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Abstract

In order to reach climate goals and limit global warming, an energy transition has to be made away from
fossil fuels and towards renewables. Hydrogen has been recognized as having a crucial role as an energy
carrier in this transition. The Port of Rotterdam in the Netherlands has set its goals on facilitating the
transition by aiming to become the "Hydrogen Hub’ of Northwestern Europe. To reach this goal, the aim
is set to transport 4.6 Mt of H by 2030 and 20 Mt by 2050. This will be accomplished both by hydrogen
production and with import. It is expected that by 2030, 2 to 2.5 GW of (low temperature alkaline or
PEM) electrolysis capacity will be installed and the rest of the hydrogen will be imported in the form of
ammonia. Electrolysis produces significant amounts of waste heat and due to the storage conditions of
ammonia, there is potential for cold utilisation (which is unexplored in the field of ammonia cracking).
Instead of wasting this thermal energy, it would be more useful to recover and use it. Thereby potentially
increasing total system efficiency and contributing to the energy transition.

The aim of this study is thus to quantify the identified thermal waste streams from water electrolysis
and ammonia cracking, in order to determine how these should be reused in different applications. This
will be done by using the Port of Rotterdam as a case study.

A dynamic electrolyser model was made to calculate the waste heat output as a result of fluctuating
operation (due to intermittency of wind energy). A steady state thermal analysis was made of an
ammonia cracking plant. Not only to determine the quality and quantity of potential cooling streams,
but also to observe the effect of adding thermal energy on the ammonia cracking process (at different
temperature levels). The results from these models were then used to evaluate multiple relevant and
novel applications. Electrolysis waste heat modelling is applied in district heating and integration in the
ammonia cracking process. Cold utilisation has been evaluated for CO; and H; compression, and for
industrial cold storage.

From the different considered applications, the largest amount of electrolysis waste heat that can be
reused in a single application is with integration in the ammonia cracking process. Not only can
almost all the heat be directly integrated, it also creates a synergy within the hydrogen industry. This
application has distinct advantages compared to other applications studied in this thesis, making it a
preferred option. After that, it has been demonstrated that electrolysis waste heat can be used to provide
reliable heating for a district heating network. This application is highly socially relevant, but might be
a more complex option to integrate all of the waste heat. Ammonia cracking cold utilisation concluded
that from a technical perspective multiple use cases are possible, however the practical feasibility must
be further investigated.

This study has started to explore the potential of cold utilisation and i.e. the integration of low
temperature waste heat in the ammonia cracking process. The surface of this topic has been scratched
and shows results that indicate the potential it has and the need for more detailed research in this field.
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Figure 1: Graphical abstract of thesis content. Electrolysis image from [59]. Factory icon from [70].
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1 Introduction

In the introduction, first the motivation and relevance of this research will be presented in section 1.1.
Then the Port of Rotterdam will be introduced, which will function as a case study in this research
(section 1.2). After that the scope of the thesis is presented in section 1.3. Section 1.4 gives a summary of
previous research on the topic, revealing the missing knowledge gaps that need to be addressed. This
leads to the research objective and question in section 1.5. Lastly the research approach and report
structure are given in section 1.6 and section 1.7 respectively.

1.1. Motivation

In 2015 at the UN Climate Change Conference (COP21) in Paris, the Paris agreement was adopted by
196 parties. The Paris agreement is a legally binding international treaty on climate change, which has
the goal to limit global warming by reducing greenhouse emissions [16]. According to the International
Renewable Energy Agency (IREA), green hydrogen will play a crucial role in this transition [3]. The
European commission has also recognized this in their hydrogen strategy for a climate neutral Europe
[41]. As a response to this, the European Hydrogen Backbone (EHB) initiative was created by eleven gas
infrastructure companies (at the time of writing this it has expanded to 31 companies). The initiative aims
to accelerate Europe’s decarbonisation journey by defining the critical role of hydrogen infrastructure
[42].

In order to reach these goals, growth in both green hydrogen production and import are needed. Even
with concrete plans for large new solar and wind farms in Europe, there will not be enough energy
to produce the amount of expected green hydrogen for the increasing demand [71]. The hydrogen
import will come from geographic locations where green electricity is relatively cheap (lot of sun and
wind), such as the Middle East and countries like Chile, South Africa, Brazil and Namibia [32]. The
cheaply produced hydrogen can then be transported to hydrogen valleys such as Europe. The imported
hydrogen is expected to be transported in the form of a hydrogen carrier such as ammonia, which
is one of the more promising transport molecules for hydrogen [7]. The ammonia expected to be
used for hydrogen import needs to go through a decomposition process to recover the hydrogen. The
decomposition process is endothermic and occurs at temperatures exceeding 500 °C (with varying
pressures)[7]. Ammonia is imported as a cryogenic liquid [30][7], which needs to be heated before use.
Very little to no research exists on using these ammonia waste energy streams, making it a useful topic
to study more in-depth.

Inefficiencies in the entire hydrogen production chain (which increase the price) are still a major hurdle.
To improve this it is not only important to minimise energy losses in every step, but also to recover and
use waste energy streams as much as possible. Because of this, the topic of waste heat reuse is becoming
an increasingly important topic of research in the scope of the energy transition. The importance of
waste heat reuse is among others reflected in concrete plans such as that of the Dutch government in
their "Nationaal Klimaatakkoord” [83]. This agreement states the goal of achieving climate neutrality
in 2050. One of the components described in this solution is transitioning the heating of the built
environment from natural gas to renewable (waste) heat sources. District heating networks can play
a big part in this transition, as is not only highlighted in the National Climate Agreement, but also a
report from the 'Planbureau voor de Leefomgeving’ (PBL) [52]. Not only do these different authorities
highlight the importance of reusing waste heat, laws are implemented in the Netherlands to help this
transition, showing that concrete actions are taken to reach those goals [68]. H. Bohm et al. [11] pointed
out the synergies between hydrogen electrolysis and district heating networks in the energy transition.

1
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In the past few years the literature has also shown a growing interest in this subject. With efficiencies
of modern electrolysis plants ranging between 51-81% [12] and the rest being released as waste heat,
there is great potential to address the challenges in transitioning to sustainable heat sources. However
there are multiple challenges in using this waste heat, such as the low grade heat and the intermittent
behaviour (which has not been taken into account in much detail in previous research).

1.2. Case: Port of Rotterdam

In order to research this topic, Port of Rotterdam (PoR) is used as a case study. A large share of PoR is
focused on the energy sector. The port harbours multiple oil refineries and produces and exports a lot
of oil and gas products. Also multiple power stations are located in the port area and industrial waste
heat from companies within the port are recovered with the existing district heating network. With all
these factors combined, PoR has the leading position as an energy port in Europe. However, most of
this is still based on fossil fuels. With the goals set by the European Commission (and in turn the Dutch
government), something has to change in order for PoR to keep this leading position.

ENERGY TRANSITION: BASED ON 4 PILLARS

PILLAR

3 4

A NEW RAW SUSTAINABLE
MATERIAL AND TRANSPORT
FUEL SYSTEM

- 55% CO2 IN 2030

CO2 NEUTRAL IN 2050

Figure 1.1: Energy transition plan PoR. Image from [76].

PoR has commissioned multiple studies to form a strategy for this transition. This resulted in a
strategy based on four pillars: (1) efficiency and infrastructure, (2) a new energy system, (3) a new raw
material and fuel system and lastly (4) sustainable transport. Noticeable is that hydrogen, in larger or
smaller contributions, plays a role in all four pillars and thus is crucial for this transition. Hydrogen
has the greatest role in the second pillar ‘a new energy system’. The vision is to switch from fossil
energy carriers to green power and hydrogen. PoR is aiming to function as the "Hydrogen Hub’ for
Northwestern-Europe. This is done with a combination of production and import, with the goal to
transport 4.6 Mt H» in 2030 and 20 Mt in 2050 trough the port. As a start the port has the ambition to
have 2 to 2.5 GW of electrolysis powered by offshore wind in 2030 (and up to 20 GW by 2050). The
rest of the hydrogen is initially expected to be imported as ammonia. The combination of hydrogen
production, hydrogen import, other industries and potential waste energy demand make this the perfect
case study for this thesis.

1.3. Scope

The scope of this thesis is specified in order to indicate the framework and boundaries to which this
thesis project is limited. Because PoR is used as a case study for this research, it plays a big role in
shaping the scope of this project. Because of the pressing nature of the energy transition and the
hydrogen import and production goals of PoR for 2030, the technologies must be ready for industrial
implementation (technology readiness level > 7 [77]). Water electrolysis technologies will therefore be
limited to low temperature (LT) alkaline (ALK) and proton exchange membrane (PEM) electrolysis.
Ammonia decomposition will be done by thermal decomposition. The same limitations will hold for
the applications of the recovered thermal waste streams. Solutions need to be realistic and feasible
within the indicated location and time frame. Thus from this point the thesis should be read with the
perspective of this scope: the case study PoR.
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1.4. Previous research

In order to determine what knowledge has already been gained through research related to the waste
thermal streams of water electrolysis and ammonia decomposition, a very extensive literature review has
been done. An overview of the most relevant literature found is presented in the following subsections
(subsection 1.4.1, subsection 1.4.2). Based on the existing literature, challenges, opportunities and
missing knowledge can be identified (subsection 1.4.3). Together with the previously discussed relevance
and importance of this topic, this will then form the basis for the specific research focus of this thesis.

1.4.1. Electrolysis waste heat

Even though in theory water electrolysis is an endothermic process, due to inefficiencies in the system
(which cause overpotentials) it still generates significant waste heat in industrial applications. Previous
research on the recovery and use of electrolysis waste heat exists but is limited. Recent studies have
shown the potential for this [11] [75], which has lead to an increasing interest on this subject.

The main applications for which this waste heat has been analysed is for preheating process water,
water desalination and district heating networks. Research on the topic of preheating process water
has shown that utilising electrolysis waste heat for this scenario only accounts for around 8% of the
heat output [87] [18]. Water desalination can account for up to 22% of the total balance of plant costs
of electrolysis [8], making improvements here valuable. Multiple studies have compared different
kinds of water purification techniques in the scope of electrolysis waste heat reuse. Some promising
novel, low grade heat, purification techniques (membrane distillation (MD), adsorption distillation
(AD) and humidification/dehumidification (HDH)) where highlighted by [27]. However both [87] and
[33] concluded that reverse osmosis (RO) would still be the preferred option (also compared to the
traditional multi stage flash (MSF) and multi effect distillation (MED)). H. Bohm et al. [11] analysed the
synergies between water electrolysis and district heating. Bohm, Reuter and Schimdt [11] [75] concluded
that there is large potential to use water electrolysis waste heat for district heating networks in Europe.
Accounting for 4% of the today’s EU heating demand by 2030 and 65% of district heating demand by
2040 (respectively). Multiple studies have investigated specific cases of the use in (LT-) district heating
[90] [25] [49] [73] [82] [67]. Interestingly, in all of these studies the water electrolysis waste heat only
serves as an ancillary heat source. E. Hermans [37] did study the feasibility of using a 100MW plant
(powered by wind energy) as a main heat source for district heating. This study showed that for some
scenario’s, using heat buffering is crucial, while in other scenario’s it is less important. This study did
not take into account heat transport infrastructure limitations however.

In all of the research mentioned regarding the electrolysis waste heat recovery and use, it is observed
that determining the amount of waste heat is always done with static models. J. Tiktak and F. le Coultre
[87] [50] determined waste heat recovery and use for PEM and ALK electrolysis respectively using more
complex electrolyser models. These models weere only used in steady state cases (again not using
intermittent power input as is typical for renewables). For some applications this might be a valid
approach. However, as mentioned before, the growing use of renewable (fluctuating) energy sources
for electrolysis, the transient behaviour is certainly of importance. Transient modelling methods of
electrolysis exist [38] [24], however this has not been used to accurately determine the actual transient
heat output from electrolysers as a function of intermittant renewable energy input.

1.4.2. Ammonia cracking

Ammonia is expected to play an important role in the energy transition as a hydrogen carrier. In order
to convert it to Hy (and N»), it will be thermally decomposed (informally known as ‘cracking’). Cracking
of ammonia happens at elevated temperatures exceeding 500°C [21]. Just like water electrolysis it
is an endothermic process, energy needs to be added to the system. Even though the production
and use of ammonia is an established and well developed industry, ammonia cracking for hydrogen
production is relatively new and a rising industry due to its potential as a hydrogen carrier for the
energy transition. Ammonia cracking technology has a lot of similarities with the well developed steam
methane reforming technology. Most research on the improvements of ammonia cracking plants have
been focused on better catalytic materials [7], and some research is done on optimizing process streams
to preheat incoming gasses and maximize efficiency [21].

Because the process occurs at such elevated temperatures, the preheating of feed and fuel streams are
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very important to improve overall process efficiency. Ammonia is commonly imported as a liquid [30].
When converting to a gas, this liquid needs to be pressurized and heated from -33 °C (1 Atm) to the
process temperature (during which evaporation occurs). In some cases this initial evaporation step is not
taken into account for ammonia cracking plant design and the assumption is made that the ammonia
feed stream is at 20 °C (gaseous) [21]. One reason for this implicit assumption might be that this can
be done with a heat exchanger using surface water or ambient air to heat the ammonia, which would
only require (a still significant amount of) pumping power. However, even with ambient temperature
heating, reaching 20 °C would still require some additional heating. There are also cases where the
ammonia evaporation step is taken into account in the entire balance of plant and is heated using waste
heat streams from the plant [30].

Multiple interviews with experts in the field have confirmed that the available waste heat would not
only be very low quality, but also highly unpractical to recover (due to nitric acid formation in flue
gasses [94]). One thermal stream that could have an important utilisation potential is the cooling that
can be achieved in the evaporation step of the imported ammonia. Ammonia is already a commonly
used refrigerant in industrial cooling processes (compression/absorption refrigeration) [79][57]. These
cooling processes are very energy intensive. The knowledge base around working with ammonia in
general is also well established as it has been one of the most produced chemicals on the planet for
many decades, mostly used in the fertilizer industry [57]. Considering that ammonia is a commonly
used chemical, used a lot in industrial refrigeration, it makes a lot of sense to investigate the possibilities
for cold utilization of large scale ammonia import. However, no previous studies could be found on
this subject. Some research does exist on cold utilisation at LNG import terminals and two studies on
ammonia cold utilisation have specifically been found in the case of ammonia powered ships in need of
cooling for cold transport [48][95][54].

1.4.3. Summarizing

Based on the existing research on the thermal waste streams of water electrolysis and ammonia cracking,
opportunities, challenges and research gaps can be identified. First of all the waste heat from LT
water electrolysis has a lot of potential for different applications, with a lot of research focusing on
district heating specifically. Some major challenges are the low grade heat output and, with the rise
of renewable energy sources, the intermittency of production. Although previous research has taken
intermittent behaviour into account, this has always been done by using static/steady state models.
Which might not accurately represent the actual heat output (bearing in mind the not instantaneous
start up times of electrolysers). Furthermore, the ammonia import and cracking industry is expected to
grow because of the role of ammonia as a hydrogen carrier. Still a lot of research needs to be done. Most
research surrounding thermal waste streams on this subject only consider internal reuse. A completely
unexplored topic is the field of ammonia import cooling utilisation. Investigating how the different
thermal streams of both hydrogen import and production could form synergies might also be of interest
in order optimise the entire hydrogen chain.

To summarize, the main identified knowledge problems are:

* Missing knowledge of ammonia cracking cold utilisation.

* Missing knowledge on the quantitative effect of dynamically operated electrolysis on waste heat
production.

1.5. Objective and Research question

Considering all the previous sections, the objective for this thesis is the following: to identify and
quantify the thermal waste streams from low temperature water electrolysis and thermal ammonia
decomposition, and compare potential reuse applications. This will specifically be done within the
scope of the case study: PoR.

In order to reach this objective, the following main research question is stated:
How should thermal waste streams from low temperature water electrolysis and ammonia cracking be used within
the port of Rotterdam area?

To answer this main question, the following sub-questions are defined:
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What are the different available thermal waste heat streams in water electrolysis and ammonia cracking?
Which possible applications for the reuse of the identified thermal waste heat streams should be analysed?
What quantity and quality of identified thermal waste heat streams can be recovered?

How can the identified thermal waste streams be integrated to meet the demand of the chosen applications?

Ol LN

What lessons can be learned from this specific case study and how can they be useful for other cases?

1.6. Research approach

This section presents the research approach that has been used to answer the research question
formulated in the previous section. A graphical representation of this approach is shown in Figure 1.2.
There it is presented how solving the different sub questions result in answering the main research
question.

Literature

The first step was an extensive literature review. This review was done prior to this thesis report. The
review does not only serve as a broad theoretical background for the studied technologies, applications
and modelling methods, but also to determine what research has and has not already been done and
where the research gap lies. A summary of this previous research has been given in section 1.4 and the
relevant theory is presented in chapter 2. The first two sub-questions will then be able to be answered
with the theoretical background in chapter 2.

Waste stream analyses

After the potential thermal waste streams and applications have been identified, the quality and quantity
of the recovered heat must be determined (third sub-question). This will be done by analysing the
different processes from which these waste streams originate. As mention in section 1.4, there is missing
knowledge on the dynamic behaviour of electrolysis on the waste heat output. That is why the analysis
of water electrolysis will be done with a dynamic model. The model will then be validated and the
results of both steady state and dynamic operation will be compared in order to quantify how significant
the influence of dynamic behaviour is.

In order to determine the potential of cold utilisation of ammonia import, a steady state analysis is made
(as the process is assumed to be constant). The analysis will be done with a model that determines
how much thermal energy is released or consumed by the different process streams. This is done in
order to determine how much cooling can exactly be extracted and what potential side effects this cold
utilisation might have on the rest of the process.

Waste stream implementation

The next step is to compare the results from the thermal waste streams analyses with the identified
potential applications. By comparing supply and demand of heat, most likely discrepancies will
occur. Sizing storage, flexible heating and potential heat upgrading are expected to play a role in this
implementation. This will answer the fourth sub-question.

Evaluation

By evaluating the knowledge gained in previous steps, finally the last sub-question can also be answered.
After the knowledge gaps have been filled and all the sub questions answered, the main question can
also be answered. The results and information gained can all be evaluated and discussed to fully
answer the main research question. This will then be thoroughly discussed and a final conclusion and
recommendations will be given.

1.7. Report structure

The research approach that has been discussed in the previous section can be reflected in the structure
of this report. The most relevant theory for this report is presented in chapter 2. Then the model that
is developed to analyse the water electrolysis waste heat and the results from this are explained in
chapter 3. After that the ammonia cracking analysis is shown in chapter 4. These results will then be
implemented in multiple identified applications in chapter 5. A final discussion will be done in chapter 6
and lastly conclusions and final recommendations will be made in chapter 7 and chapter 8 respectively.



1.7. Report structure

K Literature \

4 I

Defining research

[ Literature review

-/

[ Determine research objective ] [ Identify research gap ]
{ ]

|

Main question: How should thermal waste streams from low temperature
water electrolysis and ammonia cracking be used within the PoR area?

Define sub questions that are needed to answer main

question.

Theoretical analysis

Relevant theory ]17

Answering question 1: What are the different available thermal waste heat
streams in water electrolysis and ammonia cracking?

)

identified thermal waste heat streams should be analysed?

Answering question 2: Which possible applications for the reuse of the
J

\

4 Quantitative
Ve ™\

Waste heat analyses

l !

Dynamic modelling water Steady state analysis ammonia
electrolysis waste heat cracking
A4

Answering question 3: What quantity and quality of available
thermal waste heat streams can be recovered?

Waste heat implementation

Answering question 4: How can the identified thermal waste heat
streams be integrated to meet the demand of the possible
applications?

—

Evaluation )

specific case study and how can they be useful for other cases?

finally answering the main question

[ Answering question 5: What lessons can be learned from this ]

Taking a critical look at the results, discussion and conclusions: ]

Figure 1.2: Research approach visualisation



2 Theoretical background

In this chapter the most relevant theoretical background based on literature will be discussed. This will
consist of first theory of water electrolysis in section 2.1. Then in section 2.2 the theory for ammonia
cracking will be discussed. Lastly section 2.3 will dive into the different possible heat reuse applications
for both electrolysis and cracking thermal waste streams.

2.1. Electrolysis

Most hydrogen is still being produced with CO; emitting processes. However, electrolysis is rapidly
growing as the main technology to produce green hydrogen, with an expected 134 GW of capacity in
2030 (worldwide, compared to less than 10 GW in 2023) [2]. The main electrolysis technologies at the
moment are Alkaline Electrolysis (ALK), Proton Exchange Membrane Electrolysis (PEM) and Solid
Oxide Electrolysis (SOEC) [12]. ALK dominates the market with a manufacturing market share of 60%,
with PEM following (and quickly growing) and SOEC now transitioning from the demonstration to
market uptake phase [2]. As mentioned in section 1.3, this study will focus on LT-electrolysis, thus
this study will not go in depth any further on SOEC. Anion exchange membrane electrolysis (AEM) is
an emerging technology that is still in the prototyping phase. Also this technology is still struggling
at temperatures higher than 60°C. Because of the immaturity of this technology, in the scope of the
case of the Port of Rotterdam, AEM is not discussed further. In the subsections below, first some basic
electrochemistry of water electrolysis in general will be explained. After that ALK and PEM will be
discussed.

2.11. Electrochemistry

The overall reaction equation of electrochemical water splitting is given by the following equation:

2H,O — 2H, + Oy (2.1)

The theoretical minimum amount of energy needed for the reaction is called the reversible cell voltage
(or formal potential) and is proportional to the change in Gibbs energy (Equation 2.2). At standard
atmospheric conditions (25°C and 1 atm), this voltage is equal to 1.23V.

Urev D Z_F (22)

Because Equation 2.1 is an endothermic reaction, if no external heat is supplied, an extra overpotential
is needed to provide this extra energy. This is called the thermoneutral potential and is equal to 1.48V
(25°C and 1 atm) (Equation 2.4). The enthalpy AH is the sum of the Gibbs energy and the extra thermal
energy required for the reaction (Equation 2.3).

AH = AG + AQ (2.3)
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Utn = = ZF (24)

In practice, cells are often operated above the thermoneutral voltage. At higher current densities the cell
voltage rises above the thermoneutral voltage due to losses in the system. These losses occur in the form
of heat and can be represented with Equation 2.5. The total cell voltage U.1; consists of the equilibrium
voltage U,,; (based on the reversible voltage) and losses in the system. U, are the ohmic losses, Uy
the activation (or kinetic) losses, U, is the concentration overpotential and lastly Up,;, represents losses
that occur due to bubble formation at the electrodes. The relation between cell voltage, current density,
temperature and pressure is shown in Figure 2.1. It is shown that high temperature and low pressure
are beneficial for the reaction. Sometimes the reaction is performed at elevated pressures to compensate
for compression losses later in the process.

