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Summary

Hydrogen is widely considered an essential energy carrier that has the potential to accelerate the energy
transition. However, large-scale production and the corresponding infrastructure are critical barriers
that hinder hydrogen’s diffusion. The Netherlands does not have the resources to fulfil the expected
hydrogen demand by domestically produced hydrogen. To alleviate this, the Port of Rotterdam could
play a significant role in the large-scale import of hydrogen. Hydrogen import terminals are required to
facilitate large-scale hydrogen import. By realising hydrogen import terminals, the Port of Rotterdam
can maintain its dominating position as the (renewable) energy port in North-West Europe. This study,
in which the Port of Rotterdam is used as a case study, focuses on the uncertainties hampering the
realisation of hydrogen import terminals.

While earlier studies have been conducted on hydrogen import, we identify two research gaps: 1)
the necessity to optimise the scaling of hydrogen import terminals and 2) the inclusion of hydrogen
use in multiple sectors. The scaling of import terminals is uncertain as many factors influence the opti-
mal scaling, such as the uncertain hydrogen demand in multiple sectors. Therefore, this study aims to
address both knowledge gaps by answering the following research question:

"How does uncertainty impact the realisation of hydrogen import terminals in the Port of Rotterdam?”

Through a literature review, three categories of uncertainty have been identified that are often present
in hydrogen systems; economic, technical, and geopolitical uncertainties. Economic uncertainty relates
to future markets and prices. Technological uncertainty predominately relates to the development of
niche technologies aiming to evolve to their maximum potential. Geopolitical uncertainty is present
in the emergence of new interdependencies between states and regions due to renewable energy pro-
duction. Subsequently, three approaches were identified to deal with uncertainty; sensitivity analysis,
scenario analysis, and probability-based assessments. This study used the first two methods to deal with
uncertainties in this study. The latter method has been disregarded because of its prolonged computa-
tional times. The categories of uncertainty have been used as a guideline to identify uncertainty present
in assessing the integrated hydrogen system in the Port of Rotterdam. Performing the case study re-
sulted in a conceptual design of the integrated hydrogen system in the Port of Rotterdam. Figure 1
shows this system.
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Figure 1: Systematic representation of integrated hydrogen system in the Port of Rotterdam.
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The system includes three hydrogen carriers that can be imported (e.g. Liquid hydrogen (LH>),
Liquid Organic Hydrogen Carrier (LOHC), and Ammonia (NHj3)), two domestic hydrogen production
methods (e.g. electrolysis and Steam Methane Reforming (SMR)), and eight hydrogen end-user sectors.
A model that represents this system has been developed in Linny-R. Linny-R is a graphical specification
language to solve Mixed-Integer Linear Programming problems. This model allowed us to adjust input
parameters such as production capacities and prices, hydrogen demand, and infrastructural changes to
study the identified uncertainties through sensitivity analyses and scenarios.

The results of this research illustrate the need for hydrogen import to meet the projected hydrogen
demand. However, hydrogen import is not cost-competitive compared to domestically produced hy-
drogen. This study highlights the potential to reduce costs in the production, conversion to the carrier,
and shipping stage of the supply chain. Currently, Ammonia (NH3) is the cheapest hydrogen carrier fol-
lowed by Liquid Organic Hydrogen Carrier (LOHC), and Liquid hydrogen (LH;). Long-term contracts
are required to manage the hydrogen import transactions to resolve economic uncertainty. However, we
argue that this type of contracting can be quickly replaced by short-term contracting due to the current
presence of aggregators in the hydrogen market. Technical uncertainty relates to the scaling of hydrogen
import terminals and the end-user sectors” preferences for a specific hydrogen carrier. Each hydrogen
carrier requires its specific infrastructure to be produced, stored, transported, and regasified. Based on
the technical characteristics of the three hydrogen carriers, LH, shows the highest potential to supply
all end-user sectors. However, LOHC and NHj; also have advantages in specific areas. Moreover, the
early stage of development in LH,-technology fuels the need for LOHC and NHj3, leaving the debate
on which hydrogen carrier is preferred open. Furthermore, the scaling of hydrogen import terminals
is complicated by the presence of salt-caverns in the northern part of The Netherlands because they
provide a cheap alternative for large-scale hydrogen storage. Finally, this research discusses both uncer-
tainties and opportunities from a geopolitical perspective. Uncertainties related to the hydrogen import
supply chain processes are highly dependent on the production capabilities in the export countries and
the distance of those countries to the Port of Rotterdam. Additionally, other nearby ports can also re-
alise import terminals, attracting hydrogen import, diminishing the potential dominant position of the
Port of Rotterdam. However, a first-mover position could manifest the Port of Rotterdam as a domi-
nant player in the global hydrogen market. More generally, hydrogen import terminals could provide
security against geopolitical forces as it safeguards the diversity of the Dutch energy mix.

We identified several avenues for future research. First, researchers interested in expanding the
model’s functionalities could focus on 1) modelling a variable renewable electricity price to more pre-
cisely analyse its impact on the production costs of the electrolysis process, 2) including salt-caverns and
specific hydrogen export countries to more comprehensively analyse the relevant aspects that are influ-
encing the scaling of hydrogen import terminals, 3) adjusting our model by allowing only filled vessels
to arrive which enables the performance of better analysis of the scaling of hydrogen import terminals,
4) including the Willingness To Pay (WTP) of various end-user sectors to sketch a more reliable picture
of the expected hydrogen demand, 5) applying a method that allows the investigation of numerous pos-
sible futures. In that way, a complete overview can be created of different scaling designs of hydrogen
import terminals. A more general recommendation is to add a new model to analyse investments and
support companies’ business cases by integrating hydrogen end-user sectors” WIP. Finally, we espe-
cially encourage policymakers to explore and support the possibility to realise one or more hydrogen
import terminals, even in case of a lacking business case, to improve the strategic position of the Port of
Rotterdam with regards to economic and geopolitical advantages.
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1 1 RESEARCH INTRODUCTION

1 Research Introduction

1.1 Port of Rotterdam’s need for hydrogen

The Port of Rotterdam currently is the largest energy port in North-West Europe. Annually, nearly 8.800
petajoules (PJ) are imported and exported overseas (Port of Rotterdam, 2020c). To put this in perspective,
that amount is equal to three times the energy demand in the Netherlands and covers approximately
13% of the total energy demand of the European Union (IEA, 2020). Currently, the import and export
of this energy are almost entirely comprised of fossil fuels (Samadi et al., 2016). Many energy-intensive
sectors use the Port of Rotterdam to cover their energy demand. Logically, the PoR does not want to lose
its business and, therefore, aims to maintain its dominating position as an energy port in North-West
Europe by shifting towards renewables. Hydrogen has the potential to be widely used as an energy
carrier and has applications in industry, transport, built environment and power generation (IEA, 2019;
Hydrogen Council, 2020).

The Netherlands cannot produce the potential hydrogen demand required for the decarbonisation
of energy-intensive sectors. Moreover, hydrogen can be produced cheaper in world regions that have
lower renewable energy source production costs (Port of Rotterdam, 2020c). These regions are predomi-
nantly located outside of Europe, making overseas hydrogen transportation necessary (IEA, 2019). Sev-
eral scholars have advocated large-scale hydrogen import into The Netherlands, primarily through the
Port of Rotterdam (Wijk and Hellinga, 2019; Detz et al., 2019a; Notermans et al., 2020). Hydrogen import
terminals are required to facilitate hydrogen import. More specifically, Wijk and Hellinga (2019) states
that an import terminal in Rotterdam could not only provide sustainable hydrogen for the Netherlands
but, due to the strategic geographical location of Rotterdam’s port, also to the rest of West-Europe. In
that context, hydrogen is seen as a critical enabler to both fulfil the energy-intensive sectors’ sustainable
energy demand and to safeguard the dominant position of the Port of Rotterdam by using the port as a
hydrogen hub (Notermans et al., 2020).

However, uncertainties are hampering the realisation of hydrogen import terminals. Hence, it is un-
certain to what extent the role of sustainable hydrogen will be prominent in the energy transition (IEA,
2019). Therefore, companies are indecisive about investing in hydrogen import terminals. Nevertheless,
Notermans et al. (2020) emphasise the urgency for action: “Regardless of how understandable the hesitations
for decisions under uncertainty, the window of opportunity for a leading role (for the Port of Rotterdam as hydro-
gen hub) is closing fast”. This study aims to explore and analyse the uncertainties related to large-scale
hydrogen import, hoping to modestly contribute to driving forward the decision-making process.

1.2 Background information

This thesis is conducted in collaboration with Gate Terminal. Gate Terminal’s core business is the stor-
age and distribution of liquefied natural gas (LNG). Despite the growing LNG business, the company
aims to increase its sustainability by seeking a future business that is less carbon-intensive. The storage
and distribution of sustainable hydrogen is, among others, an option for Gate Terminal to make their
business sustainable. The hydrogen would be, similar to LNG, transported overseas, stored, regasified,
and transported to the customers. Earlier studies by Gate Terminal point out Liquid hydrogen (LH,)
as the most promising hydrogen carrier since the similar operational process philosophy to LNG (Ban,
2020; Kolff, 2021). The notion of LH; as a hydrogen carrier will be further explained in section 1.3.2.

1.3 Research gaps related to hydrogen import

This sub-section aims to find knowledge gaps related to hydrogen import through a short review of the
existing literature. A hydrogen import terminal will be highlighted as a core concept to introduce this
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research topic further. Then, literature regarding hydrogen import supply chains and their correspond-
ing infrastructure will be reviewed. Subsequently, the identified knowledge gaps are used to formulate
the main research question.

1.3.1 Core concept: hydrogen import terminal

A hydrogen import terminal facilitates the import of hydrogen from the sea. Generally, two options of
hydrogen import are suggested, either by pipeline or by ship. The presence of the PoR as a large energy
port facilitates the required knowledge on the handling of large energy imports and exports from sea
(Notermans et al., 2020). We acknowledge that pipelines are required to distribute hydrogen and, pos-
sibly, import hydrogen from closer located export countries. However, we focus on overseas hydrogen
import as we use the perspective of the Port of Rotterdam in this study. The far-located potential export
countries strengthen our choice to focus on overseas hydrogen import as the use pipelines would be
economically not viable (IEA, 2019).

The hydrogen import supply chain is presented in Figure 2. The first stage of the supply chain is
the production of hydrogen in an export country. The next element is the conversion to the hydrogen
carrier, whereby hydrogen can be converted to various hydrogen carriers (further explained below). The
third element is the transportation of hydrogen overseas; shipping. The fourth element of the supply
chain is the hydrogen import terminal. We distinguish between the two functions of an import terminal:
the hydrogen carrier’s storage and throughput. Throughput refers to the process where the hydrogen
carrier is reconverted to gaseous hydrogen. The last element of the supply chain is the consumption of

hydrogen.
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Figure 2: Hydrogen import terminal located in the hydrogen import supply chain

1.3.2 Overseas hydrogen import

Hydrogen transport by ship is more complicated than pipelines since gaseous hydrogen can be injected
into a pipeline network like natural gas. Hydrogen is pressurised or attached to other components to in-
crease the volumetric energy density to make hydrogen transportation by ships more efficient, so-called
hydrogen carriers (Scott et al., 2013). Research has been conducted on various hydrogen carriers that
are used to store and transport hydrogen. Liquid hydrogen (LH,), Liquid Organic Hydrogen Carrier
(LOHC), and Ammonia (NHj3) are the most common hydrogen carriers because of their characteristics,
economics and applicability for different usages. Each carrier requires its specific infrastructure (He
et al., 2016). Technical differences between the carriers result in advantages and disadvantages in use,
regasification, and production (Papadias et al., 2021). This is also observed in studies that investigate
overseas hydrogen supply chains. Ishimoto et al. (2020) considered a supply chain from Norway to
Japan and Rotterdam. They considered two hydrogen carriers; NH3 and LH;- in their work, NH3; was
found to be the cheapest of the two due to a fixed amount of demand. However, NHj; also resulted
in the largest ecological footprint, due to the energy-intensive regasification process of NH;z. Roobeek
(2020) considered a hydrogen import supply chain from Oman to Rotterdam. In this research, only
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LH, was used as a hydrogen carrier. A relatively cheap supply chain cost was found (below 2,0 €/kg
H,). Wijayanta et al. (2019), and IEA (2019) researched the transportation of hydrogen from Australia
to Japan. All three carriers were considered, and a fixed hydrogen demand was assumed. Lanphen
(2019) conducted a study on the supply chain of hydrogen from various export and import countries.
In her model, the costs of the supply chain, from export terminal to import terminal, depend on both
countries’ characteristics (import and export). However, her study also assumed a fixed demand and
omitted specific end-use.

It can be observed that these studies do not emphasise the import infrastructure that is required
to receive the hydrogen. Optimal capacity parameters of specifically import terminals were assumed
rather than being the central focus of a study. In other words, the fixed amount of import could al-
ways be processed by the importing country or port as sufficient hydrogen infrastructure was assumed.
However, it is essential to consider the scaling of a hydrogen import terminal as the upfront investment
costs are incredibly high (Hong et al., 2021). An import terminal with a too high capacity for the import
volumes suffers from these high upfront investment costs. On the other hand, an import terminal that
is too small will not facilitate the volumes of hydrogen required. The previous paragraphs found that
literature does not suffice in work on hydrogen import terminals. The suitable scaling of a hydrogen
import terminal could resolve this mismatch. Now, we take one side-step away from hydrogen import
to identify how hydrogen infrastructure (e.g. production, storage and distribution networks) in general
is used to solve the mismatch of demand and supply.

1.3.3 Hydrogen supply chain infrastructure

Dayhim et al. (2014) investigated the planning of a sustainable hydrogen supply chain infrastructure
for refuelling stations. They integrate hydrogen demand uncertainty based on consumer classification.
Demand uncertainty is one of the most vital concepts since it determines supply chain and infrastruc-
ture scales (Nunes et al., 2015). The work of Nunes et al. (2015) includes an optimisation model that is
focused on optimising the hydrogen supply chain while including the uncertainty in demand for hy-
drogen. Additionally, they included criteria to identify safety risks along with the hydrogen supply
chain infrastructure. Moreno-Benito et al. (2017) use an optimisation model in which they combine dif-
ferent infrastructure components throughout different time phases to minimise the net present value
of the infrastructure costs. Also, Robles et al. (2020) analysed a hydrogen supply chain under demand
uncertainty. Konda et al. (2011) developed a framework that analyses the transition towards a hydrogen-
based transport system. Caglayan et al. (2021) used a minimisation cost approach to investigate a 100%
renewable European energy supply system with hydrogen infrastructure. A comprehensive study is the
work of Reuf$ et al. (2017). In their work, they modelled a hydrogen infrastructure, including storage,
in Germany combined with a supply chain study. This study focused on the application of hydrogen
in the transportation sector, not considering several other hydrogen applications. Other scholars stud-
ied the hydrogen infrastructure used to supply refuelling stations for Fuel Cell Electric Vehicles (FCEV)
(Samsatli et al., 2016; Parker et al., 2010; Brey et al., 2017). Their studies also focused on the transport
sector rather than considering the supply process in a sea-port setting.

It can be observed that hydrogen infrastructure is often designed through optimisation studies.
Moreover, most of the studies focus on the transportation sector and do not address other hydrogen
end-user sectors.

1.3.4 Definition of existing knowledge gaps

From this short literature review, we observed two knowledge gaps. First, studies regarding hydrogen
import supply chains often assume fixed demand and production volumes, disregarding the necessity to
scale hydrogen import terminals based on variable parameters. The second knowledge gap refers to the
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scope of the studies, which included only a tiny variety of hydrogen end-user sectors. For instance, the
import factor was not included. Therefore, the second knowledge gap is the limited scope of hydrogen
consumption in studies that focus on hydrogen infrastructure. We aim to address both knowledge gaps
in this research.

1.4 Research question

Now that the knowledge gaps are determined, the research questions can be formulated. The ques-
tions related to this research consist of one main research question and five sub-questions. Please note
that hydrogen infrastructure refers to the infrastructure regarding the hydrogen import supply chain as
indicated in Figure 2. The following main research question is formulated:

“How does uncertainty impact the realisation of hydrogen import terminals in the Port of Rotterdam?”

To answer this central research question, multiple sub-questions will be answered. The sub-questions
are:

1. What suitable methodology can be applied to study hydrogen infrastructure?
2. Which types of uncertainties are present regarding hydrogen infrastructure?
3. How to best deal with uncertainty in the context of hydrogen infrastructure?

4. What are relevant inputs to model an integrated hydrogen system located in the Port of Rotter-
dam?

5. Which uncertainties are present regarding an integrated hydrogen system in the Port of Rotter-
dam?

6. How can an integrated hydrogen system of the Port of Rotterdam be formalised in a working
model?

1.5 Scope and research approach

This sub-section addresses the research scope and research approach. First, we describe the research
scope. The Port of Rotterdam is selected as a case study. Therefore, the addressed problem in this thesis
will be approached from the Port’s perspective. From our short literature review, it became clear that
LH,, LOHC and NHj are the most promising hydrogen carriers for import. As such, only these three
hydrogen carriers will be included in this study. This study considers the hydrogen demand that could
potentially be met by hydrogen produced in or imported via the Port of Rotterdam. The hydrogen
demand in end-user sectors could be located outside of the Port of Rotterdam itself. Regarding the time
scope, we aim to explore the hydrogen infrastructure system between 2030 and 2050.

Now, we shift our focus to the research approach. The three first sub-questions will be answered in
the literature review in chapter 2. We aim to find a suitable methodology to study hydrogen infrastruc-
ture design and its corresponding uncertainties. Sub-questions 4 and 5 will be answered through a case
study. As shortly touched upon in the introduction, the PoR is selected as the topic of our case study.
A conceptual model of an integrated hydrogen system in the PoR is made based on the case inputs.
This conceptual design will be the foundation for formalising a model used to answer sub-question 6.
In Linny-R, we found a suitable program to implement the MILP method. More information related to
Linny-R is provided in chapter 4. Please note that hydrogen supply chain infrastructure has never been
modelled in Linny-R. Hence, this requires an innovative approach to represent the real-time world in
Linny-R. A model allows the modeller to test different assumptions and hypotheses to provide valuable
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insights (Leijnse and Majid Hassanizadeh, 1994). As a result, an answer to the main research question
will be provided. The methodology is captured in a research flow diagram. The research flow diagram
is presented in Figure 3.
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Figure 3: Research flow diagram

1.6 Research outline

This report has the following structure. Chapter 2 will cover a literature review that aims to find suitable
approaches to study hydrogen infrastructure design and identify uncertainties related to them. Chapter
3 explores the case study for the Port of Rotterdam. Here, we identify case inputs and uncertainties
related to an integrated hydrogen system in the PoR. Chapter 4 presents the formalisation of the case
study into a model that will be used to experiment. In chapter 5, an experimental design is presented
that introduces the experiments that will be conducted. Chapter 6 comprehends the results of these
experiments. Chapter 7 discusses the results, methodology, and the contributions of this study. Finally,
conclusions and recommendations will be given in chapter 8.
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2 Literature review

This chapter aims to review the existing literature on hydrogen infrastructure and the uncertainty re-
garding hydrogen infrastructure. Again, do note that hydrogen infrastructure refers to the infrastructure
regarding the hydrogen import supply chain as indicated in Figure 2. The following sub-questions are
answered in this chapter:

* What suitable methodology can be applied to study hydrogen infrastructure?
* Which types of uncertainties are present regarding hydrogen infrastructure?

* How to best deal with uncertainty in the context of hydrogen infrastructure?

2.1 Literature review on hydrogen infrastructure modelling techniques

This section dives deep into the existing literature on hydrogen supply chain infrastructure. For this
literature review, the following keywords have been used both separately and in combination with each
other in the databases of Google Scholar & Scopus:

* hydrogen infrastructure
* hydrogen supply chain
* hydrogen import terminal

Some articles have been found through the so-called ‘Snowball Sampling Method” (SSM). This ap-
proach uses a method of finding articles where one article gives the researcher other articles by citing
them in those articles (Cohen and Arieli, 2011). Especially Agnolucci and McDowall (2013) was used as
a starting point. Via their extensive literature review, many other articles were found.

Various studies have been conducted related to the modelling of hydrogen infrastructure. In an ex-
tensive literature review, Agnolucci and McDowall (2013) identified three methods that are applied gen-
erally in this field of research; spreadsheet model calculation, Dynamic Programming (DP) and Mixed
Integer Linear Programming (MILP). First, a spreadsheet model can calculate the infrastructure price,
the hydrogen price and environmental emissions. However, in this method, the hydrogen supply chain
infrastructure configuration is assumed instead of optimised. Moreover, the results of such a static ap-
proach are hard to interpret in the context of transitions as it represents single time-points (Ogden, 2004).
Second, dynamic programming is used only in three studies related to hydrogen supply chain infras-
tructure studies (Lin et al., 2006; Qadrdan et al., 2008; Lin et al., 2008). The reason for this limited use
is the use of simplified constraints compared to MILP. These simplified constraints are used to limit the
computational times (Agnolucci and McDowall, 2013; Lin et al., 2008). The utilisation of MILP models
is the most common method in this field of research. According to Almansoori and Shah (2009), a MILP
model allows the modeller to optimise the hydrogen supply chain infrastructure configuration based
on the minimisation of costs. Other studies, already addressed in Chapter 1, also used MILP to study
hydrogen infrastructure (Dayhim et al., 2014; Nunes et al., 2015; Moreno-Benito et al., 2017; Konda et al.,
2011; Reuf et al., 2017).

2.2 Uncertainty in hydrogen infrastructure

This section aims to identify, through literature study, different categories of uncertainty that could
impact hydrogen infrastructure. We refer to hydrogen infrastructure as the infrastructure that is required
throughout the whole supply chain as indicated in Figure 2 in chapter 1. Therefore, future supply
and demand is a critical factor in hydrogen infrastructure design. Moreover, Piyatrapoomi et al. (2004)
argue that uncertainties have economic, technical and (geo)political natures. Therefore, this section will
provide an assessment of these categories.
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2.2.1 Economic uncertainties

Economic uncertainties are often present when investments are considered. Infrastructure requires huge
investments and carries, therefore, risks. Moreover, infrastructure investment is subject to additional
uncertainty as it is subjective to the chicken-egg problem. This problem refers to a lock-in situation be-
tween the infrastructure developer and the consumer. This section introduces two theories that address
infrastructure developer- consumer risk: agency theory and transaction cost economics theory (TCE).
The two theories will be explained by using natural gas examples. Natural gas and hydrogen are similar
commodities based on their properties. Natural gas and hydrogen can both be transported overseas in
liquid form. With natural gas, this happens through Liquid Natural Gas (LNG). Hydrogen is converted
into (liquid) hydrogen carriers before being transported. For those two reasons, the supply chains are
highly comparable, resulting in similar infrastructures and similar market structures (Aguilera, 2020).
We aim to explore the economic uncertainties of hydrogen infrastructure based on those similarities
with natural gas,

The agency theory describes the problems between two actors, the principal and the agent. The
problem arises when the principal and agents have different interests, and the principal’s management
of the agent’s activities is expensive. Even if the principal’s interest and the agent align, they can disagree
on which actions to take since their tolerance of certain risks differs. According to the theory, a contract
can solve these problems (Eisenhardt, 1989). In other words, a contract can hedge the risk between a
principal and an agent.

Applying this theory to the chicken-egg problem of the infrastructure developer and the consumer,
one can argue that a contract between them could resolve the lock-in situation. For instance, a contract
assures a specific consumption by the consumer that (partly) covers the investments costs and, thus, the
risk of the infrastructure developer. On the other side, without a contract, the consumer has the risk of
being unable to purchase the commodity required. Thus, a contract can hedge the risk for both parties.

Contracts are widely used in the LNG market. In the last decade, the LNG market has sharply in-
creased in volumes and actors. This growth led to other forms of markets and contracts. Traditionally,
major international oil companies have dominated the LNG market since they had the financial strength
to undertake such capital intensive projects. Long-term contracts dominated the LNG market, driven
by the necessity for significant investments in liquefaction plants, specialised LNG vessels, and regasifi-
cation plants Wood (2012). The agency theory explains the essence of contracts. However, the theory is
unsatisfactory in explaining why especially long-term contracts are present. Therefore, the transactions
cost economics theory is used.

In the TCE, transactions are characterised by three dimensions; the degree of transaction-specific
investment, the frequency of the transaction, and uncertainty. "Transaction costs are expenses incurred
when buying or selling a good or service. Transaction costs represent the labour required to bring a good
or service to market, giving rise to entire industries dedicated to facilitating exchanges" (Williamson,
1979). To illustrate, to buy LNG, the buyer searches for the lowest priced LNG available. This search
comes with associated costs since this search requires time, labour, and, thus, money. Assuming the
basic economic principle of profit maximisation, companies try to minimise these transaction costs. One
option to minimise these costs is contracting (Church and Ware, 2000). The type governance to facilitate
transactions is a result of the asset specificity that is used in a transaction and the frequency of these
transactions (Williamson, 1979). This is illustrated in Figure 4
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Figure 4: Matching governance structure with commercial transactions. Adapted from Williamson
(1979).

Both LNG and hydrogen supply chains require highly specific investments (Arora, 2018). Further-
more, the transaction frequency, the purchase or sale of a specific amount of the commodity, is high. For
those reasons, the type of contract is relational contracting (e.g. bilateral and unified governance). The
difference between bilateral governance and unified governance has its foundation in the way compa-
nies are organised. Bilateral governance refers to contracting between two actors, in this case, the buyer
and seller of either LNG or hydrogen. Note that contracts are constructed to minimise the transaction
costs. Another form is unified governance, also known as vertical integration, where different stages
of the supply chain are integrated into one firm to eliminate transaction costs (for example, natural gas
production, liquefaction, and shipping LNG) (Williamson, 1979). Though uncertainty is not displayed
in Figure 4, it does affect the governance of these transactions. Williamson (1979) states that a higher
specificity of required investments increase the uncertainty of a transaction. Consequently, it is critical
that both parties of the transaction organise a contractual structure to cope with these uncertainties.
Also, Williamson (1979) argues that often uncertainty decreases as a result of an industry that matures
leading to a more market governance of transactions instead of bilateral or unified governance.

In the last decade, a reduction of uncertainty combined with a shift of governance has been visible
in the LNG market. Ruester and Neumann (2006) argue that large investments in LNG infrastructure,
motivated by the growing natural gas demand, LNG, became a common traded commodity reducing
the costs. As a result, the LNG market has seen a shift from long-term contracts to contracts more short-
term. Already in 2006 Weems (2006) argued that these long-term contracts have become more and more
flexible. In 2015, Hartley (2015) stated that “the proportion of LNG-traded spot or under short-term contracts
has grown substantially. (...). Long term contracts are likely to continue evolving toward offering much greater
volume and destination flexibility.”. The probable cause for the steer towards short-term contracts is the
reduction in uncertainty of the transactions due to the increase in buyers and sellers in the market.

Due to the growing demand for spot traded or short-term contracts in the LNG market, the tradi-
tional LNG “players’ disappeared. Instead, ‘portfolio actors’ (also called aggregators) have appeared
(Ruester and Neumann, 2009). These actors either buy much LNG or hold various assets along the
supply chain. In this way, they can supply different markets more efficiently than just using long-term
contract types, resulting in higher profits. Currently, these portfolio players maintain approximately
75% of the total long-term contracts (Poten & Partners, 2015).

In the previous sections regarding contracts in the LNG market, a theoretical explanation has been
presented for contracts and how they evolve during the maturity of a market or industry. To sum-
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marise, in the early stages of the LNG market, long-term bilateral contracts between buyer and seller
are required to justify the significant specific investments made by the LNG producers and the invest-
ments done at the demand side (e.g. regasification companies). Unexpected shocks and events like
the nuclear disaster in Fukushima increase, among other reasons, the demand for a spot or short-term
traded LNG. Moreover, more buyers and sellers reduce the uncertainty of transactions which lead to
other governance structures. However, a complete market governance is yet to be realised since rela-
tively few players are in the LNG market despite the growth in the last years.

A similar trend can be expected with hydrogen. Hydrogen production needs particular and expensive
investments for specialised assets such as liquefaction plants and specialised vessels. If hydrogen fol-
lows a similar trend to LNG, the shift from long-term contracts to short-term, it will take time to reduce
the uncertainty of its transactions. However, the call for climate change combined with international
and national regulation can accelerate the transfer of the hydrogen market from long-term to short-term
trading and contracting. Similar to the LNG market, aggregators are expected to play a significant role
in the hydrogen market. Already, large companies with high hydrogen demand seek opportunities to
incorporate hydrogen production processes in their company (Shell, 2021).

In short, the realisation of hydrogen import terminals bears much uncertainty due to its asset-
specificity characterisation. Also, production facilities and specialised vessels that transport hydrogen
carriers are asset-specific. To illustrate, the literature showed that many hydrogen carriers have the
potential to supply a hydrogen system. However, all hydrogen carriers require their own specific in-
frastructure. More hydrogen carriers are presumably simultaneously imported to establish a hydrogen
market. However, no clear ‘winner’ is indicated. Therefore, long-term contracts will probably appear to
justify expensive investments in the early stages of a future hydrogen market. However, based on regu-
lations concerning the pressure for sustainability and the early signs of aggregators, the shift to a more
short-term hydrogen market could come earlier than it came to the LNG market. Furthermore, due to
the non-geographical boundaries of hydrogen production, more actors can enter the market, making a
spot market more likely to occur.

2.2.2 Technological uncertainties

The realisation of hydrogen infrastructure has many technical difficulties that hinder large-scale projects.
To illustrate this, commercially used LH-vessels do not exist. This section aims to identify the technical
uncertainties corresponding to the design of import terminals. Geels (2004) developed a framework that
seeks to capture the multiple aspects that influence the success of a specific technology to breakthrough
and become the new standard. The framework consists of three levels; the technological niche, the
regime and the socio-technological landscape. The three levels interact with each other. The framework
is presented in Figure 5.
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Figure 5: Multi-level perspective by Geels (2002)

Starting at the top of the framework, the socio-technical landscape is displayed. This layer should
be explained as an exogenous layer that sets the context for the layers below. The landscape includes
environmental issues, physical infrastructure, fossil fuels reserves and political visions. Changes or
developments in this layer could pressure the regime and create windows of opportunities for technolo-
gies to breakthrough from a technological niche. Changes on this level usually do not happen overnight
(Geels, 2002).

The second layer is the regime. According to Geels (2004), this layer refers to the role of institutions
in processes. Said, it encompasses the current status of markets, technologies, users, policies, industries
and many more. These institutions influence the possibility that a niche innovation can play a role at the
regime level. Despite that, Geels (2004) refers to this layer as relatively stable, ongoing interactions that
occur between actors, markets, users and their preferences, also at a political level. Both the landscape
and the niche level influence the status quo at the regime level.

The lowers layer specifically involves niche innovations. Niches are novelties that are aiming for a
breakthrough in the regime (Geels, 2011). Niches are often expensive. However, changes in the land-
scape can accelerate their development. The most straightforward example of a niche is a start-up aim-
ing to release its new product into the market. High risks and high costs characterise niche innovations
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because their technology is non-mature by nature. Logically, it does occur that a niche innovation is not
able to break through to the regime in a window of opportunity (Geels, 2002).

Without diving into a detailed description, the three layers of the framework are discussed regard-
ing hydrogen infrastructure. At the landscape level, we see that the need for Renewable Energy Sources
(RES) is rising as we more and more experience the effects of climate change. As a result, the landscape
level pressures the current regime that uses conventional fuels and technologies to transition to renew-
able hydrogen. Moreover, as indicated by Figure 5, the landscape level externally influences niches by
expectations and networks. When we apply this part of the framework on hydrogen, we, as indicated in
Chapter 1, see growing attention, research and niche innovations regarding various hydrogen carriers
that make overseas transportation of hydrogen viable.

Shifting our focus to the regime level, we identify different end-user markets that often use conven-
tional fuels to fuel their production processes. The low prices for the currently used technologies and
fuels block the penetration of more expensive sustainable alternatives like hydrogen. However, regu-
lations like the CO, ETS are already present and influence the markets and actors at this level of the
framework. Both the landscape level as the niche-innovation level are trying to force changes at the
regime level.

The technologies and innovations that hope to break through to the regime are located at the niche-
innovations level. The niche innovations include studies, like this study, that research innovations like
hydrogen import and technological developments in terms of the infrastructure required for the hy-
drogen import and the storage & operational processes of these hydrogen carriers. Moreover, new
technologies are developed to facilitate the broader use of hydrogen in many end-user sectors. To il-
lustrate, research is conducted on integrating hydrogen in the natural gas network to heat the building
environment. Moreover, a pilot project has been started to transport liquid hydrogen from Australia
to Japan (Kawasaki Heavy Industries, 2021). In short, the developments at the niche-innovations level
combined with the pressure of the socio-technical landscape on the regime level could create a window
of opportunity that allows niche innovation to enter the regime.

The main take-away of this analysis is that various forces influence the success of breakthrough of
a specific technology. These forces exist on separate levels but can interact with each other to create
a window of opportunity. Geels (2002) does not mention the concept of uncertainty. However, we
put his multi-level perspective in context of technological uncertainty related to the topic of our study.
Moreover, the framework is used as guideline to identify different technological aspects and uncertainty
present in our case study in chapter 3. Hence, the multi-level perspective has proved to be useful tool
in case studies (Geels, 2005).

2.2.3 Geopolitical uncertainties

Recent reports showed that the versatility of hydrogen adoption in many end-user sectors leads to a
higher projected demand which most countries will not be able to meet using local production (Hydro-
gen Council, 2020; IEA, 2019). Nevertheless, many countries and companies located in those countries
show rising green hydrogen usage. Large international hydrogen supply chains are required to meet
this demand. Therefore, it is relevant to look at more recent literature from a geopolitical perspective.

For this literature review, the following keyword has been used in the database of Google Scholar:
"geopolitics renewable energy”. The work of Vakulchuk et al. (2020) has been used to find most articles
thanks to its extensive literature review.

Various scholars have discussed the implications of the future energy landscape in which renew-
ables, including hydrogen, will play a significant role. Scholten et al. (2020) argued that the geopolitics
of renewables would vastly differ from the power relations that currently exist in the energy systems
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that are based on oil and gas. Their conclusions have their foundation in the characteristic of renew-
ables to be produced anywhere in the world. Contrarily, former energy systems, based on oil and gas,
are dependent on access and availability of often geographical bounded oil and gas production loca-
tions. Vakulchuk et al. (2020) identified two groups with different perspectives on the geopolitics of
renewables. The first group argues that the introduction of renewables will reduce the conflicts regard-
ing energy security. The other group foresees a renewed conflict as renewables do not significantly
change the current power relations. Scholars from the first group argue that in the case of renewables,
influencing the price level by fluctuating production will be more challenging since, other than in oil and
gas, hydrogen production is not limited to geographically bounded resources. In turn, this will result
in greater independence and, thus, less conflict (Johansson, 2013; Paltsev, 2016; Verrastro et al., 2010).
However, critical materials are required to facilitate the production of renewable energy. To illustrate,
platinum is required in electrolysers. This could start conflicts triggered by the limited availability and
accessibility of these critical materials (Stern, 2016; Jaffe and Soligo, 2008).

The other group claims that renewables have similar problems to fossil fuels (e.g. interdependence
between countries due to geographically bounded resources). Hence, Capelldn-Pérez et al. (2017) argues
that the problem of energy security remains under the condition that consumers will have a high energy
consumption. Moreover, Noussan et al. (2021), and Scita et al. (2020) argue that despite decentralisation
of energy production, some countries have comparative advantages regarding renewable energy pro-
duction due to favourable climate conditions. Shortly said, the geopolitics of renewables will be different
compared to fossil fuels. However, the question remains if it will be with less conflict or not. Vakulchuk
et al. (2020) concludes that some current geopolitical balances will be broken, but other challenges will
appear. The literature argues that energy security can be resolved by more decentralised energy pro-
duction. However, due to the comparative advantages of some countries over others, tensions between
states will remain as they did with fossil fuels.

Another theme in the literature regarding geopolitics is the determination of ‘'winners” and "losers’.
Various scholars argue that countries that always have leaned on their enormous oil and gas reserves
will be left empty-handed, making them the losers of the energy transition (van de Graaf et al., 2020;
Scholten et al., 2020; Sweijs, 2014). Contrarily, countries with beneficial climate conditions could become
the winners. Focusing our scope on hydrogen, Pflugmann and Blasio (2020) put down three parameters
to identify the country’s renewable hydrogen potential: (1) renewable energy sources endowment; (2)
renewable freshwater resource endowment; and (3) infrastructure potential. Countries that fulfil all
three parameters are likely to become significant exporters and, therefore a winner, in a global hydrogen
market. Countries in the Middle East, which dominate the international oil trade, seek to maintain this
position by becoming major hydrogen exporters. However, lacking access to freshwater hinders the
realisation of this ambition. The lost revenues from the oil and gas sector could damage their economies,
resulting in destabilisation of that region (Pflugmann and Blasio, 2020). Moreover, these countries could
potentially disrupt a hydrogen market by lowering the oil prices to make hydrogen economically less
attractive for end-user sectors.

Another type of actor in the geopolitical game are developing countries. Developing countries with
an abundance of RES are vulnerable to ‘green colonialism’ (van de Graaf et al., 2020). In other words,
countries or companies without the resources to invest in setting up hydrogen production assets could
be left with simply providing the ‘raw materials to more wealthy countries and companies. The work
of Scholten and Bosman (2016) puts more focus on the infrastructural potential of a country or region.
In that context, they argue that renewable energy should refer to, for example, wind and solar power
and infrastructure. Central to this infrastructure is the availability of storage. Scholten et al. (2020)
point out six clusters of renewables geopolitics. They suggest a possible future where countries are
not, by definition, categorised into groups of winners, losers, importers or exporters. They sketch an
alternative outcome, based on microeconomics, in where countries are prosumers (both producer as a
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consumer). In that context, they expect countries to strategically try to optimise the balance between
domestic production and a cheap import.

In short, five observations stand out. First, the literature suggests a change in geopolitics for renew-
ables compared to fossil fuels. It remains unclear if the geopolitics of renewables includes less conflict.
Secondly, some scholars argue that the geopolitics of renewables and hydrogen can result in winners
and losers based on their production potential. Other scholars instead speak in terms of exporters and
importers of renewable energy. Third, former dominating oil and gas countries can be a disruptive fac-
tor in the rise of a global renewable energy market if they reduce their prices, making hydrogen less
attractive. Fourth, apart from the production potential of countries, the infrastructure to import, dis-
tribute, and trade energy becomes an essential factor in establishing interdependences between coun-
tries. Finally, Scholten et al. (2020) point out that prosumers will occur during the emergence of a global
renewables market which will go back and forth between importing and relying on domestically pro-
duced renewable energy. Economics is expected to play a significant role in the optimisation strategies
of these countries.

2.3 Assessment of uncertainty

Previous sections identified three different categories of uncertainty regarding hydrogen infrastructure;
economic, geopolitical and technical. Three approaches to analyse, among others, these types of uncer-
tainties are broadly adopted; scenario analysis, sensitivity analyses, and probability-based assessment
(Piyatrapoomi et al., 2004). This section analyses the three approaches and aims to find a suitable ap-
proach to study uncertainties regarding hydrogen infrastructure.

The first approach is to analyse uncertainties in scenario analysis. Scenario analysis is a primary
tool to analyse risks and uncertainties about future forecasts and alternatives (Walker, 2000). Different
scenarios are constructed to analyse the impact of the given alternatives on the considered system or
problem. Scenarios do not calculate the probability of some occurrence. It rather indicates what will
happen given different alternatives (Piyatrapoomi et al., 2004).

A second approach that analyses uncertainties are sensitivity analysis. The central notion of sen-
sitivity analysis is the identification of vital variables that have more impact than other variables on
future occurrences (Piyatrapoomi et al., 2004). Sensitivity analysis is often used in the verification and
validation of a model (Christopher Frey and Patil, 2002). To illustrate, uncertainties regarding future (hy-
drogen) prices could be analysed to observe the impact of different price ranges on the import amount.
By applying a sensitivity analysis, data errors and forecasting errors could be mitigated (Piyatrapoomi
et al., 2004).

The third approach is a probability-based assessment. This method is solely based on statistics (Piy-
atrapoomi et al., 2004). A famous application of a probability-based method is the Monte Carlo method.
It can solve deterministic problems by simulating large numbers of scenarios or experiments. The out-
come of such approaches is often a distribution of output parameters, referred to as the solution space.
The main disadvantage of the method is the significant computational times (Papadopoulos and Yeung,
2001).

Volumes and prices are important input parameters for our model given our intention to model an
integrated hydrogen system. Among others, these input parameters contain uncertainty as it concerns a
future hydrogen system. Scenario analyses enable the study of the implications given different amounts
of hydrogen import or throughput regarding our hydrogen system. Furthermore, uncertainties in input
parameters, such as prices, could be examined by performing sensitivity analysis to analyse the impli-
cations of a certain price range. Therefore, we conclude that both scenario and sensitivity analyses are
suitable methods to deal with uncertainty in the context of hydrogen infrastructure. Probability-based
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assessment increase the robustness of the results. However, it significantly increases the computational
time which becomes problematic given the time-scope of this study. Moreover, Linny-R does not enable
the use of this method. As such, this method will be disregarded.

2.4 Choice for methodology

In this chapter, the literature concerning hydrogen infrastructure and uncertainty regarding a green
hydrogen supply chain has been studied to answer the following sub-question:

* What suitable methodology can be applied to study hydrogen infrastructure?
* Which types of uncertainties are present regarding hydrogen infrastructure?
* How to best deal with uncertainty in the context of hydrogen infrastructure?

Regarding the first sub-question, MILP seems to be a fruitful approach to model hydrogen infras-
tructure. The TU Delft, and more specifically Dr PW.G. Bots, provided us with a program Linny-R. In
Linny-R, we found a suitable MILP solver that enables Mixed-Integer Linear Programming to be used
in a visually attractive environment using modelling instead of hard-coded programming (Bots, 2021).
Moreover, the broad adoption of MILP in the hydrogen supply chain & infrastructure design indicates
its relevance. The availability of Linny-R as a modelling tool for MILP problems strengthens our choice
for MILP. As such, this research will utilise this approach combined with Linny-R.

Regarding the second sub-question, the realisation of hydrogen import terminals has economic, tech-
nical, and geopolitical uncertainties. The reviewed studies showed that economic uncertainties are of-
ten hedged through contracts. To justify the huge financial investments that must be made to realise
hydrogen infrastructure, usually, long-term contracts are constructed to alleviate the owner from the
risk. Insights from the TCE theory will be used to reflect on the results of this study. Technical uncer-
tainties relate to the breakthrough of technologies into the socio-technical regime. In other words, the
uncertainty that technology develops to its potential. The Multi-level Perspective framework of Geels
suggested that to realise these breakthroughs, a window of opportunity need to appear. Apart from de-
veloping the technology itself, the socio-technical landscape must influence the socio-technical regime
to create a window of opportunity for the technology to settle itself in the established markets, society,
and industries. The multi-level perspective will be used as guideline to identify technological aspects
and uncertainties in our case study. Finally, geopolitical uncertainties are extensively discussed in the
literature. Scholars are divided into two camps that distinguish themselves on assessing the geopolitical
risks related to hydrogen. One group predicts a reduction of conflicts as hydrogen production is not
restricted by bounded geographical resources. The other group argues that the risk of conflict remains
as RES energy production is not guaranteed at all times due to fluctuating weather conditions. More-
over, geographical areas with favourable climate conditions could out-compete other regions without
these conditions. In this context, the problem is only replaced by another. Storage options are crucial to
tackling these risks. The insights provided by this literature review will be used to reflect on the results
of this study.

Regarding the question of finding a suitable methodology to study uncertainties, three approaches
have been identified. A combination of the first two, the scenario and sensitivity analysis, will be used
for this research. The third approach, probabilistic based assessment, is excluded on account of its
significant computation times.

This research aims to fill the knowledge gaps presented in chapter 1. These knowledge gaps are
largely case-specific. However, they could provide insights that can be adopted outside of the case.
From this literature review, we identified potential methodologies to study hydrogen import infrastruc-
ture. Moreover, we identified different categories of uncertainties that could impact hydrogen import
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terminals. The uncertainty categories are used as a guideline to identify relevant uncertainties for our
case study. Moreover, general uncertainties related to hydrogen import infrastructure are used to reflect
on the results of our research. Finally, three different approaches were identified to study the impact of
these uncertainties on hydrogen infrastructure.
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3 Case study: The Port of Rotterdam

This chapter aims to use the PoR as a case study to answer the following sub-questions:

* What are relevant inputs to model an integrated hydrogen system located in the Port of Rotter-
dam?

* Which uncertainties are present regarding an integrated hydrogen system in the Port of Rotter-
dam?

The structure of this chapter is as follows. First, the hydrogen import supply chains of the three
carriers are analysed. Second, the domestic hydrogen production methods and their potential are exam-
ined. Third, the hydrogen demand in end-user sectors and the distribution infrastructure is analysed.
Fourth, the uncertainties regarding our system are outlined. Fifth, the conceptual system is presented
and discussed. Finally, the findings of this chapter that will be used for our model are described.

3.1 Hydrogen import via three hydrogen carriers

This section assesses different stages of the supply chain that will be imported into the PoR (see Figure
6). The green hydrogen supply chain starts with the production of hydrogen in an export country. This
hydrogen is subsequently converted to a hydrogen carrier. Then, the hydrogen is shipped by a vessel,
for each hydrogen carrier a different type, from the export country to Rotterdam. This thesis does not
include transport by pipeline as it is expensive over longer distances and becomes highly complex in
cross-border networks. Once arrived in the PoR, the hydrogen carriers are unloaded and stored in an
import terminal. At last, the hydrogen is retrieved and distributed to the end-users. At the end of this
section, the costs for the import supply chain is described in more detail.

Import terminal

O-el-g [} — o

— |

i |

Consumption

Hydrogen Carrier Shipping Storage Throughput
production production

Figure 6: Different stages of the hydrogen import supply chain

3.1.1 Production

The most common method to produce sustainable hydrogen is water electrolysis. RES must be the en-
ergy input of electrolysis for the hydrogen produced to be called sustainable or green. The production
costs of green hydrogen are dependent on the investment costs of the renewable energy source captur-
ing method (i.e. wind turbines or solar panels), the price of electrolysers and the price of water (8 litres
of water is required for the production of 1 [kg] hydrogen) (Turner, 2004; Esposito, 2017; IEA, 2019).
It is important to mention that the hydrogen production costs can be highly volatile due to the inter-
mittent production of renewable energy sources. This volatility is predominantly determined by the
geographical location of the production of hydrogen. This is shown in Figure 7.
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Figure 7: Hydrogen production costs determined by geographical location. Adapted from IEA (2019)

The production locations that would supply the PoR are still uncertain. As a consequence of that
uncertainty, also the choice of the carrier is uncertain. The PoR has already signed various Memorandum
of Understandings (MoU) with governments to formalise the intention for a hydrogen import supply
chain into the PoR (Port of Rotterdam, 2020a). Among others, Australia, Chile, Oman, and Portugal
are linked to the PoR. However, the choice for a specific location and/or carrier has not been made.
Moreover, the carrier production capacities in those countries are still to be determined. This leaves
some uncertainty regarding the availability of large-scale hydrogen import.

3.1.2 Conversion to carrier

Hydrogen is converted to a hydrogen carrier because hydrogen’s low volumetric energy density (gaseous)
makes transporting it overseas without conversion to a hydrogen carrier inefficient. The hydrogen car-
riers included in this research are Liquid hydrogen (LH,), LOHC, and NHj since literature has shown
their great potential (Wijayanta et al., 2019; IEA, 2019; Niermann et al., 2019). Converting hydrogen to
such a hydrogen carrier reduces the volume, making it more efficient to transport.

LH, has many similarities with LNG. Significantly, the production and transportation of both com-
modities are similar. The main difference is the hydrogen’ lower boiling point (minus 253 °Celcius)
versus LNG’s boiling point (minus 162 °Celcius). The extremely low boiling point makes the liquefac-
tion process energy-intensive, and therefore, expensive (Deltalings, 2019). Approximately 45% of the
energy brought by hydrogen is lost during the liquefaction process (Wijayanta et al., 2019).

LOHC is a name for different chemical bonds to which hydrogen can be attached. These bonds typ-
ically have one, and in some cases, two six-membered ring compounds in their chemical structure. This
is illustrated in Figure 8. Toluene-MCH is the most widely used LOHC. In this thesis, the characteristics
and properties of toluene-MCH will be used as LOHC. Through the process of hydrogenation, hydrogen
is attached to the LOHC (Gonda et al., 2014). In this process, approximately 30% of the energy brought
by hydrogen is lost (Wijayanta et al., 2019).

R + 3Hy =— QR + Heat

Figure 8: Systematic representation of the conversion of hydrogen to LOHC. Adapted from Reufs et al.
(2017)
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To convert hydrogen into NH3, it will be combined with nitrogen (see formula below). In this process,
approximately 13% of the energy brought by hydrogen is lost (Wijayanta et al., 2019). NH3 is highly toxic
and must, therefore, be carefully handled and stored. Fortunately, NHj can easily be detected, reducing
safety issues. NHj3 has a higher volumetric hydrogen density than LOHC and LH,. Also, NHs, like
LOHC, can make use of existing infrastructure and vessels (Wijayanta et al., 2019).

Ny, +3Hy <> 2NHsj

To summarise, the properties of the three carriers have been caught in Table 1. Note that both LOHC
and NHj3 hold very little H, per kg (e.g. low gravimetric H, density). Hydrogen is only 6% of LOHC
while 18% of NH3. These low gravimetric densities have significant implications for the shipment and
the hydrogen retrieval of the carriers. This will be discussed in the proceeding sections.

Table 1: Properties of the three hydrogen carriers. Adapted from Wijayanta et al. (2019) and Tijdgat
(2020)

Hydrogen carriers

Properties Unit LH, LOHC NH;
Density kg/m> | 709 769 682
Boiling point °C -253 101 -33,34
Gravimetric H, density wt% 100 6,16 17,8
Volumetric H, density kg Hy/ m? | 70,9 47,1 120,3
Hy-retrieval temperature °C -253  200-400  350-900
Conversion efficiency to H, - 0,98 0,70 0,79

3.1.3 Shipping

After the conversion of gaseous hydrogen to a hydrogen carrier, it is transported overseas. The three
hydrogen carriers have their characteristics and properties. For that reason, they each require a specific
type of vessels (Salmon and Bafiares-Alcantara, 2021; Kamiya et al., 2015; Tijdgat, 2020; Niermann et al.,
2019):

* LH, vessels have not been commercialised yet. However, Kawasaki Heavy Industries has built a
small vessel (1250 m?) as a pilot. It is planning to build larger vessels (up to 25.000 and 160.000 m?)
in the future.

e LOHC will be transported in chemical tankers under ambient pressure and temperature. It is
assumed the vessel’s capacity can vary from 20.000 to 220.000 ton LOHC

* NHj is transported in an LPG vessel. This vessel’s capacity is assumed to be between 10.000 and
266.000 m®.

It is important to mention that the hydrogen carrier mass of a specific vessel is not equal to the,
eventually, the mass of the delivered hydrogen. This is true for two reasons. First, for LOHC and NH;
the ratio between the volumetric H, density and the standard density (see Table 1) is very small. As a
consequence, only 6,16% and 17,8% of the mass of respectively LOHC and NHj is hydrogen. The second
reason relates to the conversion efficiency of the dehydrogenation process. This is further explained in
section 3.1.4. The above is captured in the following formula and illustrated in Figure 9:

Mass of hydrogen delivered [ton H;] =

Delivered hydrogen carrier mass [ton H; carrier] * Conversion Efficiency [-] * H, content [-]
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Figure 9: Volume and mass needed to deliver 1 [ton] of hydrogen based on Table 1

Capacities of hydrogen carrier vessels determine the amount of hydrogen that can be delivered by
one shipment. A larger vessel capacity is expected to provide more flexibility regarding the import of
hydrogen due to the possibility of storing the carrier in the import terminal. To test this hypothesis,
different vessel capacities will be used. The vessel capacities that will be used are based on the literature
(Salmon and Bafiares-Alcdntara, 2021; Kamiya et al., 2015; Tijdgat, 2020; Niermann et al., 2019). The
vessel capacities are shown in Table 2

Table 2: Capacities hydrogen carrier vessels

LH, LOHC NH;
Mass [tonne]  Mass H2 [tonne] Mass [tonne]  Mass H2 [tonne] Mass [tonne]  Mass H2 [tonne]
Low 89 87 20.000 868 6820 970
Medium 1.773 1.737 75.000 3.255 57.970 8.243
High 11.344 11.117 220.000 9.548 109.120 10.668

3.1.4 Import terminal: storage and throughput

This section aims to explore the process in and around the import terminal. First, we discuss the aspect
of storage. Then, the throughput, or, in other words, the regasification processes, will be discussed.
Finally, two aspects regarding the regasification and utilisation of the carriers are discussed. The first
aspect regards the energy input for the regasification processes of LOHC and NHj;. The second aspect
relates to the direct use of the carriers.

Once arrived by vessel, the carriers are stored in the terminal. Each hydrogen carrier requires specific
storage tanks. Hydrogen carrier storage tanks and terminals vary in maximum capacity, depending on
the state and form of the hydrogen (Detz et al., 2019b). LH, must be stored in a well-insulated tank as
its boiling temperature is -253 °Celcius. LOHC can use the existing storage infrastructure of crude oil
derivatives and can be stored at atmospheric pressure (Niermann et al., 2019). Also, NH;z can potentially
use the existing storage infrastructure that currently is used for propane (Wijayanta et al., 2019).

Another option for storage is the use of salt caverns. This technique is a promising option since
it has low upfront investment costs, the sealing of the salt cavern has high potential, and it has a low
cushion gas requirement (Caglayan et al., 2020). Gabrielli et al. (2020) argue that salt caverns are suitable
for long-term storage of hydrogen. In the Netherlands, there is some potential for hydrogen storage in
salt caverns. In the Northern part, nearby the small village Zuidwending, currently, five salt caverns
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are exploited as a natural gas reserve, with each a capacity of 1.000.000 m>. For hydrogen a salt cavern
of 500.000 m® could potentially store 3.733 [ton Hy]. Salt caverns will not be included in our model.
However, it is important to mention their potential.

Now we shift our focus to the second function of an import terminal; throughput. Generally, two
options are widely known for how to import terminals are operating; base-load and peak-shaving. A
base-load operating terminal usually has a throughput of several thousands of tons per day. Therefore,
the throughput is constant and predictable, and the throughput capacity has to be relatively high to
facilitate the base-load. On the other hand, peak-shaving facilities have comparatively low throughput
capacity as they aim to cope with the mismatch in supply and demand at only a few particular moments
(Finn et al., 2000). It is vital to be aware of the different roles an import terminal could take on. If do-
mestic production can mainly meet the demand, small import, and therefore small terminal throughput
capacities are required. On the other hand, in case of a higher hydrogen demand, the domestic produc-
tion will probably not be sufficient, and thus larger import volumes will need to be processed. In that
case, import terminals likely adopt the function as a base-load terminal. However, large salt-cavern in
the Northern part of the Netherlands influence this role as they could be used as large-scale hydrogen
storage. Another factor is known as the chicken-and-egg problem. Large import volumes will only flow
if the import terminals are in place and high local demand for hydrogen is present. On the other hand, a
large import terminal could attract large import volumes. However, significant upfront investments are
needed leaving the question of what needs to come first? In short, different technical, economical and
even political aspects determine the most suitable role for an import terminal.

Throughput refers to the amount of carrier that can be dehydrogenated in one period of time (e.g.
hour, day or year). Dehydrogenation is the process where the three hydrogen carriers are reconverted
to gaseous hydrogen. The three carriers can be used directly (without re-conversion) in some cases.
However, this is not included in this research. The gravimetric H, density (see Table 1 and Figure 9)
determine the amount of H, that can be retrieved from a certain amount of hydrogen carrier. Once
retrieved, the hydrogen has a specific purity degree. A higher purity degree a higher quality of hydro-
gen (see A for more information). Below, the three hydrogen carriers are discussed concerning their
dehydrogenation process (reconversion to gaseous hydrogen).

LH; has a relatively easy and cheap dehydrogenation process because of the low boiling point. There-
fore, the vaporisation of LH, requires little energy input (Wijayanta et al., 2019). This is crucial, especially
when one considers that LH; is transported from a geographical area with an energy surplus to an area
with a deficit. This characteristic of LH; is precious and unique compared to other hydrogen carriers.
The purity of this vaporised hydrogen is higher than 99,99% making it available for every application
in any end-users sector (see Appendix A for more information regarding hydrogen’s quality) (Ishimoto
et al., 2020).

LOHC is cracked at a temperature of approximately 300 °Celsius. This process consumes approx-
imately 30% of the hydrogen energy (Wijayanta et al., 2019). After the dehydrogenation process, hy-
drogen purification methods are required, like pressure swing adsorption or membrane separation, in-
creasing the costs (Niermann et al., 2019). Generally, the hydrogen purity retrieved from this process is
lower compared to LH,. The relatively easy storage handling and operations make LOHC applicable
for export to Germany or other countries after arriving in Rotterdam.

To retrieve hydrogen from NHj, NH3 must be cracked in a catalytic process, after which the hydrogen
is purified (Ishimoto et al., 2020). This process requires a very high energy input (temperature above 800
°Celsius), resulting in a loss of approximately 13% of the hydrogen energy (Wijayanta et al., 2019; Giddey
et al.,, 2013). Generally, the hydrogen purity retrieved from this process is lower compared to LH, and
comparable with LOHC.



22 3 CASE STUDY: THE PORT OF ROTTERDAM

As identified, the regasification process of both LOHC and NHj require significant energy input.
Two aspects regarding this energy input are important to address; sustainability and availability. Ishi-
moto et al. (2020) stated that the cracking process of NHj produces significant CO,-emissions as it re-
quires approximately 0,4 [MWh/ton Hy]. Their work advocates using waste heat to reduce the climate
impact. Contrarily, as mentioned, LH, requires none to little energy input, and thus, is the ecological
footprint of this process negligible (Wijayanta et al., 2019).

Another important aspect is the direct use of the carriers. LH, and LOHC do not yet have com-
mercialised forms of direct usage. NHj is used directly in the fertiliser industry. Sustainable NHj3 can
easily replace the carbon-intensive NHj used nowadays, creating a market for the imported NH3. More-
over, NHj shows potential to be used in the maritime shipping sector and for combustion applications
(Wijayanta et al., 2019). It is expected that the direct use of NHj3 will take priority over hydrogen re-
trieval from NHj since the dehydrogenating process requires a large amount of energy (Deltalings,
2019). Moreover, the purity of the hydrogen retrieved from NHj is significantly lower than hydrogen
retrieved from LH,. In the case of converting NHj3, expensive process equipment is required to retrieve
a higher hydrogen purity, resulting in higher costs. Direct use eliminates the regasification process and
makes the total supply chain of NH; more efficient (Aziz et al., 2019). Please note that the direct use of
the carriers is not included in this research as we consider pure hydrogen demand. However, the notion
of direct utilisation becomes relevant when the demand for a specific hydrogen carrier drives the need
for a supply chain.

3.1.5 Hydrogen carrier supply chain costs

Apart from the advantageous or less beneficial characteristics of the three hydrogen carriers, costs are
presumably the most critical factor in a decision to import a particular hydrogen carrier. The costs are
usually a build-up of different stages in the supply chain. These stages are production, conversion,
transportation, receiving and retrieval to hydrogen. In this research, we categorise the costs into three
categories. First, the import price [€/tonne H; carrier], this entails the production of the carriers, includ-
ing the shipment to the Port of Rotterdam. Second, the storage costs [€/tonne H; carrier], and finally
the regasification costs [€/tonne H, carrier] for retrieving gaseous hydrogen.

In this study, no specific export countries have been mentioned. For that reason, the import prices
used in the experiments and scenarios are determined based on our interpretation. Various studies
showed a wide range of import prices, so choosing one specific study was not feasible. However, we
always cross-checked our interpretations with other studies (Terwel and Kerkhoven, 2018; IEA, 2019).
To illustrate, Terwel and Kerkhoven (2018) calculated the total supply chain costs of the three different
carriers from 144 different countries. Please note that Terwel and Kerkhoven (2018) emphasised that
their work entails large uncertainty and should not be treated as explicit or exact. The average supply
chain costs of respectively LH,, LOHC, and NHj are 8.481, 5.150, and 4.868 [€/tonne H,] (8.311, 224, 692
[€/tonne carrier]!). Therefore, we assume that NH; will generally be the cheapest carrier. However, for
experiments, adjustments to this assumption can be made.

For both the storage and regasification costs, the work of Wijayanta et al. (2019) has been used as a
source. The costs [€/tonne H; carrier] are presented in Table 3. Please note that the different hydrogen
carriers have different volumetric densities as presented in Table 1 resulting in different ranges of costs
per tonne H, carrier. Also, note that the storage costs for LH, are expected to decrease drastically in
time due to economies of scale and technological development.

1Please refer to Table 1
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Table 3: Storage and regasification costs for LH,, LOHC and NH3 in [€/tonne H, carrier]

| 2030 2040 2050

LH2 638,8 468,4 2980
Storage costs LOHC || 54 5,4 54
NH3 23,7 23,7 23,7

LH2 0,0 0,0 0,0
Regasification costs LOHC || 30,8 27,7 24,6
NH3 77,1 694 61,7

Generally, there are three business models known concerning a storage & regasification terminal;
the (mixed) integrated project model, the merchant project model and the tolling project model (Tavares
et al., 2018). Gate Terminal applies an adjusted tolling project model.

An essential notion in the tolling project model is the ownership of the gas being processed in the
terminal. In the standard tolling structure, the terminal operator does not own the gas at any time the
gas goes through the terminal (Tavares et al., 2018). The tolling fee paid to a terminal by its customers
typically consists of two components; a fixed and variable component. The fixed component regards
the reserved capacity. To clarify, a customer pays a fixed amount to the terminal owner to reserve the
capacity if required by the customer. The variable component is the fee a customer pays for the actual
unit of gas processed by the terminal. Such a model implicates that the terminal owner reduces the
price risk since the fixed component is a stable income. However, the terminal is partly vulnerable to
volume risk (Tavares et al., 2018). In other words, the terminal owner is independent of market price
but dependent on market activity.

In the case of Gate Terminal, the variable component is left out of the payment structure. Gate has
signed long-term contracts with four customers, Shell, Orsted, Uniper, and congas. These companies
have contracted approximately 11 out of the 12 available cm (billion cubic meters) storage capacity.
Customers of Gate Terminal only pay a fixed fee for its services. Therefore, Gate Terminal eliminates
the volume risk. This elimination has been one reason Gate Terminal has remained operating since the
terminal has processed few LNG volumes in the first operational years. If Gate Terminal carried this
volume risk, it would probably have been bankrupt.

A future business model regarding an LH,, LOHC, or NHj terminal could have similarities with the
current model for LNG. Note that the LNG terminal has been realised because the storage & through-
put capacity was contracted before the terminal’s construction. Logically, to justify investments, this
would be an ideal situation in case of a possible LH,-terminal. Nevertheless, the development of import
supply chains is in its preliminary stages, and only a few large-scale end-users of hydrogen are present
compared to natural gas. For these reasons, it is reasonable that smaller capacities will be contracted via
long-term contracts than occurred with LNG. In smaller reserved capacities, one should consider other
business models to be more profitable compared to the current model used for LNG.

In short, this study includes three different types of costs within the supply chain: import, storage,
and regasification costs. Import costs include foreign hydrogen production, the conversion to a carrier,
and the shipment into the Port of Rotterdam. As described, the import costs bear the most significant
uncertainty. Storage and regasification costs are adapted from Wijayanta et al. (2019) and will be used
accordingly (see Table 3).
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3.2 Domestic hydrogen production

This section aims to explore the domestic hydrogen production located in the Port of Rotterdam. Note
that we aim to explore potential production capacities for the coming decades. This research includes
SMR (including CCS) and water electrolysis as production methods. First, we address SMR and CSS,
followed by electrolysis.

3.2.1 Production of hydrogen using SMR and CCS

Steam Methane Reforming (SMR) is a method where natural gas is combined with steam to create syngas
(a mixture of gaseous hydrogen and monoxide) from which hydrogen is produced due to the presence
of a catalyst (Holladay et al., 2009). Blue hydrogen is produced if the CO; is captured and stored during
the process of steam methane reforming. Assuming a hydrogen demand of around 14 [Mton/year],
Gigler and Weeda (2018) calculated that approximately 2250 [P]] natural gas is required in case SMR
(including CCS) completely covers the demand. To put this in perspective, the total natural gas use in
the Netherlands currently is 1200 [P]]. Apart from the enormous amount of natural gas, storage capac-
ity for the captured CO; is required. Using CCS to meet the 14 [Mtonne/year], would require a storage
capacity of 128 [Mtonne CO,/ year]. To put this in perspective, PORTHOS is a pipeline that transports
the captured CO; to depleted gas reservoirs underneath the North Sea. PORTHOS will be the largest
of its sort in the world with a capacity of 2,5 [Mtonne CO,/year] (PORTHOS, nd). The current produc-
tion capacity of SMR combined with CCS is 400 [ktonne/year]. However, including new projects, this
amount would increase to nearly 800 [ktonne/year] (Port of Rotterdam, 2020c). For production costs of
SMR and CCS, please refer to Appendix B.1.

Note that hydrogen production via SMR is subjective to the European Union Emission Trading Sys-
tem (EU ETS). For every tonne, CO, emitted while producing; a payment has to be made. Logically, a
higher ETS price will stimulate the use of green or blue hydrogen. Vice versa, a lower ETS price makes
the application of conventional fossil fuels attractive. As can be seen in Figure 10, the ETS price is dou-
bled in the last two years, exceeding a price of 50 [€/tonne CO,] in June 2021. Moreover, a law has been
proposed to apply a minimum ETS price of 125 [€/tonne CO,] in 2030 (PWC, 2020). However, this law
still needs to be passed by the Dutch Government.
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Figure 10: EU ETS price in the last two years. Adapted from EMBER (2021)

3.2.2 Electrolysis

This section provides an exploration of the potential of the use of water electrolysis. Two factors are
needed for hydrogen production by electrolysis. First, a sufficient supply of renewable energy, and
second sufficient electrolysis capacity. We assume that there will be a sufficient amount of water for any
production capacity.
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Recently, a few projects have been initiated to scale up the capacity of electrolysers in the Nether-
lands. In Delfzijl, Nouryon and Gasunie are on the edge of the realisation of a 20 [MW] electrolyser to
produce up to 3.000 [tonne] green hydrogen per year. Also, a technical feasibility study is conducted
for an electrolysis plant with a capacity of 1 [GW] in Zeeland, called Hydrogen Delta. A feasibility
study regarding a 100 [MW] green hydrogen plant is ongoing in the Port of Amsterdam. Likewise,
RWE is investigating a 100 [MW] green hydrogen plant nearby Eemshaven (De Laat, 2020). Shifting our
scope to the PoR, Nouryon and BP are planning to build a 250 [MW] electrolysis plant that could be
able to produce 45.000 [tonne] of green hydrogen annually. In addition, Shell aims to have 200 [MW]
electrolyser capacity running by the end of 2030. The Port of Rotterdam has the ambition to increase
the electrolysis capacity to 2 [GW] by 2030 (~ 360 [ktonne H,/year]) (Port of Rotterdam, 2020c). The
Dutch climate agreement aims for an electrolyser capacity of 3-4 [GW] by 2030 in the Netherlands (van
Soest and Warmenhoven, 2019). Please refer to Appendix B.1 for the hydrogen production costs via
electrolysis.

The second factor that needs to be taken into account when considering electrolyser capacity is the
available RES for hydrogen production. In 2020, the Netherlands produced nearly 17 [TWh] sustainable
electricity (CBS, 2020). This number is expected to rise to 128 [TWh] by the end of 2030 (Hammingh
and Hekkenberg, 2017). In this thesis, it is assumed that sustainable electricity is generated by offshore
wind (Gasunie, 2020). Gasunie (2018) argue that the amount of installed wind capacity on the Dutch
North Sea approaches 40 [GW] by 2050 with a maximum of 80 [GW] in total (Gigler and Weeda, 2018;
Gasunie, nd; Notermans et al., 2020). Port of Rotterdam (2020c) narrows down this number by arguing
a maximum installed capacity of 60-72 [GW]. Depending on the operational hours, this could approx-
imately produce 200 [TWh]. However, one should consider that electricity is widely used in various
applications. Moreover, the most efficient way to use it is in its primary form. In other words, only a
tiny part (the surplus) of the available electricity will be used to produce hydrogen.

3.2.3 Potential for domestic hydrogen production

The above paragraphs show a brief description of the domestic hydrogen production capacity in the
PoR. In the PoR 800 [ktonne/year] is expected to be produced by SMR (including CCS). This would
lead to a production of approximately 2.000 [tonne H,/day]. Regarding electrolysis, a minimum of 2
[GW] is expected to be realised in 2030. However, the available wind capacity is uncertain as no specific
pat of the available wind capacity is yet assigned to hydrogen production.

3.3 Hydrogen demand

This section aims to explore three topics. First, the possible future hydrogen demand in various end-
user sectors. Second, quality considerations of the various end-user sectors will be described. Finally, the
transportation infrastructure to these end-user sectors will be discussed. In the end, we will determine
which end-user sectors and what transportation infrastructure will be included in this study.

3.3.1 Hydrogen demand in end-user sectors

The attention given to hydrogen has various reasons. Apart from possible sustainable production meth-
ods, its wide range of applications is the primary driver of hydrogen’s recognition. However, a vast
global debate is held between scientists, scholars and media about the potential of hydrogen in this
range of applications. Note that this section evaluates the current status and knowledge regarding hy-
drogen applications and is mainly based on climate and technology outlooks. The perspective could
change drastically in the coming years and decades.
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In the work of Hydrogen Council (2020) four major sectors are mentioned; mobility, heat and power
for buildings, heat and power for industry and industry feedstock. Narrowing our scope down to the
Netherlands, a few studies have been conducted regarding hydrogen in different applications. Note-
worthy is that most studies have used 2050 as a reference year (Jepma et al., 2019; Detz et al., 2019a;
Samadi et al., 2016; Gigler and Weeda, 2018; Detz et al., 2020; van den Noort et al., 2017). The reason for
this is the high uncertainty of the development of techniques that must facilitate hydrogen use. Samadi
et al. (2016) only focused on industrial processes in the PoR. Jepma et al. (2019) research the impact of
a hydrogen economy in 2050 on the employment rate, climate change impact and the energy system
costs. Gigler and Weeda (2018) indicated a possible demand of 1690 PJ/year in 2050 (or 14,1 Mtonne
H, /year). Gigler and Weeda (2018) use similar sectors compared to Hydrogen Council (2020), such as
heat and power for industry, industry feedstock, mobility, heat and power for buildings. Peculiar is the
attention for hydrogen demand for synthetic fuels. For example, synthetic fuels could be used for the
maritime shipping and aviation sector. van den Noort et al. (2017) did not include these sectors in their
work, resulting in a maximum hydrogen demand in 2050 of 710 P]/year (approximately 6,0 Mtonne
H,/year). The potential of synthetic fuels is enormous. Another major study is the work of Detz et al.
(2020). They evaluated several scenario studies for various sectors regarding hydrogen use in 2030, 2040,
and 2050. The result is presented in Figure 11.

A Beren/Kala (2020) European

Total Beren/Kala (2020) International
Beren/Kala (2020) National
& Beren/Kala (2020) Regional
Berenschot (2018) Electrons
1500 | ® Berenschot (2018) Molecules
& CE Delft (2017) NvdT National
» CE Delft (2017) NvdT Regional
+ DNVGL (2018) Industry
® ECN (2014) Power-to-gas
® Gasunie (2018) Survey 2050
@® Gasunie (2019) Low
® Gasunie (2019) High
® HyChain (2019) Low
500 F HyChain (2019) High
@ NIB (2017) North-NL (x10)
o W NSE3 (2020) Base
[ ] ] i@ ® PBL (2019) KEV transport
0 : - . .. 2 @ TKI Nieuw Gas (2018) Roadmap
TNO (2020) Adapt

2020 2030 2040 2050 TNO (2020) Transform

2000

1000 |

Hydrogen use (PJ)
L ]

Figure 11: Hydrogen demand according to various studies in the years 2030, 2040, and 2050. Adapted
from Detz et al. (2020).

Remko Detz is a leading scholar in this field of work. In another work, he and his colleagues found
a potential hydrogen demand of 14 [Mtonne/year] in 2050. Their results are shown in Table 4.
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Table 4: Dutch hydrogen demand in 2050 in the Netherlands. Aggregated overview from Detz et al.
(2019b) & Port of Rotterdam (2020c).

End-user sectors H PJ H Mton/year H Ton/day
Feedstock chemicals 97 0,8 2192
Process heat industry 127,5 1,1 3013
Build environment 13,5 0,1 274
Mobility over land 102,5 0,8 2191
Aviation (H2 in synthetic fuels) 115 1,0 2739
Maritime shipping (H2 in liquid fuels) || 375 32 8767
Export to Germany 960 8,0 21918
Export to NWE 600 5,0 13699

Note that the studies discussed above focus on the hydrogen demand that could replace current en-
ergy use (accounted for by fossil fuels). In the study of Port of Rotterdam (2020c), the potential hydrogen
export is measured based on the current energy export. Please refer to Appendix B for more detail on
the hydrogen used in these end-user sectors.

An essential aspect of stimulating hydrogen demand is cost-competitiveness. Hydrogen Council
(2020) argue that advancements in technology developments will result in low-cost and, in some cases,
even competitive prices compared to conventional fuels. The projections above regarding hydrogen de-
mand are relevant. However, one must consider that maximum demand scenarios only can be reached
if technology achieves such maturity that the costs will be competitive to conventional fuels. However,
policies and regulations imposed by, for instance, governments could stimulate the use of the more
expensive but also more sustainable hydrogen technologies.

The work of Detz et al. (2019b) and Port of Rotterdam (2020c) based their findings on the current
energy imports and exports in the PoR. Geopolitical aspects related to the hydrogen demand are not
included in their findings. As shortly discussed in the introduction of this thesis, the window of op-
portunity for the PoR to become a large hydrogen hub is closing. According to Notermans et al. (2020),
other ports (e.g. the Port of Antwerp or the Port of Hamburg) could facilitate extensive hydrogen import
infrastructure and absorb a significant amount of hydrogen demand that is allocated to the PoR in the
work of Detz et al. (2019b) and Port of Rotterdam (2020c).

3.3.2 Quality considerations

It is important to consider that hydrogen can be perceived with various qualities. The quality of hy-
drogen is directly linked to its purity? Requirements per application of hydrogen can vary greatly. In
general, the quality of hydrogen is divided into three groups (Cappellen van et al., 2018):

1. Fuel cell quality: This hydrogen has a purity of >99,99% and, thus, has no contamination of other
gases.

2. Industrial quality: This hydrogen must have a purity of above 99,95%. This type of quality is
usually used for feedstock in industrial processes.

3. Energy production quality. This category consists of hydrogen with low purity (>95%). This qual-
ity is produced with the SMR production method.

The higher the purity, the higher the investment costs of production methods. Ideally, the hydrogen
with the highest purity will be used for the fuel cell and industrial feedstock. As discussed, LH, has the

2From now on this thesis will refer to this as hydrogen quality
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highest quality grade among the three hydrogen carriers. LOHC and NHj3 require expensive process
equipment to increase the purity of the hydrogen retrieved. Regarding the hydrogen backbone in the
Port of Rotterdam, it is yet to be decided what the minimal hydrogen quality has to be. In Appendix B
the use of hydrogen in the end-user sectors is explained in more detail. In short, the ‘feedstock chemicals’
and the mobility sector” require the highest hydrogen quality. The ‘maritime shipping” and ‘aviation’
sectors require similar standards if synthetic fuels are produced. However, for the ‘maritime shipping’
sector NHj; can be directly applied, and for the ‘aviation’ sector, the direct use of LH; is possible. Lower
hydrogen quality standards are sufficient for the “process heat industry” and the ‘building environment’
sector. The export sectors do not have specific technological requirements. However, it does bring some
additional complexities. This will be discussed in the following section.

3.3.3 Local distribution

Hydrogen distribution refers to the transportation from the PoR towards the end-user sectors. This can
occur through two forms; as the carrier or as (gaseous) hydrogen. Do note that the first form is not
included in our model. Nevertheless, it is important to discuss. If the carriers are transported, the PoR is
used only as a transit port. The carriers can be transported via pipelines, smaller barges, trains or trucks.
For LOHC and NHj3 pipelines can be built. However, LOHC transportation by pipeline is inefficient as
the residual LOHC must be returned to its original location after the cracking process. NHj transporta-
tion by pipeline is complex as NHj3 is highly flammable and toxic resulting in environmental and social
issues. LH; (e.g. -253 °C) is too cold for transportation by pipeline. Where NH3 and LOHC can largely
build on existing barges, trains, or trucks to be transported, LH,-barges and LH,-rail tankers are still
at the development stage. LH,-trucks are already in use (Reufs et al., 2017; Office of Energy Efficiency
& Renewable Energy, 2021; Elishav et al., 2021). However, a big disadvantage of truck-transport is the
CO,-emissions are higher, and it is usually expensive when large volumes are transported over long dis-
tances (Nayak-Luke et al., 2021). In the case of export via gaseous hydrogen, the carriers are reconverted
in the PoR. Subsequently, the hydrogen is transported via pipelines. We do acknowledge that gaseous
hydrogen transportation could also raise environmental and societal issues. However, there is nowa-
days already a large hydrogen pipeline network present and managed by the company Air products
(Gasunie, 2021).

Due to the projected growth in hydrogen demand, a new hydrogen distribution infrastructure is
planned to be constructed. The Port of Rotterdam and Gasunie are finalising the last phase of the con-
struction of a hydrogen backbone in the Port of Rotterdam. The hydrogen backbone is a pipeline (diam-
eter = 600 mm) in which hydrogen will be transported. This hydrogen backbone will be an open-access
pipeline. In other words, companies or organisations that want to produce or consume hydrogen can be
connected to these pipelines. Also, import terminals, refuelling stations, and the building environment
can be connected to this pipeline. Finally, in the following years, the pipeline in the Port of Rotterdam
will be connected to the national hydrogen backbone. In this way, the industrial cluster of Rotterdam
can be connected with other industrial clusters like Chemelot and Antwerp (Gasunie, 2021). The project
of the national hydrogen backbone is called; Hyway27. A project name has been chosen to emphasise
the ambition to realise the national hydrogen backbone by 2027. Delta corridor is another project to
expand the hydrogen infrastructure. This project, initiated by the Port of Rotterdam, the Dutch Govern-
ment, and Chemelot, aims to realise a pipeline system including four commodities, C4-LPG, propane,
hydrogen, and CO,. A feasibility study concluded that the execution would cost more than 1 billion
euros. A connection to the industrial clusters of Antwerp and North Rhine-Westphalia would increase
the usage. A connection is essential to recover the investment costs (Delta Corridor, 2021). It is unknown
in what year this project is envisaged to be accomplished.
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3.3.4 Overview hydrogen demand and distribution

This thesis will include the following end-use sectors: feedstock industry, process heat industry, build
environment, mobility (overland), synthetic fuels (aviation & maritime shipping), and export. For an
elaboration on how hydrogen will be used in these sectors, please refer to Appendix A. The data in the
work of Port of Rotterdam (2020c) will be used as a reference point. Because these data refer to the year
2050, we will use that data to interpolate data for the earlier years (for more explanation, see Appendix
B.2). Quality considerations in various end-user sectors could potentially result in a sector’s preference
for a specific carrier. However, this is still uncertain. Geopolitical uncertainty is related to the presence of
nearby located ports that could consume a large part of the projected hydrogen demand in and around
the PoR. In our model, we assume that the carriers are reconverted in the PoR, and gaseous hydrogen is
transported towards the end-user sectors.

3.4 Summation of case inputs

This section aims to provide a clear overview of the valuable case information used as input for our
model. Please note that the uncertainties addressed in the previous section align with these case inputs.
The case inputs are categorised into hydrogen import supply chain, domestic production, and hydrogen
demand. An overview is presented in Figure 12.
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Figure 12: Overview of most important case inputs.

3.5 Uncertainties related to hydrogen in the Port of Rotterdam

This section aims to emphasise the uncertainties related to our system, which has been examined in the
previous sections. Due to our analysis in chapter 2 and the case exploration in this chapter, we were able
to identify economic, technological, and geopolitical uncertainty related to the hydrogen system in the
Port of Rotterdam. We acknowledge that some uncertainties are uncertainties related to the hydrogen
system in general. Nevertheless, these uncertainties are included due to their relevance to our case
study. The structure of this section is as follows. First, the uncertainties related to the hydrogen import
supply chain will be discussed. Second, uncertainties related to domestic production are evaluated.
Third, uncertainty in the hydrogen demand will be discussed. Finally, an overview of the uncertainties
is presented.
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Uncertainty in the hydrogen supply chain is widely present. The PoR already signed numerous
Memoranda of Understanding with various countries to develop a hydrogen supply chain to the PoR.
However, potential export countries have not yet made any decision on what carrier they will produce.
Moreover, the production capacities in those countries are still unknown as excessive RES capacities
must be examined. These uncertainties inherently cause the uncertain import prices of the three hydro-
gen carriers identified by (Terwel and Kerkhoven, 2018). Other uncertainties relate to the technology
required for the supply chain. Where LOHC and NHj can primarily rely on existing infrastructure.
The vessel capacities, storage tanks and other process equipment of LH, are still in an early stage of
development, resulting currently in high prices. However, future cost reductions depend on the tech-
nology development in the coming years (Wijayanta et al., 2019). The uncertainty in the prices of the
three hydrogen carriers makes the realisation of the import terminals for a specific hydrogen carrier
rather complex. Hence, as described in chapter 2, they require enormous investments and is highly
asset-specific, making investment decisions complicated. Furthermore, the uncertain hydrogen demand
in various sectors makes designing suitable scaled import terminals complicated as requested storage
and throughput capacities are hard to determine. Again, technology developments are crucial as they
determine how efficient and, thus, against what price hydrogen can be used in the end-user sectors.
Geopolitical forces are also causing uncertainty in the import supply chain. Firstly, former oil and gas
countries could disrupt the emergence of a global hydrogen market as they keep their production levels
up and, therefore, lower fossil fuel prices. In turn, the relatively expensive hydrogen import supply
chain would be economically less attractive (Pflugmann and Blasio, 2020). Second, international sup-
ply chains are inherently subject to uncertainty. Last year, the Suez canal was blocked for a few days
resulting in significant disruptions in various supply chains. Uncertainty in a hydrogen supply chain
could affect the security of supply in the Port of Rotterdam. Finally, establishing a supply chain for only
one specific carrier into the Port of Rotterdam could make the Port and the Netherlands vulnerable to
geopolitical forces.

Uncertainties regarding domestic hydrogen production are present in production methods and their
capacities, policies and regulations. Economic uncertainty would relate to the production costs of the
electrolysis and SMR methods. However, many scholars have already projected future production costs
for these methods (IEA, 2019). Therefore, we used these production costs as case-input rather than as
uncertainty. In section 3.2, we identified several potential projects that would lead to an expansion of
both offshore wind and electrolysis capacity. However, uncertainty remains in what actually will be
realised regarding hydrogen production capacity in the coming years. Another factor of uncertainty is
the availability of ‘green’ electricity that is available for hydrogen production. This thesis assumes that
offshore wind will be used as an energy input for electrolysis. However, the work of Gigler and Weeda
(2018) also argued that most electricity produced by offshore wind would directly be used instead as
an energy input for electrolysis. Moreover, the production output of electrolysis fluctuates if only wind
energy is used as energy input. This could be troublesome in case end-user sectors require a constant in-
flow of hydrogen. The renewable electricity price is uncertain. Other uncertainties are related to policies
and regulations. In section 3.2, we identified that hydrogen production via SMR (CCS) is subject to the
EU ETS price. The projection is that the EU ETS price will only increase. This would lead to significantly
higher prices for SMR and CCS. In the coming years, other policies could affect the use of SMR as
hydrogen production as it uses fossil fuels as energy input. A realistic future policy would be a total
exclusion of SMR, leaving the role of SMR in the security of supply doubtful (PWC, 2020). To conclude,
uncertainty in the domestic hydrogen production affects hydrogen supply chain infrastructure, as it is
unknown what volumes can be produced domestically against what price. In that context, it remains
unknown what import volumes are required, and thus, what infrastructure is required for this hydrogen
import.

Unknown technological developments cause uncertainty in the hydrogen demand in end-user sec-



31 3 CASE STUDY: THE PORT OF ROTTERDAM

tors. To clarify, if new technologies could reduce conventional fuels in many sectors, the hydrogen
demand could rise exponentially, especially if this could be established in energy-intensive sectors like
the aviation and maritime shipping sectors. However, if technology developments in those energy-
intensive sectors are lacking, hydrogen demand could remain at a relatively small scale due to high
costs. Uncertainty is also present in the sector’s preference for a specific carrier. These preferences could
completely shift the hydrogen import if, for instance, the hydrogen demand for one specific carrier is
very high compared to the other two carriers. Another aspect of uncertainty in hydrogen demand is
related to time. To establish the security of supply, hydrogen must be available at any point in time.
Hydrogen production by electrolysis could be subjective to weather conditions. Also, hydrogen im-
port is subjective to the arrival of vessels. For that reason, storage and throughput capacities are vital
to respond to hydrogen production and demand fluctuations. In turn, this makes designing hydro-
gen import terminals highly complicated as higher volumes provide more flexibility and correspond to
more significant up-front investments. Therefore, optimising hydrogen import terminals is critical to
establishing hydrogen security of supply against minimal costs. Another aspect of uncertainty is the
presence of other nearby located hydrogen clusters that could consume some of the hydrogen demand
that is projected for the PoR.

An overview of the uncertainties related to our three sub-systems is presented in Figure 13. Please
note that the uncertainties identified in this chapter are not used as case inputs, except for one; hydrogen
demand. How hydrogen demand uncertainty is used as case-input, and therefore not presented in
Figure 13, is further explained in section 4.2.3. Other uncertainties are analysed through sensitivity and
scenario analyses.
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Figure 13: Overview of economic, technological, and geopolitical uncertainties related to the three sub-
systems in the Port of Rotterdam.

3.6 Conceptual design

Based on the previous sections, a conceptual design is made that will provide the foundation for our
model. The conceptual design is shown in Figure 14. Please note the supply and demand concept
present in Figure 14. We assume the demand is either met by domestic production or via import.
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Figure 14: Systematic representation of hydrogen system in the Port of Rotterdam

On the right-hand side in Figure 14, the hydrogen import supply chain is shown. Export countries
produce a surplus of hydrogen, making a share of their hydrogen production available for export. No
specific export countries are included in this study. We assume that the hydrogen can be shipped via
three different carriers; LHp, LOHC, and NH3 with each of their supply chain costs. These carriers are
assumed to be produced sustainably, and therefore, ‘green’. The three carriers are shipped in carrier-
specific vessels. Once arrived in the PoR, the carriers are stored in an import terminal. An import
terminal has two functions: storage & throughput. Storage refers to the receiving of the carrier and
its storage in the terminal. Throughput refers to the re-conversion from the carrier back to gaseous
hydrogen. Note that each carrier has its specific infrastructure. The direct use of the hydrogen carriers
is not included in this study.

In Figure 14, the domestic production of hydrogen is presented on the left side. The two production
methods included in this system are water electrolysis and Steam Methane Reforming (SMR). The en-
ergy input for electrolysis is provided by offshore wind. Therefore, hydrogen is only produced when
electricity from offshore wind is available. Consequently, the production capacity of electrolysis is vari-
able. Regarding SMR, a choice is made to capture a part of the produced CO, by applying Carbon
Capture Storage (CCS). The production capacity of SMR (with or without CCS) can be varied as it is not
dependent on fluctuating renewable energy production. Electrolysis, SMR, and SMR, including CCS,
generate the three types of hydrogen; grey, blue, and green. Note that this study uses a system perspec-
tive. As a result, the total production capacities of the production methods are considered rather than
several smaller production units.

Finally, the hydrogen produced or imported into the PoR is distributed to various end-user sectors
by hydrogen distribution infrastructure (pipelines). These end-user sectors can be located either within
or outside of the geographical boundaries of the PoR.

3.7 Case study as reference for model

In this chapter, the case of the Port of Rotterdam has been explored and analysed. The following two
sub-questions have been answered:

* What are relevant inputs to model an integrated hydrogen system located in the Port of Rotter-
dam?
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¢ Which uncertainties are present regarding an integrated hydrogen system in the Port of Rotter-
dam?

To summarise, first, the three sub-systems have been discussed; hydrogen import supply chains, do-
mestic hydrogen production, and hydrogen demand. Then, case inputs are collected in section 3.4. This
data will be used to formalise a working model in Linny-R. Then, the identified uncertainties related to
the respective sub-systems have been described. Subsequently, a conceptual design is presented in the
last section that will function as the blueprint for our model. Through our model, we aim to analyse the
identified uncertainties to answer the main research question.
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4 Modelling

In this chapter, the processes in the defined system are formalised in a model. In that way, the following
sub-question, as stated in Chapter 1, can be answered:

* How can an integrated hydrogen system of the Port of Rotterdam be formalised in a working
model?

As outlined in chapters 1 and 2, Linny-R will be used as a modelling environment that enables
solving MILP problems. Gurobi is the solver that powers Linny-R. Pieter Bots, the developer of Linny-R,
introduced the Gurobi-solver to replace the Ip_solve solver which we used at the beginning of our study.
The Gurobi solver reduced the computational times by roughly a factor of 10. The conceptual design
and the case exploration in chapter 3 will be the foundation of our modelling process and philosophy.
The outline of this chapter is as follows. First, Linny-R and its working are shortly described. Second,
the model will be described by first presenting an overview of the complete model. Then, in more detail,
the three sub-models will be elaborated upon. Third, our model will be verified and validated. Finally, a
model test run will be conducted, and the results will be presented to understand how our model works
and how the results can be interpreted.

4.1 Linny-R

The model is made in Linny-R. Basically, Linny-R is developed to represent (industrial) production
systems reflected by basic concepts such as: e.g. processes, products, levels, and rates Bots (2021). The com-
ponents in a model (processes, products, levels and rates) are used as decision variables and constraints.
A short description of part of the model is described below to illustrate the basic working of Linny-R.

Linny-R is ideal for production systems in industrial clusters (Bots, 2021). A production system in-
volves a production process that can convert input (e.g. energy, water) into output (e.g. Hy) to add
more value to the production chain. A process often involves an artefact (e.g. an electrolyser or a
steam methane reformer) that has a certain Capital Expenditures (CAPEX) and Operational Expendi-
tures (OPEX). The number in the upper left corner of the process indicates the maximum production
capacity. The above is visualised in Figure 15.
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Figure 15: Hydrogen production system in Linny-R

The illustration, presented in Figure 15, shows a hydrogen production process. In the case of hy-
drogen production, we assume two methods; electrolysis and SMR. Both methods rely on the same
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principle discussed above. The inputs for electrolysis are green electricity and raw water, and the out-
puts are hydrogen and oxygen. The links connecting the products with the process are given weight,
corresponding with the required input or output. SMR is the other hydrogen production option con-
sidered in our system. Natural gas, electricity and water are the inputs for this process. Hydrogen,
wastewater, and CO, are the outputs (Cappellen van et al., 2018).

4.2 Model description & model objective

This section presents our model in Linny-R. First, a complete overview of the model is presented. Then,
the modelling process of each sub-model is explained. Additionally, data inputs and assumptions are
mentioned.

Figure 16 shows a complete overview of our model in Linny-R. Similar to our case exploration, the
model is divided into three sub-models; hydrogen import (green), the domestic production of hydro-
gen (blue), and hydrogen transportation to the end-user sectors (grey). Please note that this is not an
investment-based model. This model is built to analyse daily operations. In other words, investment
costs for, say, import terminals are not included. This stems from our perspective that, as touched upon
in the introduction, we aim to analyse what infrastructure is required to design a reliable hydrogen in-
frastructure system in the Port of Rotterdam that enables the transition towards sustainable hydrogen,
regardless of the costs.

For our model, the following settings are used. First, the model has a daily time resolution. To
clarify, every time step represents a single day. In this way, the arrival of hydrogen carrier vessels, the
hydrogen production by SMR and electrolysis, and the hydrogen demand in the end-user sectors could
appropriately be analysed. For the same reason, the second setting is the run-length equal to 368 time
steps. Three extra days are simulated for two reasons. First, hydrogen import can not occur in the first
two days, as hydrogen import is delayed by two days. This is further explained in the following section.
Second, due to the optimising nature of Linny-R, it will release all hydrogen stored in the terminals as
it notices that will be the last day of the run for cost-minimisation reasons. However, in reality, after the
last day, a new year starts. Therefore, an extra day is added to the simulation to "trick” Linny-R and stop
the model from performing unwanted behaviour. For the results, only the data of t=3 till t=367 are used.
The third setting refers to the block length, which is set at three time-steps and the look-ahead, which is
set at five time-steps. This represents available information of eight days. The most important reason to
apply this configuration of settings is to represent available information regarding weather conditions
which are often given for a weekly basis.
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Figure 16: Overview model in Linny-R. This figure is also presented, in higher resolution, at the end of

this thesis report.
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4.2.1 Representing hydrogen import in Linny-R

This section describes the sub-model related to hydrogen import. An overview is presented of how the
import of LH; is modelled.

This model simplifies the infrastructure as it consists of only a storage tank (import terminal) and a
regasification process. In Figure 17 the LH,-import is illustrated. Based on this illustration, the mod-
elling of import is explained as the LOHC, and NH3 import follow the same modelling philosophy.
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Figure 17: LH,-terminal modelled in Linny-R

At the left side of Figure 17, hydrogen is imported via process ‘LH, import’. Every ton that is im-
ported is taxed with the import price (underneath ‘LH, import’). Please note that an upper- & lower
bound can be added to this process. The extra line underneath process ‘LH,-import” allows the model
to ‘shut down the process if the optimised solution is constrained by the lower bound of the process. In
our model, the lower bound is set at the maximum capacity of a LHj-vessel. In this way, we prevent the
model from representing the arrival of less than one completely filled vessel per time-step. However, we
were not able to only allow the arrival of completely filled vessels. As a result, the model does allow for
the arrival of, say, one and a half-filled ship in a single time-step or the arrival of hydrogen equal to, say,
2.3 times the capacity of a vessel in a single time step. This results in somewhat unrealistic behaviour
of our model. The upper bound of the process ‘LH,-import’ is determined by the upper-bound (UB)
data-product ‘Max LH2 vessels’. To clarify, the upper-bound of ‘LH-import” is modelled as [Capacity
LH2-vessel] * [MaxLH?2vessel | UB]. In this way, the modeller can easily adjust import constraints.

Subsequently, the imported LH, is stored in product ‘LH, import terminal’. The upper bound of
this product can easily be adjusted and varied by the modeller. The model even allows an upper bound
set at unlimited. Logically, the lower bound can not be lower than zero as this would imply that the
LH,-terminal could produce LH;. For every ton that flows through the storage, storage costs are taxed.
To clarify, data product ‘LH, storage costs’ reads the amount of LH, that flows through product ‘LH,
import terminal’. Consequently, for each amount of LH, process ‘Paying storage costs LH," produces
a new product (e.g. ‘Paid storage costs LH,’) associated with a negative price. In that way, costs are
attributed to the storage of LH,. Note that the import and storage tank link is labelled with the number
’2’. The link represents the delay of import. In this way, the solver can ‘purchase’ LH; at, say, t=1, and
only receives the LH, at t=3, instead of "purchase’ and delivery on the same day. By modelling this
in such a way, we aim to approach real-world processes. After storage, LH, is converted to gaseous
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hydrogen with an efficiency of 98% please recall Table 1 in section 3.1.2. Note that, only in the case of
LHy, the regasification process has no corresponding costs, contrarily to LOHC and NH; that do have
regasification costs. After the vaporisation process, gaseous hydrogen is transported via the backbone
to the end-user sectors.

It is essential to address the implications of this modelling method. Be aware that this model in
Linny-R uses MILP as a method. Therefore, the model solves the problem by finding the most optimal
(e.g. the cheapest) solution given a specific set of constraints (e.g. storage and throughput capacity). In
that context, the way import occurs is determined by these two factors. This could result in the following
behaviour of the model. The cheapest hydrogen carrier will account for all hydrogen imports up to its
level of storage and throughput capacity. Then, the second cheapest hydrogen carrier is addressed. If
this carrier, and its corresponding infrastructure, cannot meet the demand, the most expensive hydrogen

carrier in that scenario is used.

Finally, the following assumptions are made regarding this sub-model:

* Hydrogen import is always available if required by the optimal solution of our model. In that
context, we do not include the production capacities in export countries.

¢ Hydrogen import is delayed by two days.

¢ All hydrogen carriers are reconverted to gaseous hydrogen. Therefore, no direct use of hydrogen
carriers is included.

4.2.2 Representing domestic hydrogen production in Linny-R

This section describes the sub-model “Domestic hydrogen production. First, an overview of the model
in Linny-R is presented. Then, we explain in more detail how offshore wind is modelled in Linny-R.

Two domestic hydrogen production methods are included; electrolysis and SMR. The latter method
also involves the option of capturing CO, through CCS. If the CO; is captured, it will be stored via
PORTHOS, in case CCS is not applied, the produced CO, will be emitted in the air. The CO, that is
not captured is subject to the EU ETS price. Through optimising, Linny-R always chooses the cheapest
option. The hydrogen produced will be transported to the end-users by the hydrogen backbone. An
overview of this sub-model in Linny-R is presented in Figure 18. Please note that no price is allocated to
offshore wind as this is incorporated in the CAPEX of electrolysis. This is based on the research of IEA
(2019). Other input values and data for the two production methods are presented in Appendix B.1. We
assume an electricity price (grid) equal to 75 [€/MWh] and a natural gas price equal to 0,3 [€/m®] (IEA,
2019).
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Figure 18: Domestic hydrogen production sub-model in Linny-R. This figure is also presented, in higher
resolution, at the end of this thesis report.

Now we shift our focus to the modelling of offshore wind in Linny-R. The energy input of the elec-
trolysis process is generated by offshore wind. Offshore wind has a volatile production output because
it relies on wind. A capacity factor has been used to replicate the volatile production output. The ca-
pacity factor times the installed offshore wind capacity results in the produced electricity available for
hydrogen production. In this way, the modeller can easily vary the installed offshore wind capacity and
the installed electrolysis capacity. The capacity factor profile is presented in Figure 19.

o
1

Jan Apr Jul Oct
Figure 19: Offshore wind capacity factor

The offshore wind turbine that has been used to generate the capacity factor is the Vesta V164 7000.
This wind turbine has a hub height of 125 [m] and an average capacity factor of 53,11 [-] (Renewable
Ninja, nd). Therefore, the capacity factor in Figure 19 is a result of such a wind turbine located approxi-
mately 150 km off the coast of the Netherlands. Note that this wind profile is used to show the varying
wind conditions for a representative year. Further note that in the future, innovation regarding wind
turbines can lead to better-performing wind turbines.

4.2.3 Representing hydrogen demand in Linny-R

The last sub-model that we will discuss is the hydrogen demand of the end-user sectors. First, an
overview of this sub-model is presented. Then, we explain in more detail how uncertainty in hydrogen
demand is modelled.

The hydrogen demand, spread over eight different end-user sectors, must always be met, regard-
less of the costs. The hydrogen, domestically produced or imported, is transported via the hydrogen
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backbone in the PoR to the end-user sectors. The transportation is facilitated by either the pipeline in
the PoR, the delta corridor, or the national hydrogen backbone. We do not assume distribution costs.
The overview of this sub-model is presented in Figure 20. As can be seen in Figure 20, the hydrogen
distribution infrastructure that transports hydrogen to Germany and North-West Europe is labelled as
Delta Corridor. However, we acknowledge the possibility that also the national hydrogen backbone will
be used for these export streams.
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Figure 20: Hydrogen demand sub-model in Linny-R

The following assumptions are made regarding this sub-model:
¢ Hydrogen demand must always be fulfilled at any cost.
¢ For the distribution of hydrogen to the end-user sectors, no cost has been accounted for.

¢ The hydrogen backbone in the PoR has an unlimited capacity. The same goes for the Delta Corridor
to Germany and the rest of North-West Europe.

* No distinction is made between different levels of hydrogen quality.

* For each time-step outside of a block, an extra uncertainty factor of 1% is added for the hydrogen
demand (see section 4.2.3).
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We acknowledge the simplicity in the way hydrogen demand and the local distribution are modelled
due to these assumptions. In reality, the Willingness To Pay (WTP)? essentially decides the amount of
hydrogen demand. Moreover, the distribution costs could be significant for the WTP. Additionally, the
capacity of distribution pipelines could be constraining the supply of enormous volumes of hydrogen.
The level of hydrogen quality is not included in the model. However, the results will discuss the im-
plications of different degrees of quality. Nevertheless, this sub-model is a vital part of the integrated
model as it allows the modeller to include uncertainty in the hydrogen demand. This is explained in the
following paragraphs.

Hydrogen demand uncertainty

The data that has been used to represent the hydrogen demand is given in [tonne/year]. We con-
verted this data to [tonne/day] as our model runs with a daily time resolution (see Appendix B.2 for
more information). However, modelling this hydrogen demand would result in a flat and constant hy-
drogen demand every day. Therefore, we added two factors to vary this constant value; fluctuating
and uncertainty factors. First, the fluctuating factor is explained, after which the uncertainty factor is
described.

The fluctuating factor is modelled to approach real-world hydrogen demand. We acknowledge that
some activities in sectors have a constant and stable hydrogen demand. Nevertheless, we assume that
some fluctuations are observed as we model the hydrogen demand for an entire industry. Figure 21
shows how these fluctuations could look over a time period of 365 days.

H, Feedstock chemical —— Mobility = Building Environment == Export NWE
[tonne/day) Process Heat Indus. — Maritime Shipping = Aviation — Export Germany
2.500 -

2.000

1.500 4

1.000 4

500 +

0 T T T T T T T t
0 50 100 150 200 250 300 350

Figure 21: Hydrogen demand fluctuations throughout a representative year in eight end-user sectors

Another essential aspect that has been modelled regarding hydrogen demand is uncertainty. The
hydrogen demand for one specific process or even a factory can be adequately predicted. However, pre-

3The maximum price a customer is willing to pay for a product or service.
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dicting the precise hydrogen demand for an entire sector is highly challenging, especially for individual
days. Therefore, uncertainty regarding the hydrogen demand for various end-user sectors is included
in the model. To explain how hydrogen demand is modelled, we must explain how the MILP-solver in
Linny-R works. Linny-R is a cost-optimisation model. Therefore, running a model will always look for
a feasible solution in which profit is maximised or the costs are minimised over a certain amount of time
steps. This method is called the 'rolling horizon approach and illustrated in Figure 22.
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Figure 22: Rolling horizon approach. Adapted from Lu et al. (2016).

The black boxes, called ‘blocks” in Linny-R, represent the period in which all information is com-
pletely known. Often this is a short-term time period. The white boxes, called ‘look-ahead” in Linny-R,
represent the non-short-term time spans in which the model can ‘look ahead’ in the future. Before each
stage, the information for both types of boxes and their corresponding time spans are made available.
When the problem is solved for one stage, the solution is determined only for the time period for the
black boxes. Then, the next stage arrives, and the solution is determined for the next black box for
which the information will become completely available, which was not the case before. This method
is repeated till the end of the problem’s total time span (Lu et al., 2016). This approach shows its rele-
vance, among other examples, when weather forecasts are used in models. In our model, offshore wind
energy is used as an energy input factor for electrolysers. Thus, using the block length and the look-
ahead function could help to resemble real-life wind predictions. For example, if one knows that the
production by electrolysis is relatively low due to wind in the coming days, one could take action by
importing hydrogen. The rolling horizon approach is verified for our model. This is shown in Appendix
C. To clarify how hydrogen demand uncertainty is modelled, we refer to the rolling horizon approach.
As mentioned before, within a ‘block’, the model has complete information. To model uncertainty, we
include a specific range of uncertainty in the look-ahead time span. This is illustrated in Figure 23. As in
real life, the uncertainty increases as we look further into the future. This is shown in the formula pre-
sented below. Please note that “bt" is short for time-step within block length, “n" represents the number
of time steps within a single block. Also, note that this formula is presented as an illustration. Other
numbers can be used within the model.
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IFbt<n
THEN
[Hydrogen demand]
ELSE
[Hydrogen demand] + (random<0?1:-1)* (0,05+(bt-n)«0,01x[Hydrogen demand])

Through this formula, Linny-R* adds an uncertainty factor, in this example 5[%], to the first time step
outside of the block (inside the look-ahead time span). The factor ‘(random<07?1:-1)" determines whether
the hydrogen demand is overestimated or underestimated by randomly generating either ’-1" or “1’. For
every time-step further in the horizon, 1[%] is added to the uncertainty factor. Figure 23 illustrates a
larger uncertainty space as we look further in time.

Hydrogen demand

1 —_— Actual hydrogen demand

Uncertainty

Block length , Look ahead

Figure 23: Illustration of the uncertainty factor in hydrogen demand

To clarify, we illustrate the uncertainty by an example, assuming a block length n equal to 3 and a
look ahead I equal to 15. If we start at time-step 1, Linny-R has complete information regarding the first
three-time steps. However, for t=4, an uncertainty factor is added. For t=5, an ever-larger uncertainty
factor is added, until t=18 where the most significant uncertainty factor is added. At the start of the
second block (at t=4), time steps 4 till 6 become the new black boxes. As a result, Linny-R is provided
with full information regarding these time-steps. Moreover, the uncertainty factors for t=9 until t=6 is
not as large as in the first block.

The following can happen if we apply this uncertainty factor to our case. At t=1, Linny-R notices
that the domestic hydrogen production is insufficient to meet the hydrogen demand in t=10. Therefore,
Linny-R decides to import hydrogen at a particular time-step at which the import price is relatively low.

4Lirmy—R is only the name of the program. The solver behind Linny-R solves the problem. However, for illustration, we
mention the solver as ‘Linny-R’
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However, once arrived in the second block, the model conveys the complete information for the second
block and concludes that the actual hydrogen demand, for t=10, is lower than initially foreseen at t=1,
resulting in excessive hydrogen import and higher costs.

4.3 Verification & validation

Model verification refers to the procedure to determine if the model performs as it should do according
to the modeller. Verification is conducted to identify any modelling errors. In other words, experiments
are done to analyse if the model behaves as expected. Where verification aims to analyse the model’s
behaviour, validation checks if the results correspond with the expected results. In any case, the model
should have sufficient accuracy of the real-world system it intends to represent. Sufficient accuracy
is subjective; however, in this case, we mean that it can represent a real-world system to experiment,
analyse, and apply scenarios (Carson, 2002).

4.3.1 Verification

Three different experiments have been conducted to verify the model according to the Extreme Conditions
Tests (Sargent, 2010). Extreme values are used as input to observe if our model behaves as expected. The
verification experiments have been caught in Table 5.

Table 5: The three experiments performed to verify the model in Linny-R

Experiment H Expectations

Unlimited electrolysis and . .
. ] No import required
wind capacity

Increment of import prices
LOHC and nh3 by 100%

Look-ahead function Reducing negative cash flow as look-ahead increases

The import should totally be accounted for by LH2

The three experiments have been successful. In other words, the expected behaviour of the model
is verified by performing these experiments. For a more detailed description and the results of the
verification experiments, please refer to Appendix C.

4.3.2 Validation

Two experiments were conducted to validate our model. The first experiment focuses on a smaller sub-
model in which we validate the calculations of the CCS process. We increased the CO, price every time
step. Via a spreadsheet calculation, we determined at which time-step the SMR should use CCS instead
of emitting the produced CO,. Corresponding to our expectation, the model started to utilise CCS at
the right time-step. The second experiment externally validated our model results as we examine if its
capacity to reproduce the projects of hydrogen import in 2050 by Port of Rotterdam (2020b). As expected,
our model determined that approximately 18 [Mtonne H, /year] would be required given the domestic
production capacities indicated by Port of Rotterdam (2020b). Therefore, both experiments produced
the expected results. For a detailed description and experiment results, please refer to Appendix C.

44 Reference model & test run

The reference model will be described in this section, and a test run will illustrate its use. The reference
model is the foundation for many experiments. However, the reference model can be slightly adjusted
to perform experiments. This will be further explained in Chapters 5 & 6.
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4.4.1 Reference model

The reference model is used as a standard set-up and represents the year 2030. The input values of the
reference model are categorised into three domains; hydrogen import, domestic hydrogen production
and hydrogen demand. The input values are presented in Table 6. Please note that the three domains
directly correspond with the case-inputs presented in Figure 12 in section 3.4. Assumptions that have
been made for the input values regarding Table 6b are presented in Appendix B.1. Please note that
the reference model assumes a variable hydrogen demand. Both volatility and uncertainty factors are
added to the values in Table 6¢c. For more information, please refer to section 4.2.3.

Table 6: Input values reference model categorized into the three sub-models.

(a) Hydrogen import

Input values H Unit H Value
Import price LH, 8.311 €/tonne LH,
Storage costs LH, 636,8 €/tonne LH,
Regasification costs LH; 0,0 €/tonne LH,
Capacity vessel LH, 89 tonne LH,
Import price LOHC 224 €/tonne LOHC
Storage costs LOHC 5,4 €/tonne LOHC
Regasification costs LOHC 30,8 €/tonne LOHC (c) Hydrogen demand
Capacity vessel LOHC 40.000 tonne LOHC
Import price NH3 692 €/tonne NHj3 Input values H Unit JL Value
Storage costs NH3 237 €/tonne NH; Feedstock chemicals 1.657 tonne/day
Regasification costs NH3 77,1 €/tonne NH;3 Process heat industry 906 tonne/day
Capacity vessel NH3 57.970 tonne NH, Building environment 69 tonne/day
Mobility sector 442 tonne/day
(b) Domestic hydrogen production Maritime Ship ping 877 tonne/ day
Aviation 0 tonne/day
Input values H Unit H Value Export Germany 2.195 tonne/day
Electrolysis (CAPEX) 2.004 €/tonne H, Export North-West Europe || 2.059 tonne/day
Electrolysis (OPEX) 30,0 €/tonne H, Total 2.99 || Mtonne/year
Electrolysis capacity 3 GW
Offshore wind capacity 5 GW
SMR (CAPEX) 987 €/tonne H,
SMR (OPEX) 46,4 €/tonne H,
SMR capacity 2.000 tonne H,/day
CCS (CAPEX) 488 €/tonne H,
CCS (OPEX) 22,9 €/tonne H,
CCS capacity 30.000 || tonne CO,/day
CO2 price 125 €/tonne

4.4.2 Model test run

A model test run is performed to illustrate the working of our model. The run consists of 365 time steps.
A snapshot of our model at t=3 is presented in Figure 24. The figure shows the flow of hydrogen through
our model. On the right side are the end-user sectors towards which the hydrogen is transported. From
the domestic production cluster (square at the bottom left corner), the hydrogen produced by electrolysis
and SMR is visible. In this time-step, 815,5 and 2.000 [tonne H;] are produced by respectively electrolysis
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and SMR. However, domestic production is not able to meet the demand. Therefore, NHj3 is important,
as this is the cheapest carrier in this run. In this time-step, 38.045 [tonne NHj3] is cracked into 5.411
[tonne H,]. The sum of the three sources of hydrogen production is equal to the hydrogen demand in
this time step (e.g. 8.226,5 [tonne H,]. It is important to realise that Linny-R solves the problem under
the condition that the hydrogen demand is met at every time step against the lowest costs.

Figure 24 illustrate how the three sub-models discussed in this chapter are interacting. To clarify,
the amount of hydrogen import depends on the production of hydrogen domestically. In turn, the
electrolyser relies on the wind as energy input resulting in a fluctuating production output resulting
in fluctuating import. In this case, only NHj3 is imported as its infrastructure capacity is large enough
to suffice for the remaining hydrogen demand. In case of lower infrastructure capacity or a higher
hydrogen demand, other carriers are imported. Again, in such a way that the hydrogen demand is met
against the lowest costs.

The model allows the modeller to vary the parameters and analyse their implications easily. For
example, among other options, import prices of the three hydrogen carriers can be varied to analyse the
hydrogen import. Likewise, the domestic production capacities can be increased to analyse how much
import is required when a certain amount of electrolysers is installed. Also, the hydrogen demand in a
specific end-user sector can be lowered to analyse the implications if that sector chooses to use another
energy carrier other than hydrogen to fulfill its energy demand.
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Figure 24: Snapshot integrated model in Linny-R after test run. This figure is also presented, in higher

resolution, at the end of this thesis report.
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To further explain the working of our model, a small experiment is conducted to illustrate what
results can be derived. This experiment aims explicitly to show the minimisation costs method of Linny-
R. Please note that this illustrative experiment does not correspond with the model snapshot in Figure
24. For this experiment, the import prices of LH,, LOHC, and NHj are varied to analyse how hydrogen
import occurs given variable import prices. The results are presented in Figure 25.

€/tonne NHz €/tonne LOHC €/tonne LH»
NHs import price LOHC import price LH2import price
1.100 - 240 - 9.000 -
1.050 235 8.000
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Figure 25: Hydrogen import under variable import prices

The upper-left graph in Figure 25 shows a decreasing NHj3 import price. The bottom-left graph
shows the corresponding NH3 import. Please note that the lower graphs represent the arrival of vessels
in the Port of Rotterdam. This explains the volatile lines in the ‘NH3-import” and ‘LOHC-import’ graphs.
At t=43, the total supply chain costs of NHj exceed the total supply chain costs of LOHC due to the rising
import price, resulting in LOHC import instead of NHj3. Till t=193, LOHC remains the cheapest carrier.
Then, the decreasing import price of LH; results in a lower supply chains costs of LH; compared to
LOHC, which make the hydrogen import shift to LH,. Do note that the import prices are presented in
[€/tonne carrier]. Please recall the different properties of the three carriers (see Table 1 in section 3.1).
In Figure 25 the import prices are not intersecting at the time-steps of the tipping points. However,
translating these import prices to [€/tonne H,] would give more converging import prices. Moreover,
storage and regasification costs are also impacting the total supply chain costs of import.
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5 Experimental design

In this chapter, the experiments will be introduced. Our experiments use two types of methods; sensi-
tivity analysis and scenario analysis. First, a short overview of the experiments is presented, then the
experiments are introduced in more detail.

We aim to analyse how uncertainties impact the realisation of hydrogen import terminals. Figure 26
shows which uncertainty is analysed by which experiment. Specific uncertainties that are not analysed
by an experiment will be discussed in chapter 7. Experiment 1 compares four supply and demand sce-
narios for 2050 to analyse the technological uncertainties related to domestic production and hydrogen
demand. Experiments 2 and 3 explore the economic uncertainties of the hydrogen import supply chain.
Experiment 4 focuses on the technological uncertainty of the hydrogen import supply chain. Finally,
experiment 5, ‘Power of information’, does not analyse one identified uncertainty. Instead, we illustrate
what impact information regarding future market prices could make on an integrated hydrogen system.

Hydrogen import supply chain Hydrogen demand

Economic Economic

) Economic ; :
Supply chain costs * Price conventional fuels

Import prices (LH2, LOHC, NH3) Renewable electricity price * End-user sectors’ willingness to pay

Technological
¢ LH2supply chain
¢ Scaling hydrogen import terminals

Technological
l—y—{ ¢ Hydrogen technology end-user sectors
End-user sectors’ preference for a

Technological
Electrolysis capacity expansion

+  Vessel capacities (LH2, LOHC, NH3) « Offshore wind capacity expansion T A Ies

(GeO)pO|IFIC3| N . » (Geo)political
Production capacities export countries (Geo)political 2 Bresence nearty hydrogen Hubis’
Unexpected events * Policies & regulations .

Policies & regulations

Role former oil & gas countries

Y X

Experiment 4: Impact of technology: hydrogen Experiment 1: Supply & demand
import scenarios for 2050

Experiment 2 & 3: Cost-competitiveness between
hydrogen carriers and electrolysis & cost-competitiveness
LH2 compared to LOHC and NH3

Figure 26: Overview uncertainties analysed by experiments.

5.1 Supply and demand scenarios for 2050

Scenarios have always been a building block that is used at different levels of political decision making. In the case
of the energy transition, techno-economic scenarios are used to point out different futures and their implications
(Poganietz and Weimer-Jehle, 2020).

Previous experiments focused on uncertainties concerning the import supply chain infrastructure in
the PoR. This experiment uses four scenarios to analyse the uncertainties of domestic production and
hydrogen demand forecasts. Each scenario sketches a possible future for 2050. Please note that these
scenarios are nowhere meant to describe an exact future. Instead, they aim to show the implications of
our system given varied conditions.

The scenarios are constructed through the variation of two factors; domestic production and hy-
drogen demand. Within the four scenarios, these two factors are described in more detail. Domestic
production is accounted for by electrolysis (fueled by wind energy) and SMR. Eight different end-user
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sectors account for the hydrogen demand. In addition, distribution networks must be in place to trans-
port the hydrogen from the PoR to the end-user sectors. The four scenarios are presented in Figure 27.
Finally, an overview of the input values is provided.

High domestic production

A

‘National hydrogen use’ ‘Hydrogen surge’

-~

Low hydrogen demand =High hydrogen demand

Slow energy transition’ Focus on import’

v
Low domestic production

Figure 27: The four supply and demand scenarios for 2050.

5.1.1 Hydrogen surge (HS)

Hydrogen has become the leading commodity under renewables. The Netherlands have significantly
expanded their hydrogen production capacity. The PoR is the hydrogen hub of North-West Europe.
Distribution networks from the PoR towards large industrial clusters in Germany and Belgium have
been realised, facilitating large-scale hydrogen export. The large industry sectors are fully transitioned
to sustainable hydrogen. Moreover, hydrogen use in the build environment and mobility sector is grow-
ing.

5.1.2 Focus on import (FI)

Growing attention for hydrogen leads to a significant boost in hydrogen demand. The hydrogen pro-
duction capacity has only slightly increased and remained at the level of 2030. A distribution network
to facilitate export is realised. The feedstock chemical industry and the process heat industry have pri-
marily transitioned to sustainable H; as expected. In the building environment and mobility sector,
electrification has the upper hand. As a result, large-scale use of hydrogen remains absent. The aviation
and the maritime shipping sectors keep their options open to determine which fuel will be future. H, is
one of the options, and small hydrogen pilot projects in these sectors are starting to appear.

5.1.3 Slow energy transition (SET)

Sustainable hydrogen has not achieved the dominating role that has been projected. Electrolysis and
offshore wind remained low. Hydrogen production via SMR is still in use as a result of the slow en-
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ergy transition. Hydrogen distribution networks towards Germany and NWE have not been realised,
eliminating the possibility for export. Also, the delta corridor is not realised excluding hydrogen trans-
portation from the PoR towards the industry cluster Chemelot. Hydrogen accounts for a tiny part of
end-user sectors like shipping, aviation, building environment, and mobility.

5.1.4 National hydrogen use (NHU)

The Netherlands has established itself as a hydrogen country. Large-scale offshore wind parks have been
dedicated to hydrogen production via electrolysis. Nearly all national end-user sectors have reached the
level of hydrogen use that has been projected. Extensive distribution networks have been realised in the
Netherlands. However, other nearby countries have shifted to other renewables, leaving a low potential
to export hydrogen.

5.1.5 Overview input values

This section summarises the input values of the four scenarios described above. Moreover, the similar-
ities and differences between the input values are discussed. First, the capacity of the local hydrogen
production methods is discussed, followed by the hydrogen demand per end-user sector in the scenar-
ios.

The input values for the local hydrogen production methods are presented in Table 7. The scenar-
ios HS and NHU are characterised by high domestic hydrogen production. The scenarios FI and SET
are characterised by low domestic hydrogen production. In scenario HS, the production capacities are
somewhat higher compared to scenario NHU. Hence, in HS, hydrogen is globally adopted, while in sce-
nario NHU, especially the Netherlands, is convinced of hydrogen’s potential. As a result, international
companies in the Netherlands are less drawn to make investments in hydrogen production methods.
The contrast between the scenarios FI and SET is a result of the stage of the energy transition. In FI,
the energy transition is in an advanced stage. However, the strategy of the Netherlands is to import its
energy demand predominantly. The storyline of SET describes an earlier stage of the energy transition.
The role of hydrogen is marginal, and non-sustainable production methods as SMR are still in practice.

Table 7: Overview input values local hydrogen production methods for four scenarios

[ Scenarios
National
Hyd F Sl
Input parameter Unit yarogen F)cus hydrogen ow eT'L'ergy
surge on import transition
use
El lysi
ectro .y51s CW 15 5 12 5
capacity
ffsh ind
Offshore win GW 25 9 18 4
capacity
SMR capacity || tonne H2/day 0 0 0 2.000

The hydrogen demand in the four scenarios is based on the work of Detz et al. (2019b) (for more
information, please refer to Appendix B.2). The scenarios ‘Hydrogen surge” and ‘Focus on import” are
characterised by a high hydrogen demand. The scenarios ‘National hydrogen use” and ‘Slow energy
transition” are characterised by low domestic hydrogen production. Below, context related to the hydro-
gen demand in the scenarios is presented.

What strikes is the same hydrogen demand for the sectors feedstock chemicals and process heat
industry in the scenarios HS, FI, and NHU. At the moment, the hydrogen use in these sectors is already
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significant. Various reports argue that the energy demand in these sectors will be entirely accounted for
by sustainable hydrogen. Therefore, this sector’s hydrogen reaches its full potential in terms of demand.
Also, the demand in the aviation sector is the same in these three scenarios. The reasoning behind this
input variable is the expectation that hydrogen can only be applied in this sector in 2045. Therefore, we
argue that in all scenarios the aviation sector just starts using hydrogen leading to the small but equal
use of hydrogen in these scenarios. In scenario HS, the hydrogen demand is somewhat higher than
scenario FI due to a lower hydrogen demand in the export sectors. Hence, in the storyline of FI, other
countries are also focusing on hydrogen import, leading to other hydrogen import infrastructure projects
in nearby located ports. Consequently, the projected hydrogen demand that would transit the Port of
Rotterdam is absorbed by other ports in other countries. Therefore, the hydrogen demand in other
sectors is the same. In the scenario, NHU, the sectors ‘building environment’ and ‘mobility sector’, are
slightly higher than HS and FI due to their role as leading sustainable energy carriers in the Netherlands.
Logically, the scenario SET represents a lower hydrogen demand in each end-user sector compared to
the other three scenarios.

H2
[ktonne/year]
15.000 -~
I Feedstock chemicals
14.000 ¥ Process heat industry
13.000 I Building environment
Mobility sector
12.000 [ Maritime shipping
11.000 - Aviation
- Export Germany
10.000
Hz I Export NWE
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2.200 -~
8.000
2.000 A
7.000 1.800 -
6.000 1.600 A
5.000 L2008 3
1.200 A
4.000 1.000 A
3.000 800
2.000 600 1
400 A
1.000 200 A
0 .
Hydrogen surge  Focus on import National Slow energy transition

hydrogen use

Figure 28: Overview hydrogen demand in the four scenarios

5.2 Cost-competitiveness between hydrogen carriers and electrolysis

This experiment aims to analyse the cost-competitiveness of the three carriers (e.g. LH,, LOHC, and
NH3) compared to water electrolysis in the years 2030, 2040 and 2050. The look-ahead function is dis-
abled as this experiment regards a sensitivity analysis. First, the electrolysis production process’s cash
flow (CF) is estimated for each year while constraining the model to cover the demand by hydrogen
produced via electrolysis (e.g. no import and no SMR is allowed). Please refer to Appendix B.1 for the
production costs of electrolysis in the years 2030, 2040, and 2050. The CF is then estimated for each of
the three carriers. The model is constrained only to cover the demand by one specific carrier. Then, the
import price is manipulated. It is decreased over the year to identify the point where the CF of a carrier
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drops below the CF of the electrolysis process. In such a manner, we determined at what import price
the import of hydrogen is economically more beneficial than using locally produced green hydrogen. A
certain margin reduces the import prices of the three carriers through the following formulas:

e LH, =8311-75% (z — 1) [€/tonne LH,|°
e LOHC =224 -2* (z — 1) [€/tonne LOHC]

e NH3=692-6*(x — 1) [€/tonne NH;3]

5.3 Cost-competitiveness LH, compared to LOHC and NH;

This experiment aims to address the uncertainty related to the supply chain costs between the three
different carriers. In section 3.1.5, the uncertainty for the production, conversion and shipping of carriers
has been mentioned. Terwel and Kerkhoven (2018) determined the supply chains costs at 8.311, 224, 692
[€/tonne carrier] (8.481, 5.150, and 4.868 [€/tonne H,]) for LH,, LOHC, and NH3, respectively. For this
experiment, we assume that these prices exclude storage and regasification costs. Projections for cost
reductions regarding storage and the regasification processes have been adopted from Wijayanta et al.
(2019) and are once again presented in Table 8. The studies point towards NHj3 as the cheapest carrier,
followed by LOHC and LH,. Based on the import prices found by Terwel and Kerkhoven (2018) and
the costs for storage and regasification found by Wijayanta et al. (2019), we aim to determine the tipping
point at which import price LH, will replace NHj3 as the cheapest carrier. The look-ahead function is
disabled as this experiment regards a sensitivity analysis.

Table 8: Storage and regasification costs for LH,, LOHC and NH3 in [€/tonne Hj carrier]

| 2030 2040 2050

LH2 638,8 468,4 2980
Storage costs LOHC || 5,4 5,4 5,4
NH3 23,7 23,7 237
LH2 0,0 0,0 0,0
Regasification costs LOHC || 30,8 27,7 24,6
NH3 771 694 61,7

To determine the tipping point, we disregarded domestic hydrogen production. In other words, the
hydrogen demand is only met by import. Three runs have been performed to simulate the costs in 2030,
2040, and 2050. The import prices of LOHC and NH3 have been held at a constant level to be able to
compare the results. In addition, the price for LH, has been lowered through the following formula:
LH, =8.311-80* (x — 1) [€/tonne LH,] where the starting point is = 1 and the end at « = 100.

