possible operating condition. The model, described in chapter 3, simulates a stack designed to operate
at a certain load (current input). Often in literature PEM electrolysers are praised for their ability to
operate at a higher load for short periods of time. By some a load of 160% is mentioned [20][21]. The
exact definition of what 100% exactly means is, however, not very clear. It is the load the electrolyser is
designed to cope with for long term operation. This value can be chosen rather arbitrarily and there is
no clear norm for what it should entail. The choice made in this thesis is based on the stack efficiencies
claimed by most manufacturers. As most claim an efficiency of around 80%, the load at which the
electrolyser is 80% efficient is labelled as 100%. For the stack in this study, that corresponds to a
current density of i = 1.5 A/cm? at 80°C. The maximum load is also set to 160% and the cooling
system should therefore be able to cope with a current density of i = 2.4 A/cm?.

4.2. Type of cooling system

Where small lab-scale electrolysers can often be cooled from the outside, large-scale industrial size
electrolysers cannot and have to be cooled internally. This is due to the much larger surface area of
the cells (~ 1000cm? compared to <100cm?). Generally speaking there are two methods for internal
cooling. The electrolyser can either be cooled by an excess amount of process water or by a separate
circuit with a cooling fluid (more information in section 4.2.2.). A combination of both approaches is
also possible and could be desired to share the load if cooling is the only objective. However, for the
purpose of re-using the heat in a separate process it is important to contain the heat in a closed circuit
and therefore using only one method instead of a combination of the two is preferred.

4.2.1. Excess flow of process water

The major advantage of cooling with an excess amount of process water is the effective heat transfer
between the water and the cell. The electrodes and current collectors are porous to keep the mem-
brane wet at all times and, above all, to improve reaction kinetics by ensuring a large contact area. A
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welcome side effect of this is the highly effective heat transfer. The main disadvantage is the hazard of
contamination. A system that would rely on cooling with process water would have a large circulation
of demineralised water. It can easily be calculated how large the flow would be. Assuming a system
that fully relies on cooling with process water the following factor, representing the molar flow of water
required per mole of water consumed (split into hydrogen in oxygen), can be calculated [48]:

2F

W(Ucell —Utn) (4.1)

/1H20 =

With:
* My,o = 18.015 : The molar mass of water [g/mol]
* ¢pn,0 = 4.186 : The specific heat of water [J- g™ K1
» AT : The desired temperature difference between inlet and outlet [K]
* U.ey; - The cell voltage [V=J/C]
* U, : The thermoneutral voltage at operating conditions [V=J/C]

The flow size is negatively proportional to the temperature difference AT between the in- and outlet of
the electrolyser cell. This temperature difference should be kept to a minimum for various reasons.
According to [48] high temperature gradients across the cell increase the degradation and ageing
rate. Furthermore many cell properties like activation overpotential and ohmic resistance are tem-
perature dependent. Large temperature gradients across the cell AT (>10°C) will therefore result in
non-homogeneous loading of the cell. This will affect the performance and is therefore not desirable.
If for example AT = 10°C is chosen for an electrolyser operating at a cell voltage of U..;; = 1.9V this
results in a feed factor of 1,,, ~ 105 i.e. for every mole of water consumed by the cell 105 mole flows
through the cell. Apart from possible problems caused in terms of pressure drop, a factor this high
increases the risk of contamination. From process water flowing out of the electrolyser heat would be
extracted in a subsequent process and then recycled back into the cells. This also means that, on
average, a molecule of water circulates 105 times before being split into hydrogen and oxygen. Since
demineralised water is a very strong solvent for many potentially harmful substances this type of cooling
is not considered a viable option.

4.2.2. Separate cooling circuit

A separate cooling system does not have this problem of
contamination and allows for a wider range of design pa- r
rameters since it does not directly interfere with the per-
formance of the cell. It does however, require additional
channels for the cooling fluid to be constructed somewhere
inside the stack. The possible location for this kind of chan-
nels is inside the bipolar plates separating the cells. How-
ever, as manufacturers are investing a lot of effort in making
electrolysers as compact as possible there is limited space
for these channels. Fortunately, in the fuel cell industry
this method of cooling is quite common [35][36][41][37] and
manufacturing these plates is a pretty far developed tech-
nigue. One method of manufacturing them is by combin-
ing two thin and structured plates into one bipolar plate to
form channels for flow distribution on the outside surface
and cooling channels on the inside in a manner depicted in
figure 4.1.

(a) Sheet

(b) Stamping process @

(c) Single plate J \7
(d) Welding process @

Bipolar plates and chanrnels .= == ——-———-—-————————— -
Bipolar plates have several functions and in designing an  Figure 4.1: Simple production process for bipolar
integrated cooling system these functions should, of course, plates with channels for cooling as well as flow dis-

not be ignored. Firstly the plates connect the cells inside the  fribution in the anode and the cathode chamber. In
this example a stainless steel sheet is stamped into
shape and welded to a second identical one. This
figure is copied from [36]
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stack in series and therefore the cooling channels inside the plate cannot take up too much space. This
would increase the ohmic resistance of the bipolar plates and with that decrease the efficiency of the
stack. Furthermore the bipolar plates manage the flow distribution of the process water and product
gasses. The exact shape of the channels for flow distribution is highly dependent on other design
factors and is different for every electrolyser. As figure 4.1 shows the flow field design and the shape
of the cooling channels are inevitably connected with this manufacturing method. Unfortunately, the
design parameters for these flow fields are kept confidential by manufacturers and there is no standard
large-scale design available for reference. The concept for the cooling channels, proposed in this
thesis, should therefore be regarded as a basic design of which the parameters could be adjusted to
comply with a desired flow field design. As this chapter will confirm there is room for adjustments in
the design as calculations on heat transfer coefficients and pressure drop show more than satisfactory
results. See figure 4.6 for the dimensions of the proposed design. The thickness of each layer and the
size of the channels are based on information from the more recent papers and are meant to represent
the dimensions of the average state-of-the-art PEM electrolyser. More information on this can be found
in appendix A.1.1. The channels, 1 mm in height and 1.5 mm wide, flow from one side of the stack to
the other in a straight line.

—— MEA
4 I

‘ Current collector

Process water

\ ‘ Bipolar plate IU 5 mm ‘ \

v Cooling 1 mm
channel
1.5 mm
>

| |

Current collector

Process water

| JoquUIeyd apouy |19qumqo spoyye) |

MEA

Figure 4.2: Cross-section of the cooling channels in between two MEA's

4.3. Heat transfer problem

Having established the location and dimensions of the channels, the heat transfer problem can be
solved. Since the approach to solving this is slightly different for laminar and turbulent flow, let us first
check in which regime the cooling system operates. To check this the Reynolds number at maximum
load is calculated first. From the electrochemical model we extract that at 160% load (maximum) the
stack produces 121 kW of heat to be extracted from the system. Choosing a relatively low temperature
rise in the cooling circuit of 5 K (and thus a high required mass flow), the mass flow of the cooling fluid
can be calculated independently of heat transfer coefficients and/or operating temperatures.

Qcoor =M - Coef - AT (4.2)

m= Qcool/(cp,cf - AT) (4.3)

Dividing this value by the number of cooling channels inside the stack, the Reynolds number inside the
channels can be compiled using the mass velocity G = m.,/Acn, Where Ay, is the cross-sectional area

of a single channel:
G-D
Rep, = — (4.4)
u
Where Dy is the hydraulic diameter of the channel and p is the dynamic viscosity of the cooling fluid (in
this case, simply water). Using the electrochemical model and the equations above, the Reynolds num-

ber as a function of the load on the system can be derived, see figure 4.3. The transition from laminar to
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Figure 4.3: The Reynolds number of the cooling fluid inside the cooling channels as a function of the load on the system (100%
load is at a current density of 1.5 A/cm?)

turbulent flow starts to occur at a Reynolds number of around 2300 [31]. It can thus be concluded that
the flow inside the cooling channels is laminar. This is fortunate for simplicity since it allows us to de-
fine a heat transfer coefficient that is independent of the flow velocity and thus the operating conditions.

4.3.1. Axial temperature gradient

To solve the heat transfer problem from cell to cooling fluid it is
important to derive an expression for the axial temperature gra-
dient (in direction of the length of the channel). To this point in
this thesis, when referred to a cell or stack temperature, uniform
cell temperatures were assumed. While in reality the cells will
be colder near the inlet of the cooling water than near the out-
let. As a matter of fact, as this section is intended to show, the
temperature gradient in the stack can be assumed to be con-
stant and equal to the gradient in the cooling water as depicted
in figure 4.4. For this to be true we will have to assume that the ‘ ‘
production of heat inside the cells is uniform across the surface Axial coordinate, x

Tstack

Temeprature

of the cells. In reality, due to the temperature difference, there Figure 4.4: Temperature profile of
will be a small difference in electrochemical efficiency (= 1%), the stack (Tseqcr) and the cooling
and with that the production of heat. However, this is not taken water (T, ) in the length of the chan-

into account. Furthermore, in the laminar flow regime it can be nel (x-direction)

shown that the axial temperature gradient is constant under con-

stant heat flux and thus independent of the x-direction. This implies that axial conduction plays no
role in the overall heat transfer by the fluid, which is fortunate in terms of simplicity. To prove this, a
steady-flow energy equation is defined by describing an elemental control volume of Ax long over the
full cross-section of the cooling channel (as depicted in figure 4.5).

h ~w h ~w
J;)J;)pucpTdydzLHAx—fo fo pucpTdydz|x=quAx [W] (4.5)

Where ¢ is the surface heat flux into the cooling channel averaged over its perimeter and P is the
perimeter of the channel. As the next section in this chapter will point out, the heat flux is not uniform in
the y- and z-direction. It is now convenient to define a bulk temperature T, that is equal to the average
cooling water temperature over the cross section of the cooling channel. Hence, equation 4.5 can then
be written as follows:

pucyTyAcp —pucyTpAcp| =q,PAx [W] (4.6)
x+Ax x
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“
'
'
'

Figure 4.5: Depicted here is a section of the cooling channel including the control volume used to solve the differential equation
(black dotted lines). w and h are the width and hight of the channel respectively

Dividing this by pu c, A, and letting Ax approach zero, this results in an expression for the axial tem-
perature gradient:
dT, q,P q,P
-2 = s = K 4.7
dx pucyAch me, [K/s] (4.7)

The next step is determine q,. We know that under steady-state conditions and assuming perfect
insulation, all heat produced in the cell is extracted by the cooling water. This allows us to express ¢,
in terms of qcey:

Qproduced = Qextractea [W] (4.8)

Qeett Acet1 = 55 (P Lep - Nep) [W] (4-9)

This expression is always true for the complete cell. For it to be true locally we have to assume that
axial conduction also plays a negligible role in the overall heat transfer between the cell and the cooling
fluid. This assumption will later on be supported in section 4.3.2. It can therefore be assumed that the
wall heat flux into the cooling water is constant in the x-direction and therefore the following relation
hold for every x-coordinate as well as for the entirety of the cell.

— Weell
qs? = {cell N [W/m] (4-10)
ch

Convection coefficient

In the laminar flow regime many exact solutions for the Nusselt number exist dependent on geometry
and boundary conditions. In Mills [31] a table of Nusselt numbers for fully developed laminar flow in
rectangular ducts can be found. For a duct with a width to height ratio of 1.5 undergoing constant axial
wall heat flux, a Nussult number of Nup,, = 3.9 can be extracted. This Nusselt number can be used to
calculate the convective heat transfer coefficient from the following relation

Nup, k
h, = ‘;ZH [W/m2K] @.11)

4.3.2. Overall heat transfer coefficient

The next step is to determine the overall heat transfer coefficient. The last subsection made clear what
the axial temperature gradient is and how this relates to the heat produced in the cell. However, no
statement has been made yet about the absolute temperature of the cooling water or the cell. This is
governed by the heat transfer coefficient between cell and cooling water. A low heat transfer coefficient
means the temperature difference between cooling water and cell will be large and a high coefficient
will result in a small temperature difference. It is a very important value for this thesis and it depends on
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all internal cell dimensions such as layer thickness and channel shape. Figure (4.6,a) depicts a cross-
section of the stack, focussed on the material between two MEA's. As the heat is produced on the MEA's
it travels to the cooling channel where it is extracted by convection. The thermal resistance of each
layer plays a role in the overall heat transfer coefficient. To simplify the problem a smaller element of
this cross-section can be looked at, see figure (4.6,b). This element is confined by adiabatic surfaces,
depicted as red dotted lines, through which no heat will flow. This is explained by symmetry of the
neighbouring elements. The result is the smallest element for which the overall heat transfer coefficient
can be calculated. This calculation is done by means of the so called finite-difference method. In this
method the element is represented by an equilateral mesh of nodes. For homogeneous elements, the
temperature of each node is simply calculated as the average of the four surrounding nodes. After a
sufficient number of relaxations and if the boundary conditions are defined correctly in the model, a
steady-state solution is found. In this case however, the element is not homogeneous. Therefore a
second mesh needs to be defined that contains the conductive heat transfer coefficients of the material
in between each node. Then, applying the principle of energy conservation and assuming steady-state,
a formula for the temperature of each node can be constructed. (see figure 4.7 and equation 4.12).

T = ka(Ty + T3) + kp(To + T3) + ke (T3 + To) + kp(Ty + T1)
0 Z(kA + kB +kc + kD) . ........................ Qs .
(4.12) : =
The next step is to define the boundary conditions in the ka ks
model. The left, right and bottom edge of the element allow :
no heat flow to pass through, i.e. they are adiabatic sur- : :
faces and this can easily be implemented in the model. At : T1 To : T3
the top edge, heat flows into the element with a flux equal :
toqg = %%eu (heat is dissipated in two direction) and the :
heat leaves the element via convection on the surface of ° °
the cooling channel. To model this, the cooling channel it-
self (bottom-right corner) is taken out of the equation. To : Ta
account for the convection, a term is added to the nodes
on the surface of the channel that simulates the convection
in terms of the bulk temperature T, of the cooling water. Figure 4.7: Shown here is a visual rep-
In solving the heat transfer problem the bulk temperature resentation of one node T, and its four
is taken as T, = 0. By doing so the temperatures in the surrounding nodes including the four rele-
. . . vant nodes of the k-mesh used to calcu-
resulting steady-state solution are relative to the bulk tem- late the temperature by means of the finite-
perature of the cooling fluid which will be convenient later difference method. Referred to in equation
on. 4.12
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Figure 4.6: (a) depicts a cross-section of the material between two MEA’s. It shows the anode chamber of one cell and the
cathode chamber of the adjacent cell. (note: in reality the MEA’'s are much thinner in comparison. The rest is to scale.). Figure
(b) depicts the smallest possible section of figure (a) for which the heat transfer problem can be solved, confined by adiabatic
surfaces that result from symmetry.
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Process water

It is important to point out that in the model of this element,

the process water is modelled as stationary water. This choice was made because the model is intended
to find the overall heat transfer coefficient and as the process water flow will be laminar, the velocity has
no influence on this value (the mode of heat transfer is conduction perpendicular to the flow). It will have
an influence on the axial temperature distribution, however, manufacturers and users of electrolysers
use very different values for the flow of process water. The motivation behind it is often unclear and
seems rather arbitrary. It is clear however, that a wide range of process water flows is possible and
since the electrolyser in this thesis does not rely on cooling with process water, the flow is assumed to
be low; low enough to have a negligible influence on the temperature distribution. Equation 4.1 can be
used to calculate the flow of cooling water relative to the consumption of process water by the stack.
If, for the cooling water, a temperature difference of AT = 5 K across the cell is chosen, 14, = 210.
This means that for every mole of process water split into hydrogen and oxygen, 210 mole of cooling
water flows through the cell. Hence, the influence of the cooling water on the temperature distribution
is much greater than that of the process water. It is, of course, possible to increase the flow of process
water to influence the temperature distribution in a desired manner, however this direction of research
is not further investigated in this thesis.

Conductivity current collector
The thermal conductivity of homogeneous material is often documented very well, however the thermal
conductivity of a porous material is dependent on its porosity and on the fluid present inside the pores.
One approach to calculate this is to take the volume fractions of the solid and fluid and let their thermal
conductivities contribute to the effective conductivity accordingly. This does however tend to result in
a higher value than reality. If only one fluid is present inside the material (saturated with water) and the
pores are evenly distributed throughout the current collector, a more precise approach can be taken
8l
2 kf+ 2k + 2e(ky — k)
kerr = ks | G 2k, —eller — ko)
f s f s

This is called the Maxwell-Eucken equation in which € is the porosity and ks and k are the thermal con-
ductivity of the solid and fluid respectively. This equation is accurate if the pores are evenly distributed
and evenly sized. For lack of better information this assumption is made and the resulting effective
conductivity is implemented in the model, completing it.

[W/mK] (4.13)

Resulting conduction model

The results of the model can be visualised with a contour plot shown in figure (4.8). In this plot the
element of figure (4.6,b) is modelled as a 100x100 grid (i.e. it has a resolution of 100) and after a
sufficient number of iterations (10°) the model converges to the depicted solution. From this solution
the overall heat transfer coefficient (U) can be extracted using the following general equation:

Q = UAAT [W] (4.14)

In this case it is most convenient to express U in terms of A.,;; and let AT = A, T be the temperature
difference between the MEA and the bulk of the cooling water (A, T = Tyg4 — Tp). From the solution,
depicted in figure 4.8, an overall heat transfer coefficient is calculated of U =1975 W /m?K. This value
is implemented in the Simulink model as a constant since it is solely dependent on the geometry and
dimensions of the cells and not on the absolute temperature or the load on the cells.

Axial conduction

To get back to the assumption made earlier, that axial conduction in the material between the MEA and
the cooling channel will have a negligible effect, the temperature gradient in y-direction can be extracted
from figure 4.8. Roughly judging the data a gradient can be calculated of ((Ty g — Tsurface,cn)/Ay) and
by approximation and on average Z_; ~ 400 K/m. This is much higher than the temperature gradient
in x-direction which is set to 5 K over a cell length of 31.6 ¢m and is constant throughout the cell, i.e.
Z—i = 15.8 K/m. In regions where the gradient in y- and z-direction is small, as in the bottom left corner,

it will have a noticeable effect on the direction of heat flow, however for the element and the cell as a
whole the assumption is judged as reasonable.
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Figure 4.8: Depicted here is the steady-state conduction under nominal load through the 2x2mm element. The black lines are
isotherms, the red arrows represent the direction and magnitude of the heat flow and the colour legend on the right represent AT
being the temperature difference between to bulk of the cooling water (i.e. it is the relative, not the absolute temperature). The
corner on the bottom right is the cooling channel of which convection on its surface is modelled only (the colour has no meaning).

4.3.3. Control
The next step is to determine how to operate the cooling system. There are a few possibilities in
controlling the temperature of the electrolyser and it is mostly a matter of preference.

Temperature gradient

As mentioned in section 4.2.1. there are motives for keeping the temperature gradient across the cell
as small as possible, however if its too small there is little possible application for the cooling water in
a subsequent process. In order for the heat to be reusable a temperature difference of at least a few
degrees between inlet and outlet should me maintained. It is therefore chosen, as a compromise, to
operate the cooling system such that there is at least 5 K temperature rise in the cooling water travelling
through the cell.

Mass flow and inlet temperature control

In maintaining the electrolysers temperature under varying load there are two main tools in terms of
control and choosing which to apply in a certain situation is, again, mainly a matter of preference. The
operator could choose to vary the inlet temperature of the coolant in accordance with the required
cooling capacity. Under higher load the inlet temperature could be lowered to increase the thermal
capacity of the cooling fluid, resulting in a higher temperature gradient across the cell while keeping
the average temperature (or the outlet temperature) constant. However, varying the inlet temperature
can be can be rather complicated, depending on the subsequent application the cooling fluid is used
in, and might require mixing with colder water or additional heating of the cooling fluid. It would be
more practical if the inlet and outlet temperature are fixed values. This can be achieved by adjusting
the mass flow in accordance with load on the cell. Mass flow can be varied much more precisely and
quickly than the inlet temperature making control more direct. However, the cell temperature then varies
with the load on the cell and this can potentially increase ageing rates as a result of thermal stresses
[48]. By how much the temperature varies depends on the overall heat transfer coefficient and using
equation 4.14 and data from the electrochemical model it can be calculated that under maximum load
(160%) the temperature of the MEA's reaches a value of 6 K above the cooling water temperature. This
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means the cell temperature will never deviate further from the cooling water temperature than that. This
temperature window is judges as reasonable. For more detailed information about this topic, please
refer to chapter 5 where the results are covered. The temperature profile of the stack under varying
load is depicted there in figure 5.4.

In the Simulink model the mass flow is controlled using a simple PID-controller. The inlet temperature
of the cooling water is fixed and the PID-controller tries to maintain the desired rise in temperature (in
this case set to 5 K). See appendix B.1.4 for the set-up of the model.

4.4. Pressure drop

In the Simulink model the mass flow of the cooling water is now controlled by the PID-controller and a
pressure drop calculation can be a added to the model. To calculate the pressure drop (or head loss),
the Darcy-Weisbach [12] equation is used:

A Lo p 415

p=fp = [Pal (4.15)

Where v is the mean flow velocity, p is the density of the cooling water, L is the length of the channels,

Dy is its hydraulic diameter and f is the friction factor. A relation between the friction factor and the

Reynolds number is, again, taken from the book Basic Heat and Mass transfer, by A. Mills [31]. And
for laminar flow in a channel with this geometry the following relation is found:

fRep, = 60 (4.16)






Modelling Results

Chapter three and four covered the separate components of the system and their accompanying mod-
els. Some intermediate results, produced by these models, have been presented there. This chapter
is meant to present the results of the complete system by running the different components together in
the simulation. It will present the results for a wide set of operating conditions to give a clear picture of
the total attainable heat flow in varying situations. Furthermore it will point out the design parameters
that have substantial influence on the results to try and outline where possible opportunity lies.

5.1. Combining the models

Before moving on to the rest of the chapter it will be convenient to point out a few matters in terms of
terminology and system control for clarity. As the previous chapter has pointed out the temperature
is not constant throughout the stack but varies along the length of the cooling channels. Terms such
as "stack temperature” and "operating temperature” can therefore be somewhat awkward. For clarity,
from this point onwards, when referred to the stack or operating temperature it denotes the highest
temperature in the stack as opposed to, for example, the average stack temperature. This is to avoid the
possible confusion of having a higher cooling water outlet temperature than this value. As mentioned,
the gradient in the stack temperature is equal to the gradient in the cooling water and is constant
throughout the stack. This means that the highest stack temperature will be the temperature near the
outlet of the cooling water and the average temperature will be lower by half the chosen A,T of the
cooling water. This A, T is maintained using a PID-controller controlling the mass flow. As mentioned in
the previous chapter this value can be chosen out of preference; in this chapter a value of A, T = 5°C is
chosen as a compromise between minimizing the gradient along the cell and maximizing the practicality
of the cooling water in a subsequent process. Finally the inlet temperature of the cooling water has
been a fixed value throughout the simulations. This results in a slightly varying stack temperature upon
varying load, however it fixes both the inlet and outlet temperature of the cooling water avoiding the
use of auxiliary heating and/or cooling of the cooling water before use. In appendix B an overview of
the Simulink model can be found, showing the different components and how they are linked.

5.2. Model performance

To see if the models performs realistically, it is subjected to a series of input currents as shown in figure
5.1 on the next page. Although this input itself does not represent a likely scenario it is intended to
show the behaviour of the system for every kind of input. The figure depicts the results of a half hour
simulation including cold start-up as well as fluctuating current input to simulate a possible renewable
power source. At t = 50s the nominal load of 15004 is applied to the electrolyser, which is equivalent
to 1.54/cm?. At t = 250s the load is lowered to 50% before it is gradually increased at t = 450s from
50% to 160% where it stays until t = 1000s. From that point the load is steadily decreased to 0%
and increased back to nominal load before its subjected to a fluctuating current input as is shown in
the top figure. The second figure from above depicts the stack temperature at the outlet side of the
stack. At t = 0s the stack is at ambient temperature (10°C,283K). The cooling circuit is activated
as soon as the average stack temperature reaches a certain threshold. The low initial temperature
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Figure 5.1: Simulation of a series of input currents over an 1800 second simulation

explains the peak in cell voltage at t = 50s shown in the third figure from above. At these temperatures
the cells are much less efficient and therefore also produce more heat as can be seen in the bottom
figure. Furthermore the cooling circuit is able to keep the stack temperature within a 6°C window as
was predicted section 4.3.3. This is viewed as a reasonable window, however it could be possible to
lower the inlet temperature by a few degrees if the stack is subjected to higher loads than usual. The
bottom figure shows the amount excess heat produced by the electrolyser that, in theory, could all be
extracted by a cooling system. This is equal to the total consumed power minus the higher heating
value of the produced hydrogen. As the next section will point out the total amount of heat that is
extracted by the cooling circuit is slightly lower in practise due to water vapour in the product flow and

heat loss to the environment.
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5.3. Cooling circuit performance

During the simulation from the previous section the cooling circuit managed to keep the electrolyser at
temperature. The performance of the cooling circuit in the same simulation is analysed in figure 5.2.
It shows the thermodynamic balance of the stack under operation in the top figure and the mass flow
required to realise the required cooling in the bottom figure. The figure clearly shows that as soon as
the stack reaches the desired temperature, the cooling system is turned on and actively tries to match
the heat flowing into the system (originating from MEA’s), thus keeping the stack at temperature. The
discrepancy between the heat produced by the electrolyser and the heat extracted from the system
by the cooling circuit can be explained, for most part, by the enthalpy value of the product flow. As
chapter 3 has elaborated on in detail, the process water is fed to the stack at operating temperature
(pre-heating the process water is viewed as a possible application for the heat and is discussed in the
next chapters) and the reactants leave the stack at operating temperature. Hence, the gain in enthalpy
is only explained by the water vapour content in the product flows and this is shown as the bottom line
in the top figure. The heat loss to the environment, also responsible for the discrepancy, is not depicted
in figure 5.2 as its contribution is of a much smaller scale. From the point the cooling circuit is turned
on the stack temperature is fairly constant and therefore, so is the heat loss to the environment. It is
equal to about 100 W and cannot be clearly depicted in this figure. The last contributor to the lines
not matching up perfectly is a small delay in the control of the mass flow. This delay also has a slight
smoothing effect on the resulting mass flow as can be seen in the bottom figure.
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Figure 5.2: The thermodynamic performance of the cooling circuit is showed here. The top figure shows the thermodynamic
balance of the heat flowing in and out of the system. The bottom figure shows the mass flow of the cooling water that results
from the simulation

5.3.1. Thermal efficiency
This data can be translated into a thermal efficiency of the system, defined as the ratio between the heat
extracted by the cooling circuit and the total amount of excess heat produced by the stack. Analysis
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Figure 5.3: Thermal efficiency of the cooling system for different operating temperatures(i = 1.5A/cm?)

will show that during simulation from the previous section the cooling circuit extracted 92% percent of
all heat produced by the stack, i.e. the thermal efficiency of the cooling system on average was equal
to et = 0.92. As displayed above the biggest contributor to lost heat is the enthalpy flow out of the
system related to the water vapour content in the product flows. Since this water vapour content is
dependent on the operating temperature it will be interesting to see what influence the temperature
has on the thermal efficiency. Figure 5.3 shows this relation and it can clearly be seen that at higher
temperatures the thermal efficiency drops down. This is an interesting result since it implies that a
higher operating temperature is not always favourable in terms of potential for excess heat. A lower
stack temperature is thus preferred if there is a useful application for the heat. However, it will prove
difficult to find proper application for lower temperatures. Hence, the optimal operating temperature
will depend on the possible subsequent process that is available. Another parameter of influence
on the thermal efficiency is the current density. When the stack is subjected to a higher load the
production rate of oxygen and hydrogen goes up resulting in an equal rise in the production of water
vapour. However, since the electrochemical efficiency goes down the rise in production of heat is more
significant. Therefore the thermal efficiency goes up since a smaller fraction of the heat is lost to water
vapour (and to the environment). This will further be discussed in section 5.4.

5.3.2. Cooling water temperature

As pointed out above, next to the thermal efficiency that determines the amount of heat that can be
extracted (quantitatively), an important measure for the cooling system is the temperature of the cooling
water or, more precise, the temperature difference between the cooling water and the cells. In the
simulation from the beginning of this chapter the cooling water is fed into the stack at 72° € and the
outlet temperature is maintained at 77° C. This way the stack temperature is not controlled directly and
fluctuates as can be seen figure 5.1. Mentioned earlier is the possibility to control both the mass flow
and the inlet temperature of the cooling water. This way the temperature of the cooling water fluctuates
while the stack temperature is kept constant. What remains unaffected by the preferred choice of
control is the temperature difference between the cooling water and the stack. This is only governed
by the overall heat transfer coefficient and the cooling demand. Since the heat transfer coefficient is
unaffected by operating conditions the only important parameter is the cooling demand, most strongly
governed by the load on the system (higher load results both in lower ¢, and higher production density).
Figure 5.4 depicts the temperature difference the between cooling water and the MEA's, denoted as
A,T. It becomes clear that under nominal load the temperature difference is equal to A;T = 2.7° C.
In other words; for a stack operating at 79.7° C (74.7 — 79.7° C), cooling water can be extracted at a
temperature of 77° C.
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Figure 5.4: Depicted here is the steady-state temperature difference AT between the cell and the cooling water that is reached
when the inlet and outlet temperature of the cooling water are fixed (at 72°C and 77°C respectively) and only the mass flow is
varied to adjust for varying load.
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Figure 5.5: Minimum power required to overcome the pressure drop

5.3.3. Pressure drop

For the simulation from the beginning of this chapter a pressure drop calculation can be done based on
the flow rate of the cooling water and the channel dimensions. The resulting pressure drop is perhaps
lower than expected; a mere 0.045 bar under maximum load. Multiplying this with the total volumetric
flow rate results in the power required to pump the water through the channels. This wattage is depicted
in figure 5.5. This power requirement to overcome the pressure drop is of course the absolute minimum
power required to actually pump the cooling water through the system since it does not take into account
all the piping, the inlet and outlet shapes or the pump efficiency, however, a peak of 26.2 W is dwarfed
by the 480 kW the stack consumes at that same time and therefore it is not likely to form a problem
during operation.

5.4. Overall efficiency gain

In conclusion of the results given above, the overall efficiency increase can be derived for the scenario
in which there is a useful purpose for the extracted heat, compared to the system where no thermal
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Figure 5.6: The stack efficiency including heat recovery
energy is recovered whatsoever. The stack efficiency with heat recovery simply becomes:
Estack = €ec T (1 — €gc) - €th (5.1)

The thermal efficiency of the system is found to be &y, = 92% under normal operation. Therefore our
stack, operating at 80% electrochemical efficiency, will reach an efficiency of egtack = 98.4 %! Given,
of course, that there is a useful application for the heat. It can also be shown that the stack efficiency
is now virtually independent of the current density (see figure 5.6). The more inefficient the stack is
electrochemically, the higher the thermal efficiency resulting in a near constant stack efficiency. The
minor rise in stack efficiency with rising load (barely visible in the figure) can be appointed to the smaller
relative share of heat loss to the environment in the total flow of heat. The most interesting finding that
can be extracted form this figure perhaps is the slightly higher overall efficiency that can be achieved at
lower operating temperature. Is should, however, be noted that heat (especially at low temperatures) is
usually not worth as much as the same energetic value of hydrogen. A high electrochemical efficiency
will therefore always have priority.

5.5. Influence of operating conditions

This thesis is intended to study the potential of excess heat produced by PEM electrolysis in a broad
as possible fashion and since many parameters can differ between each electrolyser it is important to
give a clear picture of the most important variables and operating conditions and their influence on the
results.

5.5.1. Operating temperature

The most obvious of these conditions is perhaps the operating temperature. A lower operating tem-
perature will, of course, be accompanied by a lower cooling water temperature possibly lowering its
potential in a subsequent process. If the efficiency of the stack would be independent of the tempera-
ture, figure 5.4 would hold for all possible operating temperatures. however, the efficiency of the stack
is temperature dependent and therefore it will be interesting to see the effect of this on the performance
of the cooling system. To show this effect a series of simulations is conducted, each with the same input
current but with different cooling water temperatures. The resulting stack temperature is measured to
find the temperature difference between the cooling water and the cells. This data is then processed
into figure 5.7 that shows the relation between Tg;,., and the outlet temperature of the cooling water.
The dashed line in the figure is the line for which Ts¢qcr = Towour, i-€. the line represents an infinite
overall heat transfer coefficient. The blue data points, corresponding to the left y-axis, represent the
cooling water outlet temperature and the purple data points, corresponding to the right y-axis, represent



5.5. Influence of operating conditions 35

90 +— — 5.5
80 | le

£ 701 45

3

S 60 f 14

o

()

L 50 ¢ 135

=

2 40 ¢ +3

5

8 30+ +2.5
20+ 12

- /‘/

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Tstack [OC]

Figure 5.7: The relation between the outlet temperature of the cooling water and the maximum temperature found in the stack.

the temperature difference between the cell and the cooling water.

5.5.2. Anode pressure

In this thesis the anode pressure has been set to 5 bar whereas most electrolysers operate with an
anode pressure of 1 bar. The main reason behind this choice, explained in section 3.1.5, is the lower
water content in the product flow at higher pressures. As has been discussed a few times by now a
high water content affects the thermal efficiency of the cooling system. Figure 5.8 shows the extent
to which this increase in pressure influences the results. The figure clearly underlines the importance
of an elevated anode pressure if heat recovery is desired. For an anode pressure of 1 bar the water
vapour content is the product flow is so high that the thermal efficiency drops below zero. What this
means is that the amount heat that leaves the stack in the form of water vapour is actually larger that
the heat production. This stack (purple in the figure) would reach an operating temperature of 90°C
and remain stable without the need for cooling.
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Figure 5.8: The thermal efficiency of the system for an anode pressure of 1 bar (purple) and 5 bar (blue) (i = 1.5A/cm?)
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5.5.3. Electrochemical efficiency

The influence of the electrochemical efficiency of the stack on the results is a little more complicated
since the efficiency is the result of the interaction between a large variety of variables such as exchange
current densities, Faradaic efficiency, or membrane conductivity. However, most strongly, it depends on
the input current the electrolyser is subjected to. In evaluating an electrolysers efficiency it is therefore
very important to take into account the current density at which this efficiency is realised. A "more
efficient” electrolyser will most likely be operated at higher current densities resulting in comparable
operating efficiencies with that of a "less efficient” electrolyser but with a higher cooling demand. Since
electrolysers do vary significantly in this regard, it will be interesting to explain how the performance
of the cooling circuit is influenced by this. The electrolyser, simulated to this point, operates with an
efficiency of e = 80% at a current density of i = 1.5 A/cm?. If the electrolyser would be able to reach
the same efficiency at a higher current density of, lets say, i = 3.0 4/cm? its heat production would be
equally (2x) higher, i.e. in this case the cooling demand is directly proportional to the current density
and figure 5.4 can easily be recreated for any imaginary electrolyser equipped with the same cooling
system. The result of this can be seen in figure 5.9. Please note that this figure is created under the
assumption that every electrolyser, albeit at different current densities, has a similarly profiled IV-curve.
In reality there will be some difference in the shapes of the IV-curves as different variables become
more significant at higher current densities. The contribution of mass diffusion limitations, for example,
to the cell voltage is much higher at current densities of around i = 3.0 A/cm?. In the figure this would
translate into a steeper rise at higher loads for the more efficient electrolysers than is depicted.
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Figure 5.9: The predicted temperature differences for electrolysers operating at different current densities. Every electrolyser
has an electrochemical efficiency of 80% at 100% load corresponding to the indicated current density



Heat applications

Where the previous chapters have provided a qualitative and quantitative assessment of the attainable
heat from a technological perspective, this chapter is intended to evaluate the possible applications
this thermal energy could be useful in. The possibilities there are, will depend on the location of the
electrolysers and on the size of the project. Therefore, this chapter will investigate two very different
scenarios that are likely to be realised in the (near) future: an onshore case in Nieuwegein where heat
could have its potential in district heating networks and an offshore case in the North Sea discussed
here below:

6.1. North sea energy case study

In an effort to meet the requirements set by the Paris Agreements to substantially lower the carbon
emissions, wind energy in the Netherlands and especially in the North Sea is predicted to grow signifi-
cantly in the near future. This growth is a challenging prospect in terms of grid-capacity and the North
Sea Energy programme is investigating the role hydrogen production can have in facing this challenge
while trying to optimise the possible synergy with the decommissioning of existing oils and gas net-
works. Several possible scenarios are studied in which large-scale electrolysers are operated offshore
either on decommissioned oil/gas platforms in the scale of a few hundred MW or on an artificial island
in GW scale. Without going into too much detail of these particular scenarios this section is intended to
point out the potential that excess heat, produced by electrolysis, has in an offshore environment. Table
6.1 shows some data on a 1 GW electrolysis system as it is modelled in this section. As an example
it was chosen to show data on an electrolyser operating at 80°C since, as this section will underline,
high operating temperatures have a significant advantage in terms of potential of excess heat. The
main aspect that distinguishes offshore production from onshore production is the need for desalina-
tion units in order to use seawater for electrolysis. Thermal desalination forms a possible opportunity
for the excess heat and this topic will be covered first.

Table 6.1: Data from the model scaled to 1 GW (multiple stacks) operating at 80°C

The electrolyser Comments

Nominal input power 1GW

Nominal hydrogen flow 5.25 kg/s Equals a system efficiency of e5,,; = 74.4%
58.33 Nm3/s (not including desalination)

Output pressure 30 bar

Water consumption 50.64 kg/s

Cooling water

Outlet temperature 77.3°C

Inlet temperature 72.3°C

Mass flow 8176 kg/s

Equivalent thermal energy output 171.1 MW Equals 17.11% of power input

37
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6.1.1. Desalination

There are many different techniques in removing salt from seawater with a wide range of approaches
and properties. Most techniques can be categorised into either thermal- or membrane desalination.
Thermal desalination relies on evaporating the saline water and condensing it to produce fresh water
whereas membrane assisted desalination relies on the semi-permeable character of a membrane in
removing the salt. Other techniques like crystallisation and electrodialysis exist, however these are not
considered since they are deemed unsuitable for production this scale or for feed-water salt concen-
trations this high (normal seawater) [2][11]. Techniques that could potentially be used on an island or
platform are multi stage flash (MSF), multi effect distillation, (MED) and reverse osmosis (RO). Reverse
osmosis is the most energy efficient technique, however literature does not always agree on its capa-
bility to produce pure enough water for use in an electrolyser. Lets, for now, assume RO is an option
and compare it to the thermal alternatives that could be partially powered by the waste heat from the
electrolyser.

Reverse osmosis

Reverse osmosis is a widely used technique in situations where no external heat source is available by
reason of its high energy efficiency. It applies an external pressure to overcome the naturally occurring
osmotic pressure over the membrane to push the water from the saline side to the side of the fresh
water. The pressure, and with that energy, that is required strongly depends on the permeability and
the energy consumption generally is in the range of 2 — 6kWh/m?3 [44]. In this case high purity water
is required and an estimate of 5.0 kWh/m3 (or 18 MJ/m?3) is used for this case study.

Thermal desalination

As mentioned earlier the potential of the excess heat from electrolysis lies in the thermal desalination
techniques. MSF and MED both rely on an external heat source, usually steam, as well as an electrical
energy source (mainly pumping energy). Figure 6.1 and 6.2 show a schematic representation of both
processes. The thermal performance of desalination units is usually expressed in gained output ratio
(GOR), which is the ratio of the latent heat of a certain amount of water and the thermal energy the
process consumes to produce that amount of fresh water.

Ahevapmprod

Q

The GOR value of MSF and MED processes depends on many design factors like the number of
stages and the highest brine temperature by design in the system. For MSF the GOR generally ranges
between 8 and 12 [2][38][11] meaning it respectively consumes between 282 and 190 MJ of thermal
energy per cubic meter of fresh water product. The GOR of MED is in general slightly higher and ranges
between 10 and 16 (230 and 145 MJ resp.) [2][38][11]. The energy consumption of the two techniques
and their typical operating conditions based on literature are tabulated in table 6.2. In the absence of
an external heat source the thermal energy would have to be supplied by electric steam-boilers making
these processes much more electricity demanding than RO. However, if all thermal energy would be
supplied by the electrolysers these techniques could have the upper hand in terms of energy efficiency
as well as purity of the product.

GOR = (6.1)

Table 6.2: Typical energy consumption and operating conditions of multi-stage flash and multi-effect distillation operations. *The
GOR follows from the thermal energy consumption in the previous column if, for water, a latent heat of 2260 MJ/m3 is used

Technique Electrical energy consumption Thermal energy consumption GOR* Total energy consumption Operating temperature

[MJ/m3] [MJ/m3] [ [MJ] c]
MSF 9.0-18.0 190 - 282 8-12 199 - 300 40 - 90 [11]
MED 7.2-9.0 145 - 230 10-16 152.2 - 239 40-90 [11]

Utilizing excess heat

In utilizing the excess heat of electrolysis no real distinction has to be made between MSF or MED.
The most important values are the GOR and the operating temperature of the processes. As table 6.2
shows the typical operating temperatures of both processes are similar. Most MSF and MED processes
rely on steam of around 100°C to reach a sea water temperature in the first stage of around 90°C [38].
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Figure 6.1: Schematic of a multi-stage flash operation, copied from [2].
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Figure 6.2: Schematic of a multi-effect distillation operation, copied from [2].

These operating conditions are taken as the base case for thermal desalination. Table 6.3 shows the
specifications of the virtual distillation unit that is used in this chapter. Note that in comparison to table
6.2 a distinction between MSF or MED is no longer made and that the top-brine temperature is replaced
by a required steam temperature in the last column.

Table 6.3: In this table relevant specifications of thermal desalination and reverses osmosis are shown as they are used in this
chapter to study the potential of excess heat from electrolysis.

Typical specifications for "average” thermal desalination unit and RO unit

Technique Electrical energy consumption Thermal energy consumption GOR Total energy consumption Required steam temperature

[MJ/m3] [MJ/m3] [ [MJim3] °c
Thermal 9.0 188.0 12 197.0 100
Reverse Osmosis 18.0 - - 18.0 -

Since the electrolyser does not produce steam at 100°C itself, a heat pump is required to transfer the
heat from the cooling circuit to the desalination unit. The electrical input required to power the heat pump
depends on the temperature difference that needs to be overcome and on the heat pumps efficiency.
Under maximum theoretical (Carnot) efficiency the coefficient of performance can be calculated as
follows: .
steam

COPh Tsteam - Tcw,out (62)
The actual CoP of a heat pump depends on many different factors such as the size of the heat exchang-
ers or suitability of the medium used in a certain situation. For a heat pump to reach high efficiencies it
should therefore always be designed specifically for a certain task. Therefore, to simplify the problem,
a rule of thumb is used stating that a properly designed heat pump will reach an efficiency of about
50% of the Carnot efficiency, i.e. an thermodynamic efficiency of e, = 50%. This way, a relation
between the operating temperature of the electrolyser and the electrical energy consumption of the
combined heat pump and desalination unit can be constructed, see figure 6.3. In this figure the total
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energy consumption of the thermal desalination is the sum of the electrical input of the heat pump and
of the desalination unit itself. Also depicted is the energy consumption of reverse osmosis. What can
be concluded from this figure is that only for very high stack operating temperatures thermal desalina-
tion can become more energy efficient than reverse osmosis. These high operating temperatures of
around 90°C are not common and are generally associated with high ageing rates of the electrolyser.
However, the purity levels reached by thermal desalination remain higher than that of RO and if this
proves to be the limiting factor, using excess heat to aid desalination does offer a significant decrease
in electrical energy consumption in comparison to thermal desalination without the aid of excess heat.
For the electrolyser from table 6.1 consuming 50.64 kg/s of demineralised water and operating at 80°C
the energy balance is tabulated in table 6.4. Here, the total electrical energy consumption by heat
pump aided desalination is 1.74 MW. Compared to the scenario in which all heat is generated electri-
cally this saves 9.26 MW (by extracting the same amount of energy from the cooling circuit). This is
equal to 5.41% of the available thermal energy. The yield that this can have in terms of extra hydrogen
production or system efficiency is covered in section 6.1.4.
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Figure 6.3: The energy consumption of both reverse osmosis and of a thermal desalination unit using a heat pump to supply its
thermal energy demand.

Table 6.4: Energy balance of the heat pump assisted desalination for a 1 GW electrolyser operating at 80°C

Electrolyser Comments

Power input 1 GW

Available thermal energy 171.1 MW

Water consumption 50.64 ka/s

Desalination

Electricity demand desalination unit 0.46 MW

Heat demand desalination unit 10.54 MW

CoPh heat pump 8.22 For cooling water of 77.3°C
Power input heat pump 1.28 MW

Total power input 1.74 MW

Thermal energy consumption 9.26 MW Is equal to 5.41% of the available thermal energy

6.1.2. Preheating process water

Another use for the excess heat is preheating the process water before use. The temperature at
which the water leaves the desalination unit depends on the type of desalination, its exact configuration
and on design preferences. However lets assume the desalination unit operates at maximum thermal
efficiency, i.e. all thermal energy in the product flow is recovered (see figure 6.2) and the freshwater



6.1. North sea energy case study 41

leaves the desalination unit at sea temperature (10°C). Thereafter, the process water needs to be
pre-heated to operating temperatures (in all simulations run by the model the process water has been
assumed to enter the stack at operating temperatures and the task of heating the water to the right
temperature was attributed to the BoP). The amount of heat required to bring the process water up to
temperature is generally rather small in comparison to the heat production of the electrolyser, however
it does form a relatively simple purpose for the excess heat. The maximal heat flow towards the process
water can be calculated as follows:

pr = ﬁHZO LAY P MHZO * Cp,Hy0 (6.3)

In which AT, is the difference between the highest cooling water temperature and the sea water. The
molar flow of water consumed by the stack follows from equations 3.17 to 3.23 and is 8-10% larger
than the moles of water split into oxygen and hydrogen. For the stack operating at 80°C (ATy,4x =
77.3 — 10 = 67.3°C) Qpw = 14.24 MW which is equal to 8.32% of the total available heat. What this
yields is discussed in section 6.1.4.

6.1.3. Organic rankine cycle

Since both preheating the process water and aiding desalination with the excess heat will consume only
a fraction of the heat extracted from the electrolysis, it is natural to look for more possible applications
for the excess heat. However, offshore on an island or a platform there simply is not much else that the
heat can be used for directly. One could think of a completely separate process that uses high quantities
of low-temperature heat, however in the period of doing this research nothing feasible/applicable has
come to mind. The possible application that then remains is regenerating some electrical energy using
an organic Rankine cycle. Where a heat pump uses electrical energy to force heat from a cold reservoir
to a hot reservoir, an organic rankine cycle generates electrical energy by letting heat flow in the natural
direction from a hot reservoir to a cold reservoir. The advantage of being at sea is the presence of a
virtually unlimited and fairly low-temperature cold reservoir (the sea). Like heat pumps the ORC is
limited by the Carnot efficiency that can be calculated as follows:

Tc
Nearnot = 1 — E

(6.4)

Ty being the temperature of the cooling water and T being the temperature of the cold reservoir that
could potentially be the sea. This temperature fluctuates throughout the seasons of course, however
after analysing scientific data from papers, mostly written on ocean warm-up [1][26], a temperature
of 10°C appears to be a reasonable average year-round value for water several meters below the
surface. With this value and a maximum cooling water temperature of, let's say, 75°C the Carnot
efficiency becomes 1.4,n0t = 18.7%. However, as with heat pumps this theoretical maximum efficiency
is not actually achievable. After analysing data from reviews on ORC'’s of similar nature (liquid to liquid
reservoirs and similar temperatures) [27][22], an thermodynamic efficiency of nyp = 45% seems to be
the limit of what is realistically achievable and the predicted efficiency becomes:

T

cw,out

And the result of this equation, again in relation to the operating temperature of the electrolyser, is
depicted in figure 6.4.The achievable efficiency is, perhaps disappointingly, low and especially for low
stack temperatures it seems very unlikely to be feasible. Let’s therefore again assume the more promis-
ing scenario in which the electrolysis is operated at 80°C first. At this stack temperature the ORC
reaches an efficiency of 8.65%, i.e. the ORC is capable of recovering 8.65% of the thermal energy
left after desalination (5.41% used) and preheating the process water (8.32% used). Hence, for the
electrolyser from table 6.1, delivering 171.1 MW of available heat, the ORC is able to recover 12.77
MW of electricity that could again be used to power the plant. The next section will discuss what this
yields in terms of annual hydrogen production or overall system system efficiency.
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Figure 6.4: The estimated achievable efficiency an ORC could reach utilizing the excess heat of electrolysis in relation to its
operating temperature

6.1.4. Yield

To better illustrate what these applications yield in terms of system efficiency and economically it will be
useful to present a little more detail on the possible situation in the North Sea without getting into the
complications between the different scenarios. Within the North Sea Energy programme a variety of
cases is investigated varying in terms of production location, system size and conversion fraction (full
conversion of wind energy to hydrogen vs. partial conversion). For simplicity, here only the scenario of
full offshore conversion is studied meaning that the electrical energy from a wind farm is fully converted
into hydrogen before it is transported to shore. Jepma et al. have calculated for this scenario the optimal
capacity of the electrolysis in comparison to the maximum capacity of the wind farm to be 78% meaning
that a 1 GW electrolyser would be connected to a 1.28 GW wind farm [20]. Furthermore Jepma et al.
have calculated, based on an electrolyser with similar efficiency, that an electrolysis system has an
expected annual hydrogen yield of 87.5-90.6 kiloton [21]. With this information an estimate can be
made of the gain in hydrogen yield that results from the above mentioned heat applications.

Desalination

Above, in section 6.1.1, it was shown that the electrical energy demand of thermal desalination could
be lowered significantly with the aid of a heat pump. It is able to save 9.26 MW of electrical energy
under nominal load in comparison to thermal desalination without the aid of a heat pump. Assuming
this energy, otherwise used for desalination, will be used for electrolysis this results in an increase
in overall plant efficiency from 73.6% to 74.3% (see table 6.5). Assuming similar relative efficiency
increase under different loads an increase in annual hydrogen yield of approximately 0.85 kiloton is
expected. What this implies economically depends on the future price of hydrogen. This is a major
point of discussion however, the lower limit, based on the current price of grey hydrogen (mostly from
steam reforming) with subsidy, is set to about 2 €/kgH, [21] and Jepma et al. even assume a selling
price of up to 6 €/kgH, for hydrogen if it can be sold in the mobile sector. Valuing the extra annual
hydrogen yield at 1.7 to 5.1 M€/y in revenue (resp.). Industrial large-scale heat pumps are expected to
cost around 200 € per kW of thermal energy output. For this scenario a 14 MW heat pump is sufficient
to cope with all possible loads on the system which implies a payback period of less than two years in
the most conservative estimation. A more detailed system integration and feasibility study should be
conducted for a more tangible conclusion, however the economics of this heat application do appear
to be promising.

preheating process water

It is expected that any properly designed BoP will use the heat from the stack for heating the process
water, albeit possibly by simply feeding it to the stack without preheating it. The estimated BoP efficiency
(see A.2.1) is therefore assumed to already include the energy requirements for bringing the process
water up to temperature and no gain in system efficiency is obtained here. The calculations in section
6.1.2 were made to illustrate the magnitude of the heat requirements and to determine the heat left
over for the ORC.
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Organic Rankine Cycle

For the ORC a similar calculation can be done as for the desalination. It was estimated that the ORC
will be capable of regenerating 12.77 MW of electrical energy under nominal load on the electrolyser.
More generic would be to say that the ORC will convert 7.46% of the initially (before desalination and
preheating) available heat into electricity. Assuming all generated electricity is re-used to power the
plant and assuming similar proportions under different loads an estimated system efficiency increase
from 74.3% to 75.2% is derived (see table 6.5). The rise in efficiency would results in an increase in
annual hydrogen yield of 1.08 kiloton. Economically this could be worth 2.16 to 6.48 M€/y; a gain in
the same order of magnitude as that of HP aided desalination. However, ORC’s investment costs are
generally much higher than that of heat pumps. By approximation, ORC’s of this scale cost around
2000 € per kW of output power [24] (likely even steeper pricing offshore). To reduce cost the ORC
does not have to be designed to cope with less common peak loads on the system. Let's assume
a 13 MW ORC (output power) will be sufficient to reach similar gain in efficiency. In this favourable
scenario the ORC will cost approximately 26 million Euro. Again, a more detailed system integration
and feasibility study will have to be conducted to conclude anything tangible, however the economics
of this heat application appear to questionable to say the least.

Table 6.5: Overall plant efficiency for (from left to right): 1. Reverse osmosis 2. Thermal desalination (TD) without heat pump
(HP) assistance 3. TD with HP assistance 4. TD with HP assistance and ORC energy recovery. (all include preheating PW)

Preheating only Preheating only Including Including ORC

(RO) (TD) HP aided TD (HP aided TD)
Energy input wind farm [MW] 1000.91 1011.00 1001.78 1001.78
Recirculation from ORC [MW] - - - 12.93
Electrical demand desalination [MW] 0.91 11.00 1.78 1.80
Input electrolysis system [MW] 1000 1000 1000 1012.91
Hydrogen yield [ka/s] 5.25 5.25 5.25 5.32
Energy equivalent [MW] 774.0 744.0 744.0 753.6
Left-over thermal energy [MW] 156.9 156.9 147.6 none
Overall efficiency [%] 74.3 73.6 74.3 75.2
Expected annual hydrogen yield [kton] 89.05 88.16 88.97 90.12

6.2. Nieuwegein case study

The situation in Nieuwegein, near Utrecht, is a much more clear cut and simple than the North Sea
energy programme. In Nieuwegein a 2 MW electrolyser, connected to a solar farm (and the grid), will
be built in the near future (possibly next year). This electrolyser could potentially be connected to a
district heating network

6.2.1. Heat network

A heating network distributes heat from a central location to be used for space heating or water heating
in buildings in the district. The minimum temperature requirements in supplying heat to such networks
can vary per network. Most conventional networks supply water to the district at temperatures around
80°C and receive water with a typical return temperature of around 40°C. However, currently there
is a growing interest in lower temperature district heating as this shows greater possible potential in
combination with renewable heat sources. A number of studies have been carried out on concepts
supplying heat at temperatures as low as 45°C and have shown potential for future district heating
networks [25]. In Nieuwegein no such network is available yet and heat is supplied and received by
Eneco (the heat network operator) at the conventional temperatures mentioned above (see appendix
C.1 for the heating curve they apply [9]). The minimum temperature requirements third parties have
to meet to supply heat to Eneco is unclear, however given the lowest temperature of their network is
40°C and expecting willingness to collaborate in a renewable project like this it is assumed possible to
supply excess heat from the electrolyser to this network.
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6.2.2. The Electrolyser

As mentioned above the electrolyser will have a capacity of 2 MW. This can be supplied by the solar
farm located nearby or by the grid after conversion from AC and will be often powered by a combination
of both. Let’'s as an example assume the electrolyser will be operating at 65°C since this gives enough
margin for the heat to be delivered at the required temperature. At this temperature and the stack
operates with an electrochemical efficiency of ez = 77.1% at nominal load (1.5 A/cm?) and the thermal
efficiency of the cooling system is found to be &, = 99.3%. Let's again assume a BoP efficiency
(including possible conversion) of on average €g,p = 93%. This results in a combined efficiency of
&sys = 71.7% and a production of 422.8 kW of usable heat (see table 6.6).

6.2.3. Heat allocation

Just as in the offshore case the process water needs to be preheated to operating temperature before
it is fed to the stacks. The water, in this case regular tap-water, is again assumed to reach the elec-
trolyser at 10°C and the purification steps taken by the system are assumed to be adiabatic, i.e. the
demineralised water needs to be heated from 10°C to stack temperature (the energy required for the
purification of tap-water is attributed to the BoP). To calculate the fraction of the total available heat that
can be used for the preheating of the process water the same method as in section 6.1.2 is applied
resulting in a fraction of 5.38%. The remaining 94.62% (400.05 kW) can be supplied to a district heating
network. See table 6.6 for the resulting system.

6.2.4. Yield

In contradiction to the offshore heat applications, delivering heat to a district heating network does not
contribute to a higher hydrogen production efficiency but instead delivers both hydrogen and heat as
products. Annually the electrolyser is expected to be operative for 7000 hours (Els van der Roest, KWR,
13 October 2019). Assuming the electrolyser is operated at nominal load for this duration this results
in an annual heat delivery of 10.08 TJ to the district heating network. This is equal to the heat demand
of approximately 175 average Dutch households [28] or to 286 - 103 m? of natural gas. It is estimated
that the heat can be sold to the network operator (Eneco) for approximately 6 €/GJ [17][32]. This price
values the heat production of the electrolyser at 60.480 €/y. However, perhaps more important is the
gain in efficiency of the project. In finding an application for its heat, the electrolysis system is able to
reach a overall efficiency of 91.7% under the operating conditions tabulated in table 6.6, displaying the
potential of excess heat by electrolysis in combination with district heating networks.

Table 6.6: Data from the model scaled to 2 MW (multiple stacks) operating at 65°C

The electrolyser Comments

Nominal input power 2 MW

Nominal hydrogen flow 36.42 kg/h Equals a system efficiency of &5, = 71.7%
405.02 Nm3/h
1434 kWyyy

Output pressure 30 bar

Cooling water

Outlet temperature 61.8°C

Inlet temperature 56.8°C

Mass flow 20.20 kg/s

Equivalent thermal energy output 422.8 kW Equals 21.14% of power input

Heat allocation

Heat to preheating 22.75 kW Equals 5.38% of available heat

Heat to heat network 400.05 kW Remainder (94.65%)

Overall efficiency 91.7% € =(2000-0.717 +400.05)/2000




Conclusion

In this chapter the conclusions that can be drawn from this thesis are discussed and answers to the
research questions will be presented. After reading this chapter a clear view on the potential of excess
heat produced by large-scale PEM electrolysis should have been formed.

7.1. Technological assessment

In this thesis a single large-scale stack was modelled and in accordance with the average large-scale
electrolyser of today it operates with an electrochemical efficiency of ez = 80% at a current density of
1.5 A/cm? and an operating temperature of 80°C. At this (nominal) load the 100 cell stack consumes
277.5 kW of electrical power of which 20% (55.5 kW) is turned into heat (see table 7.1). This heat is
the matter of particular interest in this thesis and effort was taken to model the thermal behaviour and
the product flows of the stack as accurately as possible. After having established the amount of heat
that is produced the next question is how much of this can be contained in a closed circuit and used
in a subsequent process. To answer this question a basic cooling circuit was designed and modelled
with the goal to keep the stack at the desired operating temperature while containing as much of the
heat as possible in a closed circuit without impeding the performance of the stack. It was found that
under nominal load it is possible to contain at least 92% of all heat produced by the stack. The biggest
contributor to heat irreversibly lost was found to be water vapour in the product flow of the electrolyser.
With an atmospheric anode pressure (most common) this heat loss proved to be very substantial,
especially at higher operating temperatures (to the point no heat is left). However by elevating the
pressure in the anode chamber the water content can be lowered considerably. A pressure of 5 bar is
sufficient to lower the water content in the product flow by 80%. It can therefore be concluded that an
elevated anode pressure is an important requirement if high heat recovery is desired (scenarios where
there is a purpose for all heat, such as in Nieuwegein).

With an anode pressure of 5 bar the cooling system is able to extract the earlier mentioned 92% at
nominal load. The cooling system was able to extract this heat from the system while keeping the stack
temperature within an acceptable temperature window. A maximum temperature difference between
cooling water and the stack of 6°C was measured. This A, T was reached under maximum load of
160% of the nominal load. For normal operation (<100%) a temperature difference no higher than
A,T = 2.7°C can be maintained. This means that a stack operating at temperature of 80°C (near the
cooling water outlet) can be cooled with cooling water exiting the stack at 77.3°C. The low A, T also
allows for the temperature of the stack to be controlled by only varying the mass flow in accordance
to the cooling demand while keeping the inlet and outlet temperatures at fixed values. This is positive
in terms of practicality for the use of the cooling water in a subsequent process. The temperature
difference between inlet and outlet (A, T) can be chosen by preference. In this thesis it was chosen to
operate with a 5°C temperature rise over the length of the cells and it was found that pressure drop
was negligible under these conditions. A lower A, T is thus possible if this is preferred, however it might
make the use of this heat in a subsequent process impractical.
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Table 7.1: Modelled 100 PEM cell stack at 80°C and 1.5 A/cm? equipped with cooling system

Stack Comments

Power consumption by stack 277.5 kW

Hydrogen production 4.62 kg/h Electrochemical efficiency of ez = 80%
Energy equivalent 186 kW Based on HHV of H,

Excess heat 55.5 kW (1—¢gc)

Cooling water outlet 77.3°C A,T =2.7°C

Cooling water inlet 72.3°C AT =5°C

Mass flow cooling water 2.44 kgls

Equivalent thermal energy 51.06 kW &n =92%

7.2. Heat applications

The second part of this thesis was directed at investigating the possible applications for the heat flow
produced by the stack. The electrolyser including the cooling system from the model was placed in
different scenarios and it was found that an electrolyser is very well suited to be connected to a district
heating network. The low temperature heat serves well for applications such as space heating and/or
water heating. Therefore a scenario in Nieuwegein was studied that showed great potential. By con-
necting a 2 MW electrolysis system to a district heating network a system efficiency of 91.7% could be
reached, see table 7.2.

Next to the case in Nieuwegein an offshore scenario was studied. Finding use for the excess heatin an
offshore environment proved to be more challenging. Apart from the preheating of the process water
there is no direct application available on an island or platform for low temperature heat. However with
the help of a heat pump high enough temperatures can be created to aid in thermal desalination. It
was found that with stacks operating at 80°C producing cooling water at 77.3°C the electrical energy
requirements for thermal desalination could be reduced by 85% nearing the electrical demand of the
generally much more energy efficient reverse osmosis technique. However, for lower operating tem-
perature the gain drops significantly. This also holds true for the use of an organic Rankine cycle. Since
a large fraction of the heat is left over after preheating and desalination the potential of a heat-to-power
system was investigated. The addition of an ORC was found to be able to achieve an increase in
overall system efficiency from 74.3% to 75.2%, however the economics of installing such a system are
questionable and will strongly depend on the future price of hydrogen.

Table 7.2: The studied systems from chapter 6 and their product flows. (*: these thermal products are left-over/discarded and
therefore not considered for the overall efficiency calculations.

System Power consumption Hydrogen product flow Heat product flow (Combined) Efficiency
Nieuwegein 2 MW 1434 kW 400.05 kW 91.7%
North Sea (RO) 1GW 743.3 MW (156.8 MW)* 74.3%
North Sea (TD) 1GW 735.9 MW (155.2 MW)* 73.6%
North Sea (HP aided TD) 1GW 742.7 MW (147.3 MW)* 74.3%
North sea (HP + ORC) 1GW 752.3 MW none 75.2%

7.3. Final remarks

The excess heat or, in general, the thermal behaviour of PEM electrolysis is a field of study not yet
studied in depth. However, the findings presented in this thesis show that it can be a very interesting
direction of research. Heat recovery from electrolysis can very well be viable in combination with heat
application. Recovering 90% of the at temperatures only a few degrees below operating temperature
without impeding the performance of the stack is is a very satisfactory result in terms potential and it
will be interesting to see more detailed and in depth research conducted in this topic to fully understand
challenges and benefits of heat recovery from PEM-electrolysis. The next chapter is intended to make
recommendations for future research on this topic and suggest additional research directions in the
field.



Recommendations

In the process of this research some simplifications have been made and some directions of research
have been left untouched. This section will discuss these simplifications and directions for future re-
search. First the most important simplifications will be discussed and by doing so suggesting possible
directions for future in-depth research in this topic.

8.1.

In-depth future research

Liquid-gas fraction: in the conduction model the liquid to gas fraction has been assumed to equal
1. In reality bubbles of hydrogen and oxygen will form during operating as such possibly having an
effect on the overall heat transfer coefficient between MEA and cooling channel. Future research
should be directed at including this effect in the simulation.

Process water: for simplicity reasons the flow of process water in this thesis has been assumed
low enough to have a negligible effect on the temperature distribution in the stack. In reality the
flow of process water will have an effect, especially at higher flow rates. Higher flow rates could
be desired if, for example, a low liquid to gas ratio, mentioned in the previous point, has a negative
effect on the performance of the cell and/or cooling system. The effect process water can have
on the temperature distribution could both be positive or negative. Optimizing the flow size and
direction of the process water in combination with the cooling channels can be an interesting topic
for further research.

Symmetry: in the conduction model symmetry was assumed between the anode and the cathode
chamber. In reality the anode and cathode side of the cell can be different from one another. Most
heat is produced on the anode side of the MEA and the current collectors are not always made
of the same material. Hence, the conduction can be modelled in more detail.

Unsteady conduction: from the conduction model an overall heat transfer coefficient was ex-
tracted. This coefficient results from a steady state conduction model while being used in a
dynamic Simulink model. For a more precise representation of the heat transfer the conductions
should be modelled dynamically as well.

Dynamic electrochemical model: the complex transient electrochemical behaviour upon changes
in input can have an effect on the thermal behaviour of the stack. In this thesis it was assumed
small and therefore it was not taken into account however this assumption can only be justified
by a more detailed analysis on this behaviour. Future research could be directed at this topic.

Operating pressures: the operating pressures were found to have a great influence on the ther-
mal behaviour of PEM electrolysers. However only a limited variety of operating pressures was
studied in this thesis. Higher pressures allow for operation at higher operating temperatures and
it will be interesting to investigate where the limits lie.
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8. Recommendations

Control optimisation: A simple PID-controller was used in this thesis to control the mass flow
of the cooling water through the system. However, it might be valuable to investigate the best
method of control to optimize the synergy between electrolyser and heat applications.

Cooling channels: in this thesis the research in the size and shape of the cooling channels was
limited. The basic design proposed here is based on what is possible in terms of manufacturing
and on the size and shape of typical flow distribution channels. The design has not yet been
optimised for the purpose of extracting heat.

Cooling fluid: for the sake of simplicity water was used as the cooling fluid in this thesis. However
other fluids could have potential. Most interesting would be to investigate whether the stack could
act as an evaporator in the cooling circuit. A cooling fluid could be chosen or a mixture could be
designed to evaporate at the desired operating temperature. This way the cells temperature could
be maintained constant along the length of the cooling channels.

System integration and feasibility: for each of the studied heat applications a more detailed system
integration study should be conducted to fully understand the interaction between the different
components of the system. This would also allow for a more comprehensive feasibility study for
each of the possible heat applications.

8.2. Other research directions
Other directions of interest directly related to this topic are discussed below:

+ Alkaline technology: this research has focussed its attention on PEM electrolysis technology,

however for alkaline technology much of the figures are the same. With an electrochemical ef-
ficiency of around 80% too, alkaline technology produced roughly the same relative amount of
heat. The lower energy density and the more bulky design suggest cooling should be easier,
however more research should be done in this direction to support this claim.

Ageing: more research must be done on the ageing and degradation rates at different operating
conditions. Information on this is valuable for finding the best operating conditions for any given
situation. High temperatures are often favourable for electrochemical efficiency and potential of
excess heat, however it might prove to have a significant negative effect on the degradation rate.

Balance of plant: in this thesis the BoP was simply treated as a given. No effort was made to
model the behaviour of the BoP under different operating conditions. Adding a model of the BoP
to the model in this thesis would allow for more accurate predictions of the behaviour of system
in different scenarios.

Other heat applications: in this research only two scenarios in which the excess heat can be
potentially used have been studied. It will be interesting to investigate the possible synergy with
other processes. One could think of processes that require large quantities of low temperature
heat, however also combining the cooling system with other higher temperature heat sources
could prove to heighten the potential of excess heat from electrolysis.



Choice motivations and model validation

A.1. Stack size

The size of the stack simulated in this thesis is intended to represent and average large scale PEM that
would be built today. The challenge in choosing a single size here is the fact that different manufacturers
use different approaches and that concrete information on their stacks is most often not available. The
choice for 100 cells with a surface area of 1000 cm? most closely resembles the concept of ITM, see
[29]. Other source of information have been Hydrogenics[39] and Siemens[18].

A.1.1. Individual layers

Tabulated below are the different layers the stack consists of. Their quantity, their thickness and their
specific heat are shown. Some important aspects are mentioned in the last column. Information on
typical current collectors was gathered form Grigoriev et al. [14] and information on typical typical layer
thickness was and copied from Carmo et al. [4].

Table A.1: This table shows all layers and substances that make up the lumped heat capacity of the stack. The heat capacity
is calculated according to equation 3.26. All layers are calculated separately and added together. The stack is assumed to be
saturated with liquid water

Layer/substance Number of layers Thickness Specific heat [k//kgK] Density [g/cm®] Thermal capacity [k//K] Comment

Current collectors 200 1mm 0.52 2.84 29.5 Titanium CC'’s Porosity: € = 37 %
Titanium BP’s excluding channels
Bipolar plates 99 2 mm 0.52 4.51 29.0 for PW(flow distribution) and CW

(62.5% titanium).

The amount of PW inside the
stack at any given time. Equal

Process water - 4.19 0.997 61.9 to volume of pores of CC and

flow distribution channels
s Thin layer of Nafion 117 and

MEA's 100 125 pm electrodes of few micron thick
Relatively thick stainless steel
plates, mainly for support. Flow

End plates 2 2em 046 8.00 147 distribution channels not taken
into account

Total 135.1

A.2. Performance

The performance of the electrolyser in the simulations is highly dependent on fundamental variables
like the exchange current density (as is explained in chapter 3). As values differ quite significantly in
literature they were chosen such that the resulting electrolysers performance resembles that of PEM
electrolysers found in literature and most closely resembles those of the most recent papers. This has
been an iterative process and the values used in the end can be found in the following table:
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Table A.2

| Variable | Symbol | Value | Reference |
| Exchange current density, cathode | i0c | 0.75e-03 A/lcm2 | [6][10][4] |
| Reference temperature | Trefc | 318K " \
| Activation energy, HER | Eact,c | 30000 J/mol | [16] \
| Exchange current density, anode | i0a | 1.0e-07 A/lcm2 | [6][10][4] |
\ Reference temperature \ Tref,a \ 318 K » \
| Activation energy, OER | Eacta | 90000 J/mol | [45][10] \

A.2.1. Efficiency

As mentioned above, the final values were chosen within the range of typical values found in literature
to create an electrolyser that resembles, as good as possible, the "typical” large scale PEM-electrolyser
being built today. From literature it was established that an electrochemical efficiency of ez = 80% (or
1.85 V cell potential) at a current density of 1.5 A/cm? most closely satisfied that criterion. The resulting
I-V or polarization curve was compared to data from review papers to validate it. The following figure is
copied from [4] and shows data on PEM-electrolysers operating at 80°C. The red line is the I-V curve
from the model of this thesis.
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Figure A.1: The polarisation curve of several PEM-electrolysers operating at 80°C. Copied from [4]. The red line representing
the I-V curve of the model in this thesis was added for reference.

Although some electrolysers in the figure appear to have higher efficiencies these were all single
cell electrolysers and judging data from large-scale PEM manufactures (ITM [29], Hydrogenics [39] and
Siemens [18]) and data form Fraunhofer [40] (see figure A.2) these efficiencies were judged unrealistic.
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Figure A.2: Data copied from [40]

Having fitted the model to this data, the next step was to determine the overall system efficiency by
estimating the efficiency of the Balance of Plant (including conversion). Since the focus of this research
has been the electrolysis itself the BoP efficiency is of lesser importance to this thesis than the stack
efficiency and will therefore not be modelled load or temperature dependently. However, an estimate
was made based on data from again the three earlier mentioned manufacturers. The clearest data was
presented by ITM in [29] with figure A.3. And from that data was extracted that under nominal load the
efficiency of the BoP could be estimated at ez, = 93% resulting in the combined system efficiency as
tabulated in table 2.1 of &5, = €pop - €p¢c = 74.4%
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Figure A.3: The relative contribution to the systems inefficiencies presented by ITM [29]

A.3. Product pressures

The choice was made to include electrochemical compression in the model as it clearly is the trend in
PEM electrolysis to produce pressurized hydrogen. Unlike for many other aspects of the electrolyser
there is much information available on this as manufactures like to advertise their hydrogen pressure
output, This is because the higher the output pressure the lower the demand for subsequent compres-
sion. The earlier mentioned manufacturers ITM, Hydrogenics and Siemens all produce hydrogen at
30 bar [29][39][18]. Although some variation in anode pressure has been mentioned in literature most
electrolysers operate at atmospheric pressure on the anode side [4]. However as in [48] an anode
pressure of 5 bar was chosen. The motivation behind this is the significantly lower water content in the
product flow. This is explained in chapter 3.
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Figure A.4: Simple production process for bipolar plates with channels for cooling as well as flow distribution in the anode and
the cathode chamber. In this example a stainless steel sheet is stamped into shape and welded to a second identical one. This
figure is copied from [36]

A.4. Cooling channels

In designing the cooling channels inside the bipolar plates the biggest challenge was the lack of lit-
erature on this topic. Most electrolysers in literature are single cell lab-scale electrolysers and do
not require the same intensive kind of cooling as large-scale electrolysers. Manufacturers and other
experts in the field are familiar with cooling circuits inside the bipolar plates, however no literature
or patent exists on the exact dimensions of these kind of channels. Most information for design-
ing these channels for this thesis was gathered from papers on the cooling of fuel-cells rather than
electrolysers [36][37][3][35][41]. From these sources was concluded that the typical manufacturing
process involves the stamping (or hydroforming or other, see [35]) of two identical plates that are
then welded together as depicted in figure A.4. It is assumed the same approach will be used for
the production of bipolar plates for electrolysers. Hence, the shapes of the flow distribution and the
cooling channels are inevitably connected Furthermore information was gathered from patents on
flow distribution patterns in bipolar plates for electrolysers without cooling channels [43][23]. From
these sources it was found that flow field channels are typically 1.5 mm to 2 mm wide (width can vary
over the length of the channel) and 0.5 to 1 mm deep. For the sake of keeping the plate as thin
as possible it was chosen to proceed with the most shallow possible flow distribution channels (0.5
mm). Furthermore it was found that the narrower the channel the more favourable the heat trans-
fer, i.e. h; - Achanner * Nchannets Proved the highest. Where h, comes from the following equation:

= Nuy, k

C
Dy,
. . . . Flow distributi h |
Achanner 1S the length of the channel times its perimeter wigtwh istribution channets

(A.1) Table A.3: Channel dimensions

and N, annets i the number of channels that fits in the cell depth g)g mm
(narrower channels —more channels). These choices Cooling channels

have resulted in the channel design proposed and de- | g 15 mm
picted in chapter 4. The resulting channels are tabulated depth 1 mm

here on the right. Furthermore, it was chosento use water  Thickness sheet material 0.5 mm
as coolant for simplicity since it meets all requirements.



Model; further insight

B.1. Simulink model
B.1.1. Electrochemical model
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Figure B.1: Electrochemical model - relation between current temperature and voltage
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B. Model; further insight

B.1.2. Faradaic model
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Figure B.2: Faraday model and thermodynamics
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B.1.3. Thermal model
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Figure B.3: The thermal model
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B.1.4. Complete model
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Figure B.4: The complete model

B.2. Matlab code



close all
clear all

o
o

Element grid factors
0.002; % m, element width
= 0.002; % m, element height

o o
|

r = 100; % resolution

[X,Y] = meshgrid(0:a/r:b , O:b/r:a); % Creates a square grid
dx = a/r; % grid size
dy= dx;

h2=floor ((r+1l)/2)+2;
hl=floor ( (h2+1)/2)+1;

Bottom of current collector

o° oo

Bottom of pw channel/top of cw channel

bl=floor (0.375* (r+l))+2;
b2=floor (0.625* (r+1))+2;

left-most titanium between hl and h2
left-most cw channel

o° o

% Grid definition
k(l:r+2,1:xr+2)=0;
T(l:r+3,1:r+3)=0;

k(h2:r+1,2:r+1)=13.55; % Cc
k(2:h2-1,2:r+1)=21.7; $ Ti
k(hl:h2-1,2:01-1)=0.669; % Pw

k(2:hl-1,b2:r+1)=0; To exclude the cooling channel fromy

calculations
kt=21.7; % titanium conductivity for quick use
kc=13.5; % Current collector conductivity for quick use

% Parameters

h c=2.1743e+03; % Convective heat transfer coefficient based on¥¢
(Ts-Tb)
Tb=0.0; % Bulk temperature coolant

Bi=(h_c*dx)/(kt);
$ Iteration
multiplier
iterations

10000;
r;

for 1 = l:multiplier
for j = l:iterations

Temp = T; % Temporarily lock T-field

T(2:r+2,2:r+2) = (k(2:r+2,1:r+1).*(Temp(2:r+2,1:r+1)+Temp (3:r+3,2:r+2)) +¢
k(2:x+2,2:r+2) .* (Temp (3:r+3,2:r+2)+Temp (2:r+2,3:r+3)) + ¢
k(l:r+l,2:r+2) .* (Temp (2:r+2,3:r+3)+Temp (L:r+1,2:1r+2)) +¢
k(l:r+l,1l:r+1) .*(Temp (l:r+1,2:r+2)+Temp (2:r+2,1:r+1))) ./ ¢

(2. (k(2:r+2,1:r+1)+k(2:x+2,2:v+2)+k (1:xr+1,2:r+2) +k(1l:r+1, 4
l:r+1)));



Temp2=T;

T(r+2,3:r+1) = Temp2 (r+2,3:r+1) + (gs*dx)/kc;
flow into the element

T(r+2,2) = Temp2 (r+2, 2) + (gs*dx)/ (2*kc) ;
left corner

T(r+2,r+2) = Temp2 (r+2, r+2) + (gs*dx)/ (2*kc) ;

right corner

T(hl,b2+1:r+2)
Horizontal convection area

(Temp2 (hl,b2+1:r+2)+0.5*Bi*Tb) (2/ (2+B1)

T(2:hl1-1,Db2) = (Temp2 (2:h1-1,b2)+0.5*Bi*Tb) (2/(2+Bi)) ;

Vertical convection area
T (hl,b2) = (Temp2 (h1,b2)+(1/3)*Bi*Tb) (3/ (3+Bi)) ;
Interior convective corner

T(2:hl1-1,b2+1:r+2)=T(h2,b2);

end
slow = 10;
if i/slow == round(i/slow)
figure (1) ;
contourf (X,Y,T(2:xr+2,2:r+2),51)
colorbar ('horiz'")
axis equal
drawnow
end
i;
end

gx(l:r+3,1:r+3)=0; qgy=g9x;
X (3:r+1,3:r+1)=- (T(3 r+l1,4:r+2)-T(3:r+1,2:r)).*0.5.*(2./(k(3:r+1,2:r)+
k(2:r,2:r))+2./(k(3:r+1,3:r+1)+k(2:r,3:r+1))) .~ (-1);
qy (3:r+1,3:r+1)=- (T(4 r+2,3:r+1)-T(2:r,3:r+1)).*0.5.*(2./ (k(3:r+1,2:r)+
k(3:r+1,3:r+1))+2./(k(2:r,3:r+1)+k(2:r,2:x))) .~ (-1);

gx(2:hl,b2:r+2)=0;
gy (2:hl,b2:r+2)=0;

q

Oddgy=1:2:size(q

qx(l r+3,0ddgx) =
x (0ddgx, 1l:r+3)=
y(l:r+3,0ddgx)=
y (0ddgx, 1l:r+3)=

figure (1)

hold on

quiver(X,Y,gx(2:r+2,2:r+2) ,qy(2:r+2,2:r+2),6, 'r');
axis equal

o©
NN

o\



Additional information

C.1. Eneco heating curve

mer — — 10°C
105°C — = 105°C
100°C — — 100°C
max. aanvoertemperatuur 90°C
N 4+ ——— — — - - - - ——— — —— —— — — — — — ] — 90°C
80°C — gegarandeerde min. aanvoertemperatuur L s0°C
70°C 70°C
I
60°C — = &0°C
[
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Figure C.1: Heating curve applied by Enoce in region Utrecht/Nieuwegein copied from [9]
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