Ucenn = Urev + Uppm + Uger + Ucon + Upup (2'5)

Qpraduced = (Ucern = Upn) * N # 1 (2.6)

o If Uy < Uiy, heat is extracted from the environment.
o If Uy = Uy the reaction is in thermal equilibrium with its environment.

o if Ueen1 > Uy the reaction is generating heat (which needs to be cooled in order to prevent the
system from overheating).

Heat is thus generated when the total cell potential is higher than the thermoneutral potential. The
amount of heat generated in an electrolzer stack is represented in Equation 2.6, with N being the amount
of cells in the stack and I the total current.
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Figure 2.1: Typical IU curve for water electrolysis. The figure shows the effect of temperature and pressure variations to the cell
voltage. Also the thermoneutral and reversible voltages have been shown. Image from [12].

In an electrolytic cell, voltage efficiency is given by Equation 2.7 and the thermal efficiency is given
by Equation 2.8. The total electrolyser system efficiency can be expressed using Equation 2.9. The
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numerator is the total energy output, the higher heating value (HHV) corresponds to liquid water as
input and gaseous hydrogen as output. The denominator is the energy input and corresponds to the
electrical input energy.

o= @

Pthermal = lll’lc Z; 2.8)

. Vo * HHV 2.9)
Pelectrical

7= ZLF “ 2.10)

The amount of produced hydrogen gas Vi, can be determined using Faraday’s law Equation 2.10. Here
the Faradaic efficiency 7r has to be taken into account. Losses can occur due to parasitic currents which
can occur in the system. At nominal current density for all three discussed electrolysis technologies,

Faradaic efficiency’s are reported to be close to 100%. However, this can be affected by process conditions
[12].

2.1.2. Alkaline electrolysis

Alkaline water electrolysis is the most mature technology. A schematic representation of the process is
given in Figure 2.3 and the separate half reactions in Equation 2.11 and Equation 2.12. Two electrodes
are placed in a liquid electrolyte bath, separated by a diaphragm. This diaphragm (often Zirfon) makes
sure the produced oxygen and hydrogen stay separate, while the electrolyte can flow through. The
electrolyte is typically 20-40wt% KOH-solution.

Cathode reaction : 2H,0 +2¢~ — Hy +20H™ (2.11)

1
Anode reaction : 20H™ — 502 + HyO +2e” (2.12)

2.1.3. Proton exchange membrane electrolysis

Proton exchange membrane (or proton electrolyte membrane/PEM) electrolysis is after ALK the most
widely implemented water electrolysis method. A schematic PEM setup is shown in Figure 2.2 and the
half reactions are Equation 2.14 and Equation 2.13. The membrane (often Nafion, which is a polymer
membrane) separates the two half cells. The membrane has very low cross-permeation which yields
high H; purity. PEM modules are more compact and feature higher current density operation compared
to ALK. Due to the high acidic conditions in a PEM electrolyser, lifetime is often shorter and the use of
expensive noble metal catalysts like iridium and platinum are needed.

Cathode reaction : 2H' +2¢~ — Hp (2.13)

1
Anode reaction : H,O — EOZ +H' +2e” (2.14)
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2.1.4. Comparison different technologies

When comparing the parameters of different electrolysis technologies in Table 2.1, some differences can
clearly be spotted. ALK is the cheapest technology. This is not only due to its long history, but also
because the materials used are much cheaper than for PEM. On top of that it has a very long lifetime.
Looking at integration with renewable energy sources, flexibility is a very important factor. PEM has a
larger operational range and faster ramp up rates.

ALK PEM
Operational parameters
Pressure (bar) 10-30 20-50
Temperature (°C) 60-90 50-80
Current density (A/cm?) 0.25-0.45 1.0-2.0
Flexibility
Load flexibility (% of nominal) 20-100 0-100
Cold start up time 1-2h 5-10 min
Warm start up time 1-5 min 10s
Durability
Life time (kh) 55-120 60-100
Efficiency degradation (%annual) 0.25-1.5 0.5-2.5
Efficiency
Nominal stack efficiency (LHV) 63-71% 60-68%
Nominal system efficiency (LHV) 51-60% 46-60%
H; output
H, purity 99.5-99.9% | 99.99%
H, production capacity per stack (Nm?>/h) | 1400 400
Investment Costs (€/kW) 800-1500 1400-2100

Table 2.1: Typical operating conditions for different LT water electrolysis technologies (ALK, PEM) [12] [85].
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Figure 2.2: Schematic representation of a PEM electrolysis setup.

Image from [59]. Figure 2.3: Schematic representation of an ALK setup. Image

from [59].

2.2. Ammonia decomposition

The endothermic reaction of decomposing ammonia is a well studied topic. There are many different
ways in which this reaction can occur, depending on how the energy is provided for the ammonia to
decompose [55]. Thermal ammonia decomposition (cracking) is one of the most studied and developed
processes in this field. Because of the scope of this research, the focus will be on the ammonia cracking
technology.
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Ammonia cracking is a thermal method for conversion of ammonia to hydrogen and nitrogen. The
equilibrium reaction is given in Equation 2.15 (at 298K, 1 bar). Although decomposition of ammonia
can already happen at lower temperatures, this is often not done due to relatively low conversion rate.
Higher temperatures, in combination with catalysts, produce much higher conversion rates and are
preferred in the industry. Figure 2.4 shows the temperature and pressure effect on the conversion of
ammonia. Here it can be seen that this process prefers high temperatures and low pressures.

NH3 < 1.5H; + 0.5N; AH = 46K]/molNH3(2.7M]/ngH3) (2.15)
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Figure 2.4: Ammonia decomposition ratio at different temperatures and pressures. Image from [64].

Most research in the field of ammonia cracking is focused on different catalysts [7]. Good catalysts can
reduce the operation temperature of the reactor, while maintaining high conversion rates. From all
single metal catalysts, Ruthenium (Ru) has the highest activity. However Ru is expensive and research
on alkali metal imides and amides has shown higher conversion rates at relatively low temperatures
(Figure 2.5)[7]. Modern ammonia cracking processes can work at temperatures as low as 773 K (pressure
depending on specific process) [21].
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Figure 2.5: Effect of different type of catalysts on ammonia decomposition ratio. Image from [Zhonghua].

In order to provide the necessary heat for the high temperature reaction, modern ammonia cracking
plants aim to burn a combination of fresh and recovered ammonia and hydrogen as a fuel for the reactor.
One major challenge is the formation of nitrous oxides. If not managed properly, the NO, emissions
can be worse than CO; emissions (nitrous oxides have 273x the global warming potential of CO; [28]).

2.2.1. Ammonia evaporation

As was discussed in section 1.4, due to endothermic nature of ammonia cracking, there is no useful
amount of ‘warm’ waste heat (remaining after internal heat recovery). The flue and process gasses
leaving the reactor actually have very high temperatures, however all of this is internally reused to
preheat the fuel and process gasses entering the reactor. Interviews with experts revealed that there is
some low grade heat leaving the plant as actual waste heat. These are the flue gasses leaving the plant
at 70-80°C. The reason that this is not reused internally is that if the flue gas would cool down even
more, water would start to condensate and form a corrosive fluid [94]. Not only would this damage the
equipment, but it is also harder to dump from a permission point of view. If possible this waste heat
would also be reused internally as much as possible.

One thermal stream that has a lot of potential to be utilised is the cold utilisation that can be done in the
preheating process of liquid ammonia. Ammonia storage is commonly done as a cryogenic liquid [7].
The enthalpy of evaporation of ammonia is given in Equation 2.16 (at 1 bar).

NHjz) — NHjg);, AH = 23.3k] /mol(1.37M] [kg) (2.16)

2.3. Waste heat recovery and use

This section will identify different potential thermal waste stream applications for both water electrolysis
and ammonia cracking. First a small introduction to waste heat classification is given, then different
recovery and use methods will be presented.

Generally industrial waste heat can be categorised as low-grade (< 230°C), medium-grade (230-650°C)
and high-grade (> 650°C) waste heat [84][69]. However, these are all much higher temperatures than
expected in this study. The different technologies to reuse this energy can be categorised as passive or
active reuse. Passive reuse meaning that the heat is directly used at the same or at a lower temperature.
Active meaning that the heat is upgraded to a higher temperature or transformed to another form of
energy (Figure 2.6). Although the temperature ranges that are mentioned do not clearly incorporate cold
utilisation, the same classification of passive and active waste heat can be applied for this (temperature
is different, but basic principle is the same).
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Figure 2.6: Diagram which breaks down different waste heat recovery technologies. Image from [69].

Direct on-site use of waste heat is often regarded as the most economical, especially with lower grade
heat [84]. D. Connoly et al. [17] showed that low temperature district heating networks has the
potential to be the much cheaper alternative for renewable heating of buildings compared to alternative
methods. Distance and storage can form big hurdles, due to increasing losses over time and distance.
Multiple studies have shown that adding storage to an intermittent system is very beneficial from a
techno-economic view [90] [67] [73].

2.3.1. Heat recovery
In order to be able to reuse thermal waste streams for different applications, it first needs to be recovered
from its source. This subsection answers the questions where and how these thermal streams are
recovered for further use.

Electrolysis

The theoretical amount of waste heat that is generated is given by Equation 2.6. This amount of heat is
actually directly related to the thermal efficiency Equation 2.8. The balance of plant equipment uses
additional energy which lowers the overall efficiency, (Equation 2.9), suggesting that even more waste
heat can be recovered. However, all the cumulative small losses from pumps and control systems in the
electrolysis plant are practically impossible to recover (very small amount and very low grade). Making
the heat generated by the stack the only usable waste heat source [87]. Although usable waste heat is
also generated in compression, this amount is negligable compared to what is produced in the stack
[37]. The focus will thus be on the waste heat generated by the stack.

The available waste heat can be recovered either directly at the stack, or in the process flows leaving the
stack. The way in which this is done depends on the chosen technology and cooling system applied.
Cooling can either be done with an excess of electrolyte flow, or with cooling channels between bipolar
plates. The heat in these cooling fluids can then be extracted by a heat exchanger. Previous studies have
identified that plate heat exchangers are the most suitable for this purpose [50].

Ammonia

The cooling potential from liquid ammonia is extracted directly from the substance. In the LNG
industry, multiple type of regasification technologies exist to supply heat to the cryogenic liquid. These
regasisifaction technologies are mostly heat exchangers that are specifically designed for this purpose.
These are heat exchangers that need to be able to operate with a phase change as the ammonia evaporates.
Open water is often used as the heating source. In order to use the cold energy from the ammonia, the
heating medium would ideally be the medium that needs to be cooled without any other intermediate
steps (because each heat transfers step has losses).

2.3.2. Electrolysis waste heat utilisation
Heat can be reused in almost an infinite amount of ways. There is not one single best universal solution.
The best way to reuse a specific waste heat stream depends on the type of waste heat, environment
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(geographically and economically) and specific demands. The paragraph below is dedicated to
presenting an overview of different reuse methods. After that, previous research regarding those
applications, will be discussed in more detail.

The different heat to power cycles in Figure 2.6 are very interesting ways to produce power from waste
heat as the technology is increasingly being developed. Some of these power cycles are not yet able to
accommodate the waste heat in the electrolysis range [69]. K. Ebrahimi et al. [26] investigated different
waste heat recovery methods for data centers. Data centers have very similar waste heat temperatures
as the considered electrolysis methods. In that review, an ORC is actually considered to be one of the
best ways to recover the low grade data center waste heat (even though it has efficiencies of around
20%). The intermittent profile of hydrogen electrolysis negative effects on the efficiency of the ORC. [87]
determined that for electrolysis with waste heat of 353 K, efficiency would be < 8%. Thermoelectric
generation (TEG) is a technology which shows great potential for waste heat recovery. However due to
high costs and low efficiencies (< 10%), it is still mostly used in very niche environments [15]. More
possibilities for waste heat reuse open up at higher temperatures, which might be an option if the waste
heat is upgraded with a heat pump. Considering practical issues such as net congestion and levelised
cost of energy (LCOE), this might also not be an ideal option. As mentioned before, direct (passive)
use is often preferred for low grade waste heat sources. PoR is already familiar with reusing waste
heat for district heating. A pre-feasibility study has been done to determine where low temperature
waste heat from the port could be implemented. District heating looks promising, but needs further
analysis. This thesis focuses on both electrolysis and ammonia cracking, which are both expected to be
used in the port for the hydrogen production. While electrolysis produces waste heat, cracking actually
needs heat as an input. No previous research could be found on the application, so investigating this
synergy is valuable. Lastly the preheating of the process water is also taken into account while doing
the application analysis, to reuse waste heat internally as much as possible.

Preheating water

D.C. Bilbao [18] investigated the performance improvement of a PV powered alkaline electrolyser system
by preheating water consumed by the elecrolyser with its own waste heat. Results showed that increases
in efficiency and hydrogen production where both < 1%. It is mentioned that one factor that could
explain these small improvements is the fact that for a large period of time (also due to the location, and
thus available solar energy) the electrolyser is operating at its nominal temperature and thus the extra
stored energy from the waste heat is unused. The type of intermittency plays a large role and could be
different in other setups.

J. Tiktak [87] calculated the amount of energy needed to preheat water for a PEM electrolyser in both
an off- and onshore (1 GW and 2 MW respectively) scenario. Respectively 8.3% and 5.4% of the total
waste energy fraction where needed for this. This again adds up to only a very small fraction of the total
energy efficiency. Indicating that even with this implementation, there is a lot of untapped potential left
in the waste heat of the electrolysis process.

District heating

Although the implementation of electrolysis waste heat reuse is still quite a novel research field, it is
quickly gaining interest in the scientific literature. A few studies where found on the topic, ranging
from technical implementation, to economic feasibility and market potential.

E. van der Roest et al. [90] examined utilisation of waste heat from a 2.5 MW PEM electrolyser. Local
heat consumption and coupling to a District Heating Network (DHN) where analysed. The results
showed a total system efficiency increase to 90%. From the different cases analysed, DHN showed
the lowest CO, savings, but also lowest LCOE. In this analysis, 4" generation district heating (4GDH)
was assumed, with waste heat temperatures of 62°C. Electrolyser stack efficiency as a function of the
load and stack degradation over time have both been taken into account. The waste heat is delivered
to a (daily) thermal storage, which increases flexibility in heat delivery. On average, the electrolysers
provided 16% of the heat demand of the neighbourhood connected to the DHN.

F. Kayali [49] researched the technical feasibility of integrating Hy-electrolysis waste heat into a 3"
generation district heating (3GDH) powered by a 37 MW CHP. This analysis did not take into account
dynamical behaviour of H, production. It concluded that 21 MW of waste heat could be accommodated
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by this specific system. In this case, the waste heat was integrated in the return line of the DHN into the
CHP plant.

E. Dis Vidisdottir [25] investigated the potential of integrating ALK waste heat into the return line of a
4GDH system in Iceland. Multiple scenarios are analysed. It concludes that waste heat integration is
mostly beneficial from an energetic point of view, and less from a economic point of view. However
balance of plant components where not taken into the equation and it was assumed that the electrolysis
was on full power during all operation hours.

S.S. Hansen and E.D. Johnsen [82] examined the potential of waste heat from a methylation plant (with a
part coming from alkaline electrolysis). The waste heat is 65°C and topped up to fit the 3GDH network.
Result showed that depending on the size of the power-to-X (PtX) plant, 34 to 56% of the annual heat
demand could be supplied.

A. Pozetto [73] investigated the potential of an electricity-gas-heat integrated energy system, where extra
focus is set on the waste heat potential from fuel cells and (PEM) electrolysers. Waste heat is provided to
a 4GDH network. In this work it is shown that the waste heat can cover a substantial part of the demand.
Furthermore the H, market has strong influence on the electricity price and storage is very valuable.

P.A. Ostergaard and A.N. Andersen [67] provided a business economic perspective on the integration of
Hj production in DHN. Results show that increased thermal storage costs are more than compensated
by improved performance on the electricity market. In this research, a 3GDH system was assumed
(80°C delivery, 40°C return). H, production is assumed to be constant, and the actual temperature of
the waste heat has not been taken into account in this analysis.

H. Bohm et al. [11] discussed the synergies between PtH; and DH. It concludes that HT-electrolysis
waste heat could be used for industrial processes. LT-electrolysis waste heat (< 100°C) could serve 4%
of today’s EU DH demand by 2030. The integration of PtH, is possible, but strongly dependent on
parameters like placement, seasonality and other techno-economic factors.

S. Reuter and R. Schmidt [75] made an assessment of the potential for waste heat reuse of electrolysis for
DH in Europe. It was concluded that electrolysis waste heat has the potential to provide 64% of the
district heating demand in 2040 (this is an average and very location dependent). The same study also
gave multiple examples of where electrolysis waste heat is already used in practice and identified places
where there would be large potential (including the Port of Rotterdam). The projects highlighted in [75]
were either PEM or ALK in the order of a few MW. The waste heat was both used directly and in a local
heat distribution network.

Preheating ammonia

One novel application that might be very relevant to this study, is the usage of water electrolysis waste
heat for the preheating of ammonia before the cracking process. By recycling the heat from one process
to another, total energy use could improve. This would increase efficiency and form an interesting
synergy between the different hydrogen production methods. No references were found in literature.

2.3.3. Ammonia cold utilisation

Similar to the electrolysis heat utilisation, there is also not one single best universal solution. The best
way to reuse a specific waste heat stream depends on the type of waste heat, environment (geographically
and economically) and specific demands. Again, the paragraph below will be dedicated to giving an
overview of different reuse methods. After that, previous research regarding those applications, will be
discussed in more detail.

With rising global temperatures, there is more and more demand for cooling as well. Figure 2.6 shows
that absorption chilling is an option for the reuse of waste heat. Cooling can also be directly provided
by waste energy of the ammonia cracking process. The concept of ‘waste cold” energy has been gaining
interest, especially in the field of LNG regasification. The cooling from expansion can be used for
direct cooling of goods, freeze desalination, cryogenic carbon capture/air separation, but also in novel
ambient temperature turbines [35] [48]. One important difference between ammonia and LNG is the
evaporation temperature, which determines at what temperature the cooling can occur. At atmospheric
pressure ammonia evaporates at 240 K, while LNG evaporates at 111 K. This shows that LNG can
reach much lower temperatures, which eliminates some LNG cold utilisation options for the ammonia
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cold utilisation. If the pressure is lowered, ammonia cooling temperatures can even drop to 223 K.
The ammonia cracking process occurs at elevated pressure, which makes it disadvantages to lower to
pressure at the evaporation stage (from the perspective of the cracking facility). Just as electrolysis
waste heat, direct (passive) reuse is the most efficient, because every energy conversion step has losses.
One very obvious cold utilisation method if for direct cooling processes, which can be both for storage
or other industrial applications in the PoR area. Further, with the rise of the energy transition, a CO,
capture project is being developed in the port area. The CO, will be compressed before being pumped
in an empty gas field. This compression happens with multiple compression stages which need cooling.
Compression is also needed for the export of the produced H, gas.

Industrial cooling

As already discussed in the beginning of this section, direct usage of heat energy is often the most
economic option. The energy used for the evaporation process (Equation 2.16) can be recuperated to
cool for example food chain transport, buildings or other utilities. A good inventarisation would be
needed to identify possible users.

In [95] a novel ship design was presented that used cold utilisation of ammonia before the ammonia
was used as a fuel. The energy is utilised to cool containers with low temperature cargo.

Gas compression

In [54] a study was done on the use of cold utilisation of ammonia on a large cargo ship, before the
ammonia is used as a fuel. In this specific case, cold utilisation was used to liquefy CO, boil off gas
during liquid CO, transport. It was shown that this novel design could save up to 43% of the power
consumption. Another study compared the optimisation of different compression methods for CO,
compression and concluded that a cold source for inter-cooling would be advantageous for the system
performance of conventional compression [46]. Intercooling is also needed for hydrogen compression
when mechanical compression is used [92]. This would be another novel application, which could again
form an interesting synergy between ammonia cracking and water electrolysis.



3 Electrolysis analysis

This chapter will first describe the model that has been developed to determine the heat output from
the studied electrolyser plant. From a top level the total system model consists of three parts, which will
be discussed in this chapter. First there is the wind to power conversion model (section 3.1), then the
electrolyser model (section 3.2) and lastly the heat distribution model (section 3.3). After the model
has been explained, section 3.4 determines the validity of the model. Lastly section 3.5 will present
the model output under varying conditions. The entire model has been made in MATLAB simulink
(version R2024a)(Appendix A)[40].

3.1. Wind to power model

In order to determine the wind power output from a wind park, accurate wind speed data is needed. Data
was collected from a publicly available measurement campaign executed by TNO. TNO is conducting
measurements on multiple offshore sites. The data for this study was from the K13A-site, which is the
closest to the [Jmuiden Ver plot where the wind park will be installed that will power the electrolyzers in
the Port of Rotterdam. This data set is very elaborate, containing wind speed measurements at different
heights. The sampling calculates the average horizontal wind speed every 10 minutes. The 2022 dataset
is used [88].

In order to determine the windspeed at the desired height, the yearly average windspeed is determined
at the different measuring heights and plotted as shown in Figure 3.1. Linear interpolation between
points is used to determine the ratio between the windspeed at the given and desired height, which can
than be applied on every separate measurement.
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Figure 3.1: Plot showing yearly average wind speeds at different heights.
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Now that the correct windspeeds can be determined, a wind-power curve from a wind turbine can be
used to determine the actual power output of a turbine based on the wind profile. The wind power
curve of the Vestas V164-8MW wind turbine has been used in this case [20]. The hub-height is 110 m
and the curve is shown in Figure 3.2. Although larger wind turbines already exist and are expected to
grow even more in the future, this wind turbine size has been chosen because it is a commonly used
present-day wind turbine [60].
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Figure 3.2: Wind to power curve of Vestas V164-8MW wind turbine. Cut in speed is 4 m/s, rated speed begins at 12.5 m/s and
cut out speed is at 25 m/s. Image from [20]

Now that the power for one wind turbine can be determined, this can be multiplied by the amount
of windmills. The amount of nominal wind power installed will be equal to 128% of the nominal
electrolysis capacity, which is the optimum techno-economic balance according to [74].

3.2. Electrolyser model

For the reasons discussed in section 1.3, this research focuses on LT water electrolysis for the green
hydrogen production. Chapter 2 discussed the differences between ALK and PEM. From a fundamental
point of view, modelling ALK and PEM is very similar. The main differences occur in terms of geometry
and certain model parameters. Because of the better operational characteristics of PEM under variable
load (Table 2.1), it is usually considered as the preferred electrolysis method for intermittent conditions.
One of the goals of this study is to determine the effect of intermittent operation on waste heat output.
Because ALK has worse operational characteristics than PEM under flexible load, it is expected that
the effect of waste heat output as a function of intermittent operation is greater. Also ALK is the most
commonly used water electrolysis technique, and the first confirmed 200MW scale project in the port of
Rotterdam will also be ALK. Because of the multiple mentioned considerations, the choice has been
made to make a dynamic model of an alkaline electrolyser to determine the waste heat. The design
of the cell and stack are be based on the ISPT GW project [45] and the Scalum [62] electrolyser from
Thyssenkrupp Nucera. The design of cell and stack are shown in Figure 3.3 and Figure 3.4 respectively.
The designed stack will be for 20MW. In this section, first the electrochemical part of the model will be
explained in subsection 3.2.1. Then subsection 3.2.2 will discuss the thermal model.
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Figure 3.3: Cell design of alkaline electrolyser in ISPT 1GW electrolyser research project. Image from [45]
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Figure 3.4: Stack geometry of a 20 MW electrolysis cell based on ISPT cell area and thickness and Thyssenkrupp shape (excluding
insulation and frame).

3.2.1. Electrochemical model

The electrochemical part is modelled as a static model. This is done because the timescale in which
transient effects occur is so small that electrochemical equilibrium is achieved in the order of milliseconds
[65]. Compared to the timescales used in each step in the simulation (based on the wind data), itis a
safe assumption to model the electrochemical model as static. First the cell potential is determined, the
cell potential is composed of multiple components (see Equation 3.1). Each of these components will
be separately discussed in the following subsections. After the cell potential is discussed, the faradaic
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model (that models the H; generation) is explained.

Ucenr = ueq + Uact + Uonm (3.1)

Equilibrium potential
The first term in Equation 3.1 represents the equilibrium potential. This potential can be represented by
the Nernst equation (Equation 3.2).

RT (aHza%f)

=Uu’+ 227 2
Uy =U" + Fn o (3.2)

n

The first term of the Nernst equation is the standard reversible potential (or formal potential). This is
the minimum amount of energy needed for the reaction to happen and is proportional to the Gibbs
free energy of the reaction, see Equation 3.3. At standard atmospheric conditions, the equilibrium
potential is equal to 1.23 V. However the standard reversible potential is dependent on temperature, and
this is relevant, because the model will have dynamic temperatures. For that reason Equation 3.4 is
used [65]. Together with the Nernst equation, a pressure and temperature dependent relation of the
equilibrium potential is given. The terms ap,, a%i and am,0 are the activities of the different species in
the reaction. For the product gasses, the activities are equal to their partial pressures. Pure liquid water
has an activity of 1, however because the water is not pure (but mixed with KOH) the activity changes.
This change in activity as a function of molar electrolyte concentration m (mol/L) and temperature T
(Kelvin) is given by the empirical formula Equation 3.5 [38].

--22 (3.3)

U®=1.5184—1.5421+107+T +9.523% 107>+ T+ In(T) + 9.84 + 1078 » T? (3.4)
1.38m — 0.9254m>

log(ap0) = ~0.02255m + 00014342 + 1207~ 09254 (3.5)

T

Activation overpotential

The measured potential in electrolysis is often higher than the thermodynamic minimum discussed in the
previous paragraph. One contributor is the activation overpotential U,.;. The activation overpotential
arises from the kinetics of the electronic charge transfer reactions and is defined as the difference
between the electrode and electrolyte potential. The Buttler-Volmer equation (Equation 3.6) gives a
relation between U,.; and current density i.

i=i0 Cc ex aFUge _ Ca ex acFUge (36)
Coeg "PATRT )7 Copy P\ RT '

The Buttler-Volmer equation on its own cannot separate the U, term. At each electrode either the
anodic or cathodic reaction (and thus one of the exponentials in Equation 3.6) dominates. Because of
this a simplification can be made at each electrode, resulting in Equation 3.7 and Equation 3.8 [34]. These
are the concentration independent Tafel equations. This simplification is valid for high overpotentials
and insignificant concentration gradients.
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RT i
Usct,a = o F In (E) (3.7)
RT i
=_—In|— .
Uget e a.f n (lg) (3.8)

In the above equations (Equation 3.8 and Equation 3.7), the a and i terms still need to be determined.
The a represent the charge transfer coefficient and for single electron transfer reactions it follows
Equation 3.9. These often tend towards symmetry (in equilibrium) and are therefore generally assumed
to be 0.5 [34]. However, water splitting is a multi electron transfer process. Depending on the rate
determining step (which among others is dependent on electrode conditions) the charge transfer
coefficients have different values. This is often denoted as the effective charge transfer coefficient a.y.
The value of a.fs is important for the value of the tafel slope. The i term is the exchange current
density and strongly influences the value of the activation overpotential. The exchange current density
is dependent on many factors such as electrode material, temperature and type of electrolyte. If a
reference exchange current density is known, this reference value can then be used in Equation 3.10 [13]
to determine the right exchange current density for the operating conditions. The values for a. s and
i?e 5 are given in Table C.1 (in the appendix).

a,+a.=1 (3.9)

0 _ <0
0= 1,p*exp

E, 1 1
T

Ohmic overpotentials

The ohmic overpotentials are a result of the electronic and ionic resistances of the system. When
considering the cell design in Figure 3.3, the total resistance can be modelled as the sum of the individual
layer resistances. The resistance of each separate component is not only dependent on the conductivity,
but also on geometric parameters as the layer thickness t and cell area A..j;. The ISPT design only gives
values for the total cell thickness (1.5 cm) and the cell area (2.5 m?). To determine the thickness of the
separate components, literature values from [51] and [47] were used, see Table 3.1.

Ry = — (3.11)
= Acell * Opp ‘

The electrical resistance of the bipolar plate (Ry,) is determined by Equation 3.11. The thermal
conductivity of the steel bipolar plate gy, is 1.45¢ + 6 [S/m] [86].

tCC
Ree= ——— (3.12)
“ Acell * Oce
The resistance of the current collectors (R..), which in this case are the nickel meshes, is given by

Equation 3.12. The conductivity o.. of the nickel meshes is given by the following equation, for the
conductivity of nickel Equation 3.13 [38]:

Gee = 60000000 — 279650 * T + 532 * T> — 0.38057 » T~ (3.13)
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The resistance of a 0.22 mm thick Zirfon membrane (R,,) can be determined with Equation 3.14. The
ionic resistance term R, can be determined as a function of the temperature from Figure 3.5.
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Figure 3.5: Ionic resistance of Zirfon UTP220 membrane. Image from [4]

tel
Acell * 0el

(3.15)

Lastly to determine the resistance of the electrolyte, the electrolyte conductivity is needed. Equation 3.16
is the correlation used for the electrolyte conductivity (as a function of molar concentration of the KOH
m in mol/L and temperature T in Kelvin) [65].

Oe1 = —2.04%m —0.0028+m> +0.005332+m +T +207.2(m /T) +0.001043 = m> —0.0000003 * m >+ T? (3.16)

Table 3.1: Thickness of single cell components [51] [47].

Layer Thickness
Bipolar plate 1.8 mm
Zirfon membrane | 0.22 mm
Nickel mesh 0.7 mm
electrolyte 5.79 mm

The total ohmic overpotential can then be determined using the following equation:

Uonm = (Rbp +2R¢c + Ry + Rep) #I[V]

(3.17)
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Total overpotential

In section 3.5 two polarisation curves will be compared. One will be constructed with data from
literature, the other is constructed to resemble a known polarisation curve. The values to generate
the exchange current densities for both cases are shown in Table C.1. The curve from literature data
represents the behaviour of a more common cell, while the other curve represents a more advanced cell.
The electrolysis cells used by Thyssenkrupp are made by the company De Nora, which has a polarisation
curve available that can be used as a reference [61]. It is important to mention that this reference only
provides a rough estimate of the actual polarisation curve. The simulation model has been made to
resemble the reference curve by adjusting the a. s parameter to have the correct tafel slope and the
i?e s parameter to make sure the facility of the kinetics is right. Lastly it was noticed that the ohmic

overpotential was too large. This might be due to the nickel mattress which facilitates electron flow
from the bipolar plate to the electrode (Figure 3.3). In order to compensate for this, the ohmic resistance
has been decreased to fit the De Nora polarisation curve. This resulted in the polarisation curve shown
in Figure 3.6. The values of i?e f and a. s are given in Table C.1 (see Appendix C).

Polarisation curve comparison

Cell potential [V]

——Model curve
— Reference curve
T

0 0.13 1.3
Current density [A/lcm”2]

Figure 3.6: Fitted polarisation curve of model (green) and De Nora reference (red) [61].

There is quite a discrepancy until about 0.08 A/m?. This might be a result of the assumptions that
have been made to find the tafel slope equations Equation 3.8 and Equation 3.7. As mentioned before
one of the assumptions is that the current density is large (i » i¥). Fortunately, the electrolyser stack is
operational in the range from 0.132 to 1.32 A/m?, which makes the discrepancy at the start negligible.
Also there is a discrepancy at higher current densities. The reference curve only provides a rough
estimate of the course of the polarisation curve. It is not known at which temperature, pressure or other
conditions, this curve is valid. Thus this approximation is deemed acceptable.

Faradaic model

In order to determine how much Hj is being produced, Faraday’s law for electrolysis can be used, see
Equation 3.18. In this equation, nr is the faradaic efficiency, which represents losses due to parasitic
currents and unwanted side reactions. N is the number of cells in the stack (335 in series/bipolar). For
the H, production the electron transfer number z = 2, for the oxygen production z = 4. F is the Faraday
constant. A faradaic efficiency of 98% is assumed [93].

) IN
n=NF_z (3.18)

The produced gasses do not only contain Hp and O, some water is evaporated as well. The amount of
water that is evaporated can be determined using Equation 3.19. This equation originates from Dalton’s
law of partial pressures to determine gas mixture compositions. In this equation 7,1, are either the
H» or O, production (depending on electrode). Ps,; is the saturation pressure of the water, which is
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given by the Antoine equation (Equation 3.20). P,j.ctrode is the electrode pressure. In this model no gas
crossover is assumed.

. . p
1,0 = Tlother * p——"" (319)

electrode — Psat

Peat = k = 1047 (3.20)

For water between 273 K and 373 K, the coefficients A,B and C are respectively 8.07131, 1730.63 and
233.426. The coefficient k is for unit conversion from mmHg to Bar (k = 0.001333).

Thermoneutral potential

In order to determine how much heat is actually produced during the electrolysis process, the
thermoneutral potential is crucial. The amount of waste heat is directly proportional to U,;;-Us,. The
electrolysis reaction is endothermic, meaning that it absorbs energy during the reaction. For the reaction
to be in balance with its surroundings, extra energy needs to be supplied. The total amount of energy
needed for the reaction to occur and be in equilibrium with the surrounding is called the thermoneutral
potential. The thermoneutral potential is proportional to the enthalpy change AH, see Equation 3.21.

Uy, = F (3.21)
The value of AH is -283 k] /mol at standard conditions (1 atm, 298 K), resulting in U}, = 1.48V. However
the pressure and temperature conditions in the electrolyser are different and dynamic. Because the
amount of produced waste heat is directly correlated to the thermoneutral potential, it is very important
that this is taken into account in the value for U;,. This is done by calculating the enthalpy change
of in and outgoing flows in relation to the standard conditions for which the reaction enthalpy AH is
known. Also the entalpy change due to evaporating water is taken into account. Figure 3.7 shows a
visual representation of the enthalpy change that is calculated to determine the thermoneutral potential
in Equation 3.22. This balance also takes into account the extra energy that is used for the evaporation
of water in the product gasses. All the enthalpy values in the electrolyser model have been calculated
using the NIST REFPROP software [53].

AHjeqet = AHO

reac

, +AHy — AH, (3.22)

(at stack tl;-ls"() “:ature ond H2, 02 and H20 out (at stack
pressl:.lere) temperature and pressure)
AH1 AH2

AH reaction: -283 kJ/mol

(298K, 1 Bar)

Figure 3.7: Visualisation of reaction enthalpy calculation for different operating conditions.
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Water preheating

As mentioned in chapter 2, the preheating of process water is taken into account. The energy needed to
preheat the process water has been determined by calculating the enthalpy change using NIST REFPROP.
The water is heated from the inlet temperature of 283 K to the process conditions. At the end of the
thermal model, 90% of the energy needed to preheat the process water is recycled from the generated
waste heat.

3.2.2. Thermal model

In subsection 3.2.1 the electrochemical part of the model has been described, which determines the
cell potential and thermoneutral potential. The difference between the two is the produced waste heat
(see Equation 3.25), which can now be coupled to the dynamic thermal part of the model that will be
discussed in this section. The thermal behaviour of the stack can be modelled as a lumped thermal
capacity model. This means that it is assumed that temperature changes are uniform throughout
the stack. This is generally assumed for electrolyser modelling because of the thin layers of each cell
and the electrolyte flow trough the entire stack [87] [65]. The thermal balance of the stack is given by
Equation 3.23.

daT
Cp,st% = Qproduced = Qloss (3.23)

The stack thermal capacitance Cp s; is important for the thermal behaviour as it dictates how much
energy is needed to heat up by a certain temperature. According to measurements from [24], the stack
and gas-liquid separator are the most crucial in dictating the temperature fluctuations. Taking these
into account to calculate the thermal capacitance using Equation 3.24, gives a value of 62089 kJ/K
(Appendix C). This is in agreement with a calculation of a similarly sized electrolyser in [78].

Cpst = ) CpixVirp; (3.24)

The produced heat is calculated with Equation 3.25. N is the amount of cells in the stack and I the
total current. Qewmmtion is the amount of produced heat that is absorbed by the process water that
evaporates during the electrolysis process.

Qproduced = (ucell - utn) * NI - Qe‘uuporation (3‘25)

Losses to the environment are dominated by convective and radiation heat transfer [24] [87]. To minimize
these heat losses, a layer of insulation is assumed. The insulation is also beneficial for the start up and
cool down characteristics of the system (faster heating time and slower cooling time). These losses are
represented in Equation 3.26. A; is the total surface area of the outside of the stack. ¢, is the total heat
transfer coefficient to the environment, for an alkaline electrolyser an experimentally determined value
of 4.3 W/m?2/K has been used [24]. T is the current stack temperature and T, is the environmental
temperature, which is assumed to always be 283 K.

Qloss = Notar * As * (Ts - Te) (3.26)

Cooling of the stack happens by an excess amount of electrolyte flow through the cell (this control
process is not modelled). For every time step, if the temperature is at operating temperature (353 K),
the amount of waste heat produced is equal to Equation 3.27. In this equation Qg is the enthalpy
difference of the formed H;, O, and water vapor after cooling it down from process temperature to
303 K. Qpreneat is the energy that is recycled to preheat the process water coming in the electrolyser
(which has been described in an earlier paragraph). If the stack temperature is below the operating
temperature of 353 K, no waste heat is recovered.
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Quwaste—heat = Qproduccd = Qloss + Qvapor - Qpreheat (3'27)

Lastly, it is important to know at what temperature the waste heat can be collected. To do that
Equation 3.28 is used, T, is the output temperature. Here the value AT is determined from Figure 3.8
[87]. The variable T is the stack temperature.

T,=T—A,T (3.28)

AT K]

0 1 | ! | | L L L L |
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
Load [%]

Figure 3.8: Temperature difference between cell and electrolyte at cell outlet for different operational loads. Image from [87] .

It can be seen that for higher stack loads, the difference between electrolyte and stack temperature
(AyT) grows. At 100% load this value is equal to 2.7 K. For this research the A, T value will be kept at a
constant 3 K.

3.3. Heat distribution

The distribution of waste heat from the electrolyser to a consumer is expected to go through multiple
steps. First the electrolyte needs to go through a heat exchanger to the closed circulating cooling loop
that cools the lye from the electrolyser. Then through another heat exchanger to deliver the heat to the
distribution pipes. Then it travels through the distribution pipe. Lastly is passes through another heat
exchanger from the distribution pipe to the distribution network of the heat consumer. This process
is illustrated in Figure 3.9. This is elaborated in subsection 3.3.1 and subsection 3.3.2. The aim of this
section is to determine the temperature at which the heat is delivered.

3.3.1. Heat exchangers

There are multiple heat exchangers in the transport network. For this application specifically, a counter
flow plate heat exchanger is chosen [50]. A temperature drop of 3K is a realistic value for the heat
exchanger to use for this heat exchanger [87]. The assumption of an approach temperature of 3 K will
be made for all heat exchangers in the transport network, as water is used on both sides of the heat
exchanger in all cases (lye is also largely water).

3.3.2. Transport pipe

In a district heating network the temperature drop is usually about 30K [66], which will be the value
assumed for the transport pipe. The amount of mass flow in the pipe can be related to the energy
transferred through Equation 3.29.

Quwaste—heat = 1y AT (3.29)
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Now a first estimate of the mass flow transport can be made to determine the losses in the pipeline.
In the Netherlands, district heating is delivered using standardized piping. The transport mass flow
that is obtained can be used to choose the right piping using pipe manufacturer data [44]. From this, it
is clear that the biggest pipe size is needed (assuming all the waste heat needs to be transported, see
Appendix C). Also the thicker insulation is chosen to minimize heat losses. Geometric parameters of
the used transport pipe are found in Table C.3 (Appendix C).

To determine the losses in the transport pipe, information from the ISOPLUS catalog [44] is used. The
assumption will be made that the system is steady state. This assumption is supported by the fact that
electrolysis waste heat is expected to deliver a mass-flow in the order of 11000 t/h year-round if proper
buffering is used. The DN1000 pipe is rated from a mass-flow of 9200 t/h [44]. ISOPLUS gives 42.951
W /m for the heat losses, this value is for the round trip transport line, at a mean temperature of 80°C
and a soil temperature of 10° C. This value can be used to determine the temperature at the consumer
end of the transport pipe. Considering a length of 30 km, the total temperature drop would be 1.01 K.
This value is a big overestimation of the actual steady state value at the expected conditions. The reason
to use this overestimated value, is because in reality the system is not actually steady state and does
have some uncertainties in load capacity (even though in practice transport pipelines are designed to
have a load capacity as high as possible).

3.3.3. Total losses

By adding the losses from the previous two subsection, a total temperature drop of 10 K is calculated.
The different temperature values are shown in Figure 3.9. It can be observed that not all the temperatures
on the cool side have been determined, but only for the transport pipe. This has been done because in
terms of pipeline design that is the only relevant value. Although the cold temperatures could also be
determined in steady state, this is dependent on the control of the electrolyser lye mass flow control and
mass flow control on demand side. Those are not modelled in this study.

For safety, tapwater needs to be heated to at least 60°C [90]. Assuming a bit of heat loss in the distribution
network and a last heat exchanger between the network and individual systems of each delivery system,
it will be assumed no further heat upgrading will be needed. Greenhouses also fall within the right
range with demand temperatures falling between 60-70°C [23].

T=77°C T=74°C T=71°C T=70°C T=67°C
Elégtrilvser Tra n_sport Demand side
side heat pipe heat exchanger
exchanger

T=40°C T=40°C

Closed
circulating
cooling loop

Figure 3.9: Schematic of the heat distribution system.
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3.4. Electrolyser model validation

In order to validate if the model gives a realistic representation of the physical behaviour of a real
electrolyser, the model will be compared with verified data and experimental results. Because this
specific model has been designed based on the ISPT and Thyssenkrupp electrolysers, the model will be
compared with both available operational data from those, as with data from Table 2.1.

First of all the polarisation curve is very important as this is the basis for the efficiency, which in term
influences the amount of waste heat produced. The polarisation curve has already been designed to
reproduce the experimental data from the De Nora cells (Figure 3.6).

Then in order to validate the performance of the modelled electrolyser stack, different efficiency values
can be compared. Due to the overpotential changing at different temperatures and current densities, all
efficiency values are also dependent on these operating conditions. Table 3.2 compares the model value
at 353K and 1.3 A/m? with the references. The effect of operating conditions on the efficiency values are
presented in Figure 3.10.

Table 3.2: Comparison of efficiency values of model and literature. The model values are at 353 K and 1.3 A/m?.

Parameter value model | value reference | source reference
Stack efficiency (LHV) | 63.8% 63-71 % [12]
Stack efficiency (HHV) | 72.2% 82% [62]
5 Stack efficiency
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Figure 3.10: Efficiency curve of electrolysis model over the operational range (at 353 K).

Next up the power consumption and H2 production is compared in Table 3.3, again the model values
are at 353 K, 1.3 A/m?. Specific power consumption falls within the reference range. Hourly production
is a bit higher than the Thyssenkrupp and ISPT references. This could have multiple explanations.
One explanation might be the reference conditions which might differ from the model values that are
presented at 353 K and 1.3 A/m?. It could be due to the Faraday efficiency, which is an important
parameter as this also directly affects the waste heat. Another explanation could be that the actual
Thyssenkrupp electrolyser (from which the reference values originate) does not operate at a current
density of 1.3 A/m?, but lower. Not only would that explain the higher H, production, but also the
lower stack efficiency in table Table 3.2. The current density of 1.3 A/m? was based on the ISPT report.
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Table 3.3: Comparison of power consumption and hydrogen production at nominal capacity (353 K, 1.3 A/m?) of the model with
literature reference values.

Parameter value model value reference source reference
Specific power consumption | 4.66 kWh/Nm? | 4.2-48 kWh/Nm® | [12] [62]
H, production 4527 Nm?/h 4000 -4460 Nm?/h | [62] [45]

Lastly the start up and cool down time of the electrolyser stack is very important. These values are
given in Table 3.4. The start up time from the model is very short. This makes sense considering the
higher power due to higher current densities. Even though this is very short compared to older alkaline
electrolysers, an operator of a Thyssenkrupp electrolyser (which the model is based on) confirmed that
the cold start up time is about 15 minutes, validating the results from this model.

Table 3.4: Comparison of modelled cold start up time versus literature reference.

Parameter value model | value reference | source reference
Cold start up time | 14.58 min 15-120 min [12][38]

3.5. Electrolysis waste heat results

Even though the model has been judged valid to determine waste heat, it is still a model representing a
specific scenario. In order to have a good understanding of the waste heat that has been calculated, it is
also important to understand how changes to the model affect this and how the results compare to other
studies. First the base scenario results (as described in this chapter) are presented, then the effect of
some variations will be highlighted.

Steady state operation ( = base case)

First the model has been run on a steady state (nominal) power input. This provides a reference for the
dynamic operation.

Steady state

H2+02 Total usefull process energy: 71.9%0

Electrical energy input Stack

I\bltage losses Usefull' waste heat: 18.7%'
Recovered heat

: Heatl4i9%
. Evaporation water Pre-heat: 4.9%
Unrecovered.losses:4.5% Il

Il Thermal energy input

—Heat losses

Figure 3.11: Sankey diagram of steady state operation of the electrolyser model.
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Table 3.5: Energy output results of steady state simulation of electrolyser model.

Label Percentage of total energy input
Environmental losses 0.1%

Evaporation of water 9.8%

H2+02 72.4%

Voltage losses 17.7%

Recovered waste heat 27.0%

Total useful process energy | 71.9%

Usable waste heat 18.7%

Unrecoverable losses 4.5%

Preheat 4.9%

In steady state operation the "Total useful process energy’ is expected to be the same as the HHV stack
efficiency calculated in Table 3.2. A difference of 0.2% can be observed between the values an will
thus be taken as the significance margin for this model. Inaccuracies may among others be caused by
rounding within the model. Also the actual model output has a gas stream which is not entirely cooled
down (which is an implicit assumption in the HHV efficiency). In the case of the model however this
would mean that the efficiency would drop even more, increasing the significance margin. The actual
amount of this difference however is in the order of 0.01% and will thus be neglected (illustrated by the
energy flow between H2+O2 and recovered heat in Figure 3.11).

The total usable waste heat from this steady state model is 23.6% (usable waste heat + preheating) at
a stack efficiency of € =71.9% which is actually very similar to results of J. Tiktak [87] (21.14% usable
heat at € =71.7%) and F.S. Le Coultre [50] (26.0% usable heat at € =72.98%). In [90] waste heat recovery
percentages of 80 and 92% (of theoretical waste heat) where found in different studies. This case has
85%. This gives confidence in the validity of the model. In [87] only about 1% of the energy is used for
preheating water, in this model it is 4.9%. An explanation could be that because of the lower pressures in
the current study, much more water is evaporating. This results in a larger flow of water, thus increasing
the need for preheating.

Unsteady dynamic operation

H2+02 Total useful process energy: 74.1%
Electrical energy input Stack
l\-‘oltage losses Useful waste heat: 16.6%.
Recovered heat

l Evaporation water Pre-heat:'4.9% Il

—Heat-losses

-Thermal energy input
Unrecovered:losses:4.4% Il

Figure 3.12: Sankey diagram of energy flow in unsteady dynamic operation
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Table 3.6: Results dynamic operation.

Label Percentage of total energy input | amounts
Environmental losses 0.1%

Evaporation of water 9.9%

H2+02 74.6%

Voltage losses 15.4%

Recovered waste heat 23.8%

Total energy for reaction | 74.1%

Usable waste heat 16.6% 6.774e+10 kJ
Unrecoverable losses 4.4%

Preheat 4.9%

The fraction of usable waste heat in dynamic operation is 16.6%. This is a difference of 11.2% lower
compared to the steady state operation.

Effect of dynamic behaviour

In order to determine how large the actual effect is of the transient behaviour of heat up and cool down
times, the effect of this is quantified. This is done by varying the heat capacity of the stack. The results
are shown in Table 3.7. The abbreviations HC stand for "Heat Capacitance’.

Table 3.7: Results from variation in start up time.

Scenario Start up time tssq,+ [s] | Ratio t, = tsart/tcoor | Yearly waste heat [K]]
HCO 0 0/0 6.819e+10
Base Case | 875 0.00036 6.774e+10
HC2 3500 0.00034 6.784e+10
HC4 7000 0.00035 6.781e+10

From the results it is clear that very little (insignificant) variation in waste heat production occurs as a
result of changes in start up and cool down time. To further analyse the results Table 3.8 show more
detailed data for two of the cases.

Table 3.8: More detailed comparison of electrolyser waste heat generation with different start up times.

Label Data HCO | Data HC4
Environmental losses 0.1% 0.1%
Evaporation of water 9.9% 9.9%
H2+02 74.6% 74.6%
Voltage losses 15.4% 15.4%
Recovered waste heat 24.0% 23.9 %
Total energy for reaction | 74.1% 74.0%
Usable waste heat 16.7% 16.6%
Unrecoverable losses 4.3% 4.5%
Preheat 4.9% 4.9%

Varying polarisation curve

In subsection 3.2.1, it was already described that two polarisation curves have been modelled. The
difference in waste heat production of these curves are presented in this section. Figure 3.13 shows
these polarisation curves side by side.
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Figure 3.13: Comparison polarisation curve base case (Pol_den), which is a more advanced type of electrolyser, and (Pol_alk)
which is a more conventional type of polarisation curve. This figure shows the operational range for both different curves.

Table 3.9: Waste heat generation results from conventional polarisation curve.

% available waste heat | Actual Yearly waste heat [k]]
Steady state 14.2% -
Dynamic 13.0% 5.039e+10
No start up time | 13.0% 5.061e+10
H2+02 Total usefull process energy: 77.5%
Electrical energy input Stack
lVo]tage losses Usefull waste heat: 13.0%.
Recovered heat
: : .Evaporation water Pre-heat: 5.8% [l
-Thermal energy input -
— Heat-losses Unrecovered losses:3.7% Il

Figure 3.14: Sankey diagram of energy distribution for the conventional polarisation curve.
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Table 3.10: Detailed comparison of waste heat generation from different polarisation curves (dynamically operated).

Label De Nora cell | Conventional cell (Pol_alk)
Environmental losses 0.1% 0.3%

Evaporation of water 9.9% 10.5%

H2+02 74.6% 78.1%

Voltage losses 15.4% 11.1%

Recovered waste heat 23.8% 20.3%

Total energy for reaction | 74.1% 77.5 %

Usable waste heat 16.6% 13.0%

Unrecoverable losses 4.4% 3.7%

Preheat 4.9% 5.8%

The advanced (De Nora) polarisation curve had a difference of 11.2% between the steady state and
dynamic model. The conventional polarisation curve shows a difference of 8.5% between steady state
and dynamic behaviour (see Table 3.10)r.

Varying wind data

Previous results have quantified the difference in calculated waste heat of an electrolyser between steady
state and dynamic operation. This has been done for by using the 2022 TNO windpower data and a
specific amount of wind turbine power as specified in the beginning of this chapter (which is referred to
as the base case in following tables). In reality wind variability and other factors such as power purchase
agreements and plant operation can vary a lot. In order to get a bit of an insight of how these changes
can influence the waste heat calculation results, a variation analysis has been done for these factors.
First Table 3.11 will present differences of different wind data.

Table 3.11: Comparison between wind input if different years.

Year Mean wind speed [m/s] | Yearly waste heat [k]] | Difference Yearly
steady state | H2 production [kt]
2020 10.3 7.499e+10 9.1% 2.28
2021 9.3 6.55%e+10 11.8% 2.05
2022 (Base case) | 9.6 6.774e+10 11.2% 2.12

In order to also determine how the amount of wind power influences the waste heat from the electrolysis
process (due to for example different power purchase agreements), changes in this value are also
analysed. The wind power ratio (WPR = nominal wind power capacity/nominal electrolyser capacity)
is an indication of the ratio between the nominal wind power and nominal electrolyser power. The base
case has a WPR of 1.28.

Table 3.12: Wind power ratio comparison (WPR = nominal wind power capacity /nominal electrolyser capacity).

Scenario Yearly waste heat [k]] | Difference steady state | Yearly H2 production [kt]
WPR =4 9.673e+10 4.3% 2.75
WPR =3 9.070e+10 5.3% 2.62
WPR =2 8.079e+10 7.4% 2.40
Base (WPR =1.28) | 6.774e+10 11.2% 2.12
WPR =1 5.911e+10 13.9% 1.91

Varying control scenarios

Until now, the results shown have been from a single electrolyser stack. However to achieve the goal of
2 GW, 100 of these stack are needed. It is expected that each plant will be around 200 MW and thus
consist of 10 stacks. Even though each stack can only be operated from 10-100%, due to the scaling of
the plant, a plant can operate between 1-100% of the total capacity. This also opens up different ways in
which the plant can be operated. Multiple operation scenarios are highlighted to compare the influence
on the waste heat output.
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Table 3.13: Plant scenario comparison. In scenario 1, the 10 electrolysers are shut down one by one with decreasing power. In
scenario 2, each electrolyser is operated in parallel. Power decreases until each one is at their minimum operation (10% of
nominal capacity), after that they are shut down one by one. The last scenario (3) is the same as 2, but the electrolysers are never
turned off but always operated at 10% minimum.

Scenario Yearly waste heat [k]] | Difference steady state | H2 produced [kt]
Scenario 1 | 7.699e+11 1.2% 21.1
Scenario 2 | 6.790e+11 11.2% 21.2
Scenario 3 | 6.800e+11 12.8% 21.7




4 Ammonia analysis

In this chapter first an analysis is done on the cooling potential of the available ammonia in section 4.1.
After that the implications of ammonia cold utilisation on the ammonia cracking process itself is
analysed in section 4.2.

4.1. Ammonia cooling potential

In order to determine the cooling potential of ammonia, it is important to know the quality (fluid /process
conditions) of the thermal stream and the corresponding amount of energy per unit of ammonia. This
needs to be done for a range of in- and output temperatures and pressures, because not every cracking
plant has the same operating conditions. The operating conditions have an effect on the state of the
ammonia entering the plant. This plays a role in the heating profile of the ammonia, which influences
what type of heat source can be used to heat up the ammonia (i.e. the cold utilisation). This section
explains how the quality and quantity of the thermal streams for ammonia are calculated and used to
generate heat profiles.

Enthalpy difference

In order to determine the quantity of (heat) energy that can be absorbed by the ammonia stream,
the enthalpy difference between the before and after heating state needs to be determined. This is
dependent on both temperature and pressure. The CoolProp [10] library in python is used to make
these calculations. CoolProp uses the Helmholtz energy formulations in order to determine the different
equations of state (EOS). This is done because the properties of interest (in this case enthalpy) can be
obtained as a partial derivative of the Helmholtz energy.

h 2aP da’ da’
RT :T[(a—f)é*(ﬁ)é] ”(%)T” &

Equation 4.1 is a function of both temperature and pressure within the expected working range of the
different process conditions.

Usable cooling

After the quantity of energy is determined, its influence on the thermal stream temperature while
heating (quality) can be determined. Figure 4.1 shows a p-h plot of ammonia, with different isothermal
and isentropic lines. For utilising the cooling potential of ammonia, preferably the evaporation enthalpy
(horizontal isobars in Figure 4.1) is used to absorb the heat, this large energy absorption over a small
temperature difference results in compact sizing of heat exchangers needed for the heat transfer. The end
usage of ammonia should also be taken into consideration, in this case ammonia cracking. Ammonia
cracking commonly occurs at elevated pressures of 30-50 bar [30]. From this perspective the liquid
stored ammonia is preferably pumped to a higher pressure instead of compressed. This is illustrated in
Figure 4.1. Not only can it be seen that the green path (pumping) needs much less energy to elevate
the pressure than the orange path (evaporation + compression), but for pumping no intercooling is
required.
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Figure 4.1: Different paths of ammonia compression and heating. Blue dot indicates storage conditions. Green path is first
pumping and then heating. Orange path is first evaporation and than compression. Image from the p-h diagram from [56].

In the pumping scenario, the amount of heat that can be absorbed by the ammonia is nearly identical at
both 30 and 50 bar (up until the 2-phase region). When used directly the high pressure ammonia should
still be able to cool substances down close to its evaporation point of -33°C. Although this might only be
possible if the ammonia storage and cooling application are near each other. At such elevated pressures
and low temperatures transport of the fluid directly is expected to be expensive. Also ammonia is a
toxic fluid for which transport is preferably limited. In cases where the locations are further apart, it
might be more wise to use an intermediate fluid, such as water, to transport the energy. A drawback of
this is that water cannot be cooled to the same cryogenic temperatures as ammonia.
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4.2. Plant analysis

Now that the quantity and quality of the waste heat streams have been determined, it is also of interest
to analyse what the influence of the cold utilisation is on the entire cracking process. In order to analyse
this, a T-Q representation of an ammonia cracking process has been modelled. First the different process
streams are determined. This has been done by using data from [30]. A summary of the different process
streams is shown in Table 4.1. The first cold stream is the input ammonia, which enters the system at
-33 °C, 30 bar (after pumping) and is heated to the process temperature of 600°C. The composition of
the first heat stream, which is the cracked gas, has been determined by using ASPEN plus V12[39]. A
simple Gibbs reactor has been used to determine the composition and heat of reaction at the specified
conditions (3111.4 kJ/kg NH3). This information can then also be used to construct the second cold
stream (the fuel for the furnace). The fuel consists of recycled ammonia and H, from the cracking
process and is mixed with air. The air is modelled as a mixture of only oxygen and nitrogen (and
quantities match stochiometric conditions for complete combustion). All of the ammonia is recycled,
and the Hj is varied to accommodate the total heat demand of the process (reaction energy requirement
of cracking process + hot utility requirement). Again ASPEN is used to model the furnace output heat
at given conditions (1 bar, 800°C flue gas). The second heat stream is the flue gas. This gas is cooled
down to 80°C, lower is not possible due to the nitric acid dew point (54 °C [94]). When the flue gas is
cooled lower than this temperature, water condenses in the flue gas and reacts with the NO, emissions
in the flue gas to form nitric acid. If nitric acid is formed it can badly corrode the plant equipment, thus
this should be avoided. The last two streams in Table 4.1 represent the amount of waste heat that can
be integrated in different temperature regimes. The Coolprop library [10] is then used to determine
the heat supply/demand of the different process streams in order to construct the T-Q diagrams of the
process Figure 4.2. The total efficiency of the process can be defined in several ways, here Equation 4.2
is used. The lower heating value (LHV) of hydrogen is 120 MJ/kg and of ammonia 18.8 kJ/kg. The
efficiency of this model is 90.3%. The process that has been used as a reference has an efficiency of 89%.

_ Ti’le * LHVH2 (4 2)
riinH3 * LHVNH3 )

Table 4.1: Table with process stream values of ammonia cracking process. These values correspond to a cracking plant that uses
20.6 kt of ammonia per day, producing 2.92 kt of Hy per day, giving a system efficiency of 90.3%.

Heat stream What? composition [w%] | temperature | total
range [°C] massflow [kg/s]
Cold stream 1 heating ammonia | 100% ammonia -33 -> 600 238
Cold stream 2 heating fuel gasses | H2: 2.4 20 -> 800 304
NH3: 2.2
02: 224
N2: 73.0
Heat stream 1 Cracked gasses NH3: 2.84 600 -> 30 238
H2: 17.25
N2: 72.92
Heat stream 2 Flue gas N2: 74.8 800 -> 80 304
H20:25.2
Waste heat stream | water 100% water 70 -> 40 720
Waste heat stream | water 100% water 50 -> 2 400
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Figure 4.2: T-Q diagram of ammonia cracking process with waste heat integration (at 30 bar). Red line is the original hot stream.
Blue line is the cold stream. Green line is heat integration in 70-40°C zone, and cyan line is heat integration in 50-2 °C zone. A
pinch temperature of 5 K has been used.

From the T-Q diagram it can be seen that only a limited amount of waste heat in the 40-70 °C temperature
range can be added before reaching the pinch point. This amount to 90.3e+3 kW, which is 31.5% of
the heat utility and 8.8% of the total plant demand. In the 2-50 °C temperature range, a maximum
of 80.3e+3 kW can be added, which is 28.0% of the heat utility and 7.8% of the total plant demand.
Integrating this waste heat decreases the hot utility needed by the plant. If the assumption is made
that this translates to lower fuel demand, the efficiency increases (1.8% and 1.6% for 40-70 and 2-50° C
respectively). This implications of this assumption are further discussed in chapter 6. It can also be
observed that there is a great potential for waste heat implementation above 66 °C (corresponding to
the horizontal part of the blue line, where the ammonia evaporates).

This analysis has been done for a 2.92 kt/day hydrogen (= 1.06 Mt/year), which is 23% of what PoR is
expecting in 2030. This means 4 ot 5 of these plants would be operational, providing 11.00 PJ/year of
cooling and 12.38 PJ/year of potential waste heat integration (for 30 bar) by 2030.



o Waste heat applications

In chapter 2 possible applications were identified for the studied thermal waste streams. In chapter 3
and chapter 4 these thermal waste streams were extensively analysed to have a clear view of their
quantity and quality. Now that these analyses have been done, this chapter will focus on bringing the
application and thermal waste production together. First the electrolysis waste heat applications are
discussed in section 5.1, then the ammonia cold utilisation in section 5.2. First each section will specify
the applications that will be discussed further. Then the integration of the thermal waste streams for
each application will be extensively discussed.

5.1. Electrolyser waste heat integration

As was discussed in chapter 2, the preheating of process water, district heating and integration in
ammonia cracking are investigated. The preheating of process water has actually been implemented in
the electrolysis model (see section 3.2) and will thus not be further discussed in this section. District
heating has been chosen as an application because the research on this specific application shows that
there is a lot of potential and Port of Rotterdam is a good match for this and it is a socially relevant topic.
Lastly integration of waste heat in the ammonia cracking process will be further discussed, because this
is a novel application and has the potential to form a synergy between water electrolysis and ammonia
cracking. The data that will be used for the electrolysis waste heat reuse applications, originate from the
model as described in chapter 3. A 200 MW plant has been modelled by using control scenario 2 and a
WPR of 3. This has been based on expected projects within the Port of Rotterdam area.

5.11. District heating: Urban areas

Waste heat generated from industry (e.g. AVR of Shell) within the port of Rotterdam area, is already
being supplied to among others the city of Rotterdam. This heating network is even being expanded to
other cities as the Hague, Delft, Rijswijk and even Leiden. This network however works at elevated
temperatures of 120 °C [91]. A previous feasibility study conducted by PoR concluded that the built
environment on Voorne-Putten would be a good option for this waste heat [23]. These include the
municipalities Oostvoorne, Brielle, Rockanje and Hellevoetsluis. A schematic overview of this scenario
is shown in Figure 5.1. The heating demand for these municipalities are calculated through a tool
developed by TNO [89]. The total demand is shown in Figure 5.5. Two different cases will be compared
for the analysis of this application. The first case (A) will be assuming that all the heating for the urban
areas has to come from the electrolysis waste heat, so there are no other ancillary heat sources. This
means that seasonal storage will play a crucial role. In the second case (B) there will only be daily
storage (thus probably also needing an ancillary flexible heat source). Figure 5.2 shows a diagram of the
different cases that are compared. An important assumption that will be made is that buffer losses will
not be taken into account.

39



5.1. Electrolyser waste heat integration 40

\ \
NS Europoort N468
Rotterdam

STEENDIJKPOLDER Maasland

Maasvlaktestrand @

H2

Maassluis

ZuiDB!

0Oostvoorne kitespot Q

Oostvoorne

DE WARANDA Brielle N\ ROZoE WY
HELHOEK ’E@ND /
hND ! i
.Y
SILFAKKER ] // b
<
“ // Zwartewaal 8
ﬁm Vierpolders’ 254
Badstrand Rotterd:
Rockanje Rockanje
\ Heenvliet E

N218 | 3
C Geerviiet

S|
o Abbenbroek
7 [ EN BONSEN
0EK

Kwade Hoeko /\/( ?

N T &

ENHESY N7 Hellevoetsluis ¢ kooisTee &

00STDINK - Vuurtoren Hellevoetsluis  Oudenhoorn
A

Vogelobserva(onum 9 Zuidland - Simon

- (™ Goedereede Tq//HarlngvlieI v

Figure 5.1: Schematic of urban district heating case, amount of pipeline: 27.4km. Amount of residential buildings: 28186
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Figure 5.2: Diagram of different considered urban heating cases. These cases differ in storage and transport pipe size. The
overdimensioned transport pipes are able to carry even the peak supply, while the constraint pipeline is made to accommodate
average yearly demand. Schematic representations of these cases are shown in Figure 5.3 and Figure 5.4.
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Figure 5.3: Schematic representation of urban heating case A.1 and B.1. This presents a system with a constraint pipeline (size
DN400). Storages are placed at both sides of the pipe to accommodate fluctuations in supply and demand. Electrolysis image
from [59]
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Figure 5.4: Schematic representation of urban heating case A.2 and B.2. This presents a system with an overdimensioned pipeline
(size DN1000) that is able to carry peak loads of the waste heat. Only one storage is needed in this case. Electrolysis image from

[59]
3 %108 Heat demand urban area
T T T T
25 4
2 4
=)
T 1 M
L]
T
0 1000 2000 3000 4000 5000 6000 7000 8000
Time [h]

Figure 5.5: Total heat demand of municipalities Hellevoetsluis, Brielle, Rockanje and Oostvoorne (28186 residential buildings)[89].
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Figure 5.6: Yearly accumulative heat plots showing heat demand of urban area, heat production of different electrolyser capacities
and heat transport by DN400 pipeline.

Urban area’s case A

Figure 5.6 shows the total accumulative heat demand of both the data shown in Figure 5.5 as multiple
electrolyser ranges and heat transport pipe capacities. This figure clearly shows that a 400 MW
electrolyser plant delivers more than enough heating on a yearly basis. However, due to both the
intermittent demand on the district heating side as the intermittency on the waste heat production side,
practical challenges arise in the actual heat delivery. Figure 5.7 shows the discrepancies between the
heat demand and supply from 400MW electrolysis capacity.
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Figure 5.7: Discrepancies between the heat demand of the selected urban areas and the generated heat from 400 MW electrolysis
capacity.

In order to accommodate these discrepancies, the first case considers seasonal heat storage. How
seasonal storage is applied also depends on the transport pipes. Transport pipes are usually designed to
operate at maximum capacity for as much time as possible. This would result in the transport pipe
shown in Figure 5.6, which is a DN400 pipeline. Two heat storages would then be needed, one between
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supply and transport pipeline and one between transport pipeline and demand. This is schematically
shown in Figure 5.3. The storage capacities that would be needed are shown in Table 5.1.

Table 5.1: Storage capacities needed for case A.1: DN400 pipeline with 2 storage’s. Storage volume has been determined using a
AT for water of 30K. 2GW and 400MW indicate the amount of electrolysis capacity from which waste heat is recovered.

Storage capacity [GWh] | Water volume [m3] | Percentage

2 GW -> pipe 2.48 71448

400MW -> pipe 4.43 127 440

pipe -> municipalities | 115.8 3335 200 Total = 100%
453 587 Voorne = 13.6%
720 403 Hellevoetsluis = 21.6%
1867712 Rockanje = 56.0%
293 498 Brielle = 8.8%

If a transport pipeline would be used that can also accommodate the peak demand of the system, storage
would only be needed either before or after the transport line (Figure 5.4). The needed storage capacities
for this configuration are shown in Table 5.2.

Table 5.2: Storage capacities needed in case A.2: DN1000 pipeline with 1 storage. Storage volume has been determined using a
AT for water of 30K. 2GW and 400MW indicate the amount of electrolysis capacity from which waste heat is recovered.

Storage capacity [GWh] | Water volume [m3]
2 GW -> municipalities 6.43 185120
400 MW -> municipalities | 28.28 814 400

Urban area’s case B

Instead of using seasonal storage, a daily or weekly storage might also be an option. This can then be
combined with an ancillary flexible heat source. The daily storage will be designed to be able to hold
12h of average heat demand in winter, the weekly storage will hold 3.5 days of average winter demand.
This translates to 1.56 GWH and 12.9 GWH capacity for daily and weekly storage respectively. The
results of using these storage can be seen in Figure 5.8.
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Figure 5.8: Load duration curve of daily storage scenario with waste heat from 400MW of electrolysis capacity using DN1000
transport pipe.
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Table 5.3: Results for case B.2: this shows how much flexible heating capacity on a yearly basis is needed for different storage
sizes (by using a DN1000 pipe). This is done both for waste heat from 2GW and 400MW nominal electrolysis capacity. The last
column is how much of the available waste heat is used.

Storage size [GWh] | yearly flex capacity [GWh] | Waste heat usage %
No storage 2GW 0 47.8 9.41
Daily storage 2GW 1.56 13.1 10.79
Weekly storage 2GW 12.9 0 11.31
Seasonal storage 2GW 6.43 0 11.31
No storage 400MW 0 102.8 36.07
Daily 400MW 1.56 439 49.61
Weekly 400MW 129 11.7 54.28
Seasonal storage 400MW | 28.28 0 56.56
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Figure 5.9: Load duration curve of daily storage scenario with waste heat from 400MW of electrolysis capacity using DN400
transport pipe.

Table 5.4: Results for case B.1: this shows how much flexible heating capacity on a yearly basis is needed for different storage
sizes (by using a DN400 pipe). This is done both for waste heat from 2GW and 400MW nominal electrolysis capacity. The last
column is how much of the available waste heat is used.

Storage size [GWh] | Yearly flex capacity [GWh] | Waste heat usage %
Waste heat -> pipeline
No storage 2GW 0 51.3 9.26
Daily storage 2GW 0.78 6.6 11.04
Weekly storage 2GW 5.44 0 11.31
Seasonal storage 2GW 2.84 0 11.31
No storage 400MW 0 67.6 43.04
Daily 400MW 0.78 18.2 52.89
Weekly 400MW 5.44 0 56.56
Seasonal storage 400MW 443 0 56.56
Pipeline -> municipalities
No storage 0 146.8 48.25
Daily storage 1.56 112.7 60.32
Weekly storage 12.9 93.9 66.93
Seasonal storage 115.8 0 100
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Evaluation

Table B.1 (see Appendix B) shows an overview of different thermal storage methods. Large volumes of
waste heat in the temperature range of this case is commonly stored in the form of heated water [80].
Although ATES has the potential to hold much larger volumes than other options such as water tanks,
practical implementation might be hard. Not only can ATES not be implemented everywhere (due to
ground conditions), efficiency is also very hard to determine without extensive research (and this can
fluctuate a lot)[9]. Without further research, insulated water tanks are a more reliable option, which
(in terms of storage capacity) leaves daily storage as the only feasible option. Assuming daily storage
from this point, the heat usage of different pipelines can be compared, results are shown in Table 5.5
and Table 5.6. The daily storages before the pipeline (storage 2 in Figure 5.3) have been sized to fit the
accompanying pipeline demands. The load capacities of the pipelines in Table 5.5 and Table 5.6 is the
fraction of heat that is transported, versus the amount of heat that the pipeline can maximally transport.

Table 5.5: Heat usages of different sized pipes 400MW electrolysis capacity waste heat. Transport load capacity shows how much
heat is transported by the pipeline. The actually used load capacity show how much waste heat actually reaches the end
consumer. Also the fraction of used electrolyser waste heat is shown in the last column.

Pipeline | Daily Pipeline load capacity | Pipeline load capacity | End to end electrolyser
size storage [GWh] | transported actually used waste heat usage
DN400 | 0.39 89.53% 56.38% 31.86 %

DN450 | 0.57 86.81% 49.37% 41.13%

DN500 | 0.76 81.22% 42.70% 47.27%

DN600 | 1.22 56.44% 27.93% 49.49%

A pipeline is in the profitable range if it is between 86 and 100% used to its full capacity [44]. When
looking at Table 5.5, the DN400 and DN450 pipes conform to this guideline. The final heat usage
however is much lower. The DN450 pipe does use 23% more of the electrolysis waste heat than the
DN400 pipe, which would mean much less flexible heat capacity.

Table 5.6: Heat usages of different sized pipes 2GW electrolysis capacity waste heat. Transport load capacity shows how much
heat is transported by the pipeline. The actually used load capacity show how much waste heat actually reaches the end
consumer. Also the fraction of used electrolyser waste heat is shown in the last column.

Pipeline | Daily Pipeline load capacity | Pipeline load capacity | End to end electrolyser
size storage [GWh] | transported actually used waste heat usage
DN400 | 0.39 94.59% 57.94% 6.55%

DN450 | 0.57 93.65% 51.05% 8.51%

Table 5.6 shows that when using the entire 2GW electrolysis waste heat, there is again a 23% increase
between the DN400 and DN450 pipeline.

Reviewing all the work on the urban area waste heat reuse, it is clear that there are many different ways
in which the waste heat from electrolysis can be used to heat the chosen urban environment. Choosing
the best solution depends on a lot of factors that need more in depth research. By dealing with all the
options in a pragmatic way, one proposed solution is presented below. This design is based on the fact
that daily storage is the most realistically feasible in terms of size and has the least uncertainties, the
pipeline has been chosen to meet user guidelines from the ISOPLUS catalogue [44] and use as much
waste heat as possible. The proposed design of the transport network applies to both 400 Mw and 2 GW
electrolysis waste heat input (only the amount of flexible heating differs).
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Table 5.7: Proposed design urban district heating. For LC; and LCOE calculation, see Appendix B.

part size capacity LC; €/year
Pipeline 27.4 Km DN450 2 409 089
Storage 1 44785 m3 | 1.56 GWh 663 401
Storage 2 16259 m3 | 0.57 GWh 242 397
Flexible heating 77.2 GWh (400MW) | -
Flexible heating 70.28 GWh 2GW) | -
HX 2x 41 101 kW 608 203
Total LCOE 19 €/ MWh
10 x10" Load duration curve proposed design of urban
district heating Flexible heating
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Figure 5.10: Load duration curve of final proposed design of urban district heating. The peak flexible heating needed is 256 MW.

400 MW electrolysis | Change in flexible heat
2x storage 1 +1%

0.5x storage 1 0%

2x storage 2 -4%

0.5x storage 2 +6%

2 GW electrolysis

2x storage 1 -11%

0.5x storage 1 +11%

2x storage 2 -4%

0.5x storage 2 +6%

Table 5.8: Effect of changes in storage on the proposed design on the amount of flexible heating that is needed.

The storages in this design are based on a predefined definition, which is not ideal. It is therefore
valuable to know how changes in storage size influences the amount of flexible heating that is needed,
those results are shown in Table 5.8. In Table 5.7, a LCOE estimation is given. It should be noted that
this is a very rudimentary calculation (further details in Appendix B). The cost of flexible heating has
not been taken into account as this can vary a lot depending on the type of heating that is used. Further
more the waste heat from the electrolysis process has been assumed to be “free’. The calculated LCOE is
therefore merely an order of magnitude estimate. Nevertheless it compares well to other studies [90].
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5.1.2. District heating: Greenhouse industry

Another major potential waste heat consumer is the greenhouse industry. The Westland and Oostvoorne
areas contain a lot of greenhouse industry. The greenhouse industry needs a lot of heat throughout the
year to grow plants. A schematic of this scenario is shown in Figure 5.11 and the heat demand is shown

in Figure 5.12.
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Figure 5.11: Schematic of greenhouse district heating case, red line represents 21.4 km of transport pipeline (25¢+6 m? of
greenhouse area).
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Figure 5.12: Heat demand greenhouses. Horizontal line represents base load covered by geothermal energy (250MW) (25¢+6 m?
of greenhouse area [14]).
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Figure 5.13: Plot of cumulative heating demand for greenhouses, compared to available waste heat, distribution pipeline and
municipality heating demand.

An extensive analysis has already been done in the case of using the waste heat for an urban area. The
lessons from that analysis will also be applied in this case for greenhouses. The assumption will be
made that only daily storage is used. The greenhouse industry near the port is also investigating the
possibility of geothermal energy as a potential renewable heating source. Therefore two scenarios will
be compared: one with geothermal energy as a base supply for heating, and the other case where all the
heating is supplied through electrolysis waste heat. The base supply is defined as the heat demand
from 0 to 250MW (under horizontal line in Figure 5.12). The total heat demand of the greenhouses is
much larger than the total demand for the urban area (see Figure 5.13). The total yearly heat demand is
even bigger than the total available yearly waste heat from 2GW of electrolysis.

Greenhouses without geothermal energy

First the case without geothermal energy will be assessed. Figure 5.3 shows a schematic representation
of the system. The daily storage at the greenhouse side has a size of 9.6 GWh. Based on Figure 5.13, a
DN900, DN800 and DN700 pipe will be compared. The load capacities of the pipelines in Table 5.9,
is the fraction of heat that is transported, versus the amount of heat that the pipeline can maximally
transport.

Table 5.9: Heat usage for different sized pipes for greenhouse district heating without geothermal energy for base load. Transport
load capacity shows how much heat is transported by the pipeline. The actually used load capacity show how much waste heat
actually reaches the end consumer. Also the fraction of used electrolyser waste heat is shown in the last column.

Pipeline | Daily Pipeline load capacity | Pipeline load capacity | End to end electrolyser
size storage [GWh] | transported actually used waste heat usage
DN700 | 1.83 89.85% 89.85% 47.76%

DN800 | 2.60 87.23% 87.23% 66.12%

DN900 | 3.97 80.07% 78% 90.15%
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Figure 5.14: Load duration curve of district heating delivery in the case of greenhouse heating without geothermal energy for the
base load. The peak load of the flexible heating is 931 MW.

Greenhouses with geothermal energy
The second scenario is assessed with geothermal energy covering a baseload (250 MW) of the heating
demand. The load capacities of the pipelines in Table 5.10, is the fraction of heat that is transported,
versus the amount of heat that the pipeline can maximally transport.

Table 5.10: heat usage for different sized pipes for greenhouse district heating with geothermal energy for base load. Transport
load capacity shows how much heat is transported by the pipeline. The actually used load capacity show how much waste heat
actually reaches the end consumer. Also the fraction of used electrolyser waste heat is shown in the last column.

Pipeline | Daily Pipeline load capacity | Pipeline load capacity | End to end electrolyser
size storage [GWh] | transported actually used waste heat usage
DN700 | 1.83 89.85% 63.82% 33.92%

DN800 | 2.60 87.23% 57.99% 43.96%

DN900 | 3.97 80.07% 49.97% 57.76%
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Figure 5.15: Load duration curve of district heating delivery in the case of greenhouse heating with geothermal energy for the
base load. The peak flexible load is 681 MW.
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Evaluation

Table 5.11: Example design greenhouse district heating without geothermal energy for base load. Corresponding to Figure 5.14.

part size capacity LC; [€/year]
Pipeline 21.8 Km DN800 8 606 543
Storage 1 275597 m3 | 9.6 GWh 4 082 466
Storage 2 74641 m3 | 2.60 GWh 1105 668
Flexible heating 2653 GWh -

HX 2x 286 339 kW | 1605 320
Total LCOE (at end user) 9.3 €/MWh

Table 5.12: Example design greenhouse district heating with geothermal energy for base load. Corresponding to Figure 5.15.

part size capacity LC; [€/year]
Pipeline 21.8 Km DNS800 8 606 543
Storage 1 275597 m3 | 9.6 GWh 4082 466
Storage 2 74641 m3 | 2.60 GWh 1105 668
Flexible heating 1177 GWh -

HX 2x 286 339 kW | 1605 320
Total LCOE (at end user) 14.0 €/ MWh
Waste heat without geothermal | Change in flexible heat

2x storage 1 0%
0.5x storage 1 0%
2x storage 2 -8%
0.5x storage 2 +3%
Waste heat with geothermal

2x storage 1 -2%
0.5x storage 1 +1%
2x storage 2 -7%
0.5x storage 2 +3%

Table 5.13: Effect of changes in storage on the proposed design on the amount of flexible heating that is needed for the
greenhouses.

The storages in this design are based on a predefined definition, which is not ideal. It is therefore
valuable to know how changes in storage size influences the amount of flexible heating that is needed,
those results are shown in Table 5.13. In Table 5.12 and Table 5.11, a LCOE estimation is given. Similar
to the urban district heating case, it should be noted that this is a very rudimentary calculation (further
details in Appendix B). The cost of flexible heating has not been taken into account as this can vary a lot
depending on the type of heating that is used. Furthermore the waste heat from the electrolysis process
has been assumed to be "free’. The calculated LCOE is therefore merely an order of magnitude estimate.
Nevertheless it compares well to other studies [90], which makes it a competitive option for heating
(also compared to traditional heating, see Appendix B).

5.1.3. Ammonia preheating

District heating might be a very useful application for the reuse of electrolysis waste heat. It has
been demonstrated in previous section subsection 5.1.1 that not all waste heat is reused. Chapter 4
demonstrated that it is possible to integrate a waste heat stream in the ammonia cracking process.
This section will examine in more detail the implementation of electrolysis waste heat in the ammonia
cracking process.
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In chapter 4 is was concluded that a maximum of 90.3e+3 kW of waste heat integration can be
accommodated by the modelled ammonia cracker (within electrolysis waste heat temperature range).
With the steady state assumption and the total expected capacity of ammonia cracking within the Port
of Rotterdam (4.35x the modelled plant in chapter 4), this translates to 393 MW of heat integration
capacity in total (12.38 PJ/year). The expected 2GW of electrolysis generates 417 MW of heat at nominal
(is maximum) capacity and 9.03 PJ/year in total. Although on a yearly basis, there might be enough
capacity to integrate all the waste heat, the electrolysis has higher peaks. Therefore a daily storage will
be used, the daily storage for the ammonia cracking heat integration has a size of 1.09 GWh. Three cases
will be investigated:

1. Integration of leftover waste heat from urban waste heat integration.
2. Integration of leftover waste heat from greenhouse waste heat integration.

3. Integration of all available waste heat.

Table 5.14: Results of integrating electrolysis waste heat in ammonia cracking process. The total electrolysis waste heat reuse
shows how much waste heat from the 2GW electrolysis process is reused.

Heat [GWh/year] | Total electrolysis | Cracking efficiency
waste heat reuse | increase

Urban leftover heat 2297

Used in cracking (with storage) 2297 100% 1.2%
Used in cracking (without storage) | 2251 98% 1.2%
Greenhouse leftover heat 1414

Used in cracking (with storage) 1414 100% 0.7%
Used in cracking (without storage) | 1400 99% 0.7%
Complete heat integration 2509

Used in cracking (with storage) 2470 98% 1.3%
Used in cracking (without storage) | 2386 95% 1.2%

An interesting observation from Table 5.14 is that for the integration of the leftover waste heat from
both urban and greenhouse district heating, the difference between storage or not is very small.

The gain in system efficiency can be translated to an economic gain to determine if it would be worth the
investment to add additional heat exchangers to the process. 1% of efficiency increase equals 51.6e+3
kW (for 1 cracking plant). Dividing this by the LHV results in 0.36 kg/s (= 11.5 kt/year) of hydrogen
savings (hydrogen which does not need to be burned in a furnace). Considering the levelised cost of H»
(LCOH) to be 5.51€/kgn» [22], this would be 63.3e+6 €/year/%.

5.2. Ammonia cold utilisation

As was mentioned in chapter 2, gas compression and industrial cooling will be further discussed as
potential ammonia cracking cold utilisation applications. Industrial cooling is a very basic, but logical
choice for cold utilisation in the port of Rotterdam. Gas compression is subdivided in both CO, and H,
compression. Both are novel applications for ammonia cold utilisation. CO, compression is relevant
regarding the Porthos (and other runner-up) CO; capture and storage (CCS) project in the port of
Rotterdam. H, compression is interesting as it might form a second synergy between ammonia cracking
and water electrolysis.

5.2.1. CO, Compression

In the Port of Rotterdam, there is a large CCS project called Porthos. The goal of project is to capture
CO, from different industries in the port and store is in an underground storage. The aim is to store
around 2.5 Mt of CO; per year over a period of 15 years. The gas will be compressed to 130 bar before
storage [72].

The conventional method for compressing CO; is compression with refrigeration and pumping. However,
novel methods exist that aim to reuse thermal streams to optimise the compression. Mostly ORC’s and
absorption refrigeration are used for this. A study done by Jackson and Brodal showed that, if well
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optimised, the total specific power consumption between the different techniques is negligible. Except
when a cold source is available, then conventional compression would be the preferred method and if
there is a heat source available ORC would have the advantage [46].

Two cases will be considered here. First the operating conditions of the Porthos compressor station
will be followed. The Porthos compressor station assumes that the gas comes in at 35 bar and leaves
at 130 bar. A second case is considered where the inlet pressure is 1 bar. For the Porthos case there
are three compression stages [46]. For the second case, the work of Jackson and Brodal [46] has been
taken as a reference, where seven compressor stages resulted in the lowest specific power. The last
compression stage happens at 10 bar above its critical pressure (=83.9 bar). A p-h graph representation
of both processes is shown in Figure 5.16. The engineering design that has been used to make this plot
assumes isentropic efficiency of 0.85. The pressure ratios follow the design of Jackson and Brodal [46]
(see Appendix B). The power and cooling requirements following from the designs are presented in
Table 5.15.
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Figure 5.16: P-h plot of the two CO, compression cases. Red is from 1 to 130 bar, blue from 35 to 130 bar. The plot was made with
NIST REFPROP[53]. The data for this plot can be found in Appendix B.

Table 5.15: Energetic values for compression and cooling of CO; for the different cases. Specific energy has been determined with
Figure 5.16 and chapter 4, and CO, massflow of 79.27 kg/s is used [72]. For the power calculation of the cooling energy, a COP of
14 is used [46]. The mean power and yearly usage are the electrical energy input.

Case: 35 - 130 bar Specific energy Ah | Mean power | Yearly usage
Compression 49.19 K] /kg 3.90e+3 kW | 3.42e+7 kWh
Cooling 291.41 K] /kg 1.65e+3 kW | 1.44e+7 kWh
Case: 0 - 130 bar

Compression 301.44 k] /kg 23.90e+3 kW | 2.09e+8 kWh
Cooling 581.0 k] /kg 3.29e+3 kW | 2.88e+7 kWh

Ammonia cooling capacity | 352.4 k] /kg

Now the costs can be compared of using a conventional ammonia refrigeration system versus the cold
utilisation of the ammonia storage. From Table B.7 it can clearly be seen that in the cases that are
presented, the cost of utilising the cold energy from the ammonia is not competitive with conventional
ammonia refrigeration. This is mostly due to the very high cost of the cryogenic ammonia transport
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pipeline (see Appendix B). In chapter 4 it was already discussed that this could be a potential issue
for the cold utilisation. In this case however, water can be used as an intermediate energy carrier. A
schematic of the system is shown in Figure 5.21 and the different temperatures in the heat exchangers
are illustrated in Figure 5.18 and Figure 5.19 (with corresponding values in Table 5.16). This has again

been done for the 1-130 bar and 35-130 bar case, only the 1-130 bar case has been shown for illustrative
purposes.
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Figure 5.17: Schematic representation of system for CO, compression intercooling with ammonia by using water as an
intermediate substance to transport the energy. The ammonia cracking process is at 30 bar. This is the scenario where CO; is
compressed from 1 to 130 bar.
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Figure 5.18: Visualisation of temperatures within heat
exchangers needed for intercooling of CO, compression. An

Figure 5.19: Visualisation of temperatures within heat
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Table 5.16: Final mass and energy flow values for exchanging heat in CO, compression process. This is the 1-130 bar case. The
pressure of ammonia is 30 bar. These values correspond to above Figure 5.18 and Figure 5.19.

CO, side

CO; mass flow | CO; enthalpy | Water enthalpy | Water mass flow
79.3kg/s 581 k] /kg 200.9 kJ/kg 229.6 kg/s

NHj3 side

Water mass flow | Water enthalpy | NH3 enthalpy | NHs mass flow
229.6 kg/s 200.9 kJ /kg 352 k] /kg 131 kg/s

In Table 5.15 and Table 5.16 it can be observed that from an energetic perspective this application
would be possible. According to the calculations in Table B.6, using the alternative cooling system with
ammonia cold utilisation could be cheaper than commonly used ammonia refrigeration cycles. These
are very rough calculations, but the different costs are in the same order of magnitude, indicating that it
could be at least a cost competitive option.

In the case of 1-130 bar, now 229.6 kg/s of water is used. In chapter 4 it was indicated that the ammonia
cracking plants could accommodate up to 400 kg/s (per plant, so 1739 kg/s in total). So the maximum
amount of CO; being compressed could be increased to 600 kgco2/s. By utilising the cooling from
ammonia cracking, the electrical energy use of the CO, compression decreases by 12.1% (29.7% for the
35-130 case).

5.2.2. H, compression

The hydrogen that will be produced by both the electrolysis and ammonia cracking will have to be
compressed to 50 bar for transport [30]. Because the ammonia cracking process already occurs at
high pressures, the formed ammonia does not need a lot of compression. Hydrogen produced during
electrolysis is formed at lower pressures and needs compression. There are many different methods of
compressing hydrogen, which can be divided in both mechanical and non-mechanical compression
[81]. Mechanical compression methods (such as reciprocal and centrifugal compressors) are generally
considered [92] [45].

The engineering design for the hydrogen compression will be based on [92], in which a comprehensive
analysis of hydrogen compression was done for pipeline transport. A compression ratio of 1.71 and
isentropic efficiency of 0.85 are used to construct the compression shown in Figure 5.20 and Table 5.17.
A hydrogen flow of 6.69 kg/s is used (determined using results from chapter 3, which corresponds to
211 kt/year), which is the yearly production for 2 GW of electrolysis capacity.
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Figure 5.20: Hydrogen compression process of 1 to 50 bar. The plot was made with NIST REFPROP[53]. The data for this plot can
be found in Appendix B.
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Table 5.17: Energetic values for compression and cooling of Hy for the different cases. Specific energy has been determined with
Figure 5.20 and chapter 4, and H, massflow of 6.69 kg/s is used from chapter 3. For the power calculation of the cooling energy, a
COP of 14 is used [46]. Power and yearly usage show the electrical energy needed.

Specific energy Hy | mean power | yearly usage
Compression | 5833.1 k] /kg 39.0e+3 kW | 3.42e+8 kWh
Cooling 5811.6 k] /kg 2.78e+3 kW | 2.44e+7 kWh

Just as with CO, compression, directly cooling with ammonia is too expensive due to the infrastructure.

However, intercooling with a water circuit is also possible. This results in Figure 5.23, Figure 5.22 and
Table 5.18.
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Figure 5.21: Schematic representation of system for H compression intercooling with ammonia by using water as an
intermediate substance to transport the energy. The ammonia cracking process is at 30 bar.
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Figure 5.23: Visualisation of temperatures within heat
exchangers needed for cooling the water stream by using
ammonia from the cracking process. An approach temperature
of 7 K is applied.

Figure 5.22: Visualisation of temperatures within heat
exchangers needed for intercooling of Hy compression. An
approach temperature of 7 K is applied.
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Table 5.18: Final mass and energy flow values for exchanging heat in H, compression process. The pressure of ammonia is 30 bar
in this case.

H, side

Hj massflow H; enthalpy Water enthalpy | Water massflow
6.69 kg/s 5811.6 kJ /kg 196.6 k] / kg 197.7 kg/s
NHj3 side

Water massflow | Water enthalpy | NHj enthalpy | NH3 massflow
197.7kg/s 196.6 k] / kg 454.0 k] /kg 85.6 kg/s

In this case, 197.7 kg /s of water is used. Using the model from chapter 4, it is calculated that 510 kg /s of
cooling water in the temperature range of 23 to 70 °C can be integrated in the ammonia cracking process
(for 1 plant). In total (assuming the needed capacity to reach PoR targets) this would result in 2217 kg/s
of cooling water. So the maximum amount of H; being compressed could be increased to 75 kg2 /s. By
utilising the cooling from ammonia cracking, the electrical energy use of the H compression decreases
by 6.6%.

5.2.3. Cold storage

The last application for cold utilisation is industrial cold storage. There is one crucial difference
between this application and the gas compression applications. In contrary to gas compression, cold
storage (refrigerated) needs to actually be cooled to cryogenic temperatures (-18 °C for meat industry
[6]). In some cases, warehouses even need to be cooled to -60 °C (for fish) [35], however those
cases will not be considered in this application. A simple techno-economic calculation was done,
determining that transport of cryogenic (and pressurized) ammonia would be too expensive compared
to conventional ammonia compression refrigeration (Appendix B). Water unfortunately cannot be used
as an intermediate fluid in this case as it solidifies at 0 °C. Using a refrigerant fluid as an intermediate
substance could potentially be a solution. In this case it will be assumed that the ammonia cracking
plant is located near a cold storage facility and that high transport costs are not an issue.

Assuming the ammonia massflow rate of 238 kg /s for 1 cracking facility and a refrigeration temperature
of -18 °C with a heat exchanger approach temperature of 5°C, the ammonia can be heated from -33
to -23 ?C. This would result in an enthalpy change of 44.7 kJ /kg, which gives 10.6e+3 kW of cooling.
For the total amount of planned cracking plants in 2030, this would be 44.8e+3 kW. The relation of
Equation 5.1 [63] is used to determine how much cold storage can be cooled with this, E is the electricity
consumption per year (MWh) and V the storage volume (m?). Assuming a COP of 3.78 for the cooling
[46], the volume can be re-written to Equation 5.2.

E=03143+V — 6.84 (5.1)

V =0.842+E +21.76 (5.2)

This results in a cold storage volume of 330202 m®. Which would be enough to cool a few cold rooms
considering a typical storage volume of 10-11 000 m? [63].



O Discussion

In this chapter the different aspects of this research will be evaluated and discussed. The discussion is
divided in five sections. First the analysis of the different thermal waste streams will be discussed. These
are the electrolysis waste heat and ammonia cold utilisation in section 6.1 and section 6.2 respectively.
After that the applications of these thermal waste streams will be discussed in section 6.3 and section 6.4.
The last section will be regarding the case study of the Port of Rotterdam, how the results of this specific
study can be interpreted for this case and how the knowledge gained from this specific scenario can
also apply to other scenarios (section 6.5).

6.1. Electrolysis waste heat

A dynamic electrolyser model has been made in order to study the effects of unsteady state electrolyser
operation on waste heat production and eventually use those results to evaluate different applications
to reuse that waste heat. The reason for making such a relatively complicated model is not only because
the electrolyser in the evaluated case is operated dynamically (due to intermittent wind behaviour),
but also to understand and quantify how changes in operation parameters influence the waste heat
produced. In order to determine the validity of this model, standard parameters such as efficiency,
power consumption and start up time were compared with literature values. Although the model
values are acceptable compared to the references, there are still differences. It is not unexpected to
find differences with literature values, as this model has been designed to match an advanced design,
where a lot of references are from older electrolyser models. It would be expected that the model closely
matches values from Thyssenkrupp [62] and the ISPT rapport [45], because the model has mostly used
these as references for a large scale advanced alkaline electrolyser design. Although the hydrogen
production matches well with the reference, the specific power is a bit higher and the electrolyser stack
efficiency is off by almost 10%. There could be multiple explanations for this, such as the operating
conditions, which are not known exactly for the Thyssenkrupp electrolyser. Although the model has
been made to represent a 20 MW electrolyser, the actual nominal input power is 22.3 MW. This does
also result in a higher overpotential, thus lower efficiency. This is largely influenced by the polarisation
curve, which is discussed in more detail in a later paragraph.

After these standard parameters were compared, the model was run in steady state to function as a
reference for the dynamic operation. A detailed analysis of the energy flows in the system has been
made (Figure 6.1). To compare differences between steady state and dynamic operation, it is also
important to know to what extent the model is significant. In theory, the amount of excess energy is
dependent on the system efficiency as described in Equation 2.9. Comparing the steady state model
output with this showed a difference of 0.2%. This difference might be caused by many different factors
such as rounding errors or numerical deviations in the model. These can be caused by low accuracy
in for example enthalpy calculations, voltage calculations, hydrogen production or just not accurate
enough input data.

57
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Figure 6.1: Sankey diagram of steady state operation of the electrolyser model.

After steady state, the model was run in unsteady state. A decrease of 11.2% in fractional recovered
waste heat was observed compared to the steady state model. To understand where this difference is
coming from, multiple variation studies where done. First analysing the effect of the actual dynamic
behaviour (as a result of thermal inertia), showed that this actually has an insignificant effect on the
change in available waste heat.

There are multiple reasons why the dynamic behaviour of the electrolyser might not give a significant
result. The first reason might be the fact that the ramp up rate of the wind energy could be slower
than the ramp up rate of the electrolyser. In that case, the dynamics of the wind power would be the
limiting factor in contrary to the dynamics of the electrolyser. The electrolysis start up behaviour in the
modelled system has been dictated by the thermal behaviour of the system. While this did result in
realistic start up time, the actual working principle of this in reality are not always that case and also
determined by control systems and other processes (such as purging of pipes for gas delivery). Using
ramping up rates from literature might have yielded other results. Apart from the ramp up rates of the
electrolysis, ramp up rates of wind turbines have not been modelled. Furthermore, in this model the
power produced is modelled with a static model. The wind data used in this study was specifically
chosen because the measurements have a step size of 10 minutes, which should be small enough to
capture dynamic behaviour of regular alkaline electrolysers. Even though the start up time of the model
did have a start up time in a similar order of magnitude, results showed that even with much larger
start up times the dynamic behaviour did not play a significant role.

As discussed earlier in this section, polarisation curves have a major effect on the system efficiency,
performance and thus eventual waste heat output. A polarisation curve of a common present-day
electrolyser was compared with the advanced electrolyser polarisation curve from De Nora [61] (which
has been used for the base case model). The present-day polarisation curve showed a decrease of
8.5% in fractional waste heat production between steady state and unsteady state operation. The
smaller slope could be explained by the fact that the present-day polarisation curve changes less over
its operational range compared to the advanced polarisation curve (see Figure 6.2). An actual relation
between polarisation curve and waste heat decrease under dynamic load has not been determined yet
and might be valuable in further research.
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Figure 6.2: Stack efficiencies within operational load range.

Lastly multiple variations in wind power input and control scenarios have been studied, as in practice
these can vary a lot between electrolyser projects. The general trend can be observed that the more
wind power is connected, the smaller the differences between steady state and unsteady state operation
become. For changes in wind speed these values were between 9.1 and 11.2%. For changes in WPR
these changes were between 4.3 and 13.9%. Results from the different control scenarios showed that it
is clearly advantageous to operate multiple electrolysers in parallel rather than in series, because the
overall efficiency is higher without sacrificing on hydrogen production.

Stack degradation has not been taken into account in this model. When determining the amount of
waste heat over a long period of time, this is an important factor. However, as in this study the maximum
period of time analysed is not longer than a year, it was assumed not to be important. On top of that,
degradation only increases waste heat production because the efficiency drops. This would result in
more waste heat over the years, which would only be beneficial for the application discussed further.

To conclude this section, the knowledge gap aimed to be filled by this analysis was to quantify the
effect of dynamic electrolyser behaviour on waste heat production. Depending on the operational
characteristic of the electrolyser (power input, polarisation curve, control), there is certainly a significant
difference between fractional available waste heat in steady and unsteady state (4.3 to 13.9%). In this
case (power provided by wind energy), this decrease is mostly due to the operation on different loads
which changes the electrolyser efficiency and thus impacts the waste heat. Actual dynamic behaviour
(due to thermal effects) does not play a significant role. This implies that when modelling the waste
heat of electrolysis, the polarisation curve is very important to accurately represent.

6.2. Ammonia cold utilisation

No previous research has been done on the topic of ammonia cold utilisation. In order to research
this, first the quality of the cooling potential has been determined. This has been done in the context
of ammonia cracking, which occurs at elevated pressures of 30-50 bar. Because of this, the ammonia
does not evaporate at low temperatures and evaporative cooling is not an option. However, compressed
ammonia has still low temperatures, which can be used to cool down other substances down to almost
240 K (depending on heat exchanger approach temperature and design).

After that, a quantitative analysis has been made using a T-Q-diagram (Figure 6.3). This was done in
order to determine how much cooling can actually be delivered and what the effect of inserting heat
streams at different temperatures have on the ammonia cracking plant. The process inlet streams have
been modelled for a reference plant of a certain size (20.6 kt of ammonia/day), and the reaction in
the reactor and furnace have been modelled in ASPEN V12 in order to determine the output streams.
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Produced hydrogen and system efficiency have been compared to the reference plant for validity. The
model has an efficiency of 90.3% and the reference plant 89%. A reason for this difference might be the
fact that perfect separation and recuperation of gasses is an implicit assumption of the model. In reality
this is often not the case, resulting in lost hydrogen and thus a lower efficiency. Also the model assumes
that the air/fuel stochiometric combustion ratio is 1, while the reference plant has a much larger air to
fuel ratio. More air intake in the combustion process would result in a larger hot utility, making the
results from this model conservative. The modelled plant is still a very basic representation of the heat
streams in an ammonia cracking plant. It gives an approximate representation of how much of a certain
type of waste heat can be integrated an what the effect is on the plant, but to really understand the
behaviour a detailed complete plant model should be made (also to verify these results).
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Figure 6.3: T-Q diagram of ammonia cracking process with waste heat integration. Red line is the original hot stream. Blue line is
the cold stream. Green line is heat integration in 70-40°C zone, and cyan line is heat integration in 50-2 °C zone. A pinch
temperature of 5 K has been used.

Table 6.1: Amount of heat that can be integrated into the modelled ammonia cracking plant for the different studied temperature
ranges (with corresponding efficiency increase).

Temperature range [° C] | Heat integration [kW] | Ammonia cracking efficiency increase
40 to 70 90.3e+3 1.8%
2 to 50 80.3e+3 1.6%
23t0 70 100.2e+3 1.9%
-33 to -23 10.6e+3 0.2%

Table 6.1 shows the amount of heating that can be integrated in the modelled ammonia plant in different
temperature ranges. These temperature ranges originate from the different thermal stream reuse
applications. From Figure 6.3 it can be seen that there is a lot of room left for waste heat integration
above the evaporation temperature of the ammonia feed (66° C at 30 bar and 89° C at 50 bar). The high
evaporation temperature restricts the amount of waste heat that can be integrated in the process. The
reason for this restriction is that the ammonia is first pumped to a higher pressure, because pumping a
liquid requires much less energy than compressing a gas. It would be interesting to study if in terms of
total energy consumption, it would be beneficial to use gas compression if this allows much more low
grade waste heat to be integrated in the ammonia cracking process.

The efficiency increase assumes that a decrease in hot utility directly translates to an efficiency increase
(51.6 kW /%). In reality this might not necessarily be the case due to the complex operation of reactors
and furnaces, especially when retrofitting this waste heat integration instead of designing the plant
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with that in mind. This is also something that needs to be further investigated with a more complete
model. If the furnace cannot simply be adjusted to fit the decrease in hot utility, waste heat integration
is not possible unless extra cold stream is added (which can be above the pinch point). This could have
interesting applications in the field of heat upgrading. Heat could be added at a low temperature and
extracted at a higher temperature (illustrated in Figure 6.4). However, this would again depend on the
actual operation of a cracking plant which need further investigation. Based on this research alone, no
conclusion can be drawn in on that specific application.
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Figure 6.4: Illustration of how heat upgrading of waste heat integration could be implemented in an ammonia cracking plant.

For cold utilisation, using a temperature ranges of 2-50°C might not directly make sense. However, this
is when using water as an intermediate substance to transport the 'cooling potential’, which is further
discussed in section 6.4. For cold utilisation, cryogenic applications (more in the temperature range
of the ammonia storage at -33°C), might be more obvious. As also further discussed in section 6.4,
this would practically only be possible if the cracking plant is very near the location where this cold
utilisation is needed.

This analysis has been done in order to determine the cold utilisation potential, so that these results can
be used to test various applications (discussed in section 6.4). It has been shown how much of different
waste heat streams can be implemented. Doing this has also started the conversation on the effect of
integrating low temperature waste heat streams in the ammonia cracking process, which is another
interesting and novel application on itself. This is especially interesting in combination with water
electrolysis waste heat, which is further discussed in section 6.3.

6.3. Electrolysis waste heat applications

This section will evaluate the different applications that have been investigated in this thesis regarding
the reuse of electrolysis waste heat. First two district heating cases (for urban area and greenhouses) are
discussed. This has been done because of the practical and social relevance of the application. Then
integrating waste heat in the ammonia cracking process is discussed, a novel application which has
the potential to form an interesting synergy between hydrogen import and local production. In the
different electrolysis waste heat applications, the electrolysis plant waste heat has been modelled using
control scenario 2 and a WPR of 3 (see chapter 3).

6.3.1. Urban district heating
This case investigated the possibility to use the electrolysis waste heat (from 2GW nominal electrolysis
capacity), as a main heat source for a few urban areas in the neighbourhood of the port of Rotterdam.
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There is intermittent behaviour both at demand and supply side which need to be matched to provide
reliable heating throughout the year.

The data for the heat demand has been generated using a tool from TNO. As TNO is a well regarded
research institute, the data has been considered reliable, however they are not actual measurements.
Furthermore the heat demand data from only one specific year has been analysed (2019, which is the
standard year suggested by the tool). It might have been wiser to use another year in which it was
relatively cold. That way the analysis of this application has a higher probability of being able to meet
the demand at all times.

To do this analysis, multiple cases have been studied. First seasonal thermal storage capacity has been
calculated for cases with different pipeline sizes and waste heat input. After that the same cases where
studied but with pre determined daily and weekly thermal storage capacities. In these last cases, also
flexible heating capacity was needed and quantified. All these different cases resulted in a lot of different
options in which electrolysis waste heat can be matched to the urban heating demand. Although
seasonal storage has been listed as an option, in most realistic cases this can only be achieved using
ATES. Using ATES as a thermal storage has a lot of uncertainties. They cannot just be made everywhere
(very dependent on geography and type of soil), also environmental regulations need to be adhered to.
On top of that the losses are very unpredictable without further proper research. For these reasons,
daily storage has only be considered for further study. Assuming daily storage from this point onward,
multiple pipeline sizes have been compared. The amount of heat transported compared to maximum
capacity has been used as a criteria for which pipelines would be financially profitable (according to
manufacturer information [44]). From those the pipe with the highest electrolysis waste heat usage has
been chosen for a final engineering design consideration, resulting in Figure 6.5.
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Figure 6.5: Load duration curve of final proposed design of urban district heating. The peak flexible heating needed is 256 MW.

As mentioned before, there are a lot of different possibilities to match supply and demand. The final
engineering design presented in subsection 5.1.1 is merely an example based on pragmatic considerations.
In this case a larger pipe has been selected because more waste heat from the electrolysis process is
utilised. An actual techno-economic optimisation must be done to compare the different options well.
This is difficult when also taking the ATES into account as an option, because of the uncertainties
mentioned in the previous paragraph. Furthermore the daily and weekly storages have been designed
to hold 12h average demand capacity, this can also be further optimised. Although it has been shown
that doubling or halving the storage does not have a enormous effect on the amount of flexible heating
that is needed.

Buffer losses have not been taken into account. This has been done because for daily storage it is assumed
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that losses are fairly small due to short storage times [1]. If ATES would have been chosen as a storage
method, this would most likely have been more significant. As mentioned before one of the reasons
ATES was not further investigated in this study, is the difficulty in determining the losses.

Losses to the transport network have been calculated to result in a temperature drop of 10 K. Leaving
the hot stream outlet temperature at 67°C. One very crucial assumption here, is that this has been done
for a steady state distribution, while in reality this is not the case. The reason for this assumption was
that it was expected that the pipelines would be used at a high loading capacity. While the pipes in
the final proposed design are designed for high loading capacity, some losses will still occur. From a
modelling point of view, using a static model (as is done) would suffice, considering that the transient
response of heat exchangers and the pipeline are smaller than the used step size of 1 hour [19][96].

Assuming that a minimum of 60°C is needed, it was determined that no heat upgrading would be
needed in the system. This assumption has been based on safe tapwater requirements. While this
might be true for tapwater, it does not always hold true for space heating. Modern houses can be
heated with much lower temperatures than that, older houses sometimes need higher temperature
heating which is very case dependent. So heat upgrading might still be needed in specific cases, but
even in those cases district heating can create an advantage as less power is required to reach the
desired temperature, increasing energy efficiency and power requirements. Greenhouses generally
need temperatures between 60-70°C, which is in the right temperature range.

In conclusion, it can be observed that from a technical perspective there is certainly the possibility for
the waste heat from water electrolysis to function as a main heat source for supplying reliable heating to
an urban area. The proposed transport network is based on pragmatic choices for a realistic design. A
more detailed techno-economic study should be done for optimisation of this design.

6.3.2. Greenhouse district heating

Apart from the urban areas, greenhouse industry near the port of Rotterdam might also be an option
for the water electrolysis waste heat. The heat demand of the greenhouses has been based on a simple
heating demand curve and has been scaled with normalised heating degree days profiles [58]. This
method is far from ideal but gives an approximation in the right order of magnitude.

The analysis for this application has not been done as extensive as for the urban district heating
application. From the start it has been assumed that daily storage is the preferred option (based on the
results of the urban district heating application), especially considering that the heat demand of the
greenhouse industry is much larger than the chosen urban area. This is also supported by the fact that
seasonal storage alone would not be able to cover the entire heating demand.

Two cases have been compared for the greenhouse heating application. In one case the base load is
covered by geothermal energy, the other case completely depends on electrolysis waste heat. The
considerations to determine a realistic engineering design for the district heating network have been
the same as has been described in the previous subsection. Therefore the same discussion points and
considerations should be taken into account when evaluating these results. The presented design is
shown in Figure 6.6 and Figure 6.7.
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Figure 6.6: Load duration curve of district heating delivery in the case of greenhouse heating without geothermal energy for the
base load. The peak load of the flexible heating is 931 MW.
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Figure 6.7: Load duration curve of district heating delivery in the case of greenhouse heating with geothermal energy for the base
load. The peak flexible load is 681 MW.

6.3.3. Ammonia cracking integration

The last application of electrolysis waste heat that has been studied, is the integration in the ammonia
cracking process. PoR is envisioning a total ammonia cracking capacity that is 4.35x the capacity of the
modelled plant in chapter 4. Three cases have been considered, which resulted in Table 6.2.
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Table 6.2: Results of integrating electrolysis waste heat in ammonia cracking process. The total electrolysis waste heat reuse
shows how much waste heat from the 2GW electrolysis process is reused. The urban leftover heat is from the case where 400 MW
electrolysis capacity is used for providing urban waste heat. The greenhouse leftover heat is from the scenario with a geothermal

baseload.
Heat [GWh/year] | Total electrolysis | Cracking efficiency
waste heat reuse | increase
Urban leftover heat 2297
Used in cracking (with storage) 2297 100% 1.2%
Used in cracking (without storage) | 2251 98% 1.2%
Greenhouse leftover heat 1414
Used in cracking (with storage) 1414 100% 0.7%
Used in cracking (without storage) | 1400 99% 0.7%
Complete heat integration 2509
Used in cracking (with storage) 2470 98% 1.3%
Used in cracking (without storage) | 2386 95% 1.2%

From these results a few interesting observations are made. There is little difference between the use of
storage or not. In the case of integrating all of the leftover waste heat, the difference is 3% (98% heat use
with storage, 95% without). If efficiency gain can directly be translated to a hydrogen yield increase (less
fuel is needed, thus less hydrogen is burned), a gain of 63.3e+6 €/year/% could be achieved (assuming
LCOH = 5.51€/kg [22]).

As was already mentioned in the beginning of this discussion (section 6.2), further analysis on this topic
is needed. Not only to more accurately verify (or disprove) these results, but also to know if an increase
in efficiency does translate to increase in yield. Or for example the other case in which that would not
be possible, where upgrading waste heat might form an interesting research topic.

6.4. Ammonia cold utilisation applications

This section evaluates the different applications that have been studied in this thesis regarding cold
utilisation of ammonia storage (in the context of ammonia cracking). First the two novel applications of
utilising the ammonia for intercooling different gas compression processes is discussed. After that the
application of cold storage is discussed. This study assumed that after the different gas separation steps
after the cracking process consist of PSA and TSA, which do not operate at cryogenic temperatures.
That assumption has been made because the multiple studies reviewed on ammonia cracking all used
TSA and PSA. However a case could be made to use cryogenic gas separation, which could form an
interesting application for ammonia cold utilisation.

6.4.1. CO, compression

In order to evaluate the application of cold utilisation in CO, compression, two cases have been studied.
Compression from 35 to 130 bar and from 1 to 130 bar. These values have been chosen to match the
Porthos project which is relevant in the port of Rotterdam area. A prelimenary process design has been
made for these two processes based on a study on optimising different CO, compression cycles. Based
on this design it was determined that direct usage of ammonia for the cooling process would not be
economically competitive with standard ammonia refrigeration cycles if the cracking plant and CO,
compression are not next to each other (due to very high cost of transporting cold, pressurised and
toxic ammonia). Thus an alternative system was analysed, which uses water as an intermediate energy
carrier.

For the analysed system 131 kg/s of ammonia is needed, which provides 46.0e+3 kW of cooling. This
decreases the electrical energy by 12.1 and 29.7% for the 1-130 and 35-130 bar cases respectively. The
efficiency of the modelled ammonia cracking plant increases with 0.9% for the studied case (1-130 bar)
(although more can be accommodated, increasing the efficiency to a maximum of 1.6%).

These results seem to indicate that this application is promising. However, the results from this
application have only be compared to conventional CO, compression that uses ammonia refrigeration
heat pump for intercooling. Depending on the temperature to which the compressed gas is cooled



6.5. Case: Port of Rotterdam 66

down during the cooling step, other cooling methods might be cheaper. One such method might be
using ambient air or surface water. A more in depth study to compare ammonia cold utilisation with
other alternative cooling methods should be done. Especially considering that the economic analysis
done in this thesis has been on a very basic level. Although it might give insight in the specific order of
magnitude, to which a conclusion can be drawn that something is competitive or not, further analysis is
needed to determine more accurate costs.

6.4.2. H, compression

Analysis of the H, compression has been done with the same method of CO, compression. First a
compression design has been made to compress the hydrogen from 1.3 to 50 bar (according to expected
transport requirements). Again water is used as an intermediate energy carrier for the same reasons as
described with CO, compression.

It was found that an ammonia mass flow of 85.6 kg /s would be needed. Providing 38.9 kW of cooling.
This decreases the electrical energy by 6.6% and the efficiency of the modelled ammonia cracking plant
increases with 0.8% for this case (although more can be accommodated, increasing the efficiency to a
maximum of 1.9%).

For the hydrogen compression, the same discussion points regarding alternative intercooling methods
hold true as determined in the CO, compression discussion. It is probably even more relevant in this
case as the compressed hydrogen is not cooled down as much as the compressed CO,, making the case
stronger to used ambient water of air cooling as an alternative. Finally, there exist a lot of novel hydrogen
compression methods other than mechanical compression which has been discussed in this application.
Although mechanical compression is still the most widely used form to compress large volumes of
hydrogen, this can change as technology of alternative methods progresses (including non-mechanical
compression such as electrochemical and oinic compression).

6.4.3. Cold storage

The last application for cold utilisation that has been analysed is industrial cold storage. One issue
that arises in this application is that, in contrary to the previous cases, water cannot be used as an
intermediate energy carrier because the temperatures are below freezing point. Therefore in this case it
was assumed that the storage facilities and cracking processes are close to each other such that high
transport cost of cryogenic and high pressure ammonia does not form an issue. Further research should
determine if that could be a viable option for longer distances.

From a technical perspective, not all types of industrial cold storage are applicable for ammonia cold
utilisation. Some cold storage use temperatures below -33°C, which in the case of ammonia cracking
would not be possible. Assuming that the cold storages are in the correct temperature range, the results
from the evaluation showed that significant volumes of cold storage can be cooled by using ammonia
cold utilisation. Although this is based on a few empirical relations for a specific type of cold storage.
So for actual implementation it is very case dependent. Utilising the ammonia in this temperature range
(-33 to -23°C) increases the cracking efficiency with 0.2%.

Ammonia cold utilisation in the cryogenic temperature ranges are maybe not ideal in the context of
ammonia cracking, but may have more potential of ammonia can be utilised at lower pressures (thereby
decreasing the temperatures it can reach). Although this might probably still be expensive and have a
lot of safety issues.

6.5. Case: Port of Rotterdam

Based on all the analyses and evaluations of the different thermal waste streams and its applications, the
main question can finally be answered. Multiple relevant and novel applications have been investigated.
For the electrolysis waste heat, there are many different possibilities on how to implement the available
heating for district heating. The best design for implementation depends a lot on technical possibilities
(e.g. feasibility of ATES), and financial considerations for which more detailed further analysis should
be needed. However, a realistic design has been made based on pragmatic considerations.

The research on the ammonia cracking heat integration indicates that there is great potential for
implementation of waste heat from water electrolysis. The expected 90 ktyp3/day of ammonia cracking
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plant facility can almost accommodate all the waste heat from the expected 2GW of electrolysis capacity
directly (95%). Creating a very interesting synergy which benefits both the electrolysis and cracking
process. This is an especially promising application for electrolysis waste heat, as the temperature
demand is not as strict as for district heating. Also the low grade waste heat from electrolysis is still
higher grade than ambient heat, making it a useful addition from the ammonia cracking perspective.

Evaluation of the implementation on CO, and H, compression have shown that it is technically possible
and could yield an advantage. However, more research is needed to compare it with ambient temperature
solutions. Although cold storage cooling is also a viable option, it offers the smallest possible gain for
the ammonia cracking plant.

In the port of Rotterdam, the waste heat can both be used in district heating and integrated into ammonia
cracking. A combination of both can result in 100% reuse of the available waste heat. However, only
integrating it in ammonia cracking almost yields the same result with less additional infrastructure.
On top of that, combining thermal waste streams of ammonia cracking and water electrolysis creates a
synergy within the hydrogen industry in the port of Rotterdam area. Thereby increasing the efficiency
of the total energy use for the supply of hydrogen. Although cold utilisation from ammonia cracking
can be done, the practical implementation is more debatable.

Reflecting on the results of this specific case study, lessons can be learned for the general case. In
hydrogen valleys such as Northwestern Europe, where both hydrogen import and production will
work in tandem, it would be logical to combine the different processes as much as possible in order
to optimise the entire hydrogen chain. This thesis has demonstrated the possibilities of doing this in
the case of LT water electrolysis and ammonia cracking. Electrolysis waste heat can be integrated in
ammonia cracking, and cold utilisation can be used in hydrogen compression (or CO, compression as
an intermediate step to produce blue hydrogen in the transition to green hydrogen). More in-depth
research on the integration of low grade waste heat in ammonia cracking would be recommended.



/ Conclusion

In the introduction, the following main question was defined:

How should thermal waste streams from low temperature water electrolysis and ammonia cracking be used within
the port of Rotterdam area?

In order to answer this question, multiple sub-questions were defined. These sub-questions will be
re-stated and answered one by one in order to finally conclude the answer to the main question, which
is given at the very end of this chapter.

What are the different available thermal waste heat streams in water electrolysis and ammonia cracking?

With a literature review, the available thermal waste heat streams of low temperature water electrolysis
and ammonia cracking were identified. Although water electrolysis is electrochemically an endothermic
process, it is often operated above its thermoneutral voltage, which causes the process to generate waste
heat. Ammonia cracking is also an endothermic process, operating at high temperatures (generally >
500°C). Because of this as much heat as possible from flue and generated process gasses are reused
internally. Flue gas does leave the plant at >54°C, which is comparable to LT-water electrolysis, however
this is not reused due to the dew point nitric acid formation in those gasses. There is thus no "hot’
thermal waste streams that can be utilised from ammonia cracking. However, in the entire ammonia
cracking chain, ammonia needs to be heated up from its storage condition at -33°C. This creates the
potential for ammonia cracking cold utilisation, which is an unexplored research field.

Which possible applications for the reuse of the identified thermal waste heat streams should be analysed?

For electrolysis waste heat application, district heating and ammonia cracking integration have been
chosen. District heating is a very socially relevant application, having the challenge of providing reliable
heating with an intermittent source. The integration of electrolysis waste heat in the ammonia cracking
process is a novel application. Forming a synergy between hydrogen production and import, which
could aid in the energy transition with hydrogen as one of the important energy carriers.

For the ammonia cracking cold utilisation, industrial cooling is a relevant application in the port area.
In this case cold storage will be analysed Also utilising this cooling potential is evaluated for CO;
compression, which is also relevant in the port area. Lastly hydrogen compression is analysed. Which
again is not only relevant, but also forms a (second) synergy between water electrolysis and ammonia
cracking. All of these applications are novel in the field of ammonia cracking cold utilisation.

What quantity and quality of identified thermal waste heat streams can be recovered?

A dynamic model was made for the alkaline electrolysis (20MW nominal capacity). The results showed
that there is a big difference in generated waste heat between steady and unsteady operation (varying
between 4.3 and 13.9% depending on chosen operational conditions), this variation is mostly a result of
the system efficiency curve. The actual (thermal) dynamic part of the system has an insignificant effect
on waste heat production.

For the analysis of ammonia cracking cold utilisation, a steady state model has been made. The model is
based on an ammonia cracking plant with a capacity of 20.6 kt/day of ammonia input. It was calculated
that a maximum of 90.3 MW, 80.3 MW, 10.6 MW and 100.2 MW could be integrated in the 40-70°C,
2-50°C, -33 to -23°C and 23-70°C temperature ranges respectively (potentially increasing plant efficiency
with 1.8%, 1.6%, 0.2% and 1.9%). This analysis not only showcased the quantity and quality of cold
utilisation, but also the advantages of integrating these thermal streams in the ammonia cracking
process.
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How can the identified thermal waste streams be integrated to meet the demand of the chosen applications?

It has been shown that in the application of district heating (both in the urban and greenhouse cases),
there are multiple possibilities to integrate the available electrolysis waste heat to meet heating demands.
Based on an extensive evaluation, the final district heating infrastructure consists of a transport pipe,
two daily storages and flexible heating. Heat that is not utilised in district heating can be integrated in
the ammonia cracking process. If all the waste heat is directly fed to the ammonia cracking plant, 95%
of the waste heat can be utilised (potentially increasing ammonia cracking efficiency by 1.2%).

Analysis of ammonia cracking cold utilisation for CO, compression demonstrated that it is possible to
decrease electrical energy consumption used in the compression process with 12.1% for compression
from 1-130 bar and 29.7% for 35-130 bar. For the specified case of 1-130 bar, this would potentially
increase ammonia cracking efficiency by 0.9% (although more can be accommodated, increasing it to a
maximum of 1.6%). In H, compression the electrical energy consumption is decreased by 6.6%, which
in the studied case potentially increases ammonia cracking efficiency by 0.8% (although more can be
accommodated, increasing it to a maximum of 1.9%). For industrial cold storage, water cannot be used
as an intermediate energy carrier, as sub-zero temperatures are required. In the case that no transport is
required, the cold utilisation can cool a significant volume (330202 m?) of cold storage at a temperature
of -18°C. This utilises 10.6 MW, only potentially increasing ammonia cracking efficiency by 0.2%.

What lessons can be learned from this specific case study and how can they be useful for other cases?

The results from this thesis have demonstrated that cold utilisation is technically feasible in the studied
cases. However, further investigation is needed to determine the practical feasibility. Furthermore, it
would be possible to use intermittent electrolysis waste heat to provide district heating. The extent to
which the electrolysis waste heat provides reliable heating is dependent on the infrastructure. Lastly,
this thesis has demonstrated that synergies can be formed between LT water electrolysis and ammonia
cracking, which can be used to optimise the entire hydrogen value chain. Electrolysis waste heat
can be integrated in ammonia cracking, and cold utilisation has the potential to be used in hydrogen
compression. Further research is needed to understand the exact consequence of (intermittent) heat
integration on the ammonia cracking process.

Final conclusion main question

From the different considered applications, the largest amount of electrolysis waste heat that can be
reused in a single application is with integration in the ammonia cracking process. Not only can
almost all the heat be directly integrated, it also creates a synergy within the hydrogen industry. This
application has distinct advantages compared to other applications studied in this thesis, making it a
preferred option. After that, it has been demonstrated that electrolysis waste heat can be used to provide
reliable heating for a district heating network. This application is highly socially relevant, but might be
a more complex option to integrate all of the waste heat. Ammonia cracking cold utilisation concluded
that from a technical perspective multiple use cases are possible, however the practical feasibility must
be further investigated.

This study has started to explore the potential of cold utilisation and i.e. the integration of low
temperature waste heat in the ammonia cracking process. The surface of this topic has been scratched
and shows results that indicate the potential it has and the need for more detailed research in this field.



8 Recommendations

Further research on ammonia heat integration/cold utilisation

It has been demonstrated that there is potential for not only ammonia cracking cold utilisation, but most
importantly: potentially improved ammonia cracking efficiency as a result of (low grade) waste heat
integration. This has been done by using a very simple thermal representation of the cracking process.
In order to validate these results and better understand the effects of integrating waste heat streams at
different temperatures, a more elaborate model should be made. For example it is unclear if the control
of an ammonia cracker can accommodate a fluctuating load. Would waste heat integration result in less
fuel needed, or not? And would that mean that an ammonia cracker function as a upgrading step for
low grade waste heat?

On top of that a more detailed study could also investigate the optimisation of the cracking conditions
while considering waste heat input. Now ammonia is first pumped to a higher pressure, however more
low grade waste heat can be integrated if this pumping step is done at a lower pressure. Although some
gas compression might then be needed, an optimum between the two should be found. This might even
open up a larger potential for cold utilisation.

In terms of cold utilisation, more research could be done in applications that actually need more
cryogenic temperatures. For example internally in separation processes of the ammonia cracking plant.
But it could also be interesting to research ammonia storage or transport cold utilisation outside of
the “cracking’ context. This could open up possibilities to use the substance at lower pressures, thus
reaching lower temperatures as well.

For the application of cold utilisation for gas compression, results where promising. It was concluded
that water as an intermediate energy carrier would be preferred. This raises the question of how this
compares (economically) to ambient temperature solutions (especially for hydrogen compression),
which would be interesting for further research.

Focus on other H, production and import technologies

This thesis has focused on mostly alkaline electrolysis for hydrogen production and thermal ammonia
decomposition for hydrogen import. However, there are many different technologies available for
producing and importing hydrogen. Solid-oxide electrolysis is a slowly growing electrolysis technology
which operates at high temperature (few hundreds of degrees Celsius). This could have very interesting
application both as a heat source as a heat sink in industrial applications such as in steel production
or other hard to electrify industries. Also research is being done on other ammonia decomposition
technologies, such as thermo-electrochemical decomposition. And that is all assuming that ammonia is
the preferred hydrogen carrier for long distance transport. Other storage methods such as liquefied
hydrogen and methanol could become more important energy carriers. This study has focused on
common, more developed technologies. For future applications the recovery and use of thermal streams
from these more novel technologies might be very useful.

Focus not only on (urban) district heating but also cooling

In this study district heating with electrolysis waste heat has been researched. Due to rising global
temperatures, cooling demand is growing. The idea of 5GDHC is also increasing as a way to supply
heating and cooling demands. More research would therefore be useful on the topic of providing
cooling demand as well. An example would be to use leftover waste heat in summer (which is very
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abundant) and use it in absorption refrigeration cycles. The combination with ammonia cracking cold
utilisation would also be promising research topic.

Other waste heat applications
Lastly, this study evaluated a few applications. There are however many more applications for the reuse
of the researched thermal waste streams.

Although it was mentioned in the literature review that multiple studies concluded that reusing waste
heat for water purification is not the preferred method compared to reverse osmosis for example, it
might still stay a relevant research topic. Improvements in thermal desalination technologies increases
the feasibility, especially considering that internally reusing the waste heat might have the advantage
over transporting it elsewhere.
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A Models

T-Q model ammonia cracking python code

The code below is the python code that has been used to generate the composite curves. The reactions
have been performed using an RGIBBS reactor at the specified conditions (600° C, 30 bar for reactor and
800° C, 1 bar for furnace).

# -*- coding: utf-8 -*-

nun

Created on Thu Aug 1 19:58:19 2024

@author: Max

# -*- coding: utf-8 -*-

Created on Wed Jul 17 09:53:24 2024

@author: Max

nun

import matplotlib.pyplot as plt
import numpy as np
from CoolProp.CoolProp import PropsSI

#%% ammonia in

flow_nh3 = 238 #kg/s

Begin_state = [101325%30, 240] #[P [Pa]l,T [K]]

End_state = [101325%30, 873] #[P [Pal,T [K]]

H_begin = PropsSI('H’,’P’,Begin_state[0],’T’,Begin_state[l],’Ammonia’); print(H_begin, ’'J/kg’
H_ené = PropsSI(’H’,’P’,End_state[0], T’ ,End_state[1], Ammonia’); print(H_end, ’'J/kg’)

#T = PropsSI(C’T’,’P’,101325, ’H’ ,H_V, Ammonia’); print(T, ’'K’)

stepsl = range(Begin_state[1l], End_state[1l], 1)

#steps2 = np.arange(Begin_state[0], End_state[0®], (End_state[0®] - Begin_state[0])/(End_state

[1] - Begin_state[1]))

H_steps = []
T_steps = []
P_steps = []

for x in stepsl:
T = x

T_steps = np.append(T_steps,T)
H = H_end = PropsSI(’H’,’P’,End_state[0],’T’,T,’Ammonia’)

H_steps = np.append(H_steps, H)
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H_total_NH3_cold = H_steps*flow_nh3/1000

# plt.figure(1l)

# plt.rcParams.update({’ font.size’: 20})

# plt.title(’Enthalpy vs temperature’)

# plt.xlabel (’Enthalpy [kW]’)

# plt.ylabel (’Temperature [K]’)

#plt.plot(H_total_NH3_cold, T_steps, label = 'P cold stream’)

#%% Cracked gas
NH3_flow = 6.759 #kg/s

H2_flow = 41.06

N2_flow = 190.4

Mol_NH3 0.58 #kmol

Mol_N2 = 6.67 #kmol

Mol_H2 = 11.85 #kmol

Total_mol_cracked = 30.37 #kmol
gas_frac_NH3 = Mol_NH3/Total_mol_cracked

gas_frac_N2 = Mol_N2/Total_mol_cracked

gas_frac_H2 = Mol_H2/Total_mol_cracked
Begin_state = [101325%30, 303] #[P [Pal,T [K]]
End_state = [101325%30, 873] #[P [Pa],T [K]]

H_begin_NH3 = PropsSI(’H’,’P’,Begin_state[0]*gas_frac_NH3,’'T’,Begin_state[1l], Ammonia’);
H_end_NH3 = PropsSI('H’,’P’,End_state[0®]*gas_frac_NH3,’'T’,End_state[l],’Ammonia’);

H_begin_N2 = PropsSI(’H’,’P’,Begin_state[0]*gas_frac_N2,’T’,Begin_state[l],’Nitrogen’);
H_end_N2 = PropsSI(’H’,’P’,End_state[0]*gas_frac_N2,’T’,End_state[l],’Nitrogen’);

H_begin_N2 = PropsSI(’H’,’P’,Begin_state[0]*gas_frac_H2,’'T’,Begin_state[l],’Orthohydrogen’);
H_end_N2 = PropsSI('H’,’P’,End_state[0]*gas_frac_H2,’T’,End_state[l], Orthohydrogen’);

#T = PropsSI(C’T’,’P’,101325,’H’ ,H_V, ’Ammonia’); print(T, ’'K’)

stepsl = range(Begin_state[1l], End_state[1l], 1)

#steps2 = np.arange(Begin_state[0], End_state[0], (End_state[0®] - Begin_state[0])/(End_state

[1] - Begin_state[1]))

H_steps_N2 = T[]
H_steps_NH3 = []
H_steps_H2 = []
T_steps = []
P_steps = []

for x in stepsl:
T = x

T_steps = np.append(T_steps,T)

H_N2 = PropsSI('H’,’P’,End_state[®]*gas_frac_N2,’T’,T,’ Nitrogen’)
H_steps_N2 = np.append(H_steps_N2, H_N2)

H_NH3 = PropsSI(’H’,’P’,End_state[0]*gas_frac_NH3,’'T’,T,’ Ammonia’)

H_steps_NH3 = np.append(H_steps_NH3, H_NH3)
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H_H2 = PropsSI('H’,’P’,End_state[0]*gas_frac_H2,’T’,T,’ Orthohydrogen’)
H_steps_H2 = np.append(H_steps_H2, H_H2)

H_steps_N2 = H_steps_N2*N2_flow/1000

H_steps_H2 = H_steps_H2*H2_flow/1000

H_steps_NH3 = H_steps_NH3*NH3_flow/1000

H_total_cracked = H_steps_N2 + H_steps_H2 + H_steps_NH3

#zeros_frontl = np.ones(63)*H_total_cracked[0]

#H_total_cracked = np.append(zeros_frontl, H_total_cracked, axis=None)

#plt.plot(H_total_cracked, T_steps, label = ’P hot stream’)
#%% Fuel in

NH3_flow = 6.759 #kg/s

H2_flow = 7.321 #kg/s

02_flow = NH3_flow*1.41 + H2_flow*8

N2_flow = 02_flow*3.26

Total_fuel_mass = NH3_flow + H2_flow + 02_flow + N2_flow
print(Total_fuel_mass)

LHV_H2 = 1.2317%10**5 #kj/kg
LHV_NH3 = 18620 #kJ/kg

Burn_energy = NH3_flow*LHV_NH3 + H2_flow * LHV_H2
Begin_state = [101325*1, 293] #[P [Pa],T [K]]
End_state = [101325*1, 1073] #[P [Pa],T [K]]

H_begin_NH3 = PropsSI('H’,’P’,Begin_state[0],’'T’,Begin_state[1], Ammonia’);
H_end_NH3 = PropsSI(’H’,’P’,End_state[0], T’,End_state[1l], Ammonia’);

H_begin_N2 = PropsSI(’H’,’P’,Begin_state[0],’'T’,Begin_state[l], Nitrogen’);
H_end_N2 = PropsSI('H’,’P’ ,End_state[0],’T’,End_state[1l],’Nitrogen’);

H_begin_N2 = PropsSI(’H’,’P’,Begin_state[0], T’ ,Begin_state[1l], Orthohydrogen’);
H_end_N2 = PropsSI('H’,’P’,End_state[0],’T’,End_state[1l], ’Orthohydrogen’);

H_begin_02 = PropsSI(’H’,’P’,Begin_state[0], T’,Begin_state[1l], Oxygen’);
H_end_02 = PropsSI(’H’,’P’,End_state[0],’T’,End_state[1], Oxygen’);

#T = PropsSI(C’T’,’P’,101325, ’H’ ,H_V, ’Ammonia’); print(T, ’'K’)

stepsl = range(Begin_state[1l], End_state[1l], 1)

#steps2 = np.arange(Begin_state[0], End_state[0], (End_state[0®] - Begin_state[0])/(End_state

[1] - Begin_state[1]))

H_steps_N2 = []
H_steps_NH3 = []
H_steps_H2 []1
H_steps_02 = []
T_steps = []
P_steps = []

for x in stepsl:
T = x
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T_steps = np.append(T_steps,T)
H_N2 = PropsSI(’'H’,’P’,End_state[0],’T’,T,’ Nitrogen’)
H_steps_N2 = np.append(H_steps_N2, H_N2)
H_NH3 = PropsSI(’H’,’P’ ,End_state[0],’'T’,T,’ Ammonia’)
H_steps_NH3 = np.append(H_steps_NH3, H_NH3)
H_H2 = PropsSI(’'H’,’P’,End_state[0],’T’,T, Orthohydrogen’)
H_steps_H2 = np.append(H_steps_H2, H_H2)
H_02 = PropsSI(’'H’,’P’,End_state[0],’T’,T, Oxygen’)
H_steps_02 = np.append(H_steps_02, H_02)

H_steps_N2 = H_steps_N2*N2_flow/1000

H_steps_H2 = H_steps_H2*H2_flow/1000

H_steps_NH3 = H_steps_NH3*NH3_flow/1000

H_steps_02 = H_steps_02*02_flow/1000

H_total_fuel = H_steps_N2 + H_steps_H2 + H_steps_NH3 + H_steps_02

zeros_front = np.ones(53)*H_total_fuel[0]
zeros_end = np.ones(200)*H_total_NH3_cold[-1]

H_total_fuel = np.append(zeros_front, H_total_fuel, axis=None)
H_total_NH3_cold = np.append(H_total_NH3_cold, zeros_end, axis=None)

Total_cold_Q = H_total_fuel + H_total_NH3_cold

T_steps = np.append(np.arange (240, 293, 1), T_steps, axis=None)
#plt.plot(Total_cold_Q, T_steps, label = ’Total cold stream’)
#%% fuel out

N2_flow = 02_flow*3.26 + NH3_flow*0.82

H20_flow = NH3_flow*1.59 + H2_flow*9

Total_fuel_out_mass = H20_flow + N2_flow

print(Total_fuel_out_mass)
print (N2_flow)

H20_mol = H20_flow/18

N2_mol = N2_flow/28

Mol_frac_H20 = H20_mol/(N2_mol+H20_mol)
Begin_state = [101325%1, 353] #[P [Pa],T [K]]
End_state = [101325*1, 1073] #[P [Pa],T [K]]

H_begin_H20 = PropsSI('H’,’P’,Begin_state[0]*Mol_frac_H20,’'T’,Begin_state[l], Water’);
H_end_H20 = PropsSI(’H’,’P’,End_state[0]*Mol_frac_H20,’T’,End_state[l], Water’);

H_begin_N2 = PropsSI(’H’,’P’,Begin_state[0]*(1-Mol_frac_H20),’'T’,Begin_state[l], Nitrogen’);
H_end_N2 = PropsSI(C’H’,’P’,End_state[0]*(1-Mol_frac_H20),’T’,End_state[1l], Nitrogen’);
#T = PropsSI(C’T’,’P’,101325, ’H’ ,H_V, Ammonia’); print(T, ’'K’)

stepsl = range(Begin_state[1l], End_state[1l], 1)
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#steps2 = np.arange(Begin_state[0], End_state[0®], (End_state[0®] - Begin_state[0])/(End_state

[1] - Begin_state[1]))

H_steps_N2 = []
H_steps_H20 = []
T_steps = []
P_steps = []

for x in stepsl:
T =x

T_steps = np.append(T_steps,T)

H_N2 = PropsSI(’'H’,’P’,End_state[0]*(1-Mol_frac_H20),’'T’,T,’ Nitrogen’)

H_steps_N2 = np.append(H_steps_N2, H_N2)
H_H20 = PropsSI(’H’,’P’,End_state[0]*Mol_frac_H20,’T’,T, Water’)
H_steps_H20 = np.append(H_steps_H20, H_H20)

H_steps_N2 = H_steps_N2*N2_flow/1000

H_steps_H20 = H_steps_H20*H20_flow/1000

H_fuel_out = H_steps_N2 + H_steps_H20

zeros_front = np.ones(50)*H_fuel_out[0]
zeros_end = np.ones(200)*H_total_cracked[-1]

H_fuel_out = np.append(zeros_front, H_fuel_out, axis=None)
H_total_NH3_hot = np.append(H_total_cracked, zeros_end, axis=None)

Total_hot_Q = H_fuel_out + H_total_NH3_hot
T_steps_cold = np.append(np.arange (240, 353, 1), T_steps, axis=None)

T_steps_hot = np.append(np.arange(303, 353, 1), T_steps, axis=None)

#%% doing the pinch

difference_bottom = Total_hot_Q[0] - Total_cold_Q[0]
Total_hot_Q = Total_hot_Q - difference_bottom
#plt.plot(Total_hot_Q, T_steps, label = 'Total hot stream’)
Total_hot_Q = Total_hot_Q - Total_hot_Q[0]

Total_cold_Q = Total_cold_Q - Total_cold_Q[0]

DT = []

for i in range(len(Total_hot_Q)):
x = Total_hot_Q[i]

y = np.abs(Total_cold_Q - x)
closest_index = y.argmin()
DT_new = i - closest_index

DT = np.append(DT, DT_new)

T_pinch = 5

pinch = np.abs(DT - T_pinch)
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closest = pinch.argmin()

shift = Total_hot_Q[closest]

shift2 = Total_cold_Q[closest]

shift3 = Total_hot_Q[T_pinch] - Total_cold_Q[0]
#Total_cold_Q = Total_cold_Q +shift3

Heat_utility = Total_cold_Q[-1] - Total_hot_Q[-1]
H_react_NH3 = 3111.4 #kJ/kg

reaction_energy = flow_nh3*H_react_NH3
Total_requirement = reaction_energy+Heat_utility
Discrepance_energy = Total_requirement - Burn_energy
print(’Total_energy.required.=.", Total_requirement)
print ("Heat_ utility.=.", Heat_utility)
print(’Discrepancy.energy.=.’, Discrepance_energy)
T_steps_hot = T_steps_hot - T_pinch/2

T_steps_cold = T_steps_cold + T_pinch/2

plt. figure(2)

plt.rcParams.update({’ font.size’: 20})
plt.title(’T-Qudiagram. ammonia.cracking.+.waste_heat’)
plt.xlabel (’Q.[kW]’)

plt.ylabel (’ Temperature, [K]’)

plt.plot(Total_hot_Q, T_steps_hot,’r-’, label = ’'Hot.streams’)
plt.plot(Total_cold_Q, T_steps_cold,’b-’, label = ’Cold.streams’)
plt.legend )

#%% inserting extra hot en cold utilities
water_heating = 720 #kg/s

water_cooling = 510#kg/s

Cp = 4.18 #kJ/kg/K

Water_hot_util = np.arange(®, 30, 1)*Cp*water_heating

Water_cold_util = np.arange(®, 47, 1)*Cp*water_cooling

front = np.ones(10)*Water_hot_util[0]
back = np.ones(730)*Water_hot_util[-1]

front2 = np.ones(7)*Total_hot_Q[0]
back2 = np.ones(730)*Water_cold_util[-1]

Water_hot_util = np.append(front, Water_hot_util, axis=None)
Water_hot_util = np.append(Water_hot_util, back, axis=None)

#Water_cold_util = np.append(front2, Water_cold_util, axis=None)
Water_cold_util = np.append(Water_cold_util, back2, axis=None)

T_steps_water = np.append(np.arange (296, 353, 1), T_steps, axis=None)
print(len(T_steps_water))

Total_water_hot = Total_hot_Q + Water_hot_util
Total_water_cold = np.append(front2,Total_hot_Q, axis=None) + Water_cold_util

plt.plot(Total_water_hot, T_steps_hot,’g-’, label = ’Hot_.+.waste_heat.(70-40C)")
plt.plot(Total_water_cold, T_steps_water,’c-’, label = ’Hot.+.waste_heat.(50-2C)’)

plt.legend ()
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Cp_ammonia

= PropsSI(’C’,’P’ ,End_state[0],’'T’,240, Ammonia’)/1000

Ammonia_cold_util =

back =

np.ones (803) *Ammonia_cold_util[-1]

Ammonia_cold_util =

flow_nh3*Cp_ammonia*np.arange(®, 30

np.append (Ammonia_cold_util,

back,

Total_hot_Q = Total_hot_Q + Ammonia_cold_util

#plt.plot(Total_hot_Q,

T_steps,’b-’",

Electrolyser model Matlab

ind data inpat

label =

’ammonia’)

Wing speod

D)

axis=None)

Cel tomparanre (K]

Wind power (<] custom rgee [y

Wind power input

Figure A.1: Complete matlab model, devided in mainly wind input part and electrolyser part
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Figure A.3: Overview of entire electrolysis model.
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Figure A.4: Input parameters electrolysis model
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Faradaic model - Gathode (H2 side)
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Figure A.5: Faradaic model
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B Application extra info

Equations for levelised costs

Eventually the integration of thermal waste streams will not only be compared from an energetic
perspective, but also economically. In order to do that, the levelised costs of heat integrated systems
will be compared to conventional systems. This will be done by determining the levelised cost of these
systems. LC is the total levelised cost, and LC; is the levelised cost of a separate component. OM is the
operational maintenance and Elec electricity costs. In Equation B.3 r (=5% [90]) is the discount rate and
L is the amount of years in usage.

N
LCrotal = ) | LCi (B.1)
i

LC; = a+ CAPEX + OM; + Elec (B.2)

r
a = m (B3)
Cost calculations district heating

This section presents the cost calculations done for the district heating applications. Values of different
components are presented in Table B.1 and Table ??.

Pumping cost water:

The pumping energy of the transport pipelines have been determined by using Equation B.4 and
Equation B.5 [90]. The total pressure drop has been determined by the heat exchanger pressure drop
(Apnx), which is assumed 200kPa per heat exchanger (2 exchangers in total) and adding the pipeline
pressure drop (Apgistance = 80 Pa/m [44]). The pump efficiency is 60% [90]. Ppymp in kW and Qpump in
m?/s. For all the cost calculations, an electricity price of 0.14 €/kWh has been used [31].

Q

Ppump = APpump * —— (B.4)
Mpump

Appump = ApHx + Apdistance * Lpipe (B.5)

For the DN450 transport pipe (used in the urban situation), the maximum capacity of 360 kg /s multiplied
by use fraction of 86% results in Q = 309.6 kg/s = 0.3096 m>/s. Resulting in a Ppy,p of 1337 kW.

For the DN800 transport pipe (used in the greenhouse situation), the maximum capacity of 1720 kg/s
multiplied by the use fraction of 87% results in Q = 1496.4 kg /s = 1.4964 m3/s. Resulting in a Py of
5347 kW

90
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Table B.1: Cost and capacity information of different thermal storage methods [9] [5]. Lifetime = 30 years, OM = 2% CAPEX.

Storage type | Temperature Heat capacity | Storage capacity efficiency | Cost
range °C [KkWh/t] [€/kWh]
ATES 15-90 10-50 50 000 - 2 500 000 m® | 20-90
1.74 - 87.1 GWh
Water tank | 15-90 10-50 1000 - 130 000 m3 50-90 0.1-10
0.035 - 4.53 GWh
PCM -5-100 (paraffin) | 50-150 74-90 10-50
Chemical 200-400 120-250 75-100 8-100

Table B.2: Cost values of different components. Values have been sourced from [44] [90] and from experts within PoR. HX
pumping has been taken into account in pipeline costs.

Component | CAPEX OM Elec Lifetime
DN400 302 €/m 2% CAPEX | 556 kW | 40 years
DN450 360€/m | 2% CAPEX | 1337 kW | 40 years
DNS800 1205€/m | 2% CAPEX | 5347 kW | 40 years
HX 1500VPHE | 3% CAPEX | - 20 years

Cost urban:

In this scenario, 400MW of nominal electrolysis capacity is used. Resulting in a total of 1.805e+15 J of
waste heat per year, from which 71.81% is utilised in the transport pipeline for district heating (=360e+6
kWh) and 41.13 % reaches the end user (=206e+6 kWh). By filling in the previously described equations
and tabled values, this results in the following LC; values for the urban application district heating
design from chapter 5. For the storage, an average cost of 5 €/kWh and lifetime of 30 years has been
used.

Table B.3: Example design urban district heating. For LC; and LCOE calculation.

part size capacity LC; €/year
Pipeline 27.4 Km DN450 2409 089
Storage 1 44785m3 | 1.56 GWh 663 401
Storage 2 16259 m3 | 0.57 GWh 242 397
Flexible heating 77.2 GWh (400MW) | -

Flexible heating 70.28 GWh 2GW) -

HX 2x 41 101 kW 608 203
Total LCOE 19 €/MWh

Cost Greenhouses (with geothermal energy):

In this scenario, 2GW of nominal electrolysis capacity is used. Resulting in a total of 9.03e+15 ] of waste
heat per year, from which 66.12% is utilised in the transport pipeline for district heating (=1660e+6 kWh)
and 43.96% reaches the end user (=1104e+6 kWh). By filling in the previously described equations and
tabled values, this results in the following LC; values for the greenhouse application district heating
design from chapter 5. For the storage, an average cost of 5 €/kWh and lifetime of 30 years has been
used.
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Table B.4: Example design greenhouse district heating with geothermal energy for base load. Corresponding to Figure 5.15.

part size capacity LC; [€/year]
Pipeline 21.8 Km DN&800 8 606 543
Storage 1 275597 m3 | 9.6 GWh 4 082 466
Storage 2 74641 m3 | 2.60 GWh 1105 668
Flexible heating 1177 GWh -

HX 2x 286 339 kW | 1605 320
Total LCOE (at end user) 14.0 €/ MWh

Cost Greenhouses (without geothermal energy):

In this scenario, 2GW of nominal electrolysis capacity is used. Resulting in a total of 9.03e+15 J of waste
heat per year, from which 66.12% is utilised in the transport pipeline for district heating (=1660e+6
kWh) and the same reaches the end user. By filling in the previously described equations and tabled
values, this results in the following LC; values for the greenhouse application district heating design
from chapter 5. For the storage, an average cost of 5 €/kWh and lifetime of 30 years has been used.

Table B.5: Example design greenhouse district heating without geothermal energy for base load. Corresponding to Figure 5.14.

part size capacity LC; [€/year]
Pipeline 21.8 Km DNB800 8 606 543
Storage 1 275597 m3 | 9.6 GWh 4 082 466
Storage 2 74641 m3 | 2.60 GWh 1105 668
Flexible heating 2653 GWh -

HX 2x 286 339 kW | 1605 320
Total LCOE (at end user) 9.3 €/MWh

Note that for all the district heating applications, flexible heating cost has not been taken into account.
Although this does have a significant effect on the levelised cost, it is also very dependent on the type of
flexible heating that is used. Which is the reason it has been left out of the equation, and should be
evaluated on a per case basis.

As a reference, the gas prices in the Netherlands are about 100 €/MWh at the time of writing this study
[29].

Cost calculations CO, compression

This section presents the cost calculations done for the CO, compression. Table B.6 shows costs of
different components. The heat exchanger costs have been determined with the same calculation as in
the district heating case (including pressure drop calculation).

Table B.6: Cost values of different components in the CO» cooling system. Ammonia compression refrigeration values from[43],
heat exchanger values from [90], and the ammonia pipeline values from [31]. A fixed electricity price of 0.14€/kwh has been
assumed [31]. Pumping energy from the heat exchanger has been assumed to be integrated in the pipeline pumping energy.

Component CAPEX OM Elec Lifetime
Ammonia refrigerator | 0.405€/kWhcooiing | 4% CAPEX | 0.049 €/kWh ooring 15 years
Ammonia pipeline 108 €/kWhooting 3% CAPEX | 1.16e-4 €/kWhco1ing | 40 years
HX case 35-130 70000 € 3% CAPEX | - 20 years
HX case 1-130 90000 € 3% CAPEX | - 20 years

Direct ammonia cooling case:
The cold utilisation discussed in this section will be compared to the conventional ammonia compression
refrigeration cycle. The only component needed in this case the ammonia refrigerator. For the cold
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utilisation of ammonia storage, transport pipelines and a heat exchanger are needed. For the pipelines,
a length of 10km will be assumed (considering the total size of the port). The total cooling capacity in
this calculation is 20.0e+7 kWh in the 35-130 bar case and 40.3e+7 kWh in the 1-130 bar case.

Table B.7: Final cost estimates for different components of CO; cooling system.

Case: 35-130 bar LC;

Ammonia refrigerator 20.8e+6 €/year
Transport pipe ammonia | 1900e+6 €/year
HX’s 24 986 €/year
Case: 1-130 bar

Ammonia refrigerator 41.9e+6 €/year
Transport pipe 3829e+6 €/ year
HX’s 35390 €/year

From Table B.7 it can be seen that an ammonia transport pipeline would be much too expensive.
Although the cost of the ammonia pipeline may seem unrealistically high, the order of magnitude
difference in cost is reflected in the CAPEX of Table B.6.

Water as intermediate carrier case:

For the pipeline, the DN400 pipe from Table ?? has been used. The electricity costs have been based on
a 10 km pipeline with 2 heat exchangers. A water massflow of 229.5 kg /s is needed, which is 83% of the
nominal capacity of the pipe for the 1-130 case. The 35-130 bar case uses 50% less water flow.

Table B.8: Final cost estimates for cold utilisation in CO, compression by using water as intermediate energy carrier

Case: 35-130 bar LC;

Ammonia refrigerator 20.8e+6 €/year
Transport pipe water (DN400) | 515 130 €/year
HX’s 2x 24 986 €/year
Case: 1-130 bar

Ammonia refrigerator 41.9e+6 €/year
Transport pipe water (DN400) | 801 519e+6 €/year
HX’s 2x 35 390 €/year

From these calculations, although rudimentary, that there is a clear difference between direct cooling
with ammonia and using water as intermediate energy carrier.
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Data p-h plots gas compression

Temperature | Pressure| Density | Enthalpy| Entropy
(K) (MPa) | (kg/m?) | (kJfka) [(kdikgK)
1 296,00 35000 | 78,028 | 467.47 | 19732
2 334,37 55930 [ 112,74 | 458959 | 1.9732
3 337.20 5,5930 | 110,70 | 493,35 | 1,9844
4 296.00 56930 | 162,31 | 428.37 | 1.7763
5 326.89 8,3900 [ 21981 | 44307 | 1.7783
b 330,03 8,3900 [ 216,30 | 44566 | 1,7862
7 283.00 8,3900 | 907,71 | 219.23 | 1,0499
8 286.98 13,000 | 92249 | 22426 | 1,0499
9 287,32 13,000 [ 92013 | 22525 | 1.0634
10
Figure B.1: Data p-h plot CO, compression 35-130 bar case.
Temperature | Pressure| Density | Enthalpy| Entropy
(K) (MPa) | (ka/m?) [ (kd/ka) |(kdkgK)
1 296,00 010000 | 1,7851 | 505,73 | 27389
2 400,06 0,39600 | 53041 | 59583 | 27389
3 416,70 0,39800 | 50871 | 611,73 | 27778
4 298.00 0,39800 | 7.2141 | 50292 | 24713
5 347,42 0,79600 | 12,425 | 54418 | 24713
b 355,26 079600 | 12,129 | 551.46 | 2,43920
7 298.00 079600 | 14,739 | 49904 | 23312
8 348.30 158920 | 25415 | 53942 | 23312
9 355,68 15920 | 24,796 | 546,55 | 23514
10 296,00 1,5920 | 30,6872 | 490,82 [ 21805
11 346,72 3,0670 | 51,623 | 526,93 | 21805
12 352.82 30670 | 50,390 | 533,30 | 21987
13 296.00 30670 | 65666 | 47348 | 20142
14 339,97 52570 | 100,58 | 500,25 | 20142
15 343,75 52570 | 98,459 | 50497 | 20280
16 298.00 52570 | 14375 | 436,69 | 1.8136
17 330,39 27,9910 | 197,55 | 452,78 | 1.8136
18 331.80 79910 | 194,24 | 45562 | 18222
19 283,00 29910 | 90402 | 21967 | 1,0531
20 287.28 13,000 | 920,31 | 22517 | 1.0631
21 287.71 13,000 | 918,01 | 226,14 | 1,0565
22

Figure B.2: Data p-h plot CO, compression 1-130 bar case.
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Temperature | Pressure| Density | Enthalpy| Entropy
(K) (MPa) | (ka/m?) [ (kJfkg) |(kJkgK)
1 303,00 0,13000 | 0,10334 | 4001.4 | 52579
2 352,35 0,22000 | 015121 | 4711.8 | 52579
3 361.02 0,22000 | 014758 | 4837.1 | 52,930
4 303,00 0,22000 | 0,17581 | 4001.6 | 50,408
5 354.91 0,38000 | 0,25845 | 47425 | 50,408
5 363.46 0,38000 | 025300 | 48732 | 50,772
7 303,00 0,38000 | 0,30340 | 40025 | 48152
8 353,42 0,65000 | 0,44440 | 4729,7 | 48152
4 362,30 0,65000 | 0,43354 | 4858,0 | 48511
10 303.00 065000 | 051816 | 40037 | 45936
1 353.45 11120 | 075837 | 47327 | 45,938
12 362,34 11120 | 0,73983 | 4861.3 | 46,295
13 303,00 1,1120 | 0,68408 | 40057 | 43,717
14 353,38 1,9010 | 1.2914 | 47361 | 43,717
15 362.28 1,9010 | 1.2599 | 4865.0 | 44077
16 303.00 1.9010 | 15045 | 40093 | 41,498
17 353,39 3,2500 | 21923 | 47439 | 41,498
18 362,33 3,2500 | 21389 | 48735 | 41,860
19 303.00 3,500 | 25521 | 40155 | 39274
20 342.50 50000 | 3.4427 | 46016 | 39274
21 350,02 50000 | 33740 | 47050 | 39572
22 303,00 50000 | 38868 | 40238 | 37.483
23

Figure B.3: Data p-h plot H, compression.



C Other data

Data information district heating
Amount of houses in chosen urban area = 28186 [89].

The amount of covered greenhouse area used in this study is:

- Westland: 25 132 671 m2 [14]

- voorne-Putten: 600 270 m2 [14]

Dagelijkse warmtevraag in Westlandse GTB (2030)

400

200

jan feb mrt apr mei jun jul aug sept okt nov dec

B Aandeel duurzaam en lokaal [l Aandeel havenwermte Resterende warmtevraag

Figure C.1: Curve used as source for greenhouse heating demand
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Figure C.2: Unsorted load duration curve

Parameters polarisation curves
Table C.1 shows the values that are used to construct the activation overpotential of the different
polarisation curves in this thesis (according to the equations found in chapter 3).

Table C.1: Parameters to determine exchange current density of DeNora cell.

Variable | De Nora model | Conventional (analytical) model
Do 1000 [A/m2] 1.9 [A/m2][36]
i fa 100 [A/m2] 0.048 [A/m2] [36]
Eoc 23000 [J/mol] 23000 [J/mol][47]
Eoq 42000 [J/mol] 42000 [J/mol][47]
Tref 353 [K] 353 [K]
ac 0.45 0.5
Qg 0.45 0.5

Table C.2 shows how the thermal capacitance of this model has been constructed. An extra 2000 kJ /K
was added to the total capacitance to take into account water in the degassing tanks and pipelines.

Component (material) density [kg/ m?] | thickness [m] cp,i[K]/kg/K] | Cp,i [K]/K]
Bipolar plate (steel) 7850 0.0018 0.42 14.84
Membrane (zirfon) 1 0.00022 3 0.0002
Mesh (nickel) 8908 0.0007 0.44 13.72
Electrolyte (KOH solution) | 1280 0.00579 4.07 150.82
Total per cell 179.37
Total stack 60 089

Table C.2: Thermal capacitance of modelled electrolyser. The stack consists of 335 cells. With the help from data of [78].

Parameters heat distribution
Prelimenary waste heat calculation. Assuming 7000 full load hours, 2GW electrolysis, 75% efficiency.
This results in 2.4e+6 MWh, which is a yearly average of 400 MW. Using a dT of 30k and Cp of 4.18
kJ/kg/k, a massflow of 11470 t/h.

Table C.3 shows geometric dimensions of DN1000 transport pipeline from [44].



98

Dimension | Magnitude | Unit
D; 1000 [mm)]

D, 1300 [mm)]
Esteel 11 [mm]
tpEHD 12.5 [mm)]
tiso 126.5 [mm)]

P 25 [Bar]

Table C.3: DN1000 pipeline geometric values [44]
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