5.4 Impact of technology: Hydrogen import

The two previous experiments analysed the economic uncertainties related to hydrogen import. This
experiment addresses the technological uncertainties related to hydrogen import. Furthermore, we dis-
cuss how geopolitical uncertainty could impact hydrogen import infrastructure.

In this experiment, we quantify developments in-vessel technologies and analyse vessels’ different
impacts on an import supply chain and its corresponding import infrastructure. This experiment uses
the reference model. However, one adjustment is made. The hydrogen import is allocated to only one

5To clarify, at, say, t=10 the import price for LH, = 8.311 - 20 * (10 — 1) = 7.931 [€ /tonne LH;,]
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hydrogen carrier in each run, disregarding the other two. As a result, in each run, the hydrogen demand
(e.g. 2,99 [Mtonne/year]) is met by the domestic production and one hydrogen carrier. In total, nine runs
are performed, three runs for each carrier. In each specific run, the maximum vessel capacity is varied.
Table 9 shows the nine different vessel capacities corresponding to the nine performed runs. Please note

that Table 9 is a duplicate of Table 2 in section 3.1.

Table 9: Capacities hydrogen carrier vessels

LH2 LOHC NH3
Mass [tonne]  Mass H2 [tonne] Mass [tonne]  Mass H2 [tonne] Mass [tonne]  Mass H2 [tonne]
Low 89 87 20.000 868 6820 970
Medium 1.773 1.737 75.000 3.255 57.970 8.243
High 11.344 11.117 220.000 9.548 109.120 10.668

5.5 Power of information

This experiment aims to analyse the impact of information on the processes of hydrogen import. For
this experiment, we used our reference model. However, in this experiment, we use a volatile market
price for NH3. To simulate price volatility, we define the market price for NHj as [Market price NH3] +
(0,1 = [Market price NHj3] * sin(t / 20)). Figure 29 shows the resulting price over 365 time steps.

€/tonne NHs
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Figure 29: Volatile market price NH3

In each run, the look-ahead was increased, while the block length remained equal to 3 time steps.
Logically, the run 'Full info” used a block length of 365 time steps and a look ahead equal to zero as in
this run. In other words, Linnny-R provides our model with complete information.
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6 Results

This chapter presents the results of the experiments described in chapter 5. Note that solely the results
are presented in this chapter. Their implications will be discussed in chapter 7. Since this study is
conducted in collaboration with Gate Terminal, the results predominantly focus on LH,. Each sub-
section presents the findings of a specific experiment.

6.1 Supply and demand scenarios for 2050

This sub-section compares the four scenarios introduced in the previous chapter and evaluates their
results. This experiment is conducted to understand the necessity of hydrogen import in different sce-
narios. Despite its simplicity it is vital to understand what implications certain production capacities
have on the required hydrogen import. Moreover, through this experiment one get a better grasp on
what volumes of import are required. The results are presented in Figure 30. Please note that the left
side of Figure 30 presents an overview of the input data for this experiment. To promote clarity these
input values are added to the results on the right side of the figure.

The first notion that stands out is the small share that is accounted for by electrolysis. The reason for
this is the relatively low production capacity of electrolysis. This study assumes that offshore wind will
provide the electricity used as input for the electrolysis process. Due to the fluctuating wind production,
the electrolysers do not produce at full capacity each day. An option to increase the electrolysis output
is using the electricity grid to produce hydrogen when wind production is low. However, one must
consider that the hydrogen produced by electrolysis is supposed to be ‘green’. Using the electricity
grid does not guarantee sustainable hydrogen considering the fact the energy mix of The Netherlands is
not 100% accounted for by renewable electricity. If the share of renewable electricity increases over the
coming years, one could consider the electricity grid as the energy input to produce hydrogen.
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16.000 A [ Process heat industry 16.000 - -
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13.288
8.000 - Ha 8.000
7.000 - . == [ktonne/year] 7.000 -
6.000 2.500 1 6.000
5.000 A 600 i 2.000 A 5.000 A
6.022
4.000 A1 1.500 A4 4.000 -
3.000 + 3.000 +
1.000 A
2.000 A1 2.000 A1
556 1.062
1.000 A 1.000 4 1.787 - 2 255 _1358
. 0 - 0 bl
Hydrogen surge Focus on import National Slow energy Hydrogen Focus on Slow National
hydrogen use transition surge import energy hydrogen
transition use

Figure 30: Overview hydrogen sources in the four scenarios. Hydrogen import is required in every
scenario to meet the demand.

The second notion that stands out from Figure 30 is that the results do not consider the three dif-
ferent hydrogen carriers. Instead, the total hydrogen import is shown. The reason for this is that if the
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hydrogen import were separated into the three carriers, the cheapest hydrogen carrier would account
for the largest share of hydrogen import, followed by the second cheapest and the most expensive car-
rier. Through this experiment, the hydrogen import potential for each carrier is analysed based on the
technological characteristics of each end-user sector instead of looking at the hydrogen carrier’s eco-
nomics. Technical characteristics refer to the hydrogen quality and the distributions methods of the
three hydrogen carriers. The considerations regarding hydrogen quality are addressed in section B.2.
Moreover, that section described what quality considerations are of interest for the various end-user
sectors and which issues arise during the distribution of the hydrogen carriers towards these end-user
sectors. Section B.2, Table 4 indicates which end-user sectors have the most significant potential hydro-
gen demand. It shows that maritime shipping and the two export sectors have the largest hydrogen
potential. The feedstock chemicals and the process heat industry sectors are smaller, but these sectors
show great potential for a complete transition towards sustainable hydrogen based on policies and the
current hydrogen use, (Hydrogen Council, 2017; Detz et al., 2019a). The question of which carrier will
likely, supply which end-user sector is discussed in chapter 7.

In each scenario, a dominant share of hydrogen import over electrolysis and SMR has been identified.
Furthermore, based on technical requirements of the end-user sectors, due to its high quality, the share
of LHy-import would be significant. However, LOHC and NHj3 are needed now due to the early stage of
development of LH,-technology. NH; can be of great importance as it can supply the sector ‘maritime
shipping’, which has a significant hydrogen demand. LOHC suffers no transportation losses, which can
benefit the ‘export’ sectors as the transportation requires more days. However, the residual LOHC must
be returned to its original destination once the hydrogen is retrieved. An import scenario in which all
three hydrogen carriers play their role is expected.
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6.2 Cost-competitiveness of the three hydrogen carriers

The results of this experiment have been captured in Figure 31, Figure 32, and Figure 33. Please note that
the CFs are negative. Also, note that each run consists of 365 time steps. However, we do not want to
simulate a representative year. Instead, the time-steps are explicitly used to lower the hydrogen carrier
import prices.

At the left half of each figure, the cash flows of electrolysis (in 2030, 2040, and 2050) and the specific
carrier are presented. At the left half of each figure, the carrier’s cash flow corresponds with the decreas-
ing import price at the figure’s right. Moreover, the intersections at the left half of each figure correspond
with the intersections at the right half of that exact figure. The intersections mark the import price at
which importing a specific carrier becomes cheaper compared to electrolysis. These intersections are
labelled with the corresponding import price, shown at the utter right half of each figure.
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Figure 31: Comparison electrolysis CF and LH,-import CF given a decreasing LH,-import price (left)
& import price at which electrolysis CF equals LHy-import CF (right). The LH, import price must be
reduced by almost almost 80% to be cost-competitive with electrolysis in 2030.
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Figure 32: Comparison electrolysis CF and LOHC-import CF given a decreasing LOHC-import price
(left) & import price at which electrolysis CF equals LOHC-import CF (right). The LOHC import price
must be reduced by almost 71% to be cost-competitive with electrolysis in 2030.
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Figure 33: Comparison electrolysis CF and NH3-import CF given a decreasing NH3-import price (left)
& import price at which electrolysis CF equals NHz-import CF (right). The NH; import price must be
reduced by almost 73% to be cost-competitive with electrolysis in 2030.

The results of this experiment show each carrier’s import price to be cost-competitive to electroly-
sis. When comparing our results to the average supply chain costs found by Terwel and Kerkhoven
(2018) (e.g. 8.311, 224, 692 [€/tonne carrier] (8.481, 5.150, and 4.868 [€/tonne H,]) for LH,, LOHC, and
NH3, respectively), one can recognise the significant cost reduction required for each carrier to be cost-
competitive, compared to electrolysis. For each carrier, the import price must drop by at least 70%. This
percentage even increases when looking at 2040 and 2050.

Not surprisingly, significant reductions are required to be cost-competitive with electrolysis. Hence,
the difference between the hydrogen production in the Netherlands and the hydrogen production in an
export country must be equal to the costs of the rest of the import supply chain.
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6.3 Cost-competitiveness LH, compared to LOHC and NH;

The results are presented in Figures 34 and 35. Figure 34 represents the tipping point of LH, compared
to LOHC. Figure 35 represents the tipping point of LH, compared to NHj;. On the left side of each

figure, the amount of import is presented corresponding to the projected supply chain costs in the years
2030, 2040, and 2050. The right-hand side of the figures shows the decreasing import price of LH, and

labels the tipping points. Note that x-axes in both graphs do not represent days in a year. Instead,
they are explicitly used as reference points to indicate the decrease of the LH, import price. Also, note
that shown results shown in Figures 34 and 35 are zoomed in at the tipping point where LH, becomes
cheaper than the alternative hydrogen carrier (e.g. LOHC or NH3). As indicated in the previous chapter
the whole x-axis spans from z = 1 till = 100.
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Figure 34: Amount of LH; and LOHC import (left) & LH, import price at which LH; becomes cheaper
than LOHC (right). The LH, import price must be reduced by 36,5% to be cost-competitive with LOHC

As expected, the tipping point is different in those three years due to the cost reductions for the

storage and regasification processes. The import price at which LH; becomes the cheaper than LOHC is
5.271 [€/tonne LH;] in 2030, and 5.351 and 5.431 [€/tonne LH>] in the years 2040 and 2050, respectively.
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Figure 35: Amount of LH, and NHj; import (left) & LH, import price at which LH; becomes cheaper

than NHj (right). The LH, import price must be reduced by 42,4% to be cost-competitive with NH3 in
2030.

Similar results can be observed for the comparison with NHj. The tipping point is different in those
three years due to the cost reductions for the storage and regasification processes. The corresponding

import prices at which LH, becomes the cheaper than NHj3 is 4.791 [€/tonne LH,] in 2030, and 4.951
and 5.111 [€/tonne LH,] in the years 2040 and 2050, respectively.

What stands out from Figures 34 and 35 is the relatively small difference between the tipping points

in 2030, 2040, and 2050. Especially when one considers that the regasification costs for LH; in 2050
decrease by more than 400 [€/tonne LH,] compared to 2030. Thus, the reduction in the regasification
costs of LOHC and NHj has a marginal impact on the total supply chain costs. Also, it is important that
the “tipping point prices” are not the exact prices at which LH, becomes cheaper than the alternative
hydrogen carrier (e.g. LOHC or NHj3). The reason for this is the use of a step-function to decrease the

LH, import price. Every step the price is lowered by 80 [€/tonne LH,]. As a result the given ‘tipping

point prices’ could be higher than the actual ‘tipping point prices’ till a maximum of 79 [€/tonne LH>]
above the presented prices in Figures 34 and 35.
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6.4 Impact of technology: Hydrogen import

The overall results of this experiment are shown in Table 10. Logically, the number of vessels needed
to guarantee security supply lowers as vessel capacity increases. To illustrate this, when LH, is solely
responsible for covering the demand, an average of 61,7 vessels per day is required when the technology
offers only a maximum of 89 [tonne LH; /vessel]. This amount significantly decreases to an average of 3
vessels per day if the technology advances and enables a maximum capacity of 1.733 [tonne LH, / vessel].
In case of a high LH,-vessel capacity, the average is even reduced to 0,5 vessels per day combined with
no import on most of the days. The number of required vessels in case of low vessel capacities for LOHC
or NHj as import carriers are significantly lower.

Table 10: Required number of vessels per day to guarantee hydrogen security of supply given the al-
lowance for only one specific hydrogen carrier to cover the hydrogen demand.

Required vessels per day H Low Medium High

Average 61,7 3,0 0,5

LH, .
Median 60,9 3,0 0,0
Average 6,1 1,6 0,6

LOHC

Median 5,5 1,5 0,0
NH Average 5,5 0,6 04
3 Median 48 0,0 0,0

The results shown in Table 9 are in line with the expectation that higher vessel capacities result in
fewer required vessels per day. Also, Table 9 shows that many vessels are necessary in case of low
vessel capacities for each carrier. In that case, establishing a reliable import supply chain would be
extremely difficult. To illustrate this, say, each vessel takes two days to arrive in the PoR from an export
country. If approximately six vessels are required per day, the import supply chain must consist of at
least 24 vessels that are continuously in operation. As outlined in section 3.5, unexpected events, say
malfunctioning vessels or extreme weather conditions, could disrupt such import supply chain leading
to more uncertainty. Moreover, unforeseen circumstances regarding the production of the specific carrier
in an export country would inherently lead to a disrupted supply chain. In short, many vessels are
required from, desirably, more than one export country to create a robust import supply chain. Larger
vessel capacities are significantly increasing the robustness of import supply chains.

Apart from the robustness of the import supply chain, the results of this experiment reveal important
information for import terminal owners. To clarify, the arrival times of vessels have direct implications
for the required hydrogen import infrastructure. Figure 36 show the distribution of needed LH,-vessels
over a year. The upper graph shows the distribution of arrival in case of low capacity for LH,-vessels,
the middle graph in case of medium capacity, and the bottom graph in case of high capacity of these
vessels. Please note that our model does allow the arrival of half-filled vessels. The minimum amount to
arrive is one vessel, as explained in section 4.2.1. The distribution of vessel arrivals, as shown in Figure
36 has implications for both the storage capacity and the throughput capacity. First, the implications
for storage capacity will be discussed, followed by the implications for throughput capacity. Finally, the
results are discussed, considering the geopolitical uncertainty factor. To explain these implications, we
focus on the bottom graph in Figure 36.
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Figure 36: Required LH)-vessels per day throughout the year in case LH, is the only imported carrier.
In case of low and medium vessel capacities, unrealistic import frequencies are required. Please note
the different ranges on the y-axis for each sub-graph

As can be seen in the bottom graph of Figure 36, many peaks represent the arrival of at least 1,0 to 1,5
vessels in those specific time-steps. In real life, on these days, two vessels would arrive to guarantee the
security of supply instead of the arrival of, say, 1,5 vessels for obvious efficiency matters. In that case, the
storage capacity required to facilitate the arrival of these ships would be equal to at least two times the
capacity of a large LHy-vessel (e.g. 2 * 11.344 = 22.688 [tonne LH,]). To put this amount in perspective,
Kamiya et al. (2015) stated that current technology of LH, storage tanks allow for a capacity of 50.000
[m3] which is equal to 3.540 [tonne LH;]. Hence, more than 6 of these storage tanks would be required
to guarantee the security of supply. Please note that a hydrogen demand of only 2,99 [Mtonne/year]
is considered in these runs. Logically, a higher hydrogen demand would require more infrastructure.
However, these runs only allow one carrier to be imported in each run instead of combining the three
carriers. Combining three carriers would lead to less required hydrogen infrastructure per carrier.

The distribution of vessel arrivals, shown in Figure 36, also has implications for the required through-
put capacity of a terminal. The recurrent peaks in the bottom graph of Figure 36 represent an almost
continuous arrival of vessels. A large throughput capacity is required to cope with these volumes. Cop-
ing entails providing the end-user sectors with gaseous hydrogen and emptying the storage as new
vessels are incoming. Looking closely at the bottom graph of Figure 36, ‘import cycles of approximately
three days can be observed. This would imply a throughput capacity that can process the full stor-
age capacity in three days. Assuming the 22.688 [tonne LH>] storage capacity from above paragraph,
a throughput capacity of approximately 7.562 [tonne LH;/day] (e.g. 22.688/3) would be required. To
verify this, we conducted the same run of the bottom graph in Figure 36. Now the storage capacity and
the throughput of the LH,-terminal have been observed. The results are presented in Figure 37.
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Figure 37: The level of the LH,-storage tank content and the level of throughput by LH,-terminal. The
highly fluctuating storage level indicates a low average storage time per volume of LH,.

Please note that an optimisation model has produced the results of this experiment. The model finds
the optimal solution, which, in this case, is to meet the hydrogen demand against minimal costs, and
thus, to import the minimum required amount of hydrogen. This is illustrated by many peaks in time
steps where the amount of LH, is equal to a range between 1,0 and 1,5 times the LH,-vessel capacity.
Applying this to the real world, the results show the minimum amount of required hydrogen import,
and therefore, the minimum necessary import infrastructure. In real life, larger storage & throughput
capacities are required to cover for disruptions in the supply chain or unexpected events that suddenly
increase the hydrogen demand.

To create a more realistic overview of the required storage and throughput capacity, we conducted
another run. Similar to previous runs, this run uses high LH)-vessel capacities (e.g. 11.344 [tonne
LH, /vessel]) and the import of LOHC and NHjs is not allowed. However, now we set the lower bound
of LH,-import at a minimum of two vessel capacities per day. As such, we prevent our model from
importing an amount of LH, that equals the capacity of more than one but less than two LH;-vessels.
The results are presented in Figure 38.
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Figure 38: (Upper graph) the arrival of vessels per day throughout the year, (lower graph) the level of

the LH,-storage tank and the level of throughput by LH,-terminal. The storage - throughput capacity
ratio is approximately 3:1.

The first graph in Figure 38 shows the arrival of LH,-vessels over 365 days. In comparison, in Figure
36 a more constant supply of LH is observed. Hence, in only a few days, the amount of imported LH,
is exactly equal to 2 times the LH;-vessel capacity. Comparing the bottom graph in Figure 38 to Figure
37 one can observe an important role for storage capacity. To clarify, contrarily to Figure 37, in Figure
38 the LH,-storage is rarely empty. Moreover, the storage content rarely moves below the amount of
7.500 [tonne LH,]. What stands out is that in Figure 37 and Figure 38 the required storage capacity is
approximately three times the throughput capacity. In the LNG terminal operated by Gate Terminal, a
similar ratio is observed (Gate Terminal, 2020). Again, to put these amount in perspective, Kamiya et al.
(2015) stated that current technology of LH, storage tanks allow for a capacity of 50.000 [m®] which
is equal to 3.540 [tonne LH;]. To be able to facilitate the amount of import as indicated in figure 38,
approximately nine storage tanks are required. Moreover, each day the level of throughput equals the
storage capacity of two storage tanks (of 50.000 [m?]). It is important to be aware of the magnitude of
these amounts. To illustrate, a disruption in the import supply could lead to a situation where arrivals
cannot arrive for, say, seven days. In that case, the amount of storage must be equal to approximately 14
storage tanks of 50.000 [m®] to prevent a hydrogen shortage. Please be aware that this experiment only
allows the import of LH, and disregard the presence of LOHC and NHj3. Nevertheless, the results of
this experiment provide valuable insights related to the role of storage capacity.
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6.5 Power of information

The results of this experiment are shown in Figure 39. A drop of more than 6% can be identified if the
model receives complete information at the start of the run compared to runes with a look ahead of 20
time-steps or less.
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Figure 39: Average import price NH3. The larger the look-ahead horizon, the lower the average NHj
import price.

This can be explained as follows: Our model receives more information regarding the future in a run
with a greater look-ahead horizon than a previous run. To clarify, a model with complete information
knows the periods corresponding with the lowest market prices. In these periods, large amounts of
NHj3 can be imported to establish a buffer for moments the market price increases. However, one must
realise that a decrease of 6% in costs is not that significant because this can only be achieved if the exact
import price is known for 365 days. Moreover, in this experiment, the import capacities were set at
unlimited. Adding import constraints would decrease the efficiency of the look-ahead function as the
solution space is smaller which can result in less optimal solutions. In that context, we argue that more
information does provide possibilities to reduce costs, however, only to a limited extent.

The results of this experiment are highly sensitive to the input data. Hence, more cost reduction
would be achieved if we add a more extensive range (e.g. between -20% and +20%) to the market
price. However, one should also consider that the possibility to react to a fluctuating price is limited.
To illustrate, if one knows that the import price significantly drops tomorrow, this short time frame will
not allow for the sudden arrival of more hydrogen carrier vessels. Nevertheless, our model enables the
modeller to analyse how information could contribute to more efficient hydrogen import. Additionally,
one should consider that market price does not necessarily have to exist. As pointed out in chapter 2,
long-term contracts are often constructed to protect infrastructure developers from fluctuating prices in
an emerging market, like the hydrogen market. As such, this experiment would be more useful in the
context of a more mature market.
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7 Discussion

In this chapter, the most important results of this research are discussed. Please recall Figure 26 in
chapter 5. This figure illustrates which uncertainties are analysed by experiments and which are not.
This chapter discusses all uncertainties. Furthermore, we evaluate the applied research methodology by
discussing the approaches we used to answer each sub-question. Finally, this study is put into context
to discuss its scientific and societal contribution.

7.1 Discussion of results

Hydrogen is widely considered an essential energy carrier that could accelerate the energy transition.
However, the development of large-scale production and the corresponding infrastructure are critical
barriers that hinder hydrogen'’s potential. The Netherlands does not have the resources to fulfil the ex-
pected hydrogen demand by domestically produced hydrogen. Our results, in section 6.1 demonstrated
the necessity for hydrogen import. We considered four supply and demand scenarios for 2050. In each
scenario, the role of hydrogen import has been significant (>50% of the total demand). Our study con-
sidered only four scenarios. Therefore, other studies could apply a Monte Carlo method which enables
the investigation of thousands of possible futures to create a more robust overview of the implications
of different scenarios. Furthermore, this study considered three promising hydrogen carriers that could
potentially be imported. Which hydrogen carrier, or combination of hydrogen carriers, will eventually
be seen as the to-go-to form of hydrogen import revolves around technical, economic and geopoliti-
cal determinants. The added value of this study is that it analyses the technological, economic, and
geopolitical uncertainties that hamper the realisation of hydrogen import terminals. Subsequently, the
results will be discussed in light of the three categories of uncertainty (e.g. technological, economic, and
geopolitical).

7.1.1 Technological uncertainty

Our results in the previous chapter did not include all technological uncertainties. However, based on
our literature review, and our case study, we argue that the characteristics of each hydrogen carrier and
the end-user sectors’ technical preferences are the most critical technological determinants that deter-
mine which hydrogen carrier is imported. End-user sectors with presumably high hydrogen quality
requirements are the feedstock chemical industry, mobility (transportation), and aviation. For these sec-
tors, LH, is suited due to its high hydrogen quality after vaporisation. Other sectors can, presumably,
use lower hydrogen qualities which allows the use of LOHC and NHj. Please note that the quality of
LOHC and NHj can be increased by expensive purification methods. Moreover, LOHC and NHj can
make use of existing infrastructure, while LH;-technology is in an early stage of development. Addi-
tionally, LOHC can be stored without cooling and has no losses during transportation, favouring LOHC
compared to other hydrogen carriers. Finally, one aspect makes the use of LOHC and NHj less attractive
compared to LH,; their regasification process. The cracking of LOHC and NHj into hydrogen require
a high energy input which must be made available in the PoR. In section 3.1.4, we indicated that waste
heat could be used for these cracking processes. In the case of cracking using fossil fuels, the sustainabil-
ity of both carriers would become questionable. This study does not include CO,-emissions. However,
it is crucial to consider that a guaranteed availability of sustainable energy input for the regasification of
processes of both LOHC and NHj is not apparent. The consideration of environmentally harmful emis-
sions opens a new avenue for future research. Nevertheless, in sectors where NHj can directly be used
(e.g. maritime shipping sector and process heat industry), NH; could be advantageous as the total en-
ergy efficiency of the NHj supply chain is increased because the energy-intensive regasification process
is not required anymore. The same goes for the aviation sector in which LH, can, presumably, directly
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be used. The two export sectors probably include more hydrogen applications than described here,
which leave uncertainty of which those sectors prefer hydrogen carrier. The required inland transporta-
tion towards the export sectors complicates the debate for their preferred carrier even more. Section
3.3.3 described in detail how pipelines, barges, trains, and trucks could be used to transport the hy-
drogen or hydrogen carriers towards these sectors. Each hydrogen carrier has its own barriers related
to inland transportation. LH, inland transport is relatively expensive as it can only be transported by
trucks or specialised containers on trucks or barges. The inland transportation of LOHC is complicated
as the residual LOHC must be transported to its original location after the cracking process, leading to
twice as many transportation movements. NHj3 can make use of existing infrastructure for its inland
transportation. However, NHj is highly flammable and toxic, which can result in societal opposition if
transported through residential areas.

Furthermore, our results in section 6.4 considered the impact of technology on hydrogen import ter-
minals. More specially, we observed important aspects that determine the scaling of an import terminal.
A critical technological factor that impact the realisation of hydrogen import terminals is the develop-
ment of technologies in the supply chain of hydrogen import. Especially the technology regarding the
specialised vessels of each hydrogen carrier is essential to consider since larger vessel capacities inher-
ently mean larger import terminals. We quantified this technology development using different sizes of
the three hydrogen carrier vessel’s capacities. Our results show the number of vessels required given
a scenario in which only one specific hydrogen carrier is included. In reality, more hydrogen carriers
will be imported simultaneously, resulting in a lower number of vessels required per hydrogen carrier.
Moreover, the different sizes of vessel capacities were derived from projections in the literature. In that
context, the exact future sizes of the vessels are uncertain, which makes our results less reliable. Never-
theless, our results show the importance of technology development. Our model enables the modeller
to experiment with different vessels sizes. This is a vital addition as it provides a tool to quantify tech-
nology development. As such, the model’s user can analyse the impact of the technology development.

Finally, another factor that affects the scaling of a hydrogen import terminal is the mismatch between
supply and demand. Hydrogen import can contribute to matching the supply and demand accordingly.
More specifically, the hydrogen import terminals’ storage capacity provides flexibility to the supply of
hydrogen demand to the end-user sectors. Our results, in section 6.4, offered valuable insights related
to how import terminals operate to distribute the right amount of hydrogen at the right time towards
the end-user sectors. The combination of storage and sufficient throughput capacity provides a reliable
supply source for end-user sectors requiring constant hydrogen supply. Contrarily, the electrolysis’
fluctuating hydrogen production complicates the (production) processes in end-user sectors that rely
on a continuous hydrogen supply. In that context, hydrogen import could provide a more reliable
hydrogen source than domestically produced hydrogen. Another option to cope with the mismatch of
supply and demand is demand management. Some end-user sectors have more flexible processes and
can, therefore, quickly ramp up or ramp down their operations. To clarify, these specific sectors can
downscale their (production) processes to decrease their hydrogen demand, enabling other sectors to
continue their (production) processes. Our study did not include the concept of demand management.
However, it is important to consider during the design of a hydrogen import terminal as it can impact
its scaling. Other studies could focus on demand management of specific sectors and analyse the role of
demand management in the scaling of hydrogen import terminals.

7.1.2 Economic uncertainty

Now that technical uncertainties have been discussed, we focus on the economic aspects of the realisa-
tion of hydrogen import terminals. Our results, in section 6.2, analysed the cost-competitiveness of the
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three hydrogen carriers compared to hydrogen production via electrolysis given projected production
costs in 2030, 2040, and 2050. The import price of all three hydrogen carriers needs to be significantly re-
duced to be cost-competitive compared to electrolysis. This is essential to mention since import terminal
owners must consider that imported hydrogen will presumably be more expensive, which increases the
uncertainty of using import terminals. However, noteworthy to mention is that our study considered a
renewable electricity price of 40 [€/MWh], which was adapted from the work of IEA (2019). Since we
were not able to model the renewable electricity price as an input value, the data of IEA (2019) has been
used. Hence, their work offered hydrogen production costs, including the renewable electricity price,
which made their data applicable to our model. However, their work is not explicitly focused on The
Netherlands. To put into context, the energy transition model by Quintell (2010) is specifically focused
on The Netherlands and uses higher productions costs for offshore wind (e.g. 75 - 125 [€/MWHh]). An in-
crease in the renewable electricity price would significantly increase the costs of the electrolysis process.
As a result, hydrogen carriers could be sooner cost-competitive to electrolysis as the production costs
of hydrogen via electrolysis are presumably higher than indicated by our study. This would decrease
the uncertainty for import terminal owners. Furthermore, the cost-competitiveness between the three
hydrogen carriers have been analysed in section 6.3. These results have three important implications.
First, the LH, import price must be reduced by 3.040 [€/tonne LH;] to be cost-competitive, compared
to LOHC, in 2030, and even 3.520 [€/tonne LH;] to be cost-competitive, compared to NH3, in 2030. To
put this in perspective, that equals a decrease of nearly 40%. Second, the level of an import price entails
more uncertainty than the storage and regasification costs. Since the results included cost reductions for
storage and regasification, the 40% cost reduction must be achieved in the production, conversion to the
carrier, or shipping stage of the supply chain. Third, our results, on this matter, did not include tech-
nology development of LOHC and NHj. This is not realistic as technology development between 2030
and 2050 will probably lower prices for these two carriers due to technology development. In reality,
the import price of LH;, needs to be reduced even further to be cost-competitive compared to the other
two carriers. The relatively undeveloped LH,-technology has more potential to reduce supply chain
costs compared to LOHC and NHj as their technologies are already well developed and optimised (Wi-
jayanta et al., 2019). However, our results require some discussion related to the reliability as the import
prices that were used to come to the results have been derived from Terwel and Kerkhoven (2018). Their
work calculated the import prices of hydrogen carriers to the Port of Rotterdam from 144 different coun-
tries. The average import prices for the three hydrogen carriers from those 144 countries were taken as
an input value (e.g. 8.311, 224, 692 [€/tonne carrier] for LH,, LOHC, and NHj, respectively). Taking
the average prices seems a reasonable approach to obtain input values when no specific countries are
considered. However, one must consider that, in reality, hydrogen will be imported only from countries
that offer relatively low export prices. In that context, the import prices of all three hydrogen carriers
will probably be lower than indicated in this experiment. Future research could include specific export
countries. Using specific country parameters increase the reliability of the results. Nevertheless, these
results showed the significant cost reduction that LH, needs to be cost-competitive compared to the
other two hydrogen carriers. More specifically, it illustrates the need for long-term contracts to import
LHo. This is further explained in the next paragraph.

From a more theoretical perspective, the above results confirm the notion of the TCE theory by
Williamson (1979). The TCE theory suggest that in a market with high asset specificity and a recur-
rent frequency of transitions, long-term contracts are a suitable approach to organise these transactions.
Chapter 2 analysed, by using the TCE theory, how contracts have been used in the LNG market and
how they evolved from long-term contracts, at the emergence of the market, to more short-term con-
tracts in the last decades. Hydrogen import terminals are highly asset-specific and facilitate recurrent
transactions (e.g. the storage and throughput of volumes of hydrogen). In that context, a similar path,
compared to LNG, can be projected for hydrogen based on the similarities in the supply chain of the
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two commodities. Moreover, long-term contracts would fit the degree of uncertainty present in these
transactions as the long-term aspect of the contracts can justify the expensive investments required for
hydrogen import terminals. Our results showed that hydrogen import can not yet, economically com-
pete with domestically produced hydrogen. More specifically, due to the supply chain price gaps be-
tween the three carriers, only the cheapest hydrogen carrier would ‘survive’ if a market mechanism
regulated the hydrogen import. As earlier discussed, the technical characteristics of each hydrogen car-
rier and the end-user sectors’ technical preference indicate that a combination of three hydrogen carriers
is technically desirable. Moreover, a variety of hydrogen import options, instead of one, makes the Port
of Rotterdam less vulnerable to geopolitical forces. In that context, realising hydrogen import terminals
through long-term contracts provides a promising solution to cope with economic, technical, and geopo-
litical uncertainties. However, it is essential to discuss the differences between LNG and hydrogen and
address corresponding implications for realising hydrogen import terminals.

The pressure for sustainability forces a rapid development of the hydrogen market. As a result, more
actors are involved in the hydrogen market than the LNG market, where only a small number of players
are active. Primarily since natural gas reservoirs geographically bound LNG production while hydro-
gen can be produced anywhere globally. According to Williamson (1979), the presence of more buyers
and sellers in a market decreases the uncertainty in transactions which would alter the suitable contract
form from long-term to short-term contracts. The number of actors in the LNG market increased in the
last decade, resulting in another type of actor; the aggregator. To recall chapter 2, an aggregator either
buy much LNG or hold various assets along the supply chain. This way, it can supply different markets
more efficiently than long-term contract types, resulting in higher profits. These aggregators are already
visible in the hydrogen market, which is remarkable since they appeared only after many decades in
the LNG market. The presence of aggregators could have a critical impact on how contracts will be
organised in the hydrogen market. More specifically, it could impact the way contracts related to hy-
drogen import terminals are organised. Hence, the presence of aggregators indicates a faster transition
from long-term contracts to short-term contracts. This more immediate transition could endanger the
realisation of hydrogen import terminals. In the LNG market, long-term contracts proved suitable to
justify the expensive investments costs associated with the import terminals. If hydrogen import termi-
nals owners can no longer rely on long-term contracts’ safety, alternative ways to receive a return on the
investments need to be found. This is closely related to the function of a hydrogen import terminal, a
base-load or a peak-shaving function.

To clarify, section 3.1.4 describes that a base-load operating terminal usually has a throughput of sev-
eral thousands of tons per day. Therefore, the throughput is constant and predictable, and the through-
put capacity has to be relatively high to facilitate the base-load. Our results showed that, in the case
of a base-load terminal, the ratio storage versus throughput capacity is approximately 3:1. The LNG
import terminal, operated by Gate Terminal, has a similar ratio, strengthening our results’ reliability.
Considering a base-load operating import terminal, the terminal owner can quickly determine what
customers need to pay for the terminal operations to justify the terminal investment costs. As such, our
results provide valuable insights for terminal owners and designers. On the other hand, an import ter-
minal, functioning as a peak-shaving facility, has less predictable operations. Compared to a base-load
operating terminal, a peak-shaving facility has a low throughput capacity. Moreover, the peak-shaving
function should have quick ramp-up time because it aims to cope with the mismatch in supply and
demand at only a few particular moments to guarantee security of supply. In the electricity and natural
gas market, balancing services are offered by a Transmission System Operator (TSO). It is expected that
a similar approach will be applied for hydrogen. Without diving deep in a detailed assessment of the
TSO’s operations, invoke peak-shaving units to produce at times of a high demand (Oren, 2000). There-
fore, a quick ramp up time is required for such operations. LH; is more suitable, than LOHC and NHj,
to function as a peak-shaving unit given its low energy demand during regasification, and therefore,
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quick ramp-up time (Wijayanta et al., 2019).

As required storage and throughput capacities are unknown, investments in peak-shaving terminals
bear more risk if not realised through long-term contracts that justify the investment costs. If long-term
contracts are not applied for such terminals, the profits need to be realised in the small window the
terminal is operating. We already shortly discussed that some end-user sectors require a constant hy-
drogen supply as energy input for their production processes. To them, security of supply is of vital
importance as a disruption in the hydrogen supply results in huge losses as expensive production pro-
cesses can not continuously run. Here, the customer’s WTP is essential to discuss. In our study, eight
hydrogen end-user sectors are included as a potential customer. Their WTP has not been included in
this study. However, the WTP is of absolute importance as it reflects the price a customer is willing to
pay for a specific volume of hydrogen and their security of supply. More specifically, it reflects what a
customer, or entire end-user sector, is willing to pay for the operations of a hydrogen import terminal to
guarantee their security of supply. As such, future research could focus on the end-user sectors” WTP.
Import terminal owners and designers are supported in their decision-making process if provided by
insights into the WTP of the end-user sectors. Our contribution is that our model enables the simulation
of the operations of import terminals given various scenarios. This is essential as it allows import ter-
minal owners to optimise the scaling of hydrogen import terminals. Moreover, the systematic approach
our study enables to investigate the security of supply of a hydrogen system. Future research interested
in developing our model, could focus on integrating the WTP of various end-user sectors. As such,
valuable insights can be generated related to the security of supply in a hydrogen system. More specific,
this addition in combination with an investment model would create a fruitful model that can test the
system adequacy of a integrated hydrogen system. The recommendation to build an investment model
is further explained in the section 8.3.

7.1.3 Geopolitical uncertainty

Finally, three geopolitical aspects that impact the realisation of hydrogen import terminals need to be
discussed. First, uncertainty is present in the country that exports hydrogen carriers. The hydrogen
import supply depends on export countries with excessive renewable energy sources that could be used
for hydrogen production. Moreover, Pflugmann and Blasio (2020) argued that renewable energy re-
sources, freshwater availability and infrastructure potential are three critical criteria that determine the
export potential of a country. To illustrate, Saudi Arabia, having an uncertain availability of freshwater,
would be risky as an export country compared to countries like Norway or Australia where freshwater
is abundantly available (Noussan et al., 2021). Furthermore, the distance to the PoR is a crucial aspect
that holds uncertainty, especially if these distances are large. Hence, a disruption in the supply chain
can quickly occur, as seen last year during the blockage of the Suez canal. Another disturbance is related
to the production of fossil fuels. Former oil and gas countries that cannot shift to renewable energy or
earn less profit could potentially hamper a global hydrogen trade. They keep the fossil fuel prices low
by increasing their oil and gas production.

More geopolitical uncertainty is identified closer to the PoR. Notermans et al. (2020) emphasise the
urgency of the realisation of hydrogen import terminals. Postponed decisions could result in other
countries claiming this position. A hydrogen import terminal in, say, the Port of Antwerp could abduct
a significant share of the predicted hydrogen demand. A ‘first-mover’ position could give the PoR
considerable opportunities to develop knowledge and expertise related to hydrogen, which would be
fitting to the position of The Netherlands as a knowledge economy. Moreover, even when not being
used, hydrogen import terminals could contribute to the security of supply. We already discussed the
working of a peak-shaving unit which becomes valuable in moments of an extremely high hydrogen
demand or low domestic hydrogen production to unfavourable weather conditions. More general, the
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presence of a hydrogen import terminal provides the possibility to import hydrogen from various places
around the globe. An exemplary example is the realisation of the LNG terminal, operated by Gate
Terminal, in 2011. Until 2017 the LNG terminal has been used at a minimum level (Gate Terminal, 2020).
However, due to its presence, the Netherlands, would be less vulnerable to geopolitical forces by, say,
Russia, as it had another option to import natural gas. A similar function could be drawn to a hydrogen
import terminal. Even without functioning or processing hydrogen, hydrogen import terminals could
improve the strategic position of the PoR and the Netherlands.

Finally, we discuss the presence of salt caverns and their potential to store hydrogen. The presence
of salt caverns has not been included in our model. However, it is relevant to discuss as salt caverns
can account for storage which would replace the need for large-scale above-ground storage (e.g. storage
tanks in import terminals) in the PoR. This would not only leave room for other industrial activities in
the PoR but also requires less upfront investment (Caglayan et al., 2020). The operational hydrogen stor-
age in salt caverns impacts the design and role of a hydrogen import terminal in the Port of Rotterdam.
Hence, the infrastructure in the PoR should be able to facilitate the reception of the imported hydrogen
and allow for sufficient throughput capacity to transport the hydrogen towards the salt caverns. This
significantly impacts the business model of a terminal. Therefore, other studies could investigate the
inclusion of salt caverns as a hydrogen storage alternative since it could alter the results obtained from
our model.

7.2 Discussion of methodology

This section discusses the methodology applied in this study. First, we discuss the research methodology
by evaluating how the sub-question contributed to answering the main research question. Then, the
modelling methodology in Linny-R is discussed.

7.2.1 Discussion of research methodology

The literature review conducted in chapter 2 provided the foundation for our study. Through this liter-
ature study, the first three sub-questions, presented in chapter 1, are answered. First, three methods to
study hydrogen infrastructure were analysed; MILP, DP, and spreadsheet modelling. MILP was chosen
as it could facilitate the resolution of more complex problems. However, we acknowledge that some
experiments that have been conducted in this study could also have been performed with DP or even
spreadsheet modelling as not all experiments required optimisation. Nevertheless, creating a model in
Linny-R allowed us to experiment with a large set of variables easily. More importantly, MILP as the
method was required to analyse required storage and throughput capacities as we did in experiment
‘Impact of technology: Hydrogen import’.

Second, three types of uncertainty have been identified using different theories or frameworks. Eco-
nomic uncertainty has been analysed using both the agency theory and the transactions cost economics
theory. Primarily, the latter theory provided valuable insights on how contracts occur and evolve in
an industry. Those findings proved to be helpful to evaluate our model results. Technological uncer-
tainty has been analysed through the use of the multi-level perspective by Geels (2002). The work by
Geels (2002) and its peers provided insights into how forces on societal, technological, and political
levels could contribute to a successful breakthrough of a specific technology. However, the multi-level
perspective does not address the successful breakthrough of a new industry, such as hydrogen import.
Geopolitical uncertainty has been identified through a literature review. The literature review provided
valuable insights that could be used as a guideline to identify geopolitical uncertainties, specifically for
the Port of Rotterdam. The theories and framework that have been used will be further elaborated upon
in section 7.3.1.



75 7 DISCUSSION

The third sub-question aimed to reveal approaches that could deal with the uncertainty present re-
lated to hydrogen infrastructure. Three approaches have been identified in chapter 2; scenario analysis,
sensitivity analysis, and a probability-based method. The latter method has been disregarded because
of its significant computational times. However, we recognise that computational time has less of a lim-
itation than thought beforehand. The reason for this is that, during the process of writing this thesis,
we could replace the solver behind Linny-R with a more powerful solver, Gurobi (Gu et al., 2021). This
solver significantly reduces the computational time and enables the modeller to solve more complex
problems. We elaborate further on the possibilities offered by the Gurobi solver in section 8.3.

The fourth sub-question was used to identify aspects from our case that could be used as input for
our model. Through a case study, we analysed an integrated hydrogen system located in the PoR. How-
ever, due to our system perspective, some elements could be analysed and modelled in more detail. Es-
pecially certain technical aspects of the import terminal have not been included for complexity reasons.
An example of a process that is not included relates to the storage of LH,. Hence, during the storage of
LH», some LH, vaporises due to imperfect insulation. The vaporisation rate is equal to approximately
0,06 [%/day] of the content of the LH-storage tank in the import terminal (Kolff, 2021). Future research
could add more technical information to these processes to provide more comprehensive results.

The fifth sub-question concerned the identification of the uncertainties that were specifically present
for our the Port of Rotterdam through a case study. The degree to which economic uncertainty is present
is straightforward due to unknown future prices and high specific investment costs. The degree of
technological uncertainty has been somewhat difficult to capture. The reason for the complexity is the
quantification of technological uncertainty. To cope with this, metrics have been used to quantify tech-
nological development. To illustrate, the technology development regarding the specialised vessels has
been quantified by the metric ‘vessel capacity. Quantifying technological development by only one met-
ric is not entirely representative. Other studies could make use of more metrics to define technological
developments. Geopolitical uncertainty has also been found through the case study. We argue that a
case study is helpful to identify geopolitical uncertainty. However, the degree to which the geopolitical
aspects are uncertain is, again, challenging to capture. A separate study would provide presumably
insights into how geopolitical uncertainty impacts the realisation of hydrogen import terminals.

The sixth sub-question regards the formalisation of a working model in Linny-R. This is discussed
in the following section.

7.2.2 Discussion of modelling methodology

The model in Linny-R has been built with the greatest care to represent reality as well as possible.
Nevertheless, some assumptions are made to limit complexities in our model. First, we assumed that
hydrogen import was always available. Also, no specific export countries were included from where
hydrogen was imported. In that context, we neglected production capacities from export countries and
the possibility that the hydrogen demand could exceed the domestic and foreign hydrogen production.
Moreover, due to those assumptions, distances to the PoR were not included in our model. Though
distances do not only significantly influence the import prices of the three carriers (Lanphen, 2019),
longer distances do increase the chance of disruption in the supply chain and complicate quick reactions
to disturbances. Other studies could include specific countries and analyse their production capacities
to create a more comprehensive system overview. Another critical assumption that we made relates to
supplying the hydrogen demand. We assumed that hydrogen demand must always be met at any cost.
As such, we excluded the option that alternative fuels could replace hydrogen if hydrogen becomes
too expensive. If the prices of hydrogen, either locally produced or imported, exceeds the WTP of the
end-user sectors, their hydrogen demand will decrease or even be eliminated. Other studies should
consider including the WTP to be able to have a more realistic hydrogen demand. Our data has been
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collected from reliable sources such as large, recognised institutions, for instance, the IEA, or literature
cited often. However, we recognise that all input data contain some degree of uncertainty. Especially
when it concerns data projections for 2030, 2040, and 2050.

Furthermore, we were not able to model the arrival of only filled vessels (e.g. vessels that are not
loaded to maximum capacity, see section 4.2.1). This led to some results, see 6.4, where the amount of
hydrogen import was equal to a range of 1,0 - 1,5 times the capacity of that specific vessel in many days
of one particular run. In this case, relatively low storage capacity is required. However, more storage
capacity was needed when a more realistic import distribution was modelled by constraining the model
to only import a minimum amount of hydrogen carrier equal to two vessels in a time step. Other
studies could develop a modelling method in which only totally filled vessels could arrive. This would
represent a more realistic overview of hydrogen carrier import and provides more valuable insights.
Nevertheless, our model enables the quantification of vessel technology derived from the differences
between the characteristics of the three hydrogen carriers. Moreover, our model allows the modeller
to explore the required storage and throughput capacities given various supply and demand scenarios.
This provides valuable information for terminal owners and designers.

Finally, we used a daily time resolution to solve our problems in Linny-R. In this way, the arrival
of hydrogen carrier vessels, the hydrogen production by SMR and electrolysis, and the hydrogen de-
mand in the end-user sectors could appropriately be analysed. An hourly time resolution allows for a
detailed analysis of the electrolysis process but would be too detailed for an analysis of the arrival of
vessels. A weekly or yearly time resolution would not allow analysing the daily operations in an import
terminal. Moreover, it would be less practical to include volatility and uncertainty in the hydrogen de-
mand. Based on the choice for a daily time resolution and the use of the Ip_solve solver at that time, we
disregarded investments in our model. Hence, investments, especially large investments required for
hydrogen infrastructure, need a horizon of multiple years to analyse. Therefore, including investments
combined with a daily time resolution would lead to enormous computational times as thousands of
time-steps must be optimised. We still do support the decision to apply a daily time resolution as it
allowed us to analyse different components of our system. Nevertheless, we recognise that investments
cannot be disregarded as investments are essential to support companies’ business cases for hydrogen
import terminals. Investments in Linny-R can be analysed by adjusting our model, especially when the
Gurobi solver is used. This will be further explained in section 8.3. An investment model could provide
additional insights into when returns on investments can be expected. Nevertheless, our model allows
the analysis of several essential components related to the realisation of hydrogen import terminals.

7.3 Discussion of scientific and societal contribution

This section aims to discuss this study in perspective of its societal and scientific contribution. First, the
scientific contribution is discussed, followed by a discussion of the societal contribution.

7.3.1 Scientific contribution

To the domain of hydrogen import infrastructure literature, this study is the first to include a combina-
tion of both hydrogen demand uncertainty and multiple hydrogen end-user sectors. This is a unique and
vital addition to the hydrogen infrastructure literature primarily focused on the transportation sector.
The included end-users sectors are the feedstock chemical industry, process heat industry, the building
environment, the mobility sector (transportation), maritime shipping sector, the aviation sector, and two
export sectors (e.g. Germany and North-West Europe). Including these end-user sectors is essential as
the transportation sector accounts for only a marginal share of the projected hydrogen demand. As a
result, this study provides a more comprehensive perspective on the role of hydrogen, and thus, on the
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role of hydrogen import in the energy transition. Furthermore, this study includes geopolitical aspects,
which adds a novelty to the hydrogen import infrastructure literature. The unsettled debate in the lit-
erature regarding the geopolitics of renewables and hydrogen motivates the involvement of geopolitics
in this study. On the one hand, this study highlighted the geopolitical uncertainties that hamper the
realisation of hydrogen import terminals. On the other hand, this study suggests opportunities for the
Port of Rotterdam to establish hydrogen import terminals to improve their strategic position. By in-
cluding geopolitics into the scope of this research, a more comprehensive outlook on uncertainty related
hydrogen import terminals is achieved.

As a more theoretical contribution, this study applies the TCE theory by Williamson (1979) and
the multi-level perspective by Geels (2002) to a case study of hydrogen import terminals. First, we
reflect on the use of TCE theory, then the appliance of the multi-level perspective is discussed. The
similarities between LNG and hydrogen provided a promising foundation for the use of the TCE theory
in the context of hydrogen import infrastructure as the TCE theory has been widely used to analyse
market development and contracts in the LNG market. The TCE theory proved to be an excellent tool
to analyse the governance structures and contracts in an emerging hydrogen market. Despite that we
were not able to model the concept of contracts, our model results supported theoretical arguments
suggested by the TCE theory. As such, our study underlines the applicability of the TCE theory in the
context of renewable energy economics, and more specifically, hydrogen economics. Finally, we share
the criticism of Ruester and Neumann (2009) on the TCE theory, as they argue that the TCE theory falls
short in explaining how different types of contracts can be applied in a firm's strategy or vision. This is
vital to provide insights for single companies, like Gate Terminal, about the uncertainties related to the
realisation of hydrogen import terminals.

The use of the multi-level perspective has been less successful compared to the appliance of the TCE
theory. Hence, the multi-level perspective is specifically focused on the success of one technology. Our
study concerned an integrated hydrogen system using various technologies. Especially the variety of
technological developments in different areas create uncertainty on a systematic level. Consequently,
we argue that the multi-level perspective is not applicable from a system perspective in which more
technologies are present but rather for analysing a specific technology within a system. The multi-level
perspective should loosen its tendency to focus on one ‘winning’ technology to be more relevant in
case studies such as ours. Our results suggested that the simultaneous development of more than one
hydrogen carrier technology is desirable from a societal perspective.

On a more detailed level, this study has proposed the use of a model. The model that has been
developed made use of MILP. To the author’s best knowledge, no other model regarding hydrogen
import has been built that uses MILP as a method, which adds a novelty to this research. Moreover, the
model incorporates hydrogen demand uncertainty which is vital to represent an integrated hydrogen
system from a more realistic perspective. As such, this study offers a modelling philosophy to model the
import of other energy commodities combined with uncertain demand. This is a valuable contribution
as supply and demand mismatch is an increasingly mentioned problem, especially in the context of the
energy transition.

7.3.2 Societal contribution

This study provides valuable insights regarding uncertainty related to hydrogen import terminals. Through
our model, we have been able to analyse the hydrogen carriers’ cost-competitiveness compared to elec-
trolysis. Moreover, the cost-competitiveness between the respective hydrogen carriers was analysed.
Other results showed the importance of technology advancements and information regarding future
market prices. In short, we developed a model to quantify the uncertainties related to hydrogen in-
frastructure. The quantification of uncertainties is helpful to companies and policymakers in decision-
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making processes. Companies want a certain degree of certainty before making an investment decision.
However, we argue that the results of this study should not be used as the foundation for investment
decisions. Hence, due to our system perspective, some aspects essential for individual companies are
not included in detail. Moreover, we argue that an investment-based model would give more insight
into economically feasible options. Nevertheless, our results point out what aspects are subject to un-
certainty. Therefore, this study can be seen as a starting point on which future research can be built.
Policymakers could derive essential conclusions from this study. Namely, the results showed that large-
scale hydrogen import is required, but it also showed that hydrogen import must achieve significant
cost reductions to be competitive with hydrogen produced locally. Moreover, as discussed, the reali-
sation of hydrogen infrastructure could make The Netherlands less vulnerable to geopolitical forces as
it contributes to a diverse energy mix. Policymakers could design tailored regulations and policies to
stimulate hydrogen use and hydrogen import based on our results. To be more precise, the costs gap
between import and domestically produced hydrogen is significant. The government could provide a
subsidy similar to the support provided for the PORTHOS project, compensating for the cost gap be-
tween import and domestically produced hydrogen. As such, hydrogen use is stimulated, and business
cases for hydrogen import terminals are strengthened. A more comprehensive overview would include
the environmental emissions that are related to hydrogen import. This is not included in this study but
should be studied in future research. Nevertheless, we modestly argue that this study contributes to the
decision-making process regarding hydrogen import and the corresponding infrastructure.
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8 Conclusion & Recommendations

This chapter presents the research conclusion. First, the sub-questions are answered. Then, the main
research question is answered. Finally, recommendations for future research are given.

8.1 Answers to the sub-questions

This section answers the sub-questions defined in chapter 1. Each paragraph is dedicated to the conclu-
sion of one sub-question.

A suitable methodology that can be applied to study hydrogen infrastructure has been found in
MILP. Moreover, we found that often models are used in combination with MILP to investigate large
energy systems, which strengthen our choice to develop a model. This answers the first sub-question.

Three categories of uncertainties are present regarding hydrogen infrastructure; economic, techno-
logical, and geopolitical uncertainties. Economic uncertainty relates to future markets and prices. Tech-
nological uncertainty predominately relates to the question development of niche technologies evolves
to their maximum potential. Geopolitical uncertainty is present in creating new interdependence be-
tween states and regions as a consequence of renewable energy production. As such, the second sub-
question is answered.

Three approaches were identified to deal with uncertainty in the context of hydrogen infrastruc-
ture; sensitivity analysis, scenario analysis, and probability-based assessments. This study used the first
two methods to deal with uncertainties in this study. The latter method has been disregarded since its
prolonged computational times and the inability of Linny-R to perform such a method.

The inputs to model an integrated hydrogen system located in the Port of Rotterdam can be cate-
gorised into three sub-systems; hydrogen import, domestic production, and hydrogen demand. The
case-inputs are found in Figure 12 in section 3.4. As such, the fourth sub-question is answered.

The uncertainties present regarding an integrated hydrogen system located in the Port of Rotterdam
are economic, technological, and geopolitical. The uncertainties have been categorised into three sub-
systems; hydrogen import, domestic production and hydrogen demand. As such, the fifth sub-question
is answered.

Finally, we found a suitable modelling environment in Linny-R to formalise the conceptual model
into a working model. The three sub-systems from our case study have been translated into three sub-
models. Subsequently, the three sub-models have been combined into one integrated model. In this
way, sub-question six is answered.

8.2 Answering the main research question

Hydrogen seems to account for a dominant position in the future energy mix of the Netherlands. Hy-
drogen import is compulsory to match the projected hydrogen demand due to the limited hydrogen
production capacity in the Netherlands. Specifically, a combination of economic, technical, and geopo-
litical uncertainty complicates the realisation of import terminals that would facilitate the hydrogen
import. As such, the main research is as follows:

“How does uncertainty impact the realisation of hydrogen import terminals in the Port of Rotterdam?”

Economic uncertainty is related to the cost-competitiveness of hydrogen import and investments in
hydrogen import terminals. We conclude that hydrogen import is necessary to supply the hydrogen
demand in various end-user sectors. However, hydrogen import is not cost-competitive compared to
domestically produced hydrogen. Cost reductions in the import supply chain must be achieved in
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the production, conversion to the carrier, or shipping stage of the supply chain to improve the cost-
competitiveness of hydrogen import. No specific carrier has been pinpointed as ‘winner’ to account for
the entire required hydrogen import among the different hydrogen carriers. At the moment of writing
this thesis, NH3, and followed by LOHC, seem to be cheaper than LH,. However, if LH, import would
be scaled up due to technological developments, it could become a close race. This creates uncertainty
for the investment in hydrogen import terminals as the possibility arises that high upfront investments
are not returned if the market shifts towards another carrier. To resolve this economic uncertainty, we
conclude that long-term contracts are required to organise the transactions related to hydrogen import.
In this context, we argue that the LNG market provides valuable lessons that can be applied to the
hydrogen market. However, a transition from long-term contracts to short-term is expected to occur
faster compared to the LNG market due to the presence of aggregators in the hydrogen market and the
global pressure for sustainability.

Technical uncertainty relates to the scaling of hydrogen import terminals and the end-users prefer-
ences for a specific hydrogen carrier. We conclude that the right scaling of hydrogen import terminals
can resolve the mismatch between supply and demand. In turn, the scaling of hydrogen terminals de-
pends on the development of the three hydrogen carrier technologies. Advanced technologies lead to
economies of scale, higher vessel capacities and, thus, higher import capacities that the hydrogen im-
port terminals must facilitate. Moreover, the scaling of hydrogen import terminals is subject to the role
salt-caverns can take on to provide alternative storage options. If salt-caverns become a viable option
for hydrogen storage, less hydrogen storage in the Port of Rotterdam is required. This bears uncertainty
for hydrogen import terminals in determining what storage capacity must be constructed. Further-
more, we conclude that LH, has a high potential to supply each end-user sector due to its low energy
requirement in its regasification process and its high hydrogen quality. However, LOHC and NHj; are
necessary due to the early stage in the development of LH;-technology. Moreover, NH;3 will be vital if
hydrogen becomes the primary energy carrier in the maritime shipping sector. Hence, that sector can
directly use NHj3 which eliminates the expensive and energy-intensive regasification process and makes
NHj the most efficient and cheapest hydrogen carrier for that sector. Also, LOHC has its advantages
as it requires no cooling during storage and experiences no losses during transportation. Therefore, a
combination of the three hydrogen carriers is needed to supply all end-user sectors.

Regarding geopolitical aspects, we conclude that the early stage of the global hydrogen market cre-
ates uncertainty as it is unclear which volumes, against what prices, and from which locations hydrogen
can be imported. The global hydrogen market can significantly grow in the coming years due to the pres-
sure of sustainability. However, former oil and gas countries could hamper the global hydrogen trade
without decreasing their fossil fuel production. The realisation of hydrogen import terminals combined
with stagnated global hydrogen trade could result in severe economic losses. Despite the uncertainty,
opportunities are present for the Port of Rotterdam and the Netherlands to become a dominant player in
the geopolitical field of hydrogen. The Port of Rotterdam as a hydrogen hub could lead to a dominating
position as the port could act reference price-setting location, and hydrogen expertise could be gained.
Moreover, the presence of hydrogen import terminals would make the Netherlands less vulnerable to
geopolitical forces as it diversifies the energy mix.

8.3 Recommendations

This section outlines the recommendations. First, seven recommendations will cover the aspects that
could be included in future research to improve and expand the findings of this research. Then, finally,
a recommendation will be included, which is aimed explicitly at policymakers and companies.

¢ The first recommendation is related to hydrogen production by electrolysis. The electrolysis pro-
duction costs are highly dependent on the price of renewable electricity. Other studies could con-
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sider the hydrogen production costs given a realistic and thus fluctuating renewable electricity
price. This can be done by modelling the electrolysis process in such a manner that the renewable
electricity price is an input value instead of including the price in the CAPEX as done in this study.

The inclusion of specific export countries is the second recommendation for future research. In-
cluding specific export countries provide insight into their production capacities and, logically,
their distance to the PoR. Insights in production capacities are required to analyse the availability
of hydrogen import. Furthermore, insight in the location and distance to PoR helps to determine
more precise import prices as the location largely determines the price for renewable electricity,
and greater distances, to the PoR inherently lead to higher transportation costs.

The third recommendation is related to the presence of salt caverns in nearby Groningen. Their
inclusion in future research could provide valuable insights that concern the scaling of hydro-
gen import terminals. Hence, operational underground storage has fewer investments costs than
above-ground storage like import terminals. As such, operational salt-caverns can replace the
storage function of hydrogen import terminals.

The fourth recommendation also relates to storage capacity. We were not able to allow the arrival
of only filled vessels in our model. Nevertheless, the results showed that larger storage capacity
is required if most of the arrived vessels were fully loaded than when most of the arrived vessels
were only half-filled. Developing a method that allows the arrival of only fully filled vessels would
provide more valuable insights into the required storage capacity.

The fifth recommendation suggests the creation of an investment-based model. In this research,
investments have not been included as it focused on exploring the scale of the required infrastruc-
ture given different circumstances. Now that the Gurobi solver powers Linny-R, investments can
be more easily modelled as the computational time is significantly reduced. Without diving deep
into modelling details, an investment can be modelled in Linny-R by linking a data product, rep-
resenting CAPEX costs, to a ‘process’, representing an asset such as a hydrogen import terminal
(e.g. similar to Figure 15. The link represents a start-up multiplier that can turn on the process if
the investment is required to find the optimal solution. A study that includes an investment-based
model could focus on the financial feasibility of hydrogen import terminals.

The sixth recommendation is also related to economics. This thesis assumes that the hydrogen
demand must always be met at any cost. However, actors who aim to profit will only use sus-
tainable hydrogen if it is either imposed by regulations or economically attractive. Future research
could investigate what the willingness to pay is for various end-user sectors. In that way, a more
reliable picture could be sketched related to the total hydrogen demand based on the import price
of hydrogen. Governments and international organisations like the EU could apply policies that
raise the end-user sectors” willingness to pay.

The seventh recommendation relates to the number of experiments. A method like the Monte
Carlo method would be fruitful as it allows the investigations of hundreds of thousands of pos-
sible futures. Moreover, it would enable actors to test their assumptions relating to the hydrogen
system in the PoR. As such, import terminal owners could test different scaling designs of im-
port terminals given in various scenarios. As Linny-R does not allow using a method, the MILP
problem must be solved by another program.

The last recommendation is aimed explicitly at policymakers and companies. Even if reliable
business cases are lacking, realising hydrogen import terminals should be considered. Not only
could a first-mover position contribute to making the PoR the most important hydrogen hub in
Europe. Hydrogen import terminals would also make Rotterdam, the Netherlands and the rest of
North-West Europe less vulnerable for geopolitical forces related to the energy security of supply.
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A Hydrogen end-user sectors

In this appendix, the hydrogen application in various end-user sectors is analysed. Moreover, projec-
tions for the timeline in which hydrogen could penetrate these markets are assessed.

A.1 Feedstock industry

The feedstock industry is the sector with the most significant hydrogen consumption nowadays. Over
90% of the hydrogen production is used for this sector. Processes like the production of NHj, methanol
require hydrogen. Also, refining accounts for a large part of the hydrogen consumption (Hydrogen
Council, 2020). Due to future regulations and policies, the industry must reduce its carbon footprint
by zero in 2050. Therefore, the role of sustainable hydrogen has considerable potential in this sector.
Moreover, Hydrogen Council (2020) states that due to the few actors involved in these decision-making
processes and no changes required in process equipment or operations, the sustainable hydrogen uptake
can be accelerated. However, the question remains with what pace this uptake will be accompanied. The
costs of these processes in this sector mainly depend on the (sustainable) hydrogen production costs. In
that context, at the time, sustainable hydrogen will be cost-competitive with hydrogen produced by
fossil fuels.

A.2 Process heat industry

Another application of hydrogen in the process heat industry. When writing this thesis, the heat in this
sector is generated by the combustion of natural gas in power plants. Hydrogen can be injected into the
natural gas grid (after making some adjustments to the natural gas grid) for this kind of process. This
would significantly reduce its ecological footprint (Detz et al., 2019a).

A.3 Building environment

Hydrogen can provide a sustainable alternative to provide heat for the building environment. In short,
there are two ways hydrogen can be used to deliver heat. The first regards the blending in hydrogen in
a natural gas network. The other one is the direct heating of buildings via boilers (IEA, 2019). However,
the application of hydrogen in the building environment has still a low maturity technology. In other
words, technologies have to be further developed, safety aspects have to be tested, and the costs have
to be identified (Gigler and Weeda, 2018).

A.4 Mobility (over land)

At the moment, gasoline and diesel are the dominant types of fuels in the mobility sector. Just like
any other section, the mobility sector is shifting towards sustainable alternatives. Two options are often
considered; Battery Electric Vehicle (BEV) and hydrogen driven vehicles (FCEV)s. Many think that
hydrogen has already lost the battle in the mobility sector. The Battery Electric Vehicle (BEV) is expected
to take account for a significant market share in this sector. However, some argue that heavy-duty
vehicles benefit more from hydrogen due to their larger potential action radius. Moreover, the charging
or reloading time of FCEVs is significantly lower than BEV which is an essential issue if the number
of users of this technology is growing (Pollet et al., 2012; Detz et al., 2020; Juan et al., 2016). For the
relatively small vehicles and short distances, BEV seems to remain the most competitive alternative
(Hydrogen Council, 2020).
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A.5 Aviation and maritime shipping

The aviation sector is one of the most carbon-intensive sectors in the world. This sector produces ap-
proximately 3% of the global emissions. Currently, the sector uses kerosene as fuel. The advantages of
kerosene are its weight (very light) and volumetric energy density, requiring little storage. However, for
the same reasons is the electrification of the aviation sector highly difficult. At the moment, few minor
projects are executed experimenting with hydrogen and fuels cells for short flights in small aeroplanes;
however, the vast majority of the CO, is emitted during long flights with large and heavy planes (Hy-
drogen Council, 2020). Another application is using hydrogen as a building block for synthetic fuels.

The maritime shipping sector is also looking for sustainable alternatives compared to conventional
fuels. Smaller ships have the potential to be electrified. However, the same trend identified in the
aviation sector applies to the maritime shipping sector; the more significant part of the CO; is produced
by the larger container ships. Traditionally, heavy fuel oil and marine gasoil are the most common fuel
types in the maritime sector. The usage of LNG is rising. However, only LNG accomplishes a CO,-
reduction of 20% compared to the other type of fuels (Billing and Fitzgibbon, 2020; Sharples, 2019).
Therefore, a more sustainable fuel is required. According to Hydrogen Council (2020), the direct use of
NHj could offer an opportunity for low-carbon maritime shipping fuel due to similarities in technology.
Another option could be the direct use of LH,. However, the lower energy density makes NHj3 a more
viable option. Nevertheless, both options require sustainable hydrogen.

Hydrogen, as a building block for other fuels such as NH; or synthetic fuels, has the potential to
replace the conventional fuels in both the aviation as the maritime shipping sector. However, the cost of
producing these synthetic fuels is the main barrier to the adoption of hydrogen in these sectors.

A.6 Export

Nowadays, the Port of Rotterdam receives and distributes approximately 13% of the total energy de-
mand of Europe. Germany accounts for a large share of this 13% (Port of Rotterdam, 2020d). In Ger-
many, the demand for hydrogen is also likely to increase, according to (Gerbert et al., 2018). Their work
stated that Germany needs to import hydrogen to achieve the climate targets set for 2050. Moreover,
DECHMA and FutureCamp (2019) picture a sharp increase in the need for hydrogen to produce a syn-
thetic feedstock. At last, the steel industry has indicated a significant increase in hydrogen to become
more sustainable (Port of Rotterdam, 2020c¢).
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B Data collection case study

In this appendix, the data required as input for the model is collected. Most data are projections from
other scholars regarding the development of specific technologies and prices. In that case, a short
overview of the leading publications is given, after which a choice is made regarding the input data
for the model. The data collection is categorised into two parts; domestic production and hydrogen
demand.

B.1 Domestic hydrogen production

The three production methods used for domestic production are SMR, SMR with CCS and water elec-
trolysis. The input- & output variables of SMR (with and without CCS) and electrolysis are presented in
Table 11.

Table 11: Input & Output variables SMR and electrolysis. Adapted from Cappellen van et al. (2018)

Input Unit (indule; ccs) Electrolysis
Inflow natural gas m?/kg Ha 3,73 0,0
Inflow raw water kg/ kg Hy 4,68 9,0
Inflow sea water m?/kg Hy 1,18 0,0
Electricity demand kWh/kgH, || 1,17 53,6
Oxygen kg/kg H, 0,0 0,0
Output I I I
Hydrogen kg 1,0 1,0
CO2 process emission kg/kg H, 9,0 0,0
CO2 capture rate (CCS) || % 90 0,0
Waste water kg/kg H, 1,83 0,0
Return sea water m?®/kg Ha 1,18 0,0
Oxygen kg/kg H, 0,0 8,0

For the Capital Expenditures (CAPEX) of the technologies, we use IEA (2019) as source (see Figure 12.
However, due to stricter environmental regulations and technological developments, the expected costs
for electrolysis and SMR (if CCS is applied) are expected to reduce over time. Therefore, the production
costs for electrolysers for 2030, 2040, and 2050 are presented in Figure 40.
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Figure 40: CAPEX [€/ton H;] for different hydrogen production methods for 2030, 2040, and 2050.

Table 12: Assumptions hydrogen production costs. Adapted from IEA (2019).

General ‘ L Value ‘ L Unit
Conversion rate ($/€) 0,85 -
Operational hours 8000 h/year
LHV (H2) 33,3 kWh/kg H2
Discount rate 6 Y%

Depreciation time -

Electrolysis 10 year
SMR 25 year
Electrolysis
Unit 2030 2040 2050
CAPEX USD/kWe | 700 545 450
Efficiency (LHV) | % 69 72 74
Annual OPEX % CAPEX | 1,5 1,5 1,5

SMR

Unit 2030 2040 2050
CAPEX USDAWH, | 910 910 910
Efficiency (LHV) | % 76 76 76
Annual OPEX | % CAPEX | 47 47 47

SMR including CCS

Unit 2030 2040 2050
CAPEX USD/W H, | 1.360 1.320 1.280
Efficiency (LHV) | % 76 76 76
Annual OPEX % CAPEX 4,7 4,7 47
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B.2 Hydrogen demand end-user sectors

In this research, we use hydrogen demand for various sectors. For our model data input, we use the
work of Detz et al. (2019b) as a source since also the Port of Rotterdam has adapted this source and used
it for its own research and strategy. Additionally, for the export to the hinterland, the source of the Port
of Rotterdam is used (Port of Rotterdam, 2020c).

Please note that this data, calculated by Detz et al. (2019b), is the maximum hydrogen demand that
could transit through the Port of Rotterdam. Also, note that this data is used reference data. For experi-
ments and scenarios, a fraction of this data is assumed as hydrogen demand. To illustrate, for a scenario
representing the year 2040, we could assume that 10% of the maximum hydrogen for the aviation sec-
tor is fulfilled. This results in 0,1 [Mtonne/year] as the maximum potential is 1,0 [Mtonne/year]. The
maximum hydrogen demand for the end-user sectors is presented in 13

Table 13: Potential hydrogen demand & through Rotterdam in 2050. Adapted from Port of Rotterdam
(2020c) and Detz et al. (2019b)

End-user sectors H PJ H Mtonne/year H tonne/day
Feedstock chemicals 97 0,8 2.192
Process heat industry 127,5 1,1 3.013
Build environment 13,5 0,1 274
Mobility over land 102,5 0,8 2.191
Aviation (H2 in synthetic fuels) 115 1,0 2.739
Maritime shipping (H2 in liquid fuels) || 375 32 8.767
Export to Germany 960 8,0 21.918
Export to NWE 600 5,0 13.699




95 C MODEL VERIFICATION AND VALIDATION

C Model verification and validation

This section provides a more detailed description of the experiments that have been conducted to verify
and validate our model in Linny-R. First, the verification experiments are presented, followed by the
validation experiments.

C.1 \Verification experiments

In this experiment, the electrolysis and wind capacity is set at unlimited. As hydrogen produced by
electrolysis is cheaper than import, our model should not import any hydrogen. Moreover, all hydrogen
production should come from domestic sources (electrolysis and SMR). This is shown in Figure 41.
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Figure 41: Total hydrogen import compared to domestic production given unlimited production capac-
ity for electrolysis and SMR

In the second experiment, the import prices of LOHC and NHj are increased by 100%. The results are
presented in Figure 42. As expected, the sole hydrogen import is accounted for by LH, while LOHC
and NHj are not imported due to higher prices.
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Figure 42: Hydrogen import given a lower price for LH, and unlimited import capacities

— LH2
— LOHC
NH3

In the third experiment, various runs have been conducted with each a different look-ahead scope. The
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results are presented in Figure 43. Each run had a time horizon of 100 time steps. In case the model
receives full information before solving the problem, NHj; is imported in 22 days. As expected, this
amount increases as the model gets less information (e.g.) the look ahead decreases) since the import is
less efficient. The right-hand side of Figure 43 shows the average price at which NHj is imported. The
average import price reduces by almost 9% compared to when the model runs with a look-ahead of two
time steps.

Average import price

Days of import [£/ton NH3]
801 1o 760 o 757 750
"""" vl
65 65 &2 A = 746 . ¥
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20 700 690
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Figure 43: Verification of the look-ahead function: More information results in less days of import and a
lower average import price.

Having successfully conducted three experiments, we can conclude that the model is verified.

C.2 Validation experiments

The first experiment regards the CCS process. Based on the level of the CO, ETS price, hydrogen pro-
duce can choose to either capture the CO, or emit it into the air. In this experiment the CO, ETS price
is increased from 50 to 149 [€/tonne CO,] over 100 time steps. In each time step, 29592 [tonne] CO, is
produced by SMR as a result of hydrogen production. Assuming a CCS rate of 90[%]. The following
formula is used to determine the level of the CO, ETS price at which the hydrogen producer should
shift from emitting the CO, to CCS:

1708000 + 2,548  (0,9*29592) + (0,1*29592) + CO; ETS price = 29592 « CO, ETS price

The CO, ETS price should be equal to 65,69 [€/tonne CO,]. The CO, ETS price exceeds 65,69
[€/tonne CO;] in time step 17 as it increases to 66,00 [€/tonne CO;]. This is confirmed by the model
and presented in Figure 44.
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Figure 44: Tipping point where CCS becomes cheaper compared to emitting CO,

The second experiment validates the entire work of our model. It aims to validate the accuracy of
our model by reproducing the number of imports in 2050 as indicated by Port of Rotterdam (2020b).
This report states that of the expected 20 Mtonne hydrogen demand, 18 [Mtonne/year] is provided by
import and 2 [Mtonne/year] using domestic production. The domestic production capacities chiefly
determine the need for import. Nevertheless, this experiment can show the accuracy of our model. The
input values used for this model are presented in Table 14.

Table 14: Input values used for the second validation experiment

Input parameter H Unit H Value
Electrolysis capacity [GW] 10
Offshore wind capacity || [GW] 20

SMR (including CCS) [tonne/day] || 1000

The input value for electrolysis capacity is 10 [GW]. However, there are no sources or policies published
that indicate such electrolysis capacity by 2050. However, for 2030 an electrolysis capacity of 3-4 [GW] is
indicated (van Soest and Warmenhoven, 2019). Furthermore, 10 [GW] by 2050 is more than reasonable,
assuming a steady capacity growth. Port of Rotterdam (2020c) pointed out that between 18 and 24 [GW],
wind could be available for hydrogen production in the Port of Rotterdam. Therefore, 20 [GW] has been
chosen as an input value for this validation experiment. At last, 1000 [tonne/day] for SMR (including
CCS) has been picked. Despite the climate targets to be carbon neutral by 2050, the policy regulations by
Ministerie van Economische Zaken en Klimaat (2020) indicate that blue hydrogen will still be produced.
Therefore, we assume a small (SMR including CCS) production capacity of 1000 [tonne/day].



98 C MODEL VERIFICATION AND VALIDATION

Hydrogen demand
[ton]

20.000.000

< 18.500.000

— Import

15.000.000
Domestic production

10.000.000

5.000.000

A e ¢ 1.500.000

0 1£ =
0 50 100 150 200 250 300 350

Figure 45: The yearly hydrogen import compared to the domestically produced hydrogen

The result of this validation experiment is satisfactory as it approaches the expectation. In Figure 45
the blue line indicates the import, and the orange line is the sum of both the electrolysis and SMR pro-
duction. As can be seen, the import accounts for slightly more than 18 [Mtonne/year] (approximately
18,410 [Mtonne/year]) while the domestic production, justifies for somewhat below 2 [Mtonne/year]
(1,655 [Mtonne/year]). Nevertheless, we conclude that our model is validated for two reasons. First,
the experiment regarding the CCS option has successfully been conducted, and secondly, the latter ex-
periment only differentiates 2,2 [%] from the estimations by Port of Rotterdam (2020b).
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