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Abstract

The transition to a decarbonised energy system requires a cost-effective, reliable and sustainable sup-
ply of renewable hydrogen, particularly for industrial hubs like the Port of Rotterdam. Multiple supply
pathways could potentially contribute to such an energy system, with each pathway characterised by dif-
ferent advantages and disadvantages. Therefore, it is crucial to consider the system-wide implications
of various supply pathways in order to make balanced trade-offs. This study functions as an exploratory
investigation into the relations between various system designs and their characteristics. It examines
techno-economic trade-offs between local hydrogen production using offshore wind-powered electrol-
ysis and cracking of imported ammonia. Key performance indicators for system affordability, security
of supply and sustainability are defined in order to facilitate a comparison of the two supply pathways.
Employing a quantitative system model, these indicators are evaluated across different system config-
urations and demand scenarios for the Port of Rotterdam.

The findings of this research emphasise the complexity of the energy transition and highlight the ab-
sence of a universally optimal supply pathway, with each pathway entailing distinct trade-offs that must
be carefully balanced. Achieving an effective hydrogen strategy requires consideration of the interplay
between affordability, security of supply, and sustainability, while also accounting for the diverse prior-
ities of different stakeholders. Local electrolysis and ammonia import perform distinctly differently on
various key performance indicators. The local production pathway offers lower operational costs and
independence of import. However, it requires substantial capital investment and competes with power
demand in the region. In contrast, ammonia import ensures a stable hydrogen supply with lower capital
expenditure in the region of import, yet it is contingent on a resilient long-term supply chain and is highly
sensitive to ammonia cost fluctuations. Local hydrogen production is more spatially demanding while
having a lower carbon footprint, whereas ammonia imports require less space at the import site but
result in higher equivalent emissions.

From the observations from this research it can be concluded that local hydrogen production presents
trade-offs in the power distribution, as electrolysis potentially competes with the power demand of the
Rotterdam harbour-industrial complex and the hinterland. Crucially, high electrolysis capacities im-
pose an additional strain on the decarbonisation efforts of other electricity consumers, particularly in
view of the anticipated increase in power demand. Furthermore, the necessity for multiple salt caverns
for hydrogen storage in local production configurations is emphasised, as their constrained extraction
limits require several units to satisfy momentary hydrogen demand even in low demand scenarios. In
addition, substantial production overcapacity in electrolysis and wind power is necessary to facilitate
adequate storage contribution and ensure supply continuity, increasing their techno-economic impact.
Conversely, import-dependent systems require substantial quantities of ammonia, with hundreds of
necessary annual shipments in scenarios of higher hydrogen demand. As demand for hydrogen in-
creases, the study highlights clear supply limits for local hydrogen production, resulting in an increased
reliance on ammonia imports.

Future research should expand model applicability to different locations and supply chains, enhance
key performance indicator scope, and incorporate stakeholder-driven decision-making frameworks. Ul-
timately, an effective hydrogen strategy must balance affordability, security of supply and sustainability,
navigating the trade-offs between supply pathways and their broader implications for the energy tran-
sition.
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Abbreviation Definition
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RED Renewable Energy Directive
RFNBO Renewable Fuel of Non-Biological Origin
SAF Sustainable Aviation Fuel

SDE Stimulering Duurzame Energieproductie
SMR Steam Methane Reforming

SOEC Solid Oxide Electrolyser Cell

TRL Technology Readiness Level

TSO Transmission System Operator

VAWOZ Verbindingen Aanlanding Wind Op Zee

11



v

Symbols

Subscript  Definition

e Electric Installed Capacity

H2 Hydrogen Installed Capacity

LHV based on Lower Heating Value (LHV)
HHV based on Higher Heating Value (HHV)
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Introduction

The transition to a sustainable energy system is a defining global challenge of the present age. As
global ambitions to reduce greenhouse gas emissions intensify, the way energy is produced, trans-
ported and consumed is undergoing a fundamental shift. This chapter provides a background to the
key motivations for this research, with a focus on the combined challenge of power and hydrogen decar-
bonisation. It goes on to highlight the particular considerations for a large harbour-industrial complex,
such as the Port of Rotterdam, where the local and import-based building blocks can have a profound
impact on the energy system they comprise.

Section 1.1 focuses on a number of general challenges in the energy system transition, while section 1.2
specifies several key challenges for the Port of Rotterdam. Section 1.3 provides a discussion of the
current state of development, whereas the subsequent section 1.4 identifies the specific challenge that
is the focus of this research. This problem analysis result in the formulation of the research objective in
section 1.5, the scope of which is further delineated in section 1.6. Lastly, the methodology employed
to reach the research objective is elaborated upon in section 1.7.

1.1. Energy System Transition

The energy transition requires a comprehensive transformation of the energy system. This section
explores several major pillars of this transition, starting with the origin of the transformative ambitions.
The section then examines the decarbonisation of power generation and hydrogen, before delving
into the discussion of hydrogen production origin: locally produced or imported. Finally, the European
Commission’s definition of renewable hydrogen is elaborated upon.

1.1.1. Emission Reduction Ambitions

The twenty-first Conference of the Parties (COP217) in 2015 was a milestone in the campaign against
climate change. Informally called ‘The Paris Agreement’, 196 countries signed a legally binding interna-
tional treaty to pursue efforts to limit global warming to 1.5 degrees Celsius compared to pre-industrial
levels [1]. In accordance, the Dutch government launched the Klimaatakkoord in 2019. This agreement
aimed to reduce the Dutch CO, emissions by 49% in 2030 [2]. In July of 2021 the European Commis-
sion established an additional European objective of a 55% reduction in greenhouse gas emissions by
2030 in comparison to 1990 levels [3]. A number of greenhouse gases are emitted as a result of human
activity, but CO- emissions are the most significant contributor to global warming [4]. These objectives
aim to incentivise decarbonisation and lead the global society to a future powered by renewable energy.

A visual representation of the industrial contribution to CO, emissions in the Netherlands is shown in
Figure 1.1. Industry and electricity production are responsible for over half of the total 132 M+t Dutch
CO, emissions in 2022 [5] [6]. Industry accounts for 33% directly, however, it represents the second
largest consumer of electricity. Thereby it indirectly contributes to an even more significant footprint,
as half of Dutch power production in 2022 was fossil-based [7]. The process of decarbonising the

1



1.1. Energy System Transition 2

power sector represents a parallel challenge, which is intertwined with the energy transition for industry.
The largest proportion of Dutch industrial energy consumption can be attributed to the chemical and
petroleum refining industries [8] , whose corresponding C'O5-equivalent emissions added up to 10% of
the national total in 2022 [9] [10].

0% 25% 50% 75%
Industry Industrial Electricity Other Electricity Remainder

Figure 1.1: Industry contribution of Dutch CO3-eq emissions in 2022, both directly and based on share in power
consumption [5] [7].

1.1.2. Power: Core of Decarbonisation

The decarbonisation of power systems is a cornerstone of the energy transition, requiring both the re-
placement of existing fossil-based generation and the expansion of capacity to meet growing demand.
This provides a massive infrastructural challenge in power networks, both in terms of their enlargement
and the inclusion of renewable sources with intermittent production profiles.

Figure 1.2 shows the power profile in the Netherlands. Electricity demand in the Netherlands exhibits
a distinctive annual pattern, with an average increase of up to 40% during the winter months [11]. Be-
sides, daily variations significantly impact the shape of the demand profile. Two noticeable peaks occur
around 9 in the morning and 6 in the evening, while night-time demand is relatively low.

20
300 ____ ___—__ 15;/\__/\
% 200 Z 0t |
100 5¢
),3:\((‘?;0 \3@:\ ?@\3\@?& ?\4, ‘?}}Q,%QQ OC}Y\OAQ@D 6:00 fi?s 18:00

months

Figure 1.2: Left: Average daily grid load, shown per month for the Netherlands in 2019 [11].
Right: Daily grid load profile for February 7th, 2019 [11].

The electricity mix in the Dutch grid leans heavily on natural gas at 39% of the total production in 2022 [7].
Despite the ongoing dependency on natural gas, the increase of low-carbon sources is significant, from
a 17% share in 2015 to nearly 50% in 2022. Especially offshore wind power from the North Sea is
being considered by the Dutch government [2], partially due to the favourable wind climate and shallow
waters. Offshore wind power features relatively high capacity factors for a renewable energy source
at 40-50% [12] [13] , indicating they produce this percentage of the total maximum they could yield
annually.
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1.1.3. Hydrogen: Tiny Molecule, Massive Emissions

A significant contributor to the industrial emissions is the production of hydrogen (H>), which is a com-
mon process feedstock in this sector [14]. Around 95 Mt /y of hydrogen is consumed globally [15]. This
leads to an estimated 900 Mt of CO- emissions, or 2.5% of the global total [15]. It is consumed primarily
in petroleum refining, where it is used to remove sulphur impurities through hydrodesulpurisation. Hy-
drogen is also used to upgrade heavy oil fractions into lighter oil products source using hydrocracking.
Besides, the important primary chemicals ammonia (/N H3) and methanol (CH3;OH) are synthesised
using hydrogen feedstock. These are key ingredients for nitrogen fertilisers, plastics, pharmaceuticals,
construction materials and numerous other chemicals [14] [16]. Both ammonia and methanol have the
potential to be used as a fuel themselves, in addition to a role as a hydrogen carrier for transport and
storage [15].

The reason that hydrogen contributes so significantly to global COs-emissions is due to its prevalent
fossil-based production methods. Figure 1.3 shows the global production sources of hydrogen in 2021.
Natural gas is the source of 62% of global hydrogen production in 2021 [15]. Through a process called
steam methane reforming (SMR), methane (C H,) in natural gas reacts with hot steam H»O(g) to cre-
ate a carbon monoxide (CO) and hydrogen (H,) gas mixture which is known as synthesis gas [17].
This mixture subsequently reacts with steam again in a water-gas shift reaction to form carbon dioxide
(CO2) and more hydrogen. Besides partially being the source of hydrogen, natural gas also fuels the
reforming reaction. The reaction yields a significant amount of CO,, averaging 9.35 kgCO, per kgH>
directly from the plant [18]. Other production sources include coal gasification and hydrogen derived
as by-product during naphtha processing, while a minute amount is produced through electricity.

0% 25% 50% 75%
Natural Gas Coal Naphtha by-product [l Electricity

Figure 1.3: Source of hydrogen production, as share of global production in 2021 [15]

Determining the precise amount of hydrogen that is produced and its corresponding footprint is chal-
lenging. A multiplicity of production methods with different sources and efficiencies is employed, and
it is frequently created as a by-product or intermediary process gas [19]. The production levels in the
Netherlands were estimated by TNO for the year 2019 [19]. According to this report, the natural-gas-
based production of pure hydrogen and dedicated synthesis gas was 867 kton/y, approximately 60%
of the total Dutch annual production. Considering the associated footprint of 9.35 kgCO, per kgH>
from Hyunah Cho et al [18], over 8 MtC O, directly resulted from Dutch hydrogen production in 2019.
This is equivalent to over 5% of national emissions, even when production methods other than SMR
and upstream emissions are disregarded.

1.1.4. Decarbonisation of Hydrogen Production

The decarbonisation strategy of the industry relies heavily on electrification and the subsequent use
of renewable electricity as a driver [20]. However, in addition to their role as fuels, fossil sources also
provide essential chemical building blocks: hydrogen and carbon atoms. These atoms have to be ob-
tained by other processes in order to move away from fossil fuels completely. Renewable hydrogen
production is possible through a process called water electrolysis, where renewable electricity sepa-
rates water (H-O) into its hydrogen (Hz) and oxygen (O3) constituents [21]. This is often referred to as
‘green’ hydrogen, contrasting natural gas-derived grey hydrogen. Electrification and renewable feed-
stock production are two key pillars of the industrial decarbonisation path. It is crucial to acknowledge
that both pillars hinge on a substantial increase in renewable power production and the development
of supporting infrastructure [22].
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Alternatively, a proportion of the emissions of conventional natural-gas-based production can be cap-
tured and sequestrated to create ’low-emission’ or ’'blue’ hydrogen. This reduces the footprint of the
resulting hydrogen product compared to conventional steam methane reforming [23]. A number of
process flows in the reformer have the potential to facilitate CO, capture, notably the synthesis gas,
tail gas and flue gas streams [24]. Different combinations lead to different capture rates for the CO,
gas, although the majority of the capture potential lies in the flue gas stream [24]. Dual capturing con-
stellations have the potential to achieve capture rates between 90% and 95% in the plant [23]. The
resulting footprint could approach 3 kgCO, per kgH, [24] [25], although a significant variation exists
due to venting, upstream methane leakage and energy consumption of the CO, sequestration.

Natural Gas  JGIEYFE ccs Bﬁf
Renewable Green
Power Hz2

Figure 1.4: Definitions of common hydrogen colours as means of describing their source.

1.1.5. Making or Moving Hydrogen?

In addition to local production, hydrogen demand can be met through import. Once the hydrogen
molecule is obtained, its transportation methods are similar regardless of its production method and
origin. Figure 1.4 shows the production pathways to blue and green hydrogen. Both of these pathways
could be implemented in local production or import chains, but they require a different set of factors
to be present. Especially the potential for low-cost renewable, green hydrogen production through
electrolysis is not evenly distributed across the globe [26]. Countries that have access to plentiful and
affordable renewable electricity could potentially transform their natural resources into export products,
similar to the trade of current energy carriers [27]. The transportation of hydrogen across consider-
able distances can be accomplished through a variety of methods such as gaseous transport in high-
pressure pipelines, shipping as a low-temperature liquid or in the form of carrier molecules such as
ammonia (N H3), methanol (C H3;O H) and liquid organic hydrogen carriers (LOHCs) [28].

1.1.6. Definition of Renewable Hydrogen

The Renewable Energy Directive (RED) legislation of the European Union considers renewable hydro-
gen a ‘renewable fuel of non-biological origin’ or RFNBO in short [29]. This rationale excludes low-
emission hydrogen from conventional production with carbon capture and sequestration (CCS) due to
its fossil origin, so it does not count as renewable hydrogen. The definition of renewable is contingent
upon the source of the incoming electricity in the electrolysis process, which needs to meet an addition-
ality, geographical and temporal correlation. Additionality means that the electrolyser does not merely
create new demand, but comes with its own new power production from renewable sources. This must
be done within the same bidding zone in the power market to prevent excessive strain on transmis-
sion infrastructure, satisfying the second criterion of geographical correlation. The third requirement of
temporal correlation specifies that hydrogen must be produced within the same one-hour period as the
renewable power production as per 2030.

The main objective of the RFNBO-label is to reduce the lifecycle emissions footprint of hydrogen pro-
duction by 70% to an equivalent of 3.38 kgC O, per kgH> at maximum [29]. The legislation prescribes
that 42% of the industrial hydrogen use must meet the RFNBO guidelines in 2030, increasing to 60%
in 2035 [30].
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1.2. Rotterdam: Port in Transition

Rotterdam has the largest European seaport [31], although it is often referred to as a ‘harbour-industrial
complex’ (HIC) due to the tight interwovenness of the industrial activity with the role of the harbour. Multi-
ple facets of the energy transition coincide in this area, given the considerable amount of energy-related
shipping traffic, its large energy-intensive industries and its role in the Dutch electricity grid. The Port of
Rotterdam is owned by the Dutch State and the Rotterdam Municipality. Its role is to manage the land
area, while generating revenue through port dues, land lease and contract revenue [32]. As a result,
the interest of the company is to be a highly suitable location for shipping and industrial activities both in
current and future times. As the energy transition heavily influences the composition of such activities,
it important to the port to be a driver and connecting element to ensure that future-proof development
is supported.

In 2021 over 1900 TW h of energy carriers arrived in the port, which is around 12% of Europe’s energy
supply and more than double the Dutch annual consumption [33]. Fossil fuels comprise practically all
of these imports, particularly as crude oil and its products carry 82% of incoming energy content. A
different distribution of energy transport is anticipated in the future, leaning more heavily on fuels of
biological origin and hydrogen derivatives for both HIC and hinterland area demand [34] [35]. In this
case, the hinterland is defined as the regions beyond the Port, which could be in other parts of the
Netherlands, but also in Germany or Belgium.

Figure 1.5 shows the C'O, emissions produced in Rotterdam HIC. The industrial signature in the HIC
is mainly focused on petroleum refining and chemicals [33] [36], rendering the Netherlands the third-
largest oil refiner in Europe [7]. Resulting from these activities, the HIC accounted for 18% of the total
Dutch C'O, emissions in 2021 [33] [37]. The emissions are distributed almost evenly across refining,
chemical industries and electricity production [33]. The latter is mostly due to the considerable coal
and gas-fired power plants in the HIC. Future industrial activities anticipated by the Port of Rotterdam
involve production of various biofuels, recycling, carbon capture and sequestration and electrolysis [34].

0% 25% 50% 75%
Industry Refining Power plants Rest of the Netherlands

Figure 1.5: Emission sources from Rotterdam HIC as share of Dutch C O emissions in 2021 [38] [5]
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1.3. State of Hydrogen Development

This section examines the current insights and known challenges associated with the development of
renewable hydrogen, with a focus on the industry in the Port of Rotterdam. Renewable hydrogen is an
emerging, complex, and challenging sector that is still in early development stages but critical for the
energy transition. The aim of this section is to consider the situation as it is known, which allows for a
subsequent problem analysis and positions hydrogen within the broader context of energy systems in
transition.

First, the current knowledge on the demand development of hydrogen in the Port of Rotterdam is inves-
tigated, after which the status of the supply pathways is considered. Next, the influence of stakeholder
positions as a driving factor for hydrogen development is studied, followed up by a brief insight in the
development challenges with respect to renewable hydrogen.

1.3.1. Demand Development

The Rotterdam Harbour-Industrial Complex is among the largest hydrogen consumption areas in the
Netherlands. In 2021, the consumption in this cluster amounted to 400 kton [33], 80% of which was
used by refineries. Projections for 2025 estimate a similar consumption [38]. Hydrogen is mostly fed
into process plants as a continuous baseload [39] [40] [41].

The Cluster Energie Strategie (CES - Cluster Energy Strategy, in Dutch) set up by the Port of Rotterdam
provides projections for the hydrogen demand in the industrial cluster Rotterdam-Moerdijk, which are
shown in Figure 1.6.

70 -
60 -
@ Basecase
50 - )
Storylines:
40 Decentral
L European
30 - . International
H @ National
20 - . Grid Operator Scenarios
L]
10
o —
2020 2030 2040 2050

Figure 1.6: Hydrogen demand projections in the industrial cluster of Rotterdam-Moerdijk in TWh. Figure from CES 2024 [38],
text translated by author.

In the CES, a 25 TW h demand is identified for 2030 [38]. The projections for 2040 and 2050 are based
on the scenarios used in the Integrale Infrastructuurverkenning (//3050 - Integral Infrastructural Explo-
ration between 2030 and 2050, in Dutch), which was created by Netbeheer Nederland [22]. For the
year 2040, a demand between 20 and 30 TWh is expected, increasing to between 24 and 37 TWh
in 2050. It should be noted that the amounts in this figure relate to the hydrogen that will make use of
central infrastructure, and production and direct consumption in, for example, a refinery is not included.
Besides, any demand beyond the cluster is not considered.

The consumption of hydrogen in the HIC is currently mostly dedicated to the refining of oil products and
chemical industries [33]. However, future consumption is projected for the production of synthetic fuels
for shipping and aviation. Other possible consumption sectors are direct-reduced iron steel production
or a certain degree of long-term storage [42] [43].
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1.3.2. Supply Pathways

Multiple renewable hydrogen supply pathways are currently undergoing parallel development at a
global level, as well as within the Port of Rotterdam. This section provides an overview of their cur-
rent status as a reference point for future developments. Local electrolysis from offshore wind power,
ammonia and alternative pathways such as LOHCs and methanol are considered respectively.

Electrolysis

Electrolysis is projected to yield a tiny 0.3% fraction of the global hydrogen production in 2024 [43] at
330 kton. However, the installed electrolysis capacity nearly quadrupled in one year to 5.2 GW,, indi-
cating increasing traction despite its low share of the total production. The Global Hydrogen Review
2024 indicates that the primary challenges facing developers revolve around the considerable amount
of uncertainties in regulation and demand, which leads to reluctance among investors [43] [39]. Be-
sides, development is complicated by permitting and practical challenges associated with the scaling
of technology [44] [43].

The Port of Rotterdam is home to several new water electrolysis developments, although production
has not yet commenced at the time of writing. Several projects have been announced, among which
a 1000 MW facility from Zeevonk [45] and a 200 MW electrolyser plant by AirLiquide [46]. However,
the only electrolyser that has reached its Final Investment Decision (FID) and is under construction is
the 200 MW Shell Holland Hydrogen | [47]. An electrolysis capacity target of 2.5 GW is set for 2030,
which would be more than half of the total national 3 - 4 GIW aim in the Klimaatakkoord [48] [2].

Ammonia Import

Ammonia import is expected to be the largest contributor to hydrogen import globally [49] [26]. It is cur-
rently mostly used as a building block for fertilisers and chemicals [14]. Approximately 20 Mt or 10%
of global production is shipped annually [49]. Due to its heavily corrosive and toxic nature, elaborate
environmental and safety standards are in place [50]. Ammonia is mostly traded as a primary chemical
in present times, and not to re-obtain hydrogen molecules [16]. Disintegrating ammonia molecules into
its nitrogen and hydrogen constituents is possible through a process called dehydrogenation, which is
often referred to as ammonia cracking [51]. This pathway facilitates the overseas production of hydro-
gen molecules subsequent to the arrival of ammonia at the Port of Rotterdam.

Ammonia projects dominate the plans for low-emission hydrogen trade, at 85% of the total [43]. How-
ever, it should be noted that this includes 'blue’ ammonia, which is made from blue hydrogen and thus
does not categorise as a carrier of renewable hydrogen. Besides, most of the 16 Mt/y H, worth of an-
nounced projects worldwide are still in early phases of development. Currently, eight import terminals
for hydrogen (carriers) are in development in the Port of Rotterdam, with a total capacity of 1.2 MtH,
on an annual basis [38]. Four of them are dedicated to ammonia as a carrier molecule.

Alternative Pathways

Hydrogen could be supplied through several other pathways, as discussed in subsection 1.1.5. Al-
though plans exist to import methanol, this is mostly to use the chemical itself instead of re-obtaining
the hydrogen from it [44]. An example of this is a 250 kton/y electric sustainable aviation fuel (e-SAF)
facility that has been announced in the Port of Rotterdam [52]. LOHCs are expected to account for
some of the hydrogen imports, but the corresponding supply chains are in early stages of develop-
ment [38] [44]. The same is true for liquid hydrogen, which is not expected to take a large share in
hydrogen transport compared to the other technologies [26]. Pipeline transport of hydrogen is consid-
ered an important piece of the infrastructural puzzle in the hydrogen system [44]. However, pipelines
such as the Delta Rhine Corridor are primarily oriented towards the export of hydrogen to hinterland
areas, rather than functioning as a supply pathway.

Despite the Port of Rotterdam’s generally neutral stance on the technological approach and its open-
ness to developers of alternative supply pathways, it continues to regard ammonia and local electrolysis
as primary pathways for the supply of renewable hydrogen.



1.3. State of Hydrogen Development 8

1.3.3. Generic System Outlook
A schematic overview of a system that delivers power and hydrogen based on offshore wind and am-
monia import is shown in Figure 1.7.

Local
Offshore Electricity Electricity
Wind Farm Demand
Hydrogen
Electrolyser yares
Import Hydrogen
Demand
Ammonia Ammonia _ |  Ammonia
Shipment Cracker

Figure 1.7: Schematic overview of the system considered in this research.

The two input flows in the system are wind energy and ammonia imports, while the outgoing flows are
electricity and hydrogen. The basic system components involved are an offshore wind farm, electrolyser
and ammonia cracker, which are the means of providing electricity and hydrogen outputs of the system.

1.3.4. Development Challenges

Renewable hydrogen supply pathways face several critical developmental challenges that complicate
scaling and deployment. These challenges influence the feasibility and attractiveness of different path-
ways. This section considers challenges in the realms of Technology & Infrastructure, Economy &
Market and Environmental & Social, respectively.

Technology & Infrastructure

Electrolysis in the Netherlands is close-knit with offshore wind capacity on the North Sea, as this source
complies with the present subsidy regulations described in the Stimulering Duurzame Energieproductie
(SDE) [53]. Besides, it provides high capacity factors and large potential installed capacity [54]. The
targeted landfall locations for offshore wind are near industrial clusters, according to the Offshore Wind
Landfall Program 2031-2040 (VAWOZ - Exploration of Landfalls for Offshore Wind, in Dutch) of the
Dutch government [55]. It also states that ideally, new demand is situated near these locations to pre-
vent grid congestion as a result of the large offshore wind capacity connecting to the grid. Furthermore,
technological limitations exist, as the required scale of ammonia cracking has yet to be achieved [56],
and electrolysis remains only known on smaller production scales. Both face considerable challenges
in terms of scaling up technology and reducing the cost of components, which is the subject of the next
subsection. Furthermore, any hydrogen supply pathway competes for scarce spatial resources in the
port area and pressures local infrastructure [44].

Economy & Market

The financial viability of many electrolysis projects is constrained by large investment cost [43] [41].
In addition, the cost associated with power grid connection in the Netherlands are significantly higher
than in neighbouring countries [40] [44], and the power from offshore wind is relatively expensive [41].
Besides, uncertain market demand development makes investors reluctant [39], which is partially due
to the uncertainty of the consumption that will exist due to current policy measures. Ammonia faces
a similar problem, where an additional complicating element is that it already has its own existing
consumption sector in the chemical industry, which is currently dominated by fossil fuels. This demand
needs to decarbonise in parallel to any role it could fulfil as a hydrogen carrier [16]. Both the market
for renewable hydrogen and renewable ammonia are immature, with limited risk-hedging options and
a closed market structure focused on long-term agreements as a result [57].
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Environmental & Social

The spatial footprint of hydrogen production is considerable, in part due to the large areas covered by
its supporting renewable energy sources such as wind farms [58] [39]. Besides, it requires a strong
expansion of the power grid, which features a significant amount of land area in addition, often in
close proximity to the built environment. Ammonia is a toxic gas and hydrogen is highly flammable
and volatile. Although extensive industry experience exists for both, these characteristics render both
gases hazardous to handle [56]. The development potential for renewable hydrogen (carriers) is un-
evenly distributed globally, at times concentrated in regions with limited social equity and economic
advancement. As a result, its development involves moral considerations on the distribution of costs
and benefits [59].

1.3.5. Influence of Stakeholders

The degree to which a certain pathway of hydrogen supply is developed is shaped by multiple interwo-
ven driving factors and stakeholders, reflecting a range of economic, technological and policy factors.
Figure 1.8 reflects potential scales in which stakeholders could have different views. The perspectives
of each stakeholder are essentially their world views, which are the way in which they perceive the en-
ergy transition landscape and evaluate its future. This world view can be built up from a variety of facets,
such as projections for the cost of specific components, regulation or the market [60]. Interpretations
for future developments may tend towards optimistic or conservative. In addition to these world views,
stakeholders may have different reactions to these perspectives, depending on their character traits
and position. For instance, some could have an opportunistic approach, embracing more ambitious
projects and focusing on the potential. Others could have a more risk-averse stance, prioritising reli-
able returns and stable conditions [60] [39]. Besides, the values of stakeholders are how they perceive
the impact of hydrogen and power supply chains. Essentially, it describes what their priorities are and
what they deem important.

Perspective Optimistic Conservative
I

Reaction Opportunistic Risk-averse

Not important Important
Value P P

Figure 1.8: Graphical overview of the potential scales in which various stakeholders could have different views

Stakeholders could behave differently when considering development of an electrolysis project, based
on their perspectives, reactions and values. An optimistic and opportunistic stakeholder with values
rooted in sustainability could perceive a similar project more appealing than a conservative, risk-averse
one, who focuses more on predictability and cost-effectiveness. Differences in these perceptions could
be even larger between stakeholders in other areas of the hydrogen sector.

Understanding that each stakeholder at least has a unique perspective, reacts in different ways to
developments and values distinct impacts in other ways than other stakeholders, is crucial to an eval-
uation of hydrogen supply pathways. It is an indication that there is not necessarily a hydrogen supply
pathway that is the optimal case for each stakeholder simultaneously. Various consequences of de-
velopments are not always observed, interpretated and valued equally, which entails that discussion
on the envisioned pathway requires stakeholders to understand the influence of differences in their
stances.
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1.4. Problem Analysis

Renewable hydrogen is a crucial ingredient of the decarbonisation of industry in the Port of Rotter-
dam and its hinterland area. Major industrial hubs with historically fossil-based hydrogen consumption
encounter significant challenges in the energy transition, partially due to the realisation of renewable
hydrogen supply. This is not merely to substitute existing fossil-fuel-based demand, but also to facil-
itate the anticipated new demand from other applications. However, renewable hydrogen supply is
still in its developmental infancy, with two primary pathways emerging for the Port of Rotterdam: local
electrolysis powered by renewable electricity from offshore wind power and hydrogen import through
ammonia. Each pathway presents unique opportunities and challenges, particularly in relation to the
intertwining of the decarbonisation of power production.

The potential impact of hydrogen supply pathways on the Port of Rotterdam is large, although signifi-
cant complexity and uncertainty exists, as section 1.3 shows. Multiple interdependent factors -ranging
from environmental and practical implications to economic and technical factors- create an interplay
that complicates decision-making and strategic planning. Stakeholders such as industry, the Port Au-
thority and the government hold different perspectives on hydrogen development, react in varied ways
to new advancements and ascribe different values to the potential impacts of these pathways. The
variation in perspectives amplifies the complexity, as no singular solution for hydrogen supply is neces-
sarily optimal for all stakeholders. As a result, the development direction is based on many trade-offs
on various impact factors, which could all be valued differently.

To assess the impacts of hydrogen supply pathways in a substantiated manner, a system overview
would be able to provide insight on a range of scenarios. It should illustrate what is necessary to realise
supply capacities, and quantify technical, but also economic impacts in concrete metrics for comparison.
The research would provide a tangible foundation for discussing and comparing the impacts of potential
supply pathways, thus offering stakeholders a basis to assess the options and allow a value-based
approach to decision-making on these developments.

1.5. Research Objective

The objective of this research report is to provide an understanding of the techno-economic impact of
renewable hydrogen supply, through ammonia import and local electrolysis, on the interests of various
stakeholders in the Port of Rotterdam.

This evaluation may serve as a foundation for discussion on the development pathway of renewable hy-
drogen supply, in light of its complexity, uncertainty and relation to the available resources for electricity
decarbonisation.

1.6. Scope

The description of the research objective inherently disregards certain facets that are not considered
in this research. 'Techno-economic impact analysis’ entails that only impact factors in this domain are
considered, while the addition of ‘'renewable hydrogen’ neglects classifications of hydrogen supply that
do not meet the RFNBO requirements discussed in subsection 1.1.6. The objective is to understand
the impact on various stakeholders, which means it is not meant to optimise but to explore. Lastly, the
supply pathways are investigated in the context of their connection to the Port of Rotterdam.

A variety of other options have the potential to fulfil a role within the supply chains of renewable hy-
drogen. Although these options have not been selected in the scoping of this research, they could be
substituted in follow-up analysis. This section presents an evaluation of the options that have not been
considered in this research. As a source of power, only offshore wind power based in the North Sea
has been considered. The Dutch Klimaatakkoord labels this a ’key contributor’ to its future power sup-
ply [2], and the Port of Rotterdam area has been marked as a suitable landfall location for significant
capacities of offshore wind [48]. Solar power, onshore wind and other forms of renewable electricity are
not considered in this research. Ammonia import is the only flow of hydrogen (carrier) into the system,
as it is regarded as the most prominent carrier for importation [38] [16].
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Methanol, liquid organic hydrogen carriers (LOHCs) and liquid hydrogen are thus not accounted for.
The production process and journey of the ammonia are not considered in-depth in this research, al-
though the flow can be assigned characteristics that describe its origin, such as its cost to the point of
entering the system. The ammonia is introduced to the system through shipping, and not by pipelines
or other transportation modes. Besides, it is merely used to re-obtain hydrogen, and any potential
alternative use cases or demand for the ammonia are disregarded. Any residual heat created in the
electrolyser or cracker is not considered, nor is the option to increase process efficiency by importing
heat from elsewhere. Additional system flexibility through inclusion of batteries or electricity imports
outside of offshore wind is not considered, to maintain focus on the hydrogen supply chain as key
research topic.

1.7. Methodology

To reach the research objective, a structured approach is developed. Figure 1.9 shows a graphic
overview of the general steps in this approach.

System

Objectives Configuration Modeling Cases Discussion

Figure 1.9: Schematic overview of the research approach.

There are five major steps to the methodology of this impact analysis for renewable hydrogen supply
pathways. Each step contributes to the research objective, by integrating different building blocks to
create the impact analysis.

The initial step is to define the primary objectives of the hydrogen supply system. The key question
is what it should ultimately achieve. This step considers which criteria contribute to an ideal hydrogen
pathway. Articulating these objectives provides a top-down approach to the high-level system aspi-
rations that are the foundation of measurable impact. Next, concrete, measurable key performance
indicators (KPIs) are identified that translate the system objectives into metrics. Each KPI functions
as a quantifiable definition of an objective. As a result, the study can systematically assess each path-
way’s alignment with the main system targets. The reason for this numerical assessment is that not
all objectives are shared among all stakeholders, nor valued equally by them. As a result, the KPIs
provide information for decision-making, instead of striving for a single optimum. In this way, they aim
to create an understanding of system dynamics and form a numerical basis for trade-offs. In order
to achieve this identification of objectives and define factors of importance, a series of interviews and
conversations is conducted with over 30 industry experts. These experts work in organisations such
as Vattenfall, TNO, Shell, Gasunie, Jrsted and the Port of Rotterdam, although the conversations are
held on personal account.

The next step is to determine the core system components and relevant technologies to realise hydro-
gen supply pathways. This step builds on the literature review and interviews with experts from the
industry, which create insight into the current state of the research area. The essence of this section is
to determine what is necessary to obtain hydrogen through this system outlook. Understanding these
elements provides a basis for identifying relevant system processes and technical constraints. More-
over, as the fundamental components of this energy system, they constitute the basis of its potential
impact.

The third step involves constructing a system model that maps the flows and processes within the
combined hydrogen pathways. This model serves as a bridge between theoretical background and
real-world data, enabling the simulation of the production, distribution and consumption dynamics of
various system configurations. Using Matlab, the model captures relationships between multiple vari-
ables and parameters, ensuring that changes in one component influence outcomes across the system.
By structuring the system in a numerical framework, the model allows for systematic analysis of differ-
ent configurations by identifying their values on the key performance indicators. This approach ensures
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that the impact of design choices can be evaluated consistently across a range of scenarios. Through
this, the model provides valuable insight into the trade-offs and interdependencies that define the fea-
sibility of different hydrogen supply strategies.

In the fourth step of the process, the system model is populated with case-specific information. Rel-
evant cases and parameters that describe the unique characteristics for the Port of Rotterdam are
integrated. Consequently, the generic structure of the model is employed in a tailored context for the
Port of Rotterdam. Within a comprehensive array of component sizes and operational strategies, spe-
cific configurations of interest are defined in scenarios. These scenarios are based on projections for
demand of hydrogen and power. Each demand scenario can be achieved in a number of different
system configurations, with greater emphasis on locally produced or imported hydrogen. The objective
of this approach is to gain an understanding of how different KPIs change depending on the system
configuration, as well as in different demand scenarios.

The final step of the methodology involves analysing and interpreting the results generated by the
case study in the previous step. This discussion focuses on identifying key relations, trade-offs and
sensitivities within the configurations. By comparing different system configurations, the impact of
various parameters on the KPIs is assessed. These insights are contextualised within the broader
energy transition landscape. Furthermore, an evaluation is conducted to ascertain the alignment of
the results with the expectations established through background research, whilst also considering the
limitations and uncertainties inherent to the approach. Ultimately, the discussion synthesises these key
insights to draw meaningful conclusions about the impact of renewable hydrogen supply pathways.

1.8. Guide to Reader

In Chapter 2, the system objectives of a hydrogen supply pathway are defined, which are quantified
into measurable key performance indicators. Chapter 3 is focused on the detailed system configuration
and technological basis that supports it. Subsequently, Chapter 4 describes the system model logic,
after which Chapter 5 considers a number of scenarios dedicated to the Port of Rotterdam case. Next,
the results are discussed, conclusions are drawn, and a future recommendations section is included.



Main System Objectives

In this chapter, several considerations of development complexity are discussed before defining the
system objectives. The high-level system objectives are determined subsequently, in combination with
their measurable representations in the form of key performance indicators (KPIs). This results in a
unified framework for evaluating hydrogen supply pathways. The system objectives define the over-
arching goals of the system and serve as guiding principles for development. These objectives are
inherently broad and abstract, requiring translation into specific, quantifiable metrics to enable practi-
cal assessment and comparison of scenarios. KPIs bridge the gap between conceptual objectives and
actionable analysis, offering measurable definitions that together constitute the abstract target. The
provision of concrete descriptions of system objectives facilitates discussion on trade-offs, given that
stakeholders ascribe different values to different objectives.

Section 2.1 discusses several considerations of development complexity. Next, the foundation of im-
pact assessment is considered in section 2.2 and the ideal supply system is described in section 2.3,
after which the high-level system objectives are defined in section 2.4. Subsequently, measurable
key performance indicators are established to quantify the high-level objectives in section 2.5. Finally,
these KPIs are selected in section 2.6.

2.1. Considerations of Development Complexity

Development of renewable hydrogen pathways is influenced by a multitude of systemic factors that
underscore the multifaceted nature of the energy transition. A number of key considerations stand
out, which are discussed in this section. Its purpose is to illustrate the complex nature of hydrogen
development in the Port of Rotterdam, thus reflecting on the research starting principles prior to the
definition of the system objectives.

2.1.1. Electrolysis & Offshore Wind Intertwined

The development of offshore wind and electrolysis is deeply intertwined, driven by the increasing need
for renewable energy to decarbonise both the electricity grid and hydrogen production. By locating
electrolysers near offshore wind landfalls, system benefits such as congestion management could be
achieved. In this case, congestion management would be defined as the alleviation of the power grid by
preventing large quantities of offshore wind from inundating the power system from the coastal areas.
However, from the perspective of decarbonisation of inland electricity consumption through offshore
wind power, this is only useful in case of lacking demand from these areas. If electrolysers consume
a significant proportion of the wind power generated while the hinterland areas do not see their power
demand satisfied, it cannot be said that the electrolysers are aiding the system as a whole. Of course,
this only holds when the transportation capacity exists to meet the required hinterland demand in the
first place.

13
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Electrolysers are often highlighted for their potential role in grid balancing by absorbing surplus renew-
able energy during periods of low electricity demand [2]. However, this perspective reveals underly-
ing complexities. As flexible, large-scale power consumers, electrolysers could theoretically stabilise
the grid in this manner, yet their high capital costs make frequent operation far below rated capacity
economically unfeasible without significant financial incentives. Developers predominantly view elec-
trolysers as industrial decarbonisation tools rather than grid services [61] [41] [60], which introduces
tension between their operational goals and potential system-wide benefits. The recent RVO tender
scoring schemes for [IUmuiden Ver plots reveals their notion of urgence on system integration of new
offshore wind capacity: up to 40% of the points is awarded based on efforts to develop power demand
in suitable locations or cooperate in uncompensated decrease in transport capacity [62] [63].

A further challenge arises from the allocation of costs and benefits across the system. While curtailment
of excess renewable energy is likely to play a role in the future energy landscape, determining the
optimal level of curtailment and whether investing in flexible infrastructure, such as electrolysers, is
justified requires careful systemic evaluation. The question of cost distribution among stakeholders
remains unresolved, emphasising the need for a system-based approach to assess where flexibility is
most efficient and how responsibilities and benefits can be equitably shared among stakeholders.

2.1.2. The Future of Dutch Industry

Certainty of demand for renewable hydrogen hinges on strategic decisions regarding the industrial fu-
ture of Europe and the Netherlands. A lack of clear policy direction or a passive approach risks a
gradual departure of energy-intensive industries [64] [65]. Reductions in such industries carries signif-
icant side effects, including job losses, diminished economic activity, and reduced strategic autonomy
over critical materials and products—a concern highlighted in reports such as Draghi’s [66]. Although
disappearing industry may vyield progress with certain sustainability goals on a national scale, as long
as it is not coupled with reduction of the consumption of the associated industrial products, it provides
no actual improvement on a global scale. There is a possibility that the production of the products in
other locations may even result in adverse environmental consequences due to increased pollution.
Besides, it increases dependence on other countries to provide the resource.

A focused vision is essential to determine which industries the Netherlands and Europe aim to retain or
attract and the measures required to support them. As emphasised by the CEO of the Port of Rotter-
dam, sustaining desired industries demands deliberate effort [67]. This requires a clear assessment of
existing industrial assets, identifying those worth maintaining or expanding, understanding their needs,
and ensuring affordable, renewable electricity and supply of green feedstocks like hydrogen to meet
their electrification and decarbonisation requirements. The energy transition will alter the landscape
of optimal locations for industrial activity. Those with access to inexpensive and plentiful renewable
electricity may gain a competitive advantage. Consequently, locations with historical significance to
industrial activity may experience a decline in their appeal, a phenomenon that some expect in the
Dutch clusters [65], in part due to the high grid fees and cost of electricity [68] [69].

The overarching question remains: which industries are most valuable to retain or attract, what do they
need, and what is necessary to deliver these essentials? Therefore, the subsequent question of which
hydrogen demand will need to be satisfied and which trade-offs in the supply system design reflect
proper balance of stakeholder interests is highly relevant, but also complicated.

2.1.3. Demand Dynamics

Demand plays a crucial role in shaping the renewable hydrogen market. The systemic challenge of an
immature market is the chicken-and-egg problem between demand and supply. Commodity markets in
this phase hinge on long-term agreements between a limited amount of producers and offtakers due to
the absence of extensive infrastructure, information systems and regulations [57]. Once more diversity
in supplies and offtakers exists, a mature market grows. However, the challenges in this first phase are
significant, because of the large capital expenditures associated with the infrastructural and industrial
development of renewable energy systems. Especially in the early phases of scaling up and rolling out
technology, realising a feasible business case can be difficult [39].
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This holds for both hydrogen producers and consumers. Industrial offtakers are hesitant to invest in
costly plant adjustments or long-term hydrogen contracts if it remains uncertain whether the added cost
can be recuperated in their product, which often competes on the global market [69]. Likewise, these
guarantees are a requirement for the production-side to reach their investment decisions [39].

An additional complicating factor is the fact that ammonia consumption is a major target sector for
decarbonisation itself. It is among the most important primary chemicals, which are key ingredients
for nitrogen fertilisers, plastics, pharmaceuticals, construction materials and numerous other chemi-
cals [14] [16]. The emissions attributed to solely these two commodity chemicals represent approx-
imately 1-2% of global CO- emissions, the majority of which are the result of hydrogen feedstock
production [14] [70]. In other words, a significant quantity of fossil-based ammonia needs substitution
with renewable or low-carbon ammonia. As a result, this process of decarbonisation competes with the
potential role for ammonia as a hydrogen carrier.

Besides the chicken-and-egg challenges related to the emergence of new renewable hydrogen indus-
try, other uncertainties with respect to demand exist. Hydrogen is consumed in a range of applications,
which do not face equal decarbonisation targets globally [29]. Consequently, for a subset of consumers,
blue hydrogen usage may be adequate. In such a scenario, the demand for the gas would not need
to be met entirely by renewable hydrogen. Besides, some energy analysts expect that too expensive
or otherwise troublesome pathways for renewable hydrogen would lead to the development of alter-
natives for the desired end product [71]. For example, the use of nitrogen fertilisers could decrease if
alternatives prove more interesting in a decarbonised future.

2.2. Foundation for Impact Assessment

The considerations in the preceding section illustrate the multifaceted and interwoven nature of hy-
drogen development in the Port of Rotterdam. It reflects on the guiding principles of this research.
Establishing high-level targets is a crucial step in evaluating the performance and impact of hydrogen
supply pathways. These targets represent the fundamental goals that a supply system should aim to
achieve, and thus serve as benchmarks for its success. These principles may be regarded as a frame-
work for the general design of energy systems, in particular for the dual supply of hydrogen and power.
In theory, an ideal hydrogen supply would perfectly balance all relevant objectives, delivering all of the
benefits without any disadvantages. However, in practice, these goals are often in tension, requiring
trade-offs between competing interests to address real-world constraints.

To understand and evaluate these trade-offs, it is first necessary to determine what the main system
objectives of this hydrogen supply system are. As section 1.3 showed, impacts of hydrogen supply
pathways are perceived and valued differently across various stakeholders. As a result, no optimum
solution is likely to exist that balances all interests equally. The definition of system objectives serves
to provide stakeholders with a framework within which they can identify and prioritise the factors of
interest, which may vary in importance.

A schematic overview of the framework is shown in Figure 2.1. The framework constitutes a break-
down tree that starts with abstract ideals and objectives, which are linked to definable key performance
indicators. As seen in Figure 2.1, the impact analysis framework has three layers. The ideal situation
represents the pinnacle of achievement, wherein all objectives are met without compromise. As this is
frequently not the case, reality demands trade-offs between the different objectives. These objectives
are high-level ambitions that describe the separate desired outcomes of the ideal situation. As such,
these objectives are not directly measurable. Key performance indicators break down the main objec-
tives into specific, measurable targets. They translate the abstract objectives into concrete items or
indexes. Often, they are comprised of multiple components, which create a comprehensive overview
of factors of influence. The key performance indicators are quantified using metrics, which provide an
actual numerical value that can be assessed. Therefore, metrics allow for the comparison of impacts
across different pathways.
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Figure 2.1: Schematic overview of the system objectives of a hydrogen supply.

2.3. The Ideal Hydrogen Supply

The ideal situation with regards to renewable hydrogen supply is one where the supply targets are
met without causing side effects. In an ideal case, hydrogen is always delivered in an economically
viable, environmentally and socially sustainable way, while a secure and resilient supply is constituted.
The selected method would integrate into the current system seamlessly, have a feasible timeline,
provide socio-economic benefit to every associated community and have no adverse consequences on
ecosystems. Besides, in the case of a well-connected harbour-industrial complex with a large hinterland
area, such as the Port of Rotterdam, the pathway should also facilitate the energy transition in hinterland
areas.

2.4. Defining System Objectives

The main system objectives of a renewable hydrogen supply serve as the fundamental pillars of ideal-
ity. Once all objectives have been met, the result will be an ideal situation as described in section 2.3.
To define these objectives, a background study was conducted that consisted of literature review and
various interviews with stakeholders. Other conceptions and objectives may exist regardless, however,
the three objectives shown in Figure 2.2 form the basis of the impact analysis in this research.

Affordability

Security of

Supply Sustainability

Figure 2.2: The main system objectives that are defined for a renewable hydrogen supply.

A decent affordability, high security of supply and proper sustainability are all valuable objectives for
a renewable hydrogen supply. All three combined, they constitute the ideal situation. However, given
that reality often precludes the possibility of achieving the ideal situation, the three main objectives can-
not simultaneously be fully ideal as a consequence. They form an interconnected trilemma, in which
prioritising one objective can often come at the expense of another [72]. The balancing act that results
from this relation creates a dynamic in which trade-offs must be done between the main system objec-
tives.
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For instance, a pathway that is highly affordable might lack the necessary security of supply. Con-
versely, pathways with good sustainability and decent security of supply might require costly invest-
ments, decreasing their affordability. The interaction between the objectives is not exclusively negative
for any pathway, as some combinations where all three benefit from a certain system design could exist.
Besides, factors of interest could interact with different objectives. For example: if a slightly more CO,
intensive pathway is developed within a fraction of the time of another, it could prevent more emissions
in its lifetime due to its earlier substitution of fossil-based hydrogen.

2.4.1. Affordability

Affordability is the objective that aims for economic feasibility of a pathway. A high affordability allows for
lower risk investment and a more attractive adoption of the hydrogen product, although it is also related
to the system cost borne by society, for example through infrastructure expansion. The affordability of
hydrogen is an important pillar to stakeholders, and can be a limiting factor in the development of
supply pathways [39] [41]. Within projects, affordability often represents a primary objective [60] [72].
As discussed in section 1.3, many projects are paused or canceled prematurely because of issues
considering their financial situation. Affordability could also relate to the end product of a process
where hydrogen is used as an intermediary or feedstock. The degree to which the cost of a final
product increases due to substitution of fossil-based with renewable hydrogen can also be considered
in the realm of affordability. Cost can be distributed across various stakeholders, which can each have
a different perspective on affordability.

2.4.2. Security of Supply

The security of supply is defined as the reliability of the hydrogen flow originating from a supply pathway.
Essentially it means that the hydrogen supply functions orderly at the time of demand, which relies on
the development of the supply chains and their resilience. As such, it features both a long-term and
short-term definition. Security of supply is highly important to stakeholders [39] [73] [74], and was also
identified as a key point of improvement for Europe in the report Mario Draghi wrote for the European
Commission [66]. The long-term risk of not achieving legislative renewable hydrogen targets can lead
to high emission-related fines or partial shutdown of facilities [41]. Short-term supply interruption is
also undesirable, as the product hydrogen often feeds into chemical facilities that can not easily adjust
production levels on a momentary basis [40] [41]. Geopolitical fluctuations also influence the supply
resilience on the longer term [72], while inclusion of storage facilities provides a potential increase in
supply certainty.

2.4.3. Sustainability

This trilemma used to be a dilemma for a long time in the energy sector, often in disregard of the
sustainability pillar that became more important in recent years, according to Spencer Dale, Chief
Economist at bp [72]. A key driver of the transition to renewable hydrogen is the matured importance
of the sustainability pillar. It is described in two main facets in this research: environmental and social
sustainability. The concept of environmental sustainability can be defined as the degree in which impact
is made on the surrounding environment, nature and resources. Such effects can be either beneficial
or detrimental. Social sustainability is defined as its impact on societies, again both in terms of benefits
and negative consequences.

2.5. Defining Key Performance Indicators

In this section, the key performance indicators KPIs are introduced as measurable definitions of the
high-level system objectives established for renewable hydrogen supply pathways. While objectives
set the overarching vision, KPIs translate these goals into quantifiable metrics, allowing for system
configuration comparison. In this way, the KPIs are a concrete description of factors of interest that
determine the attractiveness of hydrogen supply pathways based on the high-level objectives.
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The process of key performance indicator identification takes each system objective as a starting point.
Each KPI presented in this section is identified through literature research and interviews with stake-
holders and industry experts. These sources help to pinpoint the concrete factors of interest that reflect
the system objectives. The initial stage of the process is to establish a comprehensive list of potential
KPIs from the research phase. This list is condensed into a short selection that is considered in this
study. The selection process prioritises KPIs that do not only reflect the objectives, but are also adapt-
able to system modeling based on the overview in chapter 3.

Each main system objective is the foundation of concrete metrics to compare pathways, and the key
performance indicators are considered as descriptions of them. As such, they are used as the starting
point to determine them. While the resulting longlist is not claimed to be exhaustive and many other
KPIs could be considered, it is designed to be sufficiently comprehensive to capture the key dimensions
relevant to this study. Overlap and interdependency between KPIs is also avoided when possible.

2.5.1. Affordability

The first objective that is quantified into KPIs is affordability. The corresponding list of indicators is
shown in Table 2.1.

Cost & Benefit Uncertainty

Capital Expenditure Cost Uncertainty
Operational Expenditure | Exposure to Market Volatility
Economic Value Created | Global Competitiveness

Subsidy Dependence

Table 2.1: The key performance indicators associated with affordability

Many stakeholders mention that the return on investment of a project is the main driver or hurdle for
its development [39] [60] [40] [41]. As this metric encompasses the anticipated revenue generated
by the project, which is beyond the scope of this research, the emphasis will be on the key drivers of
the cost aspect of the return on investment. One of them is capital expenditure (CAPEX), which is an
important measure of affordability. It is described as the monetary funds required before revenue can
be generated, for example to build facilities, infrastructure or to train employees. Besides this amount,
a measure of affordability is the operational expenditure (OPEX), which can contain the cost of pro-
cess feedstock, wages and maintenance. The OPEX and annual deprecation of the CAPEX could be
spread across production volumes of hydrogen and power to provide an indication of their unit cost.
These are common means of describing the affordability of these end products, which means they al-
low comparison with other power and hydrogen-yielding systems. However, it should be noted that this
process implies a distinct distribution of these costs across different stakeholders, which goes beyond
the objective of this research.

The economic value created through a system configuration essentially defines the significance of its
role in the economic ecosystem in the regional or national economy. A part of the value of industrial
activity facilitated by this system is created indirectly, through the stimulation of economic activity in
supporting sectors such as finance, logistics and services. Currently, ancillary sectors of the industry
contribute to a significant added value within the Port of Rotterdam ecosystem [75].

Cost uncertainty is a major factor of interest in the development and financing of system components
[39] [60]. Although it could be considered a characteristic of the corresponding cost itself, its effect
on the total cost uncertainty in the system is also a system trait of a certain configuration. One of the
means of cost-benefit distribution discussed above with respect to hydrogen and power cost is public
subsidy schemes. The degree to which the system development leans on such supporting constructs
could be a means of describing its affordability with respect to the public cost burden.
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Many developers indicate that exposure to market volatility is a major decision factor in their develop-
ment processes [39] [60]. Essentially, this relates to both revenue and cost sides of the project return
rate. Exposure to the ammonia, hydrogen and power markets and resulting cost-benefit fluctuations are
mentioned to be challenging to predict and estimate risks for. The degree to which a hydrogen supply
system is exposed to market volatility is therefore considered a potential KP/. In addition, the uncertain
competitiveness of locally produced products on a global scale is a broader indicator of uncertainty

2.5.2. Security of Supply

The second objective that is quantified into KPIs is security of supply. The resulting list of indicators is
shown in Table 2.2.

Supply Profile Supply Chain Resilience Practical Factors
HIC Hydrogen Loss of Load Infrastructural Vulnerability Development Feasibility
HIC Power Loss of Load Domestic Hydrogen Production System Adaptability
Hinterland Hydrogen Loss of Load Diversity of Supply Sources
Hinterland Power Supply Volume Geopolitical Robustness
Hinterland Residual Demand Variability | Strategic Storage

System Redundancy

Table 2.2: The key performance indicators associated with security of supply

The loss of load is defined as the amount of hydrogen or power that is in demand, but not delivered [76].
This metric holds important short-term security of supply information, as it can indicate how much and
how often the system is unable to provide. It is both a measure of total supply shortage and supply
stability, as high losses of load are undesirable in general. Besides, as a large harbour-industrial com-
plex with extensive connections to its hinterland, the Port of Rotterdam could play a pivotal role in the
energy and materials transition of these areas. This holds for both hinterland contributions in terms
of electricity and hydrogen supply. The total delivered amount of electricity and hydrogen is a factor
of interest, but for power in particular the profile variability of the residual power is important too. In
case a strongly varying power demand profile remains after the contribution of this power system, this
presents challenges for its alternative supply. Therefore, low variability of the remaining power demand
is a valuable supply quality [77].

"Supply chain resilience’ is a wider category that encapsulates multiple KPIs that describes the degree
to which the system can withstand destabilisation, for example through temporary loss of components.
Infrastructural vulnerability as a result of dependency on remote submersed power cables is an exam-
ple of this [78]. Susceptibility to disruption of import flows is another indicator of this, which relates
to import dependency [79]. This is captured in the KP/ 'domestic hydrogen production’. Besides the
distinction between local production and import, general diversity of supply sources is another means
of describing supply chain resilience. The retrieval of system imports from a wide range of sources can
enhance the resilience of the system in the event of the loss of a source. This is often mentioned by
experts as a characteristic for the demand-side to strive for [60] [74] [73] [57]. It is considered a way
of spreading risk across a variety of supply sources or pathways. Geopolitical robustness of a supply
chain indicates its resilience to shifting relations between nations and modified political situations. Ma-
jor dependency on specific nations in particular is a potential risk for the supply, as indicated by several
experts [60] [80] [66].
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The amount of strategic storage available in the system is another indicator of the supply resilience to
disruptions. For example, dunkelflautes or unnatural causes could result in the requirement for longer
storage than would be necessary in normal operating conditions. System redundancy expresses the
degree to which the system is vulnerable to disruptions from single components being out of order.
Designing systems with redundancy is common practice in engineering to increase availability and re-
liability of a system [81].

The next KPI is whether the development of system components is feasible on a specified timeline.
This indicator considers the feasibility of the construction of infrastructure, production and storage facil-
ities. These are heavily influenced by permitting and regulatory developments, as well as component
sourcing constraints and logistical challenges. The development feasibility reflects the probability that
the supply chain is developed to satisfy demand, which is a means of supply security.

Lastly, system adaptability indicates the degree to which the system design can be adjusted based
on progressive insight through the years. It is possible that as the energy transition unfolds, an up-
dated design philosophy leads to the desire to change the initial system configuration to realise a more
successful design. A large degree of inflexibility to this could be a downside of a supply chain develop-
ment [78].

2.5.3. Sustainability

The third objective that is quantified into KPIs is sustainability. The resulting list of objectives is shown
in Table 2.3.

Emissions Resource Impact Safety

Carbon Footprint Resource Intensity Annual Ammonia Shipments
Emissions Prevented Circularity of Components Average Ammonia Storage Volume
NO,, Footprint Average Hydrogen Storage Volume

Quality of Living Environment | Societal

Spatial Footprint Job Creation
Noise Pollution Social Justice

Ecological Impact

Table 2.3: The key performance indicators associated with sustainability

The carbon footprint serves as a primary catalyst for the transition from fossil-based to renewable hy-
drogen [82], as discussed in chapter 1. As a result, the equivalent carbon intensity of the replacement
supply pathway is an important measure of sustainability. In addition, the displaced greenhouse gas
emissions are a valuable insight into the averted climate impact. It is not by definition the same as the
difference in footprint between fossil and renewable pathways, as a pathway with a much more con-
densed development timeline and earlier operational date could potentially displace more emissions
across its lifetime. Nitrous oxides emissions are a major bottleneck in construction in the Netherlands,
especially in Natura2000-labeled areas, which also border with the port area [44]. Ammonia cracking
has a tendency to produce these gases during operation [80], which is an impact in the realm of envi-
ronmental sustainability.

Energy systems based on renewable sources tend to be demanding on the living environment, espe-
cially when they must be developed in an already strongly occupied area such as the Netherlands [78].
The impact of the development on the quality of the living environment can be considered a mid-level
target encompassing multiple KPIs. The Port of Rotterdam is particularly confronted with significant
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challenges in terms of spatial organisation [44], which make the spatial footprint of each pathway a
highly important KPI. Limited -suitable- space is available, and renewable power production and infras-
tructure involve considerable surface area requirements [73] [80] [44]. In an already heavily industri-
alised area, noise pollution and the corresponding permitting considerations are factors of interest for
the comparison of pathways and the necessary components [44]. Besides, again partially due to the
proximity to natural areas, ecosystem impact reflects concerns about the effects on the surroundings.

Another important category of KPIs is the use of resources. Resource intensity covers the use of
rare earth elements, which has become more important in Europe following the Critical Raw Materials
Act [83] and report of Mario Draghi [66]. Besides, it could reflect the use of fresh water as a process
feedstock or cooling medium. In accordance with this KPI, the circularity of components is indicative of
the extent to which the recycling of key or scarce materials is feasible from the system components [82].

As a result of industrial activity and economic development in the HIC area, job creation across various
sectors and skill levels underlines the socio-economic role of the port, influencing its social sustain-
ability. Besides, elaborate development could involve new cost and benefit distributions of its yields
and burdens. Social equity considers the fairness of these distributions. Many interpretations of so-
cial equity for energy systems are possible, focusing on different parts of the distribution of yields and
burdens [78]. For example, distributional justice describes the extent to which these are not spread un-
fairly across specific parts of society or stakeholders. Historical justice acknowledges the damages of
previous energy system configurations, such as historical carbon emissions or mining legacy in specific
regions. Intergenerational justice involves realising the righteous shares of system cost and benefits
between current and future generations, as international justice does between nations.

The last KPI considers the handling and storage of hazardous substances. For example, ammonia is
highly toxic and corrosive [84], rendering its use and transportation potentially dangerous and therefore
highly regulated [56]. Both hydrogen and ammonia are often stored as compressed gases, which im-
poses handling risks [50] [85]. In addition, hydrogen has a wide flammability range in air and extremely
low ignition energy compared to other fuel gases [86], which counts to its handling challenges. The
annual ammonia shipments and average ammonia and hydrogen storage volumes can be considered
measurable KPIs.

2.6. Key Performance Indicator Selection

The selection of key performance indicators in this study was guided by two primary considerations:
suitability for system modelling and relevance to an exploratory assessment of hydrogen supply path-
ways. In light of the intricacy of the hydrogen supply chain, the selected KPIs were chosen to provide
a comprehensive yet manageable depiction of system behaviour, thereby ensuring that crucial trade-
offs could be analysed effectively. Metrics that are quantifiable within a techno-economic modeling
framework were emphasised, allowing for consistent numerical evaluation across different system con-
figurations. The selection of KPIs is shown in Table 2.4.

Affordability Security of Supply Sustainability
Capital Expenditure Hydrogen Loss of Load to HIC Annual-equivalent CO, Footprint
Operational Expenditure | Power Loss of Load to HIC Spatial Footprint in North Sea

Hydrogen Loss of Load to Hinterland Spatial Footprint on Land
Hinterland Power Supply Volume Annual Ammonia Shipments
Hinterland Residual Demand Variability

Domestic Hydrogen Production

Table 2.4: The selection of key performance indicators considered.
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The selected KPIs include capital and operational expenditures, which provide insight into the economic
feasibility of various supply pathways. These can be defined system-wide, thus avoiding the implica-
tion of cost and benefit distributions across different stakeholders for the purpose of this research. The
objective of each indicator is to be as low as possible.

The loss of load for hydrogen and power in Rotterdam, as well as the loss of load for hydrogen in the
hinterland, were incorporated as indicators of security of supply. The rationale behind this selection is
that unmet demand constitutes a fundamental metric in the evaluation of supply systems, which should
ideally be as low as possible. A contrasting approach is adopted for hinterland power supply volume,
wherein any supply volume is considered beneficial. In order to capture the dynamics of power dis-
tribution, hinterland residual demand variability was included, in recognition of the fact that increased
variability may pose challenges for grid stability and energy planning. It is essential to emphasise the
distinction between these concepts, as the supply volume is representative of the power that is deliv-
ered, while the variability of the residual demand offers insight into the characteristics of the remaining
demand load. Furthermore, domestic hydrogen production was analysed in order to evaluate the sys-
tem’s reliance on local versus imported supply sources. Several other KPIs in the realm of security of
supply are not considered on account of their more subjective or ambiguous measurability.

In the context of sustainability, the carbon footprint and the spatial footprint were identified as the pri-
mary indicators. The spatial footprint was further categorised into offshore (North Sea) and onshore
land use, acknowledging the distinct spatial constraints and order of magnitude of both. The objec-
tive is to minimise each of the footprints. Finally, annual ammonia shipments were incorporated into
the study to reflect the logistical and infrastructural demands of an import-dependent hydrogen supply
chain. It can be argued that a large number of shipments presents a potential downside.

While other KPIs could potentially offer further insights, the selection was constrained by the scope and
expertise of this particular study. Factors such as the broader socio-economic impact and policy feasi-
bility were not included due to the difficulty of integrating them into a numerical modelling framework.
Nevertheless, these factors remain relevant for future research and can provide valuable supplemen-
tary insights to the quantitative analyses conducted using the selected KPIs.



System Configuration

This chapter covers the second step in the methodology, which is to identify the system components
required to create a hydrogen supply pathway. The essence is to determine what is necessary to obtain
both power and hydrogen from a system. First, a more detailed schematic system outlook is drawn
up, which consists of three sections, based on power, ammonia and hydrogen-related components.
Each of the components and their respective underlying technologies are subsequently investigated
and considerations with regards to the complexity of their development are discussed.

3.1. Schematic Overview

The complete schematic overview of the complete system is shown in Figure 3.1. This is a more
specific system outline compared to Figure 1.7 and involves the actual components and process flows
considered in the system configuration of this research. The ’Production & Shipping’ component in the
bottom left is drawn in dashed lines, as it is not considered in this research, but indicates the origin of
the ingoing ammonia.

Offshore Onshore
Local Conversion  Conversion
Wind Energy ici
foshore Electricity Hinterland
Wind Farm
Rotterdam HIC
H2
Electrolyser
Y
q——-Hz }—r— Hinterland
A
Storage
Import - Rotterdam HIC
NH3 -"/-“-\"'. NHs ‘ Ammonia H2
o/ Cracker

Storage
Figure 3.1: Schematic system overview of the considered components and flows in this research.

Three main segments are identified, which are related to power ( , on top), ammonia (blue, bot-
tom left) and hydrogen (green, middle and bottom right). In the next sections, each of these segments
is considered.
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3.2. Power Components

The first segment of the total system outlook is related to the power components, as distilled in Fig-
ure 3.2. Wind energy is converted into electricity in the offshore wind farm, discussed in subsec-
tion 3.2.1, after which it is converted and transported. This process is described in subsection 3.2.2.
Lastly, the power demand is considered in subsection 3.2.3.

Offshore Onshore
Local Conversion  Conversion
Wind Energy Offshore Electricity

s Hinterland
Wind Farm

Rotterdam HIC

Import

Figure 3.2: Power components highlighted in total system schematic

3.2.1. Offshore Wind Power

Wind can be defined as a flow of air relative to the surface of the Earth. This flow contains kinetic
energy, a proportion of which can be extracted and converted into electricity through the use of wind
turbines. The specific design of the turbine blades results in a pressure differential across the upper
and lower surfaces, which generates a lift force that induces the rotation of the rotor [87]. The rotor is
connected to a power generator, either directly or via a series of gearboxes. This enables the extraction
of a proportion of the wind energy present in the airflow, and its respective conversion to electricity [88].

The velocity of the airflow is dependent on its height with respect to the surface [87]. Due to friction
effects, the wind speed is lower near the surface and recovers with increasing height. In order to
predict the energy yield of a wind turbine, it is necessary to determine the wind speed at a reference
height. This is typically the height of the hub of the turbine, which depends on the specific model type
and construction configuration. The potential power output of a turbine depends on the wind speed [87].

In order to determine the power production of a turbine, the wind speed is required, corrected to the hub
height of the turbine. The turbine-specific power curve leads to the corresponding power production,
based on the wind speed at hub height. In this research, the power curve of the Vestas V164 10 MW
with a hub height of 104 m was selected in renewables.ninja to obtain the annual power production
curve. Besides, the meteorological information for the year 2019 was used at the location of the 1J-
muiden Ver wind farm.
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3.2.2. Offshore Power Conversion & Transmission

Between the offshore wind farm and the power consumers onshore the produced power is converted
and transmitted through the grid, which is operated by the Transmission System Operator (TSO), which
is TenneT in this area of the North Sea [89]. TenneT has a standardised layout for the grid connections of
offshore wind farms further away from the coast, which would be applicable to new farms that connect
to Rotterdam HIC. As shown in figure Figure 3.3, this involves a high-voltage direct current (HVDC)
transmission.

AC/DC DC/AC
converter converter
array cables export cable
Wind Farm Transmission Power Grid

Figure 3.3: Schematic of power conversion and transmission Net op Zee, freely adapted from TenneT [90]

The 66 £V AC array cables from the wind farm connect to the AC/DC converter station of the grid
operator, where their loads are combined into a single 2 GW export cable of 525 £V HVDC that covers
the distance to the landfall onshore. A DC/AC converter station and subsequent substation connect
the wind power to the 380 £V AC grid [89]. The transmission of power beyond the onshore converter
station is conducted exclusively via the power grid, where this research assumes no onshore transmis-
sion within this system. The electrolyser location is assumed to coincide with the onshore converter,
and both other power consumers attach to the power grid without additional boundary conditions.

3.2.3. Demand

Demand is essentially the basis of the system operation. Power demand within the Rotterdam HIC
and the hinterland represent two distinct profiles. The HIC power demand is defined as the industrial
processes and facilities in Rotterdam, generally characterised by a flat, baseload demand. This consis-
tent energy requirement reflects the steady operations of industrial users. The hinterland has a more
dynamic power demand profile, which might request more power at some instances than others, as
seen in subsection 1.1.2. The hinterland power demand may vary based on patterns influenced by
seasonal and daily energy needs. The demand profile height can be scaled depending on the targeted
fraction of power delivery for the system design. The final power demand in the system is internal, from
the electrolyser that requires a significant amount of power to operate. Electrolyser hydrogen output is
related to its power consumption, which is allowed to vary upon availability of wind power.
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3.3. Ammonia Components

The second segment of the total system outlook is related to the ammonia components, as distilled in
Figure 3.4. Ammonia is produced and shipped, which will be briefly touched upon in subsection 3.3.1.
Next, its storage is considered in subsection 3.3.2, followed up by the cracking process in subsec-
tion 3.4.2.

Local
Import
| NHz /7N NH3 -
I .l.\ - / -
""""""""""" Storage

Figure 3.4: Ammonia components highlighted in total system schematic

3.3.1. Prior to System Entry

Although no in-depth evaluation of the ammonia production and shipping process is done in this re-
search, a brief high-level overview is given in this section to provide context for the characteristics of
the ammonia flow and its impact.

Production

Ammonia (N Hs) is commonly synthesised through the Haber-Bosch process, where nitrogen (/V5) from
the outside air reacts with hydrogen (Hs) [16]. Production of ammonia on a large scale is common,
as it is an important primary chemical for nitrogen fertiliser production, among other applications [14].
However, it should be noted that the production process is almost exclusively based on fossil fuels.
The majority of these fuels is used in the extraction of the hydrogen building block [16], as discussed
further in subsection 3.4.1. Due to the renewable hydrogen requirement set forth in the scope of this
research, only ammonia produced with renewable electricity is considered as a hydrogen carrier.

Shipping

Approximately 20 Mt or 10% of global production is shipped annually [49], mostly in liquefied state
through refrigeration to -33 °C' or pressurised to 20 bar at ambient temperature [50] [16]. Upon system
entry, the ammonia is considered to be inside a shipping vessel in refrigerated condition at ambient
pressure in this research. This is in line with the design choice made by Fluor in their ammonia cracking
study for the Port of Rotterdam [56].

3.3.2. Ammonia Storage

Liquid ammonia is typically stored in refrigerated insulated tanks with capacities in proximity to 60 kton
each. Elaborate safety standards are in place for ammonia storage and transportation, due to its toxic
and corrosive nature [50]. Despite the insulation, heat ingress in the tank results in premature ammonia
vapourisation, leading to pressure increase in the vessel [56]. The vapour is routed to a compressor
and condensed, to ensure that the maximum vessel pressure is respected.
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3.4. Hydrogen Components

The third segment of the system is related to the hydrogen components, as distilled from the total sys-
tem outlook in Figure 3.5. First, hydrogen is produced from electricity through electrolysis, which is
elaborated upon in subsection 3.4.1. After production in either the electrolyser or the ammonia cracker
previously considered in subsection 3.4.2, the hydrogen is transported, which is discussed in subsec-
tion 3.4.3. Storage of hydrogen is elaborated upon in subsection 3.4.4, after which subsection 3.4.5
focuses on the demand and how energy and mass are related when considering hydrogen.

Local

Hz
Electrolyser

H2 Hinterland

Storage
Import Rotterdam HIC
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Figure 3.5: Hydrogen components highlighted in total system schematic

3.4.1. Electrolysis

This section considers the overall chemical reaction, after which the two primary electrolysis technolo-
gies are discussed: alkaline and polymer electrolyte membrane electrolysis. Lastly, the additional
system components that comprise an electrolyser plant are discussed under 'Balance of System’.

Overall Reaction

Water electrolysis is the process of water (H,O) decomposition into its fundamental atomic constituents:
one oxygen atom and two hydrogen atoms. The presence of a direct electric current (DC) forces
redox reactions at the anodes and cathodes of the electrolyser cell, which result in the net production
of oxygen (Oz) and hydrogen (Hz) gas in the cell [91]. The overall chemical reaction is shown in
Equation 3.1 [92].

2 H,O + 2372 [kJmol Yeeerie + 486 [kJmol YVpewr — 2 Hy + Oy (3.1)

The current industry standard technologies are Alkaline Electrolysis (AEL) and Polymer Electrolyte
Membrane (PEM), although prospective electrolysis methods such as Solid Oxide Electrolysis Cells
(SOEC) and Anion Exchange Membranes (AEM) are being investigated [25]. AEL and PEM are dis-
cussed in the subsequent sections.

Alkaline Electrolysis

Alkaline electrolysis has been in existence for nearly two centuries and was previously the primary
method for hydrogen production. However, the advent of natural gas-based SMR made electrolysis
a less prevalent technology [91]. An alkaline water solution of NaOH or KOH transports OH~ ions
through a porous zirconia diaphragm separating the electrodes. A nickel anode and nickel-alloy cath-
ode allow the two product gases to be formed.
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Alkaline electrolysis is well-established and features large stack sizes, relatively low capital cost, stabil-
ity and non-noble catalysts. However, it also has a relatively low current density, slow dynamics due to
the thermal inertia of the electrolyte liquid and safety boundaries resulting from undesirable gas perme-
ation through the separator [91]. Although advanced stack control based on predictions of the variable
power input provides enough flexibility for normal operation [41] [93], its lack of ramping capability can
still be considered a potential downside of this technology. Besides, its operating conditions are at
relatively low pressures, which means the produced hydrogen gas must go through energy-intensive
compression before transportation or consumption in various industrial processes [85]. Its total system
efficiency, including compression to 30 barg is between 50 and 56 kW h/kgH, according to TNO [94],
which corresponds to efficiencies estimated by the ISPT [58].

Polymer Electrolyte Membrane

Polymer Electrolyte Membrane electrolysers have a solid polymer electrolyte that transports protons
(HT ions) between electrodes made from noble metals from the so-called platina-group, notably platina,
iridium and ruthenium. Operation of PEM electrolyser cells has a rapid dynamic response, high current
density and compact system size. However, their capital intensity is higher due to the membrane and
electrode costs and the lifetime is relatively short [91]. It is capable of operating at elevated pressures,
which diminishes or decreases the need for hydrogen product gas to be compressed after electrolysis.
Efficiencies similar to alkaline electrolysis are projected for systems from 2030 onwards [95].

Balance of System

Merely a stack of electrolyser cells is insufficient in order to produce hydrogen from electricity; rather,
a larger system of components, known as the balance of system (BoS), is required. The stack is the
primary constituent, but a range of other elements are necessary. The present study will consider al-
kaline electrolysis, on the basis of the more substantial data relating to cost and efficiency at a larger
scale, and in accordance with the design choice of the current electrolyser plant built in Rotterdam HIC.

Within the balance of plant, grid power at 380 £V is first converted to a lower voltage and rectified
from AC to DC. Then it is fed to the stack, in combination with deionised or ultrapure water [58]. The
electrolysis process gives rise to two distinct exit streams, those being a hydrogen-rich and an oxygen-
rich electrolyte flow. Through gas/liquid separators, both gases are isolated from the exit streams.
Hydrogen is purified and dried until it matches the required specifications. Lastly, it is compressed
before injection into a transmission system or consuming facility. The electric components constituting
the BoS all contribute to the parasitic power consumption of the electrolyser beyond merely the stack.
Especially hydrogen compression and circulation of cooling liquids can require notable power input [58]
[41]. The hydrogen purity of alkaline electrolysis is 99.99% according to the ISPT [58].

3.4.2. Ammonia Cracking

Disintegrating ammonia molecules into its nitrogen and hydrogen constituents is possible through a
process called dehydrogenation, which is often referred to as ammonia cracking [51]. The process is
described by the following reaction [96]:

2 NHy; = N, + 3 H (32)

The required process steps are shown in Figure 3.6, from ammonia storage to hydrogen product gas.

Storage Pre-Heating Cracking Separation Purification

Figure 3.6: Steps of ammonia cracking, freely adapted from Fluor research [56]



3.4. Hydrogen Components 29

The liquid ammonia feedstock is pumped from the storage area to the vapourisation and preheating
section, where it undergoes a phase change to become gaseous feedstock [56]. The cracking process
itself is a catalytic, endothermic process, which means it requires energy input to ensure the breaking
of the N — H bonds and to reach the temperature necessary to ensure favourable reaction kinetics in
presence of a catalyst. After cooling and separation from other reaction gases, the hydrogen product
gas is purified using pressure-swing adsorption and generally compressed before insertion in a hydro-
gen network or consumer facility. The purity that is achieved varies on the process steps included to
treat the outgoing hydrogen. Approximately 99.9 ,,,,;% product gas purity is deemed possible, in corre-
spondence with Delta Rhine Corridor specifications [56].

To pre-heat the ammonia inflow and provide process heat, fuel is commonly fired to provide the energy
input. In alicensor investigation for a potential cracking facility in the Port of Rotterdam, Fluor requested
to employ no carbon-containing fuel sources as to prevent direct CO, emissions from the cracker [56].
A number of alternative fueling options were identified, after which the parasitation of ammonia feed
was determined to be the most efficient additional fuel source, in combination with the combustion of tail
gas from the purification process. However, it is noted that ammonia is notoriously difficult to combust
efficiently and has a tendency of major NO,, formation. Some licensors indicated that development
of electric crackers is in progress, which use electricity as a source of heating [97]. However, as their
Technology Readiness Level (TRL) is deemed low [80], this research does not consider this technology.

3.4.3. Hydrogen Transportation

Hydrogen is often transported through at elevated pressures of around 50 to 80 barg in pipelines, due
to its low volumetric energy density [98]. Although plans for a large-scale (inter)national hydrogen
network have been announced [99] [100], transportation across such distances is not common in cur-
rent times [101]. Besides constructing new pipelines dedicated for hydrogen transport, the Dutch gas
network operator Gasunie aims to repurpose existing natural gas pipelines to transport hydrogen in-
stead [102]. Their overall estimate is that 85% of the hydrogen network can be based on former natural
gas infrastructure [100].

3.4.4. Hydrogen Storage

The large-scale storage of hydrogen is a relatively novel field of research and development [103], given
that its necessity was previously negated by the continuous production from fossil sources [15]. How-
ever, with the introduction of hydrogen production from intermittent renewable power sources, the avail-
ability of storage to ensure security of supply has become more important. Research by TNO indicates
that the Netherlands has potential for underground hydrogen storage in salt caverns and depleted gas
fields [103].

Salt caverns are created artificially by drilling into an underground salt layer and dissolving the salt into
a water or brine solution. This creates a cavity in a geological layer made of low permeability rock
salt [103]. The cavern is filled with a 'cushion gas’, to increase the pressure and thus ensure the stabil-
ity of the rock formation [100]. Next, the 'working gas’ is injected, which is the hydrogen that is stored.
Among the challenges related to subterranean hydrogen storage are leakage due to its small molecular
size, undesirable reaction with (biological) substances in the geological formation and pollution of the
hydrogen product gas, reducing its purity [104]. According to specification by HyStock -a salt cavern
storage operator- hydrogen purities of 99.5 ,,,,;% can be guaranteed.

Onshore salt cavern locations are potentially suitable to store the volatile hydrogen gas at pressures be-
tween 80 and 180 barg, allowing for average storage capacities around 3500 ton H, each, according to
Gasunie [100]. HyStock is developing multiple 6000 ton H, storage caverns in Zuidwending (NL) [105],
of which the first is planned to be in operation in 2029. Each cavern corresponds to around 236 GWh
of hydrogen storage each, using the Higher Heating Value (HHV) by HyStock standards. Maximum
injection and extraction rates are fixed at 20 ton/h, to maintain a maximum pressure differential of 10
barg/day in the reservoir [105]. This is a relatively conservative requirement in practice, as tempo-
ral fluctuations above this limit are impossible, even if the actual reservoir pressure differential never
exceeds the limit.
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Salt cavern technology readiness level is deemed higher than for offshore caverns or depleted gas
fields, although the latter has a significantly higher potential storage capacity [103] [100]. Due to the
unique geological conditions required to facilitate this type of storage, the suitable locations are heavily
location-dependent. The vast majority of potential sites are located in the northern and eastern regions
of the Netherlands, necessitating a connection to the national network and subsequent operationalisa-
tion to fulfil the projected storage function [100].

3.4.5. Demand

Hydrogen is commonly used in chemical facilities, in processes that are continuous. The resulting de-
mand profile is therefore characterised as a flat baseload. This consistent energy requirement reflects
the steady operations of industrial users. Among the challenges for renewable hydrogen development
is to allow continuous consumption, especially with regards to potentially intermittent power sources
such as offshore wind. In this research, both the hydrogen demand in the HIC and hinterland are
considered baseloads.

3.5. Key Performance Indicators

In the preceding chapter, the key performance indicators of a hydrogen supply pathway were defined.
The system configuration is discussed in this chapter, and an overview is given in this section of which
components are considered in the determination of which KPI.

3.5.1. Affordability

The components that are included in the calculation of capital and operational expenditure are shown
in Table 3.1.

Components CAPEX | OPEX
Offshore Wind Farm v v
Offshore Power Conversion & Transmission | v/ v
Electrolyser v v
Ammonia Cracker & Storage v v
Ammonia Cost X v
Hydrogen Transportation v v
Hydrogen Storage v v
Onshore Power Grid X X

Table 3.1: Table of included components in CAPEX and OPEX.

3.5.2. Security of Supply

As indicated in Table 3.2, the consumers for which loss of load is determined of hydrogen and power,
and in which cases the focus lies on delivered power, are specified.

KPI HIC Hinterland | Electrolyser
Hydrogen Loss of Load | v/ v —
Power Loss of Load v X X
Power Supply X v v

Table 3.2: Table of included consumers in security of supply indicators.
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3.5.3. Sustainability
Table 3.3 outlines the components under consideration in the determination of both carbon and spatial
footprint.

Component Carbon Footprint | Spatial Footprint
Offshore Wind Farm v v
Electrolyser v v
Ammonia Production & Transport | v/ X
Ammonia Cracking & Storage v v

Table 3.3: Table of included components in annual equivalent carbon footprint and spatial footprint.

The lifecycle analysis (LCA) includes the carbon emissions from materials sourcing, production, instal-
lation, operation and decommissioning. For components where lifetime CO, emissions are available
in literature regardless of operating time or output, annual equivalent emissions are calculated using
this value directly. However, it is also possible to include emission intensity factors in kgCOy/kgH, or
kgCOy/kW h, another common means of denoting LCA for production facilities [106] [107]. The an-
nual equivalent CO, emission thus corresponds to a theoretical value, based on an equivalent annual
share of the lifetime emissions of the considered components. For power transmission and hydrogen
transmission and storage, resulting life cycle analysis (LCA) values were negligible in comparison to
those of the considered components. The corresponding emission values are listed in section 4.5.

With regard to spatial requirements, the production and transportation of ammonia, as well as hydrogen
storage, have not been taken into consideration. The underlying rationale for this exclusion is that
detailed ammonia production is not considered in this study. Furthermore, hydrogen storage demands
comparatively negligible area above ground, despite its substantial volume deep within the Earth.



Model

With the system objectives and associated key performance indicators (KPIs) established, the aspects
of the hydrogen supply system that are important to evaluate have been defined. As the system con-
figuration has been determined in chapter 3, this chapter transitions to constructing a Matlab system
model that enables quantitative analysis of the supply pathways. The model is designed to capture
the interactions and relations between components, providing a structured framework to evaluate their
impact on the defined KPIs. Through this modeling approach, the aim is to simulate various configura-
tions, identify trade-offs and assess the influence of design choices on the KPI outcomes.

First, a schematic overview of the model logic is shown in section 4.1. Next, the model components
and flows are discussed in section 4.2, after which section 4.3 describes the energy management
logic. Subsequently, the determination of the KPIs in the model is considered in section 4.4, followed
by a list of standard model parameters in section 4.5. The last section verifies the model through a
demonstration case, in section 4.6.

4.1. Model Overview

The global schematic overview of the model is shown in Figure 4.1. It consists of two sections: the
system model and the key performance indicator calculation. Firstly, the system model employs the
parameters and its internal logic to determine the dynamics of the hydrogen supply pathway, thus iden-
tifying the flows and their respective sizes. This provides a comprehensive overview of the system
outputs, which can be considered the indicators of its internal dynamics. These outputs are then incor-
porated into the KPI calculation, which translates them into values for the specified KPIs. Consequently,
the KPIs can be utilised to compare performance across different system configurations.

Model

Input Output

System Output
Parameters System Model KPI calculation KPls

Figure 4.1: Schematic overview of the model functionality, with a system model and subsequent KP/ calculation.
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Figure 4.2 shows the system model overview in more detail. It consists of four modules, which are
ammonia, power, hydrogen and an energy management system (EMS). Each module contains func-
tions specific to its role in the model. The global interactions are indicated in the figure, which is merely
to show which modules interact. The KPI calculation module uses the outputs of this system in com-
bination with other input parameters to determine the KPI output values, as mentioned earlier in this
section.

Input Model Output
System Model

Ammonia
Power
System Output
Parameters KPI calculation KPls
Parameters
EMS
Hydrogen

Figure 4.2: Schematic overview of the system model, including its power, ammonia, hydrogen and Energy Management
System (EMS) modules.

4.2. Components & Flows

The process flows within the system and the components that perform actions on these flows are
discussed in this section. Besides the EMS, the same three modules are identified as in chapter 3.
First, the components associated to power are described in the model, followed by the ammonia and
hydrogen-related components.

42.1. Power

Figure 4.3 shows the internal functions and interactions of the power module. It contains two func-
tions, one describing the offshore wind farm and one that discusses the offshore power conversion and
transmission.
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Power
Offshore P-wind
C-wind Wind Farm
P-wind-profile
P-pps-total P-wind-pot

Offshore Conversion &

N-power-conv Transmission

TL-power-trans
L-offshore-cable

P- pps P -grid-pot

EMS

Figure 4.3: Schematic overview of the power module.

Offshore Wind Farm

A dataset with power production based on hourly wind speeds in a reference year (Pyind—profiie) 1S
loaded into the model from renewables.ninja. The corresponding output power is dependent upon the
turbine type and geographic location. The turbine type was determined in subsection 3.2.1, while the
location of the wind farm is a predefined input parameter specified in section 4.5. The power production
data is scaled in accordance with the installed capacity of the wind farm (C\;.4), which is a modeling
input parameter. The total potential wind power production (Pyinq—pot) is then defined by:

Pwind—pot - Cwind * Pwind—profile (41)

Not all wind power can be consumed, which leads to a total potential power surplus (P,,s—tota). This
is wind power that could be produced, but has no consumer in this system design. It is determined by
the EMS, creating an actual power production (P,,;.q) that is related to the potential power production
through:

Pwind = Pwindfpot - Pppsftotal (42)

Offshore Power Conversion & Transmission

The offshore power conversion and transmission function is the connection between the wind power
that is (potentially) produced and the power that is delivered to the grid, thus available to the EMS. It
accounts for systemic losses by considering conversion efficiency (1power—conv) @nd transmission loss
(T Lpower—trans), the latter of which depends on the transmission length (Lo ¢ fshore—cable)- The resulting
potential grid power (Py.i4—pot) has a reduced magnitude compared to the potentially produced wind
power (Pyind—pot) @S shown in:

Pgridfpot = Pwindfpot *  Tpower—conv * (]- - TLpowe'r‘ftrans (Loffshorefcable)) *  Npower—conv

(4.3)
In addition, this function receives the net potential power surplus (P,,s) from the EMS. This is con-
verted to the actual wind power production that is a potential surplus (F,ps—totar), Which uses the same
efficiencies as Equation 4.3 to indicate this surplus:
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PPPS

Tlpower—conv * (1 - TLpowe'r'—trans (Loffshore—cuble)) * Tlpower —conv

(4.4)

Pppsftotal

Consequently, the total conversion loss (P;,ss) can be determined based on the difference between
actual production and consumption. The actual production is the difference between P,;nq—po: and
Ppps—total, While actual consumption is the difference between Py.;q—p0¢ and P,,s. Put together, the
power loss is found through:

Boss = (Pwind—pot - Ppps—total) - (quid—pot - Ppps) (45)

4.2.2. Ammonia

The module of ammonia is shown in Figure 4.4 and contains a single function, which is the ammonia
storage.

Ammonia
M-Amm-req M-Amm-in
EMS Ammonia Hydrogen
M-amm-shipment Storage M-Amm-year
C-Amm-st SOC-Amm-st

T-Amm-shipment

Figure 4.4: Schematic overview of the ammnonia module.

Ammonia Storage

The EMS inputs a requested ammonia mass (M 4mm—req) 1o the ammonia storage function, which is
the necessary amount to produce the hydrogen the EMS demands from the ammonia cracker. The
storage function subsequently supplies M4, to the cracker, which is in the ’hydrogen’ module.
The ammonia storage function governs the delivery interval of ammonia shipments (T4 m—shipment)
based on the ammonia shipment size (M amm—shipment):

TAmm—shipm,ent W (46)
The delivery interval (T'amm—shipment) 18 then used to define timesteps in which ammonia shipment is
required to prevent an empty storage. Based on the design choice of continuous ammonia cracking
upheld in this research, the model logic deliberately prevents a loss of load for ammonia by setting
the delivery interval using the ammonia cracker input. Consequently, the ammonia influx (M amm—in)
equals the requested mass (M 4mm—req) at any instant:

MAm.mfin = MAmmfreq (47)

M Amm—st represents the mass stored within the ammonia tank. Its value changes depending the
cracker influx (M amm—in(t)) and the potential arrival of shipments of size M a.m—shipment, With the
relation:

MAmmfst(t + 1) - MAmmfst(t) - MAmmfin(t) + MAmmfshipment(t) (48)

M Amm—shipment (t) €quals zero in all cases where no delivery occurs and has the value M rm—shipment
when the delivery interval (T'4mmm—shipment) indicates that delivery is necessary. The ammonia storage
level (M Amm—s:) @and the ammonia storage capacity (C 4, —s¢) are used to determine the storage state
of charge (SOC am—s:¢) through:

SOCAmmfst = % (49)

CAmm—st
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The annual ammonia mass (M amm—year) required for system operation is the sum of the ammonia
influx to the cracker for each timestep (M 4.m—in—t), Which is given by:

8760
MAmmfyea'r = Z M pAmm—in—t (410)
t=1

4.2.3. Hydrogen

The schematic overview of the hydrogen module is shown in Figure 4.5. It has three functions: the
electrolyser, ammonia cracker and hydrogen storage.

EMS
P-el Hel H-cr-pot H-stc/p M-Hz-st,
CE= Ammonia H-cr R-H2-st,
CEF-cr SL-H2-st
Hydrogen M-Amm-in
CE- Electrolyser
C-cr
EFEF_Q Ammonia
o Cracker

C-st
SL-H2-st Hydrogen
R-H2-st Storage

Figure 4.5: Schematic overview of the hydrogen module.

Electrolyser
The electrolyser receives power (Pg;) from the EMS, which it converts to an amount of hydrogen (Hg;)
based on the conversion energy (CEg;):

Pgy

H
El CEm

@.11)

Ammonia Cracker
The ammonia cracker function uses the cracker capacity (C¢,.), ammonia conversion efficiency (CEF¢,)
and load factor (LF(,) to determine the potential hydrogen production of the cracker (Hcy—pot) USING:

CCr
CEF¢,

The load factor (L F¢,.) indicates a predefined maximum operational capacity, which can be lower than
the actual cracker capacity (C¢,) during specific time periods. For example, a load factor of 0.9 indi-
cates operation at 90% of the maximum capacity. It should be noted that the model has the option to
use load factors other than 1, although this is explicitly mentioned in the case configuration.

HCT‘—pOt LFc, (412)

The EMS uses the potential hydrogen output to determine how much it should actually produce. Based
on this, the ammonia influx to the cracker (M A,m—ixn ) is determined through the 'ammonia’ module, as
seen in subsection 4.2.2. Using this influx, the actual hydrogen output of the cracker (H.) is calculated
with the ammonia conversion efficiency (CEF¢,.):
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MAmmfin

Hydrogen Storage

The hydrogen storage function provides its stored hydrogen mass (Mg>_s;), injection and extraction
limit (Ri2—s¢) and storage loss (SLg2-s¢) to the EMS, so it can determine hydrogen availability.

The stored mass (Hs;) is iterated using the hydrogen storage charging and discharging activity (Hgs;_c/p),
which is obtained from the EMS as it governs the storage behaviour. The updated stored mass is found
through:

Hsi(t+1) = Hg(t) + Hsi—cyp(t) (4.14)
The state of charge has the following relation to the storage capacity (Cs;) and stored mass (Hsg;):

Hg;

SOChHo—5t = Co
¢

(4.15)

4.3. Energy Management System

This section discusses the energy management system that governs the distribution of power, ammonia
and hydrogen flows between model components. The schematic overview of its internal functions and
interactions with the other modules is given in Figure 4.6. Arrows on the left side of a function indicate
inputs, while arrows on the right side are outputs.

Ammonia
Energy Management System
. P-ops M-amm-reg
Power P-grid-pot P-Hic
Power P-HL
Allocation
P-El-all
D-power-HIC P
D-power-HL
Ce Hydrogen
D-H2-HIC Availability H-st-c/p
D-H2-HL D-Hz-HIC
TL-H2 D-Hz-HL
C-st H-Hic
Hydrogen
H-st-c/o M-Hz2-5t Allocation H-HL
Pl R-H2-st
SL-Hz-st
H-cr-pot
CEF-cr H-cr
Hydrogen CE&l H-el

Figure 4.6: Schematic overview of the Energy Management System.
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4.3.1. Power Allocation

The power allocation function has potential grid power (Py,iq4—pot) from the ‘power’ module as an input,
and is aimed to distribute this power between HIC, hinterland and electrolysis. In order to achieve this,
the annual power demand for HIC (Dpower—r1c) is inputted in the function and converted to a hourly
baseload power demand (Dpower—H1c—1) USING:

Dpower—HIC

—_ 4.1
8760 (4.16)

Hinterland power demand (Dyower—m1) is determined by scaling a total grid load profile (Dpower—grid)

with a predefined scaling factor (SFy,.;q):

Dpower—HIC—h

DpoweerL = Dpowerfgrid * SFgrid (417)

Based on P,,;q—po: and a power distribution hierarchy, the EMS assigns outgoing electrolyser allocated
power (Pg;_q1) using the electrolyser capacity (Cg;) as an upper boundary. The hydrogen availability
function subsequently determines the actual electrolyser power it requires (Pg;), which is an input to
the power allocation function. Based on this value, the final power distribution is completed, resulting
in a four-way apportionment to HIC (Pgc), hinterland (Pgp), the electrolyser (Pg;) and a potential
power surplus (P,,s). The potential power surplus is returned to the power function as discussed in
section 4.2. Which priorities in power distribution are upheld is dependent on the operational strategy
that is determined in a specific case configuration. However, in any case Py,.;q—po: is €qual to the sum
of all four power categories:

Pyrida—pot = Purc + Pur + Pg + Py (4.18)

4.3.2. Hydrogen Availability

The hydrogen availability function aims to balance supply and demand for hydrogen. The annual de-
mand for HIC (Dg2_p1c) is converted to hourly baseload hydrogen demand (Do gro—n) using the
following relation:

Dyo-nic

— 4.1
8760 (4.19)

The same logic is used to convert the annual hydrogen demand for hinterland (D g2 1) to the hourly

baseload hydrogen demand (Dgo_gr_1):

Dyo_grc—n

Dyo_
Dpo—pr-n = % (4.20)

From the hydrogen function, the potential hydrogen output of the cracker (Hc,—p0¢) is given. Besides,
the EMS determines the potential hydrogen supply from the electrolyser (H g;—p0¢) using the conversion
energy (C Fg;) and the initially allocated power to the electrolyser (Pg;_,;;) as follows:

Pri_an
CEpg

In addition, the stored hydrogen mass (Mpy2_g:) is an input to the EMS, as well as the maximum
injection and extraction rate of the storage (Ry2_s;) and the storage losses (SLg2_s:). The available
hydrogen from storage (Hg:—pot) is the minimum of the extraction rate and stored hydrogen mass in
relation to the storage losses, and is shown in:

HEei—pot (4.21)

Hsi—pot = min(Mpga_s¢, Rga—si) * (1 —SLga_st) (4.22)

The potentially available hydrogen supply is equal to the sum of these three parameters, considering
a transport loss (T'L g») independent of pipeline length. The relation is described by:

Hpot = (HCT‘—pOt + HEl—pot + HSt—pot) * (1 - TLHQ) (423)
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Both hydrogen demands can be summed into a cumulative hydrogen demand (D g2 0141), given by:

Dro—totat = Dwpo—bgre + Dupa—HL (4.24)

The value of H,,; is compared to the total hydrogen demand (D2_t0tq1)- The difference between
supply and demand is covered by the hydrogen storage activity (Hgs;_c,p) when possible. Otherwise,
a loss of load for hydrogen (Hroy) is created. The relation is shown in:

Hpoe = (Due—mrc + Duo—nur) + Hgi—cyp— Hror (4.25)

It should be noted that Hg,_,p can be both positive and negative, and has boundaries of —Rp2 ¢
and +Rp2—_g: in order to respect the maximum injection and extraction rates of the hydrogen storage.
A positive storage activity indicates charging behaviour, while negative activity is related to discharging.
Hpor can only be larger than zero, which occurs exclusively when the combined hydrogen demand
exceeds H,,. Besides, the maximum hydrogen storage capacity (Cs;) is respected in case of charging.

Figure 4.7 shows a visual of three example situations of Equation 4.25. In case H,,: exceeds the
total demand, Hg,_c/p is positive, charging the storage, and Hy o, does not exist. In a situation of
production deficit, Hs, ¢, p is negative, indicating storage discharge to cover the difference between
production and demand. Once Hg,_¢/,p is limited by either storage level (Mpy2_s;) or extraction rate
(Ry2_st), it can not cover the complete deficit. Therefore, Hy oy, is larger than zero in these situations.

Production Surplus = Production Deficit Production Deficit
(and loss of load)
H-pot
D-H2-total
H-st-c/D
H-LoL

Figure 4.7: Visual example of three situations of mismatch between hydrogen production of the electrolyser and cracker and
the corresponding demand for HIC and hinterland.

In case of a hydrogen production surplus that can not be stored, the hydrogen availability function must
balance this. The two situations in which this occurs are when exceeding the storage injection rate
(Rg2_s:) or when the hydrogen storage is full. The EMS will reduce the power initially allocated to the
electrolyser (Pg;_,;;) to the actually allocated power (Pg;). This value is returned to the power alloca-
tion function, which uses it to rearrange its initial power distribution based on the predefined hierarchy.

P, is also used as an input for the hydrogen module, in addition to Hg;_¢/p. The actual hydrogen
output from the cracker (H¢,) is equal to the potential hydrogen output (H¢,— o) in this study. Thus, the
required ammonia (M amm—req) 10 supply the specified Hc, is found by using the ammonia conversion
efficiency (CEF¢,.):

MAmm,—req = HCT‘ * CEFCT (426)

The value for M 4,,m—req IS returned to the ammonia module, which provides M 4, —in, to the hydrogen
module, as seen in subsection 4.2.2.
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4.3.3. Hydrogen Allocation

In the hydrogen allocation function, the hydrogen storage activity Hs,_,p and respective production
from the ammonia cracker (H¢,.) and electrolyser (Hg;) are used as inputs. Together with both H/C and
hinterland hydrogen demands (D g2 ;o and Do 1), it distributes the available hydrogen through a
predefined hierarchy. This prioritisation is explicitly part of the operational strategy defined in a specific
case configuration.

Independent of the distribution strategy, the supplied hydrogen to HIC (Hg¢) and hinterland (Hg 1)
must be in balance with cracker production (H¢..) and electrolyser production (Hg;). The storage
activity, which can either be positive or negative, assists in this balance. The relation is shown in:

Her + Hpr = Hgie + Hgr + Hsi—o/p (4.27)

In case of a positive Hg,_¢,p, indicating a charging of the storage, it absorbs the overproduction of
the cracker and electrolyser. When Hg,_¢,p is negative, the hydrogen storage discharges, effectively
becoming a supplier on top of H¢,- and Hg;.

4.3.4. Systems Dynamics Parameters

This section considers several parameters that provide insight in the system dynamics, without corre-
sponding to particular KPIs. The electrolyser full load hours (F'L H;) and fraction of reduced production
(P.;_req) are considered first. Subsequently, the hydrogen storage supply share (Hs;_ spare) @nd equiv-
alent charge cycles (ECCgo_4;) are discussed.

Electrolyser Full Load Hours

The full load hours of the electrolyser (F'LH.;) correspond to the equivalent amount of hours in which
it operates at rated capacity (C.;). Essentially, it is a means of describing the capacity factor in hours
per year. Besides the rated capacity, the sum of the consumed power (P,;) is used to determine the
electrolyser full load hours in the relation:

8760
anl Pel—n

FLH,
! 8760 * C.

(4.28)

Electrolyser Reduced Production

The electrolyser can be operated at a lower setpoint than its rated capacity by the EMS, even if sufficient
wind power is allocated. These instances occur when the hydrogen it would produce is not in demand
and can not be stored, either through injection rate limitations or a full storage. The fraction of reduced
electrolyser power (P.;_,.q) compared to the allocated power (P,.;_,;;) is indicative of the hydrogen
overproduction potential of the system configuration. It is based on the actual electrolysis power (P.;)
as well, according to the relation:

8760
Zn:l Pelfn

Pel—red = 1 3760
anl Pel—all—n

(4.29)

Hydrogen Storage Supply
Hydrogen storage can supply different shares of the total hydrogen supply, depending on the system
configuration and operation. The total hydrogen supply consists of the HIC and hinterland supplies
(Hprc and Hy g, respectively). In combination with the storage supply (Hs:), the storage supply share
can be determined through:

Hgy
Hgt share = 4.30
st—sh [ (4.30)
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Hydrogen Storage Charging Cycles
The amount of equivalent charging cycles (ECCg2—s:) is indicative of storage activity in the year. It is
determined using the total charging amount (Hs;_¢) from the storage activity (Hs;_c/p):

Hst—-c = Hsic/p>0 (4.31)

Besides, the storage capacity (Cs;) is used, creating the following relation:

8760
Hsi ¢on
ECCys i — Znﬂ# (4.32)

4.4. Key Performance Indicators

Besides the system dynamics with respect to process flows, the model is designed to determine the
measurable KP/ outputs of each system configuration that is used. This section discusses the method-
ology on how these are calculated for each indicator. Figure 4.8 shows the schematic overview of the
parameters and system outputs used in the calculation of each KPI. Input parameters indicated in ital-
ics are based on research or predefined in a case configuration, while bold parameters were defined
in the system model.

KPI calculation

C-wind,  C-H2-st, Capex-et, Capex-Hz-tr, CAPEX
C-el, L-H2-tr Capex-cri, Capex-octi
C-cr, L-offshore-cable Capex-Hz-sti  Capex-wind-,
C-wind,  C-H2-st Opex-cr, Opex-H2-tri, OPEX
Cel, Opex-windi, Opex-Hzsti, ACH,
Cecr, Opex-eti, Opex-oct-, M-amm-year
D-power-Hic D-H2-HIC D-Hz2-HL Loss of Load
P-HIC H-Hic H-HL
D-power-HL P-HL UL el
Power
KPIs

H-el H-cr Domestic Hz

Production
P-wind-pot H-cr H-el COz Intensity
Cl-wind-i Cl-amm-i Cl-eki
C-wind C-cr C-el Spatlal
A-wind-i A-cri A-eli FOOtpl’I nt
M-amm-year  M-amm-shipment NHa Shipments Parameter

System Output

Figure 4.8: Schematic overview of the parameters and system outputs used to calculate each KPI.
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4.4.1. Affordability

This section delves into the determination of indicators with respect to the objective of affordability,
consisting of capital and operational expenditure. The system components considered in either are
listed in Table 3.1.

Capital Expenditure
Total system CAPEX (CAPE X,,.4) is calculated by determining the investment cost of individual sys-
tem components and summing these values. Individual system component costs are calculated by mul-
tiplying capacity-dependent CAPEX (CAPE X component—i) With their associated capacities (Ccomponent)
as shown in:

CAPEXcomp [€} = CAPEXcomponentfi * Ccomponent (433)

To determine the component CAPEX for offshore power conversion and transmission, C,;,4 and cable
length (Lo £shore—cabie) @re used to scale the cost in relation:

CAPEXoct = Cwind * Loffshorefcable (434)

Besides, the CAPEX calculation includes the total length of hydrogen pipeline (Lyo_;.). Several
pipelines transport the hydrogen at elevated pressures through the system. The schematic overview
and corresponding labels are shown in Figure 4.9.

Pipe Label | Start End

EL Electrolyser Central Backbone
CR Cracker Central Backbone
ST Hydrogen Storage | Central Backbone
CB Central Backbone | HIC & Hinterland

Figure 4.9: Left: schematic of pipelines segments considered
Right: labels and descriptions of pipeline segments.

HIC and hinterland are assumed to be at the end of the central backbone, without a dedicated pipeline
segment. The pipelines are assumed to have no storage capacity in them, although this ’line-packing’
is technically possible according to [100]. Each pipeline segment has a length, for example Lys_ g7 in
the case of the connection between hydrogen storage and central backbone. The total system pipeline
length is therefore:

Lyo—yy = Lygs—gr + Luo—cr + Lyga-st + LpocB (4.35)

The total CAPEX for the hydrogen transmission (CAPE X g2 _4,) is then given by:

CAPEXHQ_t7- = CAPEXHQ_tT_i * LHQ_tT (436)
The respective values of CAPE X ..., are summed for each of the six components that are considered
in the total CAPEX:

6
CAPEXiar [€] = Y CAPEXcompn (4.37)

n=1

The CAPEX for each individual component is determined through literature research and in some cases
validated in interviews. The unit costs include raw materials, production, installation and in many cases
also an advance on the decommissioning. The breakdown and values used in the case study of this
research will be given later, in section 4.5.
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Operational Expenditure

Operational expenditure is defined as the annual expenses for system operation. The OPEX includes
the cost of maintenance and normal component operation, but also the cost of ammonia feedstock. In-
dividual component OPEX is calculated by multiplying capacity-dependent OPEX (OPE X component—i)
with their associated capacities (Cecomponent) @s shown in:

OPEXcomp [€} = OPEXcomponent—i * Ccomponent (438)

As the only component that has an OPEX that consists of a feedstock, the ammonia cracker has
a different calculation, which includes the annual ammonia consumption (Mamm—yeqar) @nd ammonia
cost (AC;):

OPEX.. [€ = OPEX.,_i * Cu + Maomm_year* AC; (4.39)

The respective values of OPE X, are summed for each of the six components that are considered
in the total OPEX:

6
OPEXiotar [€] = Y OPEXcompn (4.40)

n=1

As with the capital expenditure, the specific values used in the case study of this research will be given
later in section 4.5.

4.4.2. Security of Supply

In this section, the calculation method for KPIs related to security of supply is elaborated upon. First,
the methodology for loss of load calculation is given, after which hinterland power supply volume and
variation are discussed. Lastly, the determination of domestic hydrogen production is shown.

Loss of Load

Loss of load is a measure of system reliability relating to the security of supply. The term is defined
as the quantity of demand that is not satisfied by the supply. In this system design, three types of loss
of load can be defined, related to their pre-defined demand: a loss of load in power supply to Rotter-
dam HIC (LOLpower—r1c) @and hydrogen supplies to Rotterdam HIC (LOL g2— 1) and the hinterland
(LOLgo—p1)- The relation for LOLyower—mic is:

Pric

LOLpower—HIC = 1 (441)

DpoweerIC
Hydrogen loss of load for HIC (LOLg>_gic) compares the demand (Dgyo_gre) and supply (Hgre),
and is given by:

H
LOLys e = 1 — —2¢ (4.42)
Dpa-nic
Lastly, the same logic applies to Hy 1oL, which relates demand (Dg2_ 1) and supply (Hgr), and

is defined as: I
LOLys_pyr, = 1 - —HL (4.43)
Dyo—HE

Hinterland Power Supply Volume
The supply volume of hinterland power (SV,ower—m1) is determined as a share of the total hinterland
power demand demand (Dpower—rmr) that is delivered by hinterland power (Pg 1), as seen in:

P
SVoower—nr, = (4.44)

DpoweerL
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Hinterland Power Supply Variability
The variability of power yield represents a considerable potential challenge for renewable power sys-
tems. The definition of variability employed in this research is defined as the standard deviation of the
set of hour-to-hour power differences for the residual power demand profile for the hinterland. This will
be explained further in this subsection.

To account for the original variability of the hinterland demand profile (Dpower—r1.) @s well as that of the
supplied power (P ), the variability is determined for their difference: the residual demand (Pg_res)s
which is calculated as follows:

PHL—res = Dpower—HL - PHL (445)

This difference in residual power profile (A Py, _..s) is defined as the residual power demand that must
be met within the hinterland itself, as the energy system in this research does not supply this power.
Variability is measured as the difference in residual demand level between each timestep. Itis evaluated
with respect to the mean demand (ﬁpower,HL). This is shown in:

PHLfres(t + 1) - PHLf'r‘es (t)

Dpowe'erL

APHLfres(t + 1) = (446)

All instances for Py _ ..., in which two (or more) subsequent zero values exist are deliberately not dis-
carded, as these reflect situations in which the system ensures no remaining residual. In such cases,
the power profile delivered is in fact perfect, so it must be classified as favourable in the variability set
as well. In addition, using the average hinterland power demand (ﬁpoweT_HL) is deemed a usable
normalisation method, as it is only dependent on the scaling factor of the grid profile (SF;,.4), as deter-
mined in Equation 4.17. Thus, it has no sensitivity to varying residual profiles across different system
configurations.

APg1 s contains the differences in residual profile for each hourly time interval. The variability is de-
fined as the standard deviation of this set of values (V' R), which is calculated using the mean difference
of the normalised hinterland power residual (APg 1, _,.s) and the amount of hours in a year (NV):

N _
APgr_res— —  APHL_res)?
VR — \/an ( HL Te]i[ i - HL res) (447)

In this research, V R is considered the variability of residual power demand. A high variability indicates
an unfavourably fluctuating power demand that must be satisfied, while a low variability holds that the
power that must still be supplied in an alternative way for the hinterland has a relatively constant profile.

Domestic Hydrogen Production
Another KPI in the category of security of supply is the amount of production from domestic electrolysis
(D Pg2), compared to the amount of import. This is defined as the percentage of electrolyser hydrogen
production (H,;) in relation to the total hydrogen production, which also depends on (H¢;.):

Hel

DP, = —-— 44
2 Hel + HC'/‘ ( 8)
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4.4.3. Sustainability

This section considers the three KPIs under the sustainability system objective, carbon and spatial
footprint and annual ammonia shipments.

Carbon Footprint

The carbon footprint of the components listed in Table 3.3 is considered in the model, which are the
offshore wind farm, electrolyser and complete ammonia cracking pathway. The sum of the potential
wind power production (Pynq—pot) is Used to scale the unit carbon intensity of wind power production
(Clyina—;) to the full carbon footprint associated to the wind power (CF P,;4):

8760
CFPwind = Z Pwind—pot—n * CIwind—i (449)
n=1
The carbon footprint of electrolysis (C F'P,;) is calculated based on the electrolyser hydrogen production
(H;) and the unit carbon intensity of electrolysis (CI.;_;) as follows:

8760
CFP, = Y Han * Clu (4.50)
n=1

Lastly, the carbon footprint of the ammonia pathway (CF'P,,,,,) is determined using the same logic. It
is based on the unit carbon intensity (C'1,m—.) and cracker hydrogen output (H..,.)

8760
CFP, = Y Heyy % Clo (4.51)

n=1

The total footprint of the system (C'F P;,:4;) is the sum of the footprints of the components, using:

CFPiytqq = OCFPymna + CFP; + CFP, (4.52)

Spatial Footprint

The wind farm is the only component considered to use area at sea, while the ammonia cracker and
storage and electrolyser add to the land use. The total spatial use at sea (As.,) is determined using
the unit power density (A.;»q—i) and the installed capacity (Cyinq):

Asea = Awindfi * Cwind (453)

The spatial footprint on land (A4;...4) is found through the unit spatial densities for electrolysis (A;—;)
and cracking (A.._;) and their respective capacities (C,; and C.,.). The relation is described by:

Aland == (Ael—i * Cel) + (Acr—i * Ocr) (454)

Annual Ammonia Shipments

The amount of ammonia shipments required on an annual basis (Ngmm—shipments) is related to the total
ammonia consumption (Mmmm—yeqr) @nd the size of a single shipment (M gmm—shipment)- Their relation
is described by:

M _
amm-—year (455)

Namm—shipments M
amm—shipment
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4.5. Standard Values for Model Parameters

This section outlines the standard model parameters used in the model, which remain constant across
different cases unless specified explicitly. These parameters form the foundational assumptions for
the analysis, ensuring consistency and comparability in results for variables of interest. The standard
parameters are determined based on literature research and in several cases validated using expert
input. Parameters for which elaboration of their value in relation to the original source is necessary are
discussed more in-depth in this section.

The parameters have been categorised by their respective components. First, Table 4.1 shows those
related to offshore wind power. The location is set at the IJmuiden Ver site, which is used a reference
point for the wind power profile mentioned in subsection 3.2.1. The values for cost have been adapted
from the cost of recent Dutch wind farms with similar geographical characteristics. Decommissioning
cost is included in CAPEX, as well as array cable cost, which depends on capacity and not on a set
distance to a substation. The total cost is assumed to scale linearly with installed capacity, while the
carbon footprint is based on theoretically produced energy directly from the wind power profile.

Parameter Variable Name | Value Unit Source
Capital Expenditure CAPEXyina—i | 1850 €/kW, [108] [109]
(excl. transmission)

Operational Expenditure | OPEX yind—i 3 Y%carEx [110]
Power Density Awind—i 4.66 MW, /km? [111]
Carbon Intensity Clyind—i 15.5 gCO2/kWh [107]
Location 53.0; 3.8 | degree (Lat; Long) | [112] [113]

Table 4.1: Offshore Wind Parameters

Parameters relating to offshore power conversion and transmission are shown in Table 4.2. A proportion
of the CAPEX is dependent on the cable length, which is determined based on the distance to port for
the wind farm. Distance-dependent cost factors are the cable manufacturing cost and its installation
and decommissioning. The standard cable length is 110 km, equaling the distance between [Jmuiden
Ver wind farm and the landfall at the HIC [112]. The efficiencies are assumed to be constant, regardless
of power throughput or variation. As a sanity check, a comparison is made with the cost of Net op Zee,
the new Dutch offshore power transmission. According to the government, its projected cost is 26
billion euros [114], with announced plans to connect around 14 GW, of wind per 2035. This leads to
an investment of 1850 €/k1V., which is in the vicinity of the 1350 €/kWW, total for the standard situation
in this research.

Parameter Variable Name | Value | Unit Source
Constant CAPEX CAPEX capie 314 €/kW, [110]
Distance-dependent CAPEX CAPEX capie 94 €/kWe/km | [110]
Operational Expenditure OPEX abie 1 YcarPEx [90]
Transmission Loss TLpower—trans | 0.5 %.100km ™" | [115]
Conversion Efficiency Npower—conv 97.5 % [115]
Length of Offshore Power Transmission | Loy fshore—cable 110 km [112]

Table 4.2: Offshore Power Conversion & Transmission Parameters

Standard modeling parameters associated to the electrolyser are shown in Table 4.3. Its cost values are
based on TNO research, while the power consumption information is retrieved from ISPT data. Hydro-
gen separation and compression to 50 bara are considered within the power consumption. Hydrogen
compression from 50 to 80 bar is not considered, despite it being a possible operational pressure for the
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transportation network. This compression consumes around 0.66 kW h/kgHo, or 2% of LHV [85]. At 1
MtH,.y~!, this equals 75 MW, continuously, which is considerable compared to HIC power demand.
Nevertheless, this study neglects this potential additional power requirement. The total conversion en-
ergy of 51.95 kW h/kgH, is assumed to be constant regardless of production level. The degradation
of the stack is not considered in the efficiency, although a single electrode replacement during the
electrolyser lifetime is considered in the carbon footprint. The carbon footprint is the middle value of
the range given by the source. Stack lifetime is not adjusted depending on the annual load hours or
variable load behaviour, but the reference lifetime of the source is upheld. Again, the component cost
is assumed to scale linearly with capacity, so in disregard of economy of scale effects that are known
to have strong influence in plants of several hundred MV, [61] [94].

Parameter Variable Name | Value | Unit Source
Capital Expenditure CAPEX._; 2650 | €/kW. [94]
Operational Expenditure OPEX._; 4 YcarEx [94]
Conversion Energy CE¢ 51.95 | kWh./kgH, | [58][94]
Spatial Footprint Aci—i 10 ha/GW, [58]
Carbon Intensity (excl. power) | Cl.;—; 112 gCO2/kgH> | [116]

Table 4.3: Electrolyser Parameters

Parameters related to the ammonia cracker are displayed in Table 4.4. This research considers a
constant conversion efficiency for ammonia to hydrogen, which is unrelated to load factor or external
influences such as temperature or humidity. The ammonia cracker is assumed to operate steadily, as
mentioned in subsection 3.4.2. In addition, no supply risk for ammonia is assumed and the storage
capacity scales with the annual hydrogen production. The required power to compress hydrogen to 50
barg is included in the conversion efficiency. The carbon intensity of the ammonia pathway is mostly
due to the footprint of the renewable power that is used to produce the ammonia. The load factor LF¢,
is 1, indicating operation at full capacity, unless explicitly specified differently.

Parameter Variable Name | Value Unit Source
Capital Expenditure CAPEX r_; undisclosed [56]
Operational Expenditure OPEX.r_; undisclosed [56]
Ammonia-Hydrogen Conversion Efficiency | CEFc, undisclosed [56]
Ammonia Storage Capacity C Amm—st 340 ktonNHz/Mt.Ho.y™' | [56]
Spatial Footprint Acr—i undisclosed [56]
Carbon Intensity of Import Pathway Clamm—i 2,500 gCO2/kgH> [117]
Ammonia Cost AC; 900 USD/tNHs [56]
Cracker Load Factor LF,, 1 —

Table 4.4: Ammonia Storage & Cracking Parameters

Hydrogen pipeline parameters are shown in Table 4.5. The CAPEX is based on the HyWay27 report,
in which the authors consider a standard 36 inch, 9.1 GWy4 pipeline. The report indicates that 85%
of the hydrogen network would consist of repurposed gas pipelines at costs of 0.85 million euros per
kilometer, while the remainder is dedicated new pipeline at a cost of 3.2 million euros per kilometer.
These numbers constitute the cost of hydrogen pipelines in this research, the segments of which were
determined in Section 4.4.1. A transport loss of 2% of hydrogen is considered, regardless of the length
of the pipeline. The assumption that electrolyser and cracker connect directly to the central backbone is
laid out in the same section, as well as the notion that both consumers, HIC and hinterland are at the end
of the central backbone section. The length of the storage pipeline segment is based on the estimates
in HyWay27 [100]. The transport capacity (GWp) is based on the maximum hydrogen throughput and
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the Higher Heating Value of hydrogen, at 39.3 kW h/kgH, according to the conventions of HyWay27
and HyNetwork [118]. The central backbone capacity is scaled based on the maximum simultaneous
hydrogen production of the combined cracker and electrolyser. This logic is also applicable to the
capacity of the storage pipeline, but in this case the maximum storage injection and extraction rates
must be used.

Parameter Variable Name | Value | Unit Source
Capital Expenditure CAPEX pipe 0.13 | ME€km™'.GW, | [100]
Operational Expenditure | OPEXpipe 1 %caPEx [100]
Transport Loss TLuo 2 % [100]
Length of EL segment Lyo—prL 0 km

Length of CR segment Lyo_cr 0 km

Length of ST segment Lya_st 300 km [100]
Length of C' B segment Lys—cB 50 km [44]

Table 4.5: Hydrogen Pipeline Parameters

Table 4.6 displays the standard modeling parameters with regards to the hydrogen storage. The CAPEX
is adjusted to a capacity-dependent value, based on the indicated source. Marginal cost associated
with the storage of each kg H, is accounted for, which was extracted from an example calculation in the
report.

Parameter Variable Name Value | Unit Source
Capital Expenditure CAPEXpgo_si—; | 30.6 M€.k:zton;,12 [100]
Operational Expenditure OPEXpHo—st—; 0.08 €/kgH> [100]
(charge cycle-dependent)

Injection & extraction rate limit | Rya—_s¢ 0.33 Yocapacity-h ™+ | [105]
Storage Loss SLE2—st 2 Y% k2 [105]
Standard Cavern Size Cra—st 6 ktonH> [105]

Table 4.6: Hydrogen Storage Parameters

Lastly, the standard profile for the hinterland power demand is derived from the European Network of
Transmission System Operators for Electricity [11]. The total grid load is used for the Netherlands in
2019, in correspondence to the year of wind power production that is considered in this study. This
profile is scaled using a grid scaling factor (SF,,;q), as mentioned in section 4.3. This scaling factor is
an input variable that has no standard value and is determined based on the configuration of the case.
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4.6. Model Demonstration

This section is intended to illustrate the functionality and reliability of the developed model by applying it
to a demonstration case study. A series of plots is presented to highlight the system’s behaviour under
various configurations, thereby showcasing the interactions between its components. In addition, the
results are analysed to verify that the model operates as intended, ensuring consistency with theoreti-
cal expectations and system design principles.

Table 4.7 comprises the parameters that were the subject of consideration in the demonstration case
study. The demonstration case modeling parameters were selected to demonstrate a wide range of
system dynamics in a clear way. Nevertheless, the values for demand are in close proximity of the cur-
rent situation and conservative future projections. HIC power consumption was 7.3 TWh in 2021 [33],
but an increase to 10 TWh near 2030 is deemed conceivable [38]. Approximately 0.5 MtH, (both
renewable and fossil-based) is used in the cluster annually, while a 0.5 Mt H, throughput is in line with
estimates of the Port of Rotterdam for 2030 [38]. Power plants in the port area supply a sixth share of
Dutch national power demand nowadays [33] [7]. Given a doubling in electricity consumption, a similar
production share from the HIC involves a factor 0.33 scaling of the current hinterland grid profile.

Parameter Variable Name ‘ Value ‘ Unit ‘
Demand

Power Demand HIC Dypower—HIC 10 TWh/y
Hydrogen Demand HIC Duo—nic 0.5 MtHs>/y
Hydrogen Demand Hinterland Dyo—nr 0.5 MtH;/y
Hinterland Grid Load Scaling Factor | SF,.iq 0.33 —
Supply

Capacity Wind Cuwind 12 GW.
Capacity Electrolyser Ce 4.8 GW,
Capacity Cracker Cer 0.44 MtH/y
Capacity Hydrogen Storage CHo—st 6 ktonH>

Table 4.7: Demonstration Case Parameters

The allocation strategy for power has a distinct hierarchy for wind power distribution in the demon-
stration case. First, the HIC power demand is satisfied, after which the electrolyser is turned on to its
maximum rated capacity. The remainder is allocated to the hinterland grid or labeled as potential power
surplus in case of complete demand satisfaction. Hydrogen priority lies with the H/C, which means the
first loss of load is taken by the hinterland. The ammonia cracker operates constantly at full capacity
in this model demonstration, which means its LF,, equals one. To provide insight into the system op-
eration in context of its annual behaviour, a specific time period with clear dynamics is highlighted in
several figures.
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4.6.1. Power Distribution

The distribution of wind power is considered in this section, highlighting how the available electricity is
allocated among the consumers in the system, or is otherwise curtailed. This distribution is shown in
Figure 4.10.

Wind Power Allocation
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Figure 4.10: Top: Full year wind power distribution
Bottom: System dynamics for a specific time period

The first-in-line to be allocated power is the HIC, which is indicated in the yellow area on the bottom
of the power profile. The green area on top of it represents the power consumption of the electrolyser.
As can be observed more clearly in the bottom subfigure, the electrolyser is sometimes ramped down.
In these situations, less power is made available for it than its rated capacity, despite sufficient wind
power production. This power is re-allocated to the hinterland, in the blue area above the electrolyser
power. In case of production excess, the remaining power is marked potential power surplus at the
source, while accounting for losses.

The behaviour of hinterland power demand, supply and potential power surplus is also shown in Fig-
ure 4.11. Similarly to Figure 4.10, this figure indicates more hinterland power supply in winter months,
when overall power production is considerably higher. Potential power surplus occurs more frequently
in these periods as well, in particular when additional power is allocated to the hinterland due to reduced
electrolyser production.
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Hinterland Power Demand & Supply
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Figure 4.11: Top: Full year hinterland power demand, supply and potential power surplus
Bottom: System dynamics for a specific time period

4.6.2. Hydrogen Production

The electrolyser power profile from Figure 4.10 can also be observed from the hydrogen production
and demand in Figure 4.12. The ammonia cracker produces a baseload hydrogen flow, while the
electrolyser production is variable. In case of hydrogen shortage, when demand exceeds momentary
production, the hydrogen storage can mitigate some of the impact by supporting supply. It is expected
that the maximum electrolyser hydrogen output is also governed by the hydrogen storage injection rate.
The energy management rationale in the model describes that any hydrogen that can not either be de-
livered to the demand side or stored should not be made. Any hydrogen excess on top of what can
be injected in the storage is capped as a result. The extraction limit of the storage can be observed in
the bottom subfigure as well. After March 237%, the storage is not empty, as it continues supply until
the next production excess slightly before Match 30*". However, the amount of hydrogen it can supply
at each time is inadequate to satisfy the demand, indicating that the extraction boundary condition is
limiting.

Hydrogen production in case of purposeful reduced electrolyser production slightly exceeds demand,
as seen in the middle of March in Figure 4.10. This situation depicts a balance of supply and demand,
as the electrolyser ramping only occurs in case of a full storage. The slight overshoot can thus be
attributed to system hydrogen losses in transportation.
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Figure 4.12: Top: Full year hydrogen demand and production per source
Bottom: System dynamics for a specific time period

Figure 4.13 shows the hydrogen storage level in the salt cavern for a full year, although the same period
is highlighted as in the previous figures.

6000

5000

n)

4000

3000

2000

Storage Level (to

1000

Jan Feb Mar  Apr

H2 Storage Level

Full Year, with the same shaded time period

Storage Capacity
st rage Level

May June July Aug Sep Oct Nov Dec

Figure 4.13: Hydrogen storage level in the salt cavern

The storage level confirms that the electrolyser was ramped down correctly in Figure 4.10, as it has
reached maximum capacity during the highlighted time period. Besides, the storage appears to provide
functionality on multiple timescales. lts levels appear to fluctuate on short timescales, indicating fre-
quent, minor support to the hydrogen supply. Additionally, a strong seasonal profile can be observed,
where higher hydrogen production in winter months leads to a storage buffer that is subsequently
drained in the summer months with lower hydrogen production. The storage appears to be (nearly)
empty only a single instant in the middle of July. This confirms the earlier notion in Figure 4.12 that the
unmet demand in March is due to the hydrogen storage extraction limit and not due to an empty storage.



4.6. Model Demonstration 53

To gain a more in-depth understanding of the hydrogen storage, the charging and discharging behaviour
is shown in Figure 4.14.
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Figure 4.14: Hydrogen storage charging and discharging behaviour

The injection and extraction limits can be clearly noticed, as (dis)charge levels never exceed 20 tonH,
per hour. The behaviour confirms the observations done for the hydrogen storage. Stronger charg-
ing is seen in winter, while discharging is dominant in summer periods. Besides the seasonal pattern,
the frequent short-term support to hydrogen supply is confirmed, as charging and discharging show a
highly alternating arrangement year-round.

In addition, the full storage results in a pauze in storage activity during the middle of March. This can
be noticed clearly from the highlighted time period in Figure 4.14. The discharging behaviour, the area
below zero shown in yellow, matches the storage supply profile shown in Figure 4.12, also in yellow.
Figure 4.14 confirms that the hydrogen output from the storage is indeed insufficient at the end of March,
despite the storage still containing plenty of the gas.

The previously illustrated situation is an example of the expected hydrogen loss of load profile from the
system configuration. These can be validated through Figure 4.15. Two distinct types of loss of load
for hydrogen are indicated in Figure 4.15: due to an empty storage and due to the storage discharging
limit. This also holds true for the potential hydrogen surplus, which can originate from both a full stor-
age and the injection limits of the storage. An important note is that the hydrogen surplus is theoretical,
as it will result in the subsequently reduced production of the electrolyser. As a result, the EMS can
re-allocate this power to another consumer. If it can not be consumed by re-allocating it, it becomes
what is termed as a potential power surplus. This holds that there can be overlap between potential
hydrogen and power surpluses.

The potential surpluses due to a full storage correspond to periods where maximum storage capacity
is reached, as seen in Figure 4.13. Potential surpluses due to storage injection limits are much smaller,
and indicate efficient component scaling. As mentioned in the analysis of Figure 4.12, the storage in-
jection limit governs the total electrolyser power allocation. High potential surpluses of this type would
mean a considerable overcapacity of electrolysis that can never operate, because its hydrogen can
neither be delivered nor stored.
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Figure 4.15: Potential surplus and loss of load profiles for hydrogen

Loss of load due to storage extraction limits is the most pronounced type of storage limit in this con-
figuration. Throughout the year, many instances occur where the system is subjected to considerable
loss of load for this reason. The maximum size is slightly over 40 tonH>/h, which corresponds to the
hydrogen deficit between demand, cracker production and the 20 tonH,/h storage output seen in Fig-
ure 4.12. Essentially, these are instances where no electrolysis is present, and the storage fails to
extract enough hydrogen to meet demand. The expected hydrogen loss of load at the end of March is
confirmed in the bottom subfigure of Figure 4.15.

Only a single period occurs where an empty storage leads to loss of load, which is a barely visible
area mid-July. The loss of load significantly exceeds 40 tonH2/h in this instant, which is only possible
if the storage cannot facilitate supply. In this case, the cracker would remain the only hydrogen pro-
duction source. An empty storage in this particular time period corresponds to the observations from
Figure 4.13.

Figure 4.16 shows several system dynamics in case the hydrogen storage is doubled to 2 caverns,
which equals 12 ktonH, capacity. The hydrogen supply attributed to the storage -indicated in yellow
in the top subfigure- is significantly larger compared to the original case. This is due to the increased
extraction output, which is directly linked to the storage capacity. As a result, the more significant stor-
age supply is not explicitly linked to the higher storage capacity itself, but to the extraction limit. This
behaviour is validated in the bottom subfigure, where the storage discharge increases to the new maxi-
mum of 40 tonH, /h in the majority of instances. Coincidently, the loss of load due to storage discharge
limit has decreased, as the storage output yields smaller shortages.

In contrast, the charging levels undergo only a marginal increase to a level slightly greater than the
original 20 tonH>/h. This is due to the efficient sizing of the hydrogen production sources in the initial
system configuration, as mentioned in the analysis of Figure 4.15. The minor potential surplus of
hydrogen at any instant, resulting from electrolysis overcapacity, is now always produced. As a result,
the total hydrogen production capacity is now limiting in this regard, not the hydrogen storage injection
limit. This is confirmed by the limited increase in hydrogen production from electrolysis, as plentiful
wind power would be available to support this production increase if only the electrolysis capacity were
present.
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Figure 4.16: Top: Hydrogen production and demand for increased storage capacity from 1 to 2 caverns.
Bottom: Hydrogen storage charging and discharging behaviour for increased storage capacity from 1 to 2 caverns.

4.6.3. Ammonia Dynamics

The ammonia storage level for a full year is shown in Figure 4.17.

Ammonia Storage Level

o
=]

100

kton ammonia
o
=

Jan

Apr

May

June

Full Year

Storage Capacity
[ storage Level

July Aug Sep Oct Mov Dec

Figure 4.17: The ammonia storage level through the year, including the same shaded time period as in previous plots

Resulting from the constant withdrawal of ammonia from storage to cracker and the periodic ammonia
parcel delivery, the ammonia storage level displays a regular sawtooth profile. It should be noted that
the ammonia storage is never full or empty, as the model adjusts the delivery frequency to the required
cracker input, and does not consider variable delivery times. However, the storage size still scales with

the cracker capacity, as discussed in section 4.5.

An alternative operating strategy is to reduce the cracker production level in specific periods by ad-
justing the load factor (LF,.), an example of which is shown in Figure 4.18. This adjusts the potential
cracker production from Equation 4.12. The six months of highest average daily wind power production
could be selected to reduce cracker production in. These wind-swept periods directly yield more hydro-
gen production through electrolysis and thus potentially require less direct support from cracking. For
the purpose of this version of the demonstration case, the winter load factor was used of 70% of the total.
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Figure 4.18: TOP: Temporally adjusted ammonia cracker production, with a 70% capacity factor in winter
Bottom: The hydrogen storage level in the adjusted situation

From the storage behaviour it is derived that the decrease in winterly overproduction of hydrogen re-
sults in a lack of hydrogen storage buffering. However, this is completely recovered in the month of
April, when cracker production increased to 100%. However, it is observed that the decrease in cracker
production capacity in the first three months has led to a more significant loss of load. Since the total
hydrogen production capacity could apparently increase from its winter level in April, the storage injec-
tion limit was not constraining in winter.

The ammonia delivery interval undergoes fluctuations in accordance with the cracker input requirement.
A 45% increase in the delivery interval during winter in comparison with full capacity operation during
summer has been observed. This increase is consistent with the observed decrease in ammonia
requirements resulting from the 70% capacity factor operation.
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4.6.4. Key Performance Indicators

Every possible system configuration has a specific output on all KPIs. The values for the demonstration
case are shown in Table 4.8. Categorised by their corresponding high-level objectives, several KPIs
are investigated more in-depth in this section.

Indicator Variable Name | Value | Unit
Affordability

Capital Expenditure CAPEX:otal 52.3 Billion €
Operational Expenditure OPEX:otal 4.8 Billion €
Security of Supply

Loss of Load HIC: Hydrogen LOLp2—uic 0 %

Loss of Load HIC: Power LOLpower—urc | 8.7 %

Loss of Load Hinterland: Hydrogen | LOLp2— w1 16.1 %
Hinterland Power Supply Volume SVpower—HL 23.7 %
Hinterland Power Supply Variability | VR 0.0868 | —
Domestic Hydrogen Production D P 53.9 %
Sustainability

Annual Equivalent CO Emissions | CF Piota 2.0 Mt
Spatial Footprint: North Sea Asea 55,920 | km?
Spatial Footprint: Land Aland 70.3 ha
Annual Ammonia Shipments Namm—shipments | 67 -

Table 4.8: Demonstration Case Key Performance Indicators

Affordability
The CAPEX and OPEX associated with the system configuration in this demonstration case are shown
in Figure 4.19.
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Figure 4.19: Capital and operational expediture in the system configuration of the demonstration case.

The total CAPEX is constituted by four main components. The wind farm and offshore power conver-
sion and transmission are the largest contributors, followed by electrolysis. The ammonia cracker adds
merely 1% of the system investment, while hydrogen storage and transport are each below a percent
and thus neglected in the pie chart.
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The operational expenditure is dominated by the cracker-related cost, which consists of the ammonia
feedstock cost for over 90%. It should be noted that the annual electrolyser cost merely covers its
operational cost and does not feature any cost of power, although this is often a significant proportion
of the cost of hydrogen derived from it [94].

Security of Supply
Figure 4.20 shows heatmaps of the loss of load profiles for the baseload demands, notably hydrogen
supply to HIC and hinterland in addition to the HIC power demand.
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Figure 4.20: Heatmaps for loss of load profiles of hinterland hydrogen demand, HIC hydrogen demand and HIC power
demand, respectively.

The difference in loss of load between both hydrogen demands is due to the hierarchy commanded
in the energy management system of the model. This results in a more frequent and higher loss of
load for the hinterland compared to the HIC. Hinterland must manage loss of loads throughout the year
of up to 50 tonH,/h, which is over 80% of its demand. Despite rounding off to 0% loss of load on
annual basis, HIC experiences a minor loss of load nonetheless. The mid-July time period of this event
corresponds to the hydrogen storage depletion observed in Figure 4.13.

Power supply to the HIC is more intermittent in the summer period, in accordance to Figure 4.10. The
implications of the hierarchy in power distribution can also be observed in its relation with the hydrogen
loss of load of the hinterland. Phases with significant loss of load for hydrogen in the hinterland are
partially caused by low wind power production. These occurrences also have a visible impact on the
HIC power supply continuity, albeit to a lesser extent due to the allocation hierarchy.

The variability of the residual power demand profile is shown in Figure 4.21, where it is normalised to
observe the relation with the original profile more accurately. It can be seen that strong spikes and fluc-
tuations within the residual profile result in higher variability in the time intervals in early March. More
gradual fluctuation at the end of March yields lower variability, but at an increased number of time inter-
vals. It should be noted that the residual profile is merely focused on the grid demand that is not met,
not at the variability of the potential power surplus. The latter is wind power that has no current use in
the system dynamics, but has the potential to be produced. The alternative is to curtail it, but it could
also be stored or consumed in case of demand response. As a result, it would be a 'negative’ residual
in this figure, of which the variability could be determined as well. However, this is not considered in
this research.
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All variability values are sorted in a probability density distribution, which is shown in Figure 4.22. The
figure demonstrates a substantial prevalence of values around zero, indicative of a flat residual profile
without fluctuation between subsequent values of zero. The variability of the residual profile is consid-
erably higher at 0.08678 compared to the variability of merely the grid profile itself at 0.0434. This could
be explained by the variability of supply resulting from a variable wind power profile.

Residual Hinterland Power Demand: Profile and Variability
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Figure 4.21: The residual power demand profile for hinterland, which is the original hinterland power demand with the supplied
power subtracted. The figure includes the hourly variability of the residual profile.
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Figure 4.22: Probability density figure of the hourly variability of the residual power profile, including 50% and 90% inclusion
boundaries.
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Sustainability

Annual equivalent CO5 emissions are shown in Figure 4.23. The largest contributor to CO, emissions
is ammonia import. The underlying emissions source for this is the carbon footprint of the power used
to produce the hydrogen and subsequently ammonia. The next largest contributor is wind power, which
is responsible for 42% of equivalent annual emissions.

Annual Equivalent CO2 Emissions
of 2Mt

T Wind Farm
[ IElectrolyser
[N Ammonia Import

42%

55%

3%

Figure 4.23: Annual equivalent CO; of system configuration for demonstration case

4.6.5. System Dynamics Parameters

In order to facilitate a more profound comprehension of the system dynamics, a number of informative
parameters are presented in Table 4.9. In addition to the KP/ outcomes, this table offers supplementary
insight into the underlying factors that contribute to the system operation and performance.

Parameter Variable Name | Value | Unit

Wind Power Potentially Produced Puyind—pot 54.1 TWh

Electrolyser Full Load Hours FLH, 5522 hours

Hydrogen Storage Equivalent Charge Cycles | ECCra—_s: 10.9 cycles

Hydrogen Storage Supply Hgi—share 6.3 % of total supply
Electrolyser Reduced Production Pei—red 9.2 % of potential production

Table 4.9: Demonstration Case System Dynamics Parameters

Wind Power Distribution
The distribution of wind power is discussed more in-depth in this section, based on the visualisation in
Figure 4.24.

In the system configuration of the demonstration case, the electrolyser receives the largest share of
wind power at 49%. Hinterland consumes around a quarter, while HIC is allocated 17%. However, it
should be noted that this figure considers the theoretical wind power that can be generated. Conse-
quently, potential power surplus constitutes a proportion of the total, yet due to its non-production, the
actual wind power generation falls short of the indicated theoretical maximum.

Notably, over two-thirds of the produced power does not leave the HIC as electrons, although a share
of it will leave it as hydrogen.
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Figure 4.24: Power distribution of maximum wind power production in demonstration case.

4.6.6. Model Verification

This section is focused on the model verification process, which is a crucial aspect of ensuring the
model’s functionality and alignment with expectations. The model demonstration is evaluated against
the theoretical framework, and in certain instances, the validity of the demonstration is substantiated
through manual calculations.

The potential power surplus (P,,s—iotar) is 2.1 TWh, which equates to 3.9% (rounded to 4%) of the
total potential wind power production (Py;nq4—pot)- The 180.6 T'W h total hinterland grid profile is scaled
with a factor 0.33, meaning the sum of all D,,yer—mr is 59.6 TWh. Therefore, the model demonstra-
tion configuration has supplied approximately 14.1 TW h, which corresponds to the indicated 23.7% of
the hinterland power supply volume. This is equivalent to 26% of the allocated potential wind power
production, which is in accordance with the power distribution in Figure 4.24. HIC power demand is
10 TW h annually, with this system configuration resulting in 8.7% loss of load. Therefore, 9.1 TWh is
supplied, which equates 16.9% of total potential wind power production, as specified in the wind power
distribution.

When the power distribution is taken into consideration, it is shown that 49% of 54.1 TWh results in
26.5 TW h being allocated to the electrolyser, thereby equating to the calculated 5,522 FLH given the
specified electrolyser capacity. Consequently, the power input results in 0.51 MtH, production, which
corresponds to 53.9% of the total production, aligning with the domestic production share. It can be
seen in the figures in section 4.6 that both capacity and injection and extraction rates are adhered to,
thus demonstrating compliance with storage limits.

It is demonstrated that the costs associated with hydrogen storage and transportation each constitute
well below a percent of CAPEX and OPEX, and are thus not shown in the charts of Figure 4.19. The
storage CAPEX from literature 30.6 M€/ kton H, of capacity, resulting in 183.6 M€ total, which is 0.35%
of CAPEX. Transportation CAPEX is less, as 350 km length at 0.13 M€/km yields 45.5 M€. The rela-
tively low OPEX of storage and transportation compared to other components is noteworthy, with each
component accounting for around 0.1% of total OPEX.
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The loss of load can be verified by comparing the sum of H o, from the hydrogen availability function
in the EMS to the sum of LOLg2_g1c and LOL go_ g1, from the KPI calculation module. Total Hyop,
equals 80.5 ktonH,, while HIC and hinterland have respectively 0% and 16.1% loss of loads for hydro-
gen on their total 1 MtH, demand. As their demands are equal, total loss of load is 8.05% of 1 MtH,,
so this is an accurate representation.

The carbon footprint of ammonia is 2.5 kgCOs/kgH, with a H¢, yield of 0.44 MtH,. The ammonia
pathway thus contributes 1.1 MtCO,, which is equivalent to the indicated 55% of the total annual-
equivalent carbon footprint of 2 MtCO,. The potential wind power production, denoted by P.ina—pot,
is estimated to be 54.1 TWh, with a corresponding carbon intensity of 15.5 gCOy/kWh. This con-
tributes to a total of 0.84 MtCO,, which is indeed equivalent to 42% of the total. For electrolysis, the
Hpg, of 0.51 MtH, and 112 gCO-/kgH> result in 2.9% of the total annual-equivalent carbon footprint,
in correspondence with Figure 4.23.

Conclusively, the model adequacy has been shown based on the demonstration case. Multiple out-
put parameters were checked through manual calculation and observations on the magnitude of cost
components were verified. The results obtained provide substantiation that the model functions in
accordance with its intended design.



Port of Rotterdam: A Case Study

Having established the system objectives and a model to describe the dynamics of different configu-
rations, this chapter applies them to a case study of the Port of Rotterdam. The model is populated
with specific information based on demand scenarios and possible system configurations that aim to
achieve it. In this way, the relation between system design and KP/ outputs is identified.

In section 5.1, the rationale behind the design of experiment is explained and demand scenarios are
introduced. Next, the low demand scenario is investigated in-depth in section 5.2. Alternative cases
that test different system operations and configurations in context of the low demand scenario are
discussed in section 5.3, after which higher demand scenarios are discussed in section 5.4.

5.1. Design of Experiment

This section outlines the approach for designing the cases used in the study, forming the foundation for
exploring system behavior and evaluating performance on selected KPIs. The design of the experiment
involves identifying adjustable parameters within the model and strategically defining demand scenar-
ios to extract meaningful insights about the parameter space. The model includes numerous adjustable
variables, each influencing the system in unique ways. Collectively, these variables define a vast pa-
rameter space, where each combination represents a specific system configuration. The objective of
this section is to identify areas of particular interest within this space, with a focus on cases relevant
to the Port of Rotterdam. This involves setting practical boundaries for key variables and designing
scenarios that facilitate understanding the interplay between local and imported hydrogen pathways
under varying demand conditions.

Demand scenarios are created as a basis for the case study. Using the projections for hydrogen and
power demand collected in the Cluster Energy Strategy of the Port of Rotterdam [38], three scenarios
are drawn up. The low, middle and high demand scenarios and their corresponding values are show
in Table 5.1.

Demand Type Low Scenario

HIC Hydrogen 0.5 Mt.y * 0.5 Mty * 1.0 Mty™*
Hinterland Hydrogen 0.5 Mty~? 2.0 Mty ? 4.0 Mt.y™?!
HIC Power 10 TWh.y * 15 TWh.y * 25 TWh.y*
Hinterland Power Scaling Factor | 0.25 0.29 0.33

Table 5.1: Demand scenarios with low, middle and high projections.

63
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For the hinterland power demand, the scaling factors for the load profile are set using estimates of
consumption increase and the desired share of power originating from HIC, using the logic set forth in
subsection 3.2.3. A power distribution hierarchy is used that favours the HIC, electrolyser and hinter-
land, in the given order. A desired one-sixth share of annual Dutch power production is upheld for the
hinterland power demand, in correspondence with the current fossil contribution [33]. Using the pro-
jections of the /13050, a power consumption increase of between 50% and 100% is expected towards
2050 in the majority of scenarios [22]. As a result, the values for the hinterland load scaling factor are
set using the following logic. An increase with a factor 1.5, or 50%, while aiming for one-sixth supply
yields a scaling factor of 1.5/6 = 0.25 for the low demand scenario. This is continued for 75% and 100%
power increase, leading to scaling factors of 0.29 and 0.33 for the middle and high demand scenarios,
respectively.

The design of the cases and the system configurations under consideration are presented in the corre-
sponding sections of the results.

5.2. Low Demand

As an initial investigation of the relations between configuration design and KPIs, the low demand sce-
nario is used. This is due to the configurations not exerting excessive strain on the system by reaching
its design limits for component sizes, which are defined later in this section. Firstly, the different KP/ out-
comes of local, import and combined configurations are examined through the use of distinctive system
designs that represent each type of characteristic. The sensitivity of KPIs to specific, single parameters
is tested for these three system configurations in subsection 5.2.3. Subsequently, it is observed how
specific KPIs change depending on a variety of system configurations with multiple altered parameters,
representing a multitude of combinations between electrolysis and cracking-intensive designs.

5.2.1. Distinctive Pathways

Three types of distinct configurations are defined in Table 5.2. The lowest demand scenario serves
as a foundational analysis, emphasizing a base case that is manageable for both local and import
pathways within system constraints. For this demand scenario, three pathways are investigated to see
how systems with 100% local hydrogen production, 100% import and a combined configuration behave
and which values for KPIs they produce.

Low Demand Scenario

Pathway Description

Local Only domestic hydrogen production

Combined | Balanced hydrogen origins

Import Only imported hydrogen

Table 5.2: Explored pathways in the low demand scenario.

By evaluating these three types of configurations, the study aims to reveal the differences and sim-
ilarities of local and import pathways in terms of KPI performance, highlighting the trade-offs. The
configuration designs are chosen to represent systems with a specific hydrogen origin, based entirely
on local electrolysis or ammonia import.
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A list of values for the case-specific input parameters is shown in Table 5.3. The full local production
case is designed to achieve 0% loss of load with minimal overdesign, similar to the import case. The
combined pathway balances local production and imports, with system sizing logically falling between
the boundaries of the first two cases. Overdesign of hydrogen production is again avoided to main-
tain sensibility in KPI analysis. For the same reason, the wind farm capacity is set at 18 GW for all
configurations, as the local configuration requires at least this capacity to achieve 0% loss of load for
hydrogen. The operational strategy has a distinct hierarchy. First, HIC power is satisfied, after which
the electrolyser is prioritised up to its rated capacity. The remainder is delivered to the hinterland or
labeled as a potential power surplus. For hydrogen, HIC has first place in the distribution as well, which
means hinterland takes the first loss of load. The ammonia cracker constantly operates at full capacity,
so no adjusted load factor is considered, as mentioned in section 4.5.

Low Demand Scenario

Component Local Pathway | Combined Pathway | Import Pathway
Wind Farm 18 GW 18 GW 18 GW
Electrolysis 14 GW 4 GW 0GW
Ammonia Cracker | 0 MtH,.y~ ! 0.46 MtH,.y~t 1.03 MtHy.y™?
Hydrogen Storage | 8 caverns 2 caverns 0 caverns

=48 ktonH> =12 ktonH> =0 ktonH>

Power Hierarchy | Hydrogen Hierarchy

1. HIC 1. HIC
2. Electrolyser 2. Hinterland
3. Hinterland

Table 5.3: System configuration parameters and operational strategy for the comparison between a local, combined and import
case in the lowest demand scenario.

Each of these configurations has a distinct hydrogen production profile, which are shown side-by-side
in Figure 5.1.
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Figure 5.1: Hydrogen production for an indicative time period for a local, combined and import configured case.

It can be observed that the local configuration has a considerable overcapacity in electrolysis power
compared to the demand at any instant. This power is necessary to provide enough additional hydro-
gen for storage, such that the storage holds enough hydrogen to support periods of lower wind power.
Additionally, a significant amount of caverns is necessary for the storage to be able to deliver the com-
plete hydrogen output in absence of electrolysis production. It is worth noting that the sharp peaks
around March 9" are caused by the reduced hydrogen production of the electrolyser, as a result of a
full storage. This behaviour is also observed in the model demonstration case of section 4.6, where the
production is ramped down to slightly over the momentary demand level to account for system losses.
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An elevated baseload support from import leads to a reduction of the required storage output for the
combined configuration. As a result, a lower extraction rate is allowed, which decreases the amount
of caverns in this situation. The combined case has a reduced hydrogen overcapacity requirement
as well, following from the fact that the instantaneous production surplus that needs to be stored is
inherently decreased. Consequently, a reduced electrolysis capacity is required. As the wind power
capacity does not change, nor the hierarchy in power distribution or HIC power demand, the electrol-
yser has more full load hours compared to the local production case. This phenomenon contributes to
the reduced storage requirement, as reflected in the less pronounced yellow surface area of hydrogen
supplied by storage.

The import configuration demands no storage of hydrogen at all, of course in consideration of this
research’s general assumption of uninterrupted ammonia influx.

5.2.2. Impact of Supply

This section discusses the KPI values associated with each of the three configurations from subsec-
tion 5.2.1. They are shown in Table 5.4 below.

’ Low Demand Scenario ‘

’ KPI Local Combined Import ‘

Affordability

Capital Expenditure

96.0 Billion €

69.6 Billion €

59.7 Billion €

Operational Expenditure

2.82 Billion €/y

5.3 Billion €/y

9.33 Billion €/y

Security of Supply

Loss of Load

HIC Hydrogen

HIC Power
Hinterland Hydrogen

0%
4.4%
0%

0%
4.4%
4.9%

0%
4.4%
0%

Hinterland Power Supply

Volume 22.5 Y%total 62.5 %total 84.3 %iotal
Variability 0.0947 [—] 0.1156 [—] 0.0881 [—]
Domestic Hydrogen Production 100% 54.3% 0%

Sustainability

Annual-equivalent CO» Footprint

1.38 MtCO, /y

2.47 MtCOy/y

3.85 MtCOs/y

Spatial Footprint

North Sea 83,880 km? 83,880 km? 83,880 km?
Land 162 ha 62.3 ha 22.3 ha
Annual Ammonia Shipments 0 71 158

Table 5.4: Key performance indicator values for the local, combined and import configurations in the low demand scenario.

Different KPIs vary considerably between the local and import pathways. The local system has a lower
OPEX, at the cost of a higher CAPEX-intensity. The loss of load for HIC power is identical, as the
power hierarchy prescribes it receives the same power in all three configurations. The local case has
a higher spatial footprint on land, although it has fewer carbon emissions. It has been established that
the power supply volume to the hinterland increases considerably for configurations which rely more
on ammonia import for their hydrogen. This is due to the fact that their decreased power consumption
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in electrolysis frees up power to be delivered to the hinterland. For additional insight into the varying
periodic dynamics of the hinterland power supply, figures on the residual demand profile and variability
for each configuration have been added in Appendix A.

The relation between hinterland power supply volume and the variability of the residual profile is further
discussed in subsection 5.2.4.

5.2.3. Parameter Sensitivity

A sensitivity analysis examines how specific model parameters influence KPI outcomes. This analy-
sis identifies whether fixed parameters significantly affect results and whether their influence differs
between local and import pathways. The parameters considered are the cost of ammonia, length of
the offshore power cable and electrolysis conversion energy. Based on the demonstration case in
section 4.6, these parameters were observed to be significant contributors of KP/ values.

Ammonia Cost

In the model demonstration in section 4.6, it was observed that ammonia cost is a large factor of influ-
ence on the OPEX of the entire system. Figure 5.2 shows the sensitivity of the OPEX to the cost of
ammonia based on the 900 USD/ton baseline value. The range of variation for the cost of ammonia
is between approximately 500 and 1300 US D /ton, which is considered within expectation boundaries
by the Port of Rotterdam. It can be seen that the local configuration is of course not affected, as it
does not involve any ammonia. For both the combined and import configurations ammonia cost fluc-
tuations have a strong influence on the cost, as was expected from its large share in the OPEX seen
in section 4.6. Either has a symmetric effect across the downwards and upwards sensitivities, as the
relation between ammonia cost and OPEX is linear. It should be noted that the total OPEX of the
import configuration is almost double that of the combined configuration, as seen in subsection 5.2.2.
Therefore, the absolute difference in OPEX is considerably higher as well.

OPEX to Ammonia Cost
1

Parameter - -45.0% 45.0%
Local - -0.0% | 0.0%
Combined - -28.3% | 28.3%
|
Import - . —35.4‘:;’0 3|5 4% |
-60 -40 -2ID f; ?_IU 40 60

Qutput Variation (%)

Figure 5.2: Parameter sensitivity of OPEX to the cost of ammonia for the local, combined and import configurations.

Length of Offshore Power Cable

The influence of this parameter on system investment cost is relevant, as wind farms need to be sit-
uated at increasing distances from the coast, consequently requiring more substantial cable lengths.
Besides, it was noticed in section 4.6 that it can constitute a considerable share of the CAPEX of the
system. The baseline length of 110 km is varied 45% either direction, corresponding to adjusted lengths
of around 60 and 160 km, respectively.

From Figure 5.3, it can be observed that the magnitude of sensitivity of the configurations with a heavier
reliance on ammonia is higher. This can be attributed to the lower total CAPEX associated with these
system designs. As a result, a CAPEX variation of the same component has more relative impact.
Another remarkable observation is the symmetry for each type of configuration. The symmetry between
sensitivity to positive and negative cable length variation suggests that the relation is linear. This is
reasonable, as the CAPEX increases linearly with cable length variations, which is an assumption in
this research that is clearly reflected in this sensitivity analysis.
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CAPEX to Length of Offshore Power Line
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Figure 5.3: Parameter sensitivity of CAPEX to the length of the offshore power transmission for the local, combined and import
configurations.

Electrolysis Conversion Energy

The conversion energy of electrolysis is the variable that relates its power consumption and hydrogen
production volume. This parameter exerts influence on several variables. However, in the context of
the standard power distribution hierarchy of this research, the KPI that is influenced most is the hinter-
land power supply volume. The rationale for this is that the electrolyser conversion energy impacts the
power required to produce the hydrogen that is in demand. Hence, lower conversion energy translates
into greater power availability for the next-in-line consumer, which is the hinterland in this configuration.
The electrolyser conversion energy is varied 12.5% in positive and negative directions, corresponding
to approximately 45 and 58 kWh/kgH>.

The sensitivity of hinterland power supply to the electrolyser conversion energy is shown in Figure 5.4. It
is demonstrated that a lower conversion energy results in considerable increase of power supply to the
hinterland, while a higher conversion energy allows a decreased proportion of the demand. However, it
is important to note that the local configuration generates a relatively low power supply for the hinterland
as a whole. This is the reason why the absolute increase in supply is limited.

Hinterland Power Supply Volume to Electrolyser Conversion Energy

| |
Parameter -12.5% Parameter 12.5%
| |
Local | 35.5% Local | -37.4%
| |
Combined 2.4% Combined 0.2%
| |
Import | 0.0% Import | 0.0%
L | L H ) L L | L
-20 0 20 40 60 -60 -40 -20 0 20

Qutput Variation (%)

Qutput Variation (%)

Figure 5.4: Parameter sensitivity of hinterland power supply volume to the electrolyser conversion energy for the local,
combined and import configurations.
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5.2.4. Key Performance Indicator Trade-Offs

This section will create ranges for the design variables of wind farm, electrolyser, cracker and hydrogen
storage capacities. As a result, each possible combination has distinct values for KPIs, which means
the trade-offs between specific KPIs can be investigated for a wide range of slightly deviating system
configurations. Favourable or otherwise potentially useful combinations of KP/ values can be investi-
gated to determine which system configurations underpin them.

The ranges of design variables that are run through the model are specified for the low demand sce-
nario in Table 5.5. These ranges all start at zero except for the wind farm capacity, the lower boundary
of which is set at 10 GW. This is around the total confirmed capacity destined for the HIC at the time of
writing. The upper limits of these ranges are chosen by the practical capacity boundaries. Due to the
practical limits of creating a considerable amount of landfalls for offshore wind in a heavily industrialised
port area, a 20 G limit is considered for the wind capacity in this research. Electrolysis is constrained
by a 14 GW boundary condition, as this has proven sufficient to reach 0% loss of load for hydrogen
in subsection 5.2.1. The same logic for the upper limit has been upheld for the ammonia cracker and
hydrogen storage.

Component Capacity | Low Demand Scenario

Wind Farm 10-20 GW
2 GW increments

Electrolyser 0-14 GW.

2 GW., increments

Ammonia Cracker 0-1.03 MtHy.y !
0.17 MtH,.;y~ " increments

Hydrogen Storage 0 - 8 caverns

2 caverns increments

Total Configurations 1680

Table 5.5: Ranges for design variables per demand scenario, including increment sizes.

In all cases, the same distribution hierarchies are respected, which are shown in Table 5.6.

Power Hierarchy | Hydrogen Hierarchy

1. HIC 1. HIC
2. Electrolyser 2. Hinterland
3. Hinterland

Table 5.6: Distribution hierarchies in the KPI comparison.

Two separate KPI trade-offs are investigated. First, the CAPEX, OPEX and the total hydrogen loss of
load are considered, after which the hinterland power supply volume and the variability of its demand
residual are discussed.
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CAPEX, OPEX & Hydrogen Loss of Load

The relation between CAPEX and OPEX of all configurations is shown in Figure 5.5. The colour scale
illustrates the total hydrogen loss of load, with lighter coloured markers denoting unfavourable, high
values for this KP/ and dark blue markers indicating system designs that perform well on this metric.
The left subfigure shows all configurations, regardless of loss of load, while the right side only shows
designs with at maximum 10% loss of load. It should be noted that for clarity, the colour scale was
adjusted for the right figure with the filtered values.
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Figure 5.5: Relation between CAPEX, OPEX and hydrogen loss of load for the low demand scenario.
Left: all configurations, regardless of loss of load.
Right: filtered set of configurations with at maximum 10% hydrogen loss of load, including a Pareto front

The pattern of the configurations in the scatter plot is remarkable, and originates from the strategy in
which the variables are swept across the different system designs. The horizontal spacing is composed
of seven steps, which can be attributed to the step size of the ammonia cracker capacity. The modest
gradient of these variations reflects the limited CAPEX increase for the ammonia cracker compared to
its OPEX increase resulting from higher ammonia consumption. The vertical pattern is due to the ratio
of wind and electrolysis capacity. The marginal CAPEX for combined wind and corresponding offshore
power transmission capacity is of similar magnitude as the marginal investment cost for electrolysis.
As the variation in these parameters has the same step size, the vertical progression is less distinctly
attributable to a single parameter. Instead, it is caused by the combination of wind and electrolysis
capacity variations. The minor variation that is responsible for the off-diagonal dashes of the seesaw
figure is the hydrogen storage capacity. It has both a low CAPEX and OPEX for its predetermined
step size compared to the other three configuration parameters, which is why configurations with higher
storage capacities have positions that are only slightly to the top-right compared to the previous design.

Configurations with specific characteristics have different locations within the figure. Left bottom values
in the left subfigure are systems with little to no electrolysis, cracking or storage capacity at all. The
right subfigure provides a more detailed insight in configurations that perform relatively well. The front
that encloses the bottom left of the area populated with system designs is of specific interest, as it
provides insight in the trade-off between CAPEX and OPEX. Starting from the left, following this front
to the bottom right resembles the shift in reliance from a local to an import-heavy system design with
similar loss of load characteristics. The configurations in the left, local-focused part of this front have
at least 16 GW of wind capacity and 8 GW. electrolysis capacity, in combination with a minimum of
4 caverns. The indicated front is steep on the left side due to the high capital intensity of additional
wind and electrolysis to achieve similar loss of load compared to systems that have a stronger hydrogen
baseload support from ammonia cracking. An additional observation is that configurations in the top left
area have the most active storage supplies, up to 25% of total hydrogen demand. The system designs
that correspond to this have similar configurations to the local case in the low-demand scenario of
subsection 5.2.1: high wind, electrolysis and storage capacities and little to no ammonia cracking.
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Hinterland Power Supply: Volume & Residual Variability

The relation between the supplied volume and the variability of the residual demand profile of the
hinterland is subjected to more elaboration. This proposition is founded upon the ambiguity that has
been observed in the variability of both the local, combination and import configurations discussed
in subsection 5.2.1. Figure 5.6 shows the relation in more detail, across the range of configurations
specified in Table 5.5.
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Figure 5.6: Relation between hinterland power supply and the variability of residual demand.

The lower left corner of the figure indicates that the original grid demand exhibits its own degree of
variability. In the absence of supply, the residual demand is equivalent to the complete hinterland de-
mand, with a variability of 0.0434. Conversely, the right-hand side of the figure illustrates the variability
in the absence of electrolysis. This is equivalent to the maximum hinterland supply that the system is
capable of delivering, with the exception of the HIC power supply. The maximum variability values are
found in configurations with maximum wind capacity, medium electrolysis and smaller crackers. When
comparing the power distributions and residual profile shapes of these configurations, it was observed
that the high variability in these systems originates from a sizeable overcapacity for wind power. All of
these designs had nearly 30% potential power surplus (curtailment), and the height of the wind power
profile compared to the grid load results in a delivered power profile that resembles a square wave
shape. Consequently, this results in strong spikes in the residual profile, which in turn impacts the
variability.

The curvature of the figure is pronounced and corresponds to the observations made in subsection 5.2.1.
In this section, it was suggested that the increasing prevalence of zero-residual instances in the higher
supply volumes has a dampening effect on the variability. In order to verify this, the same range of
system configurations was analysed for variability, but with the zeros filtered out. It was found that the
suggested dampening effect of zeros in the set occurs. In case the zeros are filtered, the variability of
the residual continues to increase in proportion with the supplied volume. This finding suggests that
as the power supply increases, the residual profile becomes more disordered, despite a concurrent
decrease in its volume. The corresponding figure can be found in Appendix A.

5.3. Alternative Cases

In addition to the primary case study, which comprises thorough identification of the relations within the
system, alternative cases are run. These have been designed as experiments to learn about alternative
system components and operation strategies. Initially, a case involving an electric ammonia cracker is
investigated, followed by a modification to the power distribution hierarchy in the subsequent case.
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5.3.1. E-cracker

An electric cracker (e-cracker) is an ammonia cracking reactor in which the reaction heat is generated
through electricity input. In this research, the process energy is obtained by default through parasitic
ammonia fueling, in correspondence with the Fluor research and the configuration described in chap-
ter 3. As a result of co-firing ammonia in the reactor, the ammonia-to-hydrogen conversion ratio of
the cracking process increases, indicating higher ammonia consumption for the same hydrogen output.
This section compares the e-cracker and original ammonia co-fired configurations.

This comparison involves two adjusted parameters: HIC power demand and ammonia cracking con-
version ratio from ammonia to hydrogen. The e-cracker is assumed to result in an increased power
demand for HIC, which also means it receives first place in the power distribution hierarchy, along with
the original HIC power demand. In the e-cracker situation, there is a decrease in ammonia cracker
conversion ratio due to the elimination of parasitic ammonia use. As the hydrogen yield of the cracker
remains constant to maintain the same distribution, the necessity for ammonia import is reduced.

The energy balance is examined in order to ascertain the impact of the introduction of a new com-
petitor for power consumption. A novel case configuration is selected for analysis, which is shown in
Table 5.7. The system design is oriented towards a realistic power distribution, permitting only limited
overdesign in power production. This configuration was deliberately designed to create a more pro-
nounced influence of the change in power distribution in comparison to the previous configurations in
subsection 5.2.1. This configuration bears a strong resemblance to the 'combined’ low demand config-
uration from subsection 5.2.1. However, the configuration from the previous sections was designed to
minimise hydrogen production overdesign instead. The primary distinction between the two cases lies
in the configuration of wind capacity and the scaling factor of hinterland power.

Mutual Parameters ‘

’ Component Value H Component Value ‘
Demand Configuration
HIC Hydrogen 0.5 Mt.y~* || Wind Farm 14 GW
Hinterland Hydrogen 0.5 Mt.y~' || Electrolysis 4 GW
Hinterland Power Scaling Factor | 0.33 Ammonia Cracker | 0.46 MtHy.y ™!
Hydrogen Storage | 2 caverns

Power Hierarchy | Hydrogen Hierarchy

1. HIC 1. HIC
2. Electrolyser 2. Hinterland
3. Hinterland

Table 5.7: System input parameters that are identical for both the ammonia-fueled cracker and e-cracker cases.

The two parameters that are adjusted between the e-cracker and the base case are shown in Table 5.8,
which are HIC power demand and ammonia cracker conversion ratio. According to cracker operator
Haldor Topsge, 8 MW h,/tonH, is needed to power an electric cracker [97]. At the production level
specified in Table 5.7, this amounts to 3.7 TWh.y~!. Resulting from the e-cracker consumption, annual
HIC power demand increases to 13.7 TWh in this case. The ammonia conversion ratio of an e-cracker
is 6 tonN Hs /tonH, [97]. This is considerably lower than the base case with ammonia fuel and tail
gas co-firing. In this test case, the cracker energy requirement is essentially transitioned from the
consumption of ammonia to the utilisation of electrons. For the base situation, the ammonia conversion
ratio is employed consistently with the rest of the research.
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| Configuration-Specific Parameters |

| Component Base E-Cracker |

HIC Power Demand 10 TWhy * | 13.7TWhy!

Cracker Conversion Ratio | confidential 6 tonN Hs/tonH>

Table 5.8: Configuration parameters for the base ammonia-fueled and e-cracker cases.

The wind power distributions of both cases are given in Figure 5.7. The HIC retains its primary pri-
ority, consequently resulting in a substantial annual increase from 15% to 20% of the potential wind
power production. This increase is partially offset by a reduction in the power supplied to the electrol-
yser and hinterland. Additionally, the system also has a marginally decreased potential power surplus
(curtailment), indicating a higher consumption rate.

[ Hinterland
Ammonia-Fueled 30, E-cracker 39, I 'I-E'lle(r:clroryser
[ Potential Power Surplus
I Losses

8%

27%

15% 20%

43% N%
Figure 5.7: Power distribution of the ammonia-fueled cracker and e-cracker.

Table 5.9 confirms that the hinterland not only receives a lower share of power, but a slightly lower
share of its demand is fulfilled. In line with Figure 5.7, the lower power share allocated to the electrol-
yser results in lower full load hours and thus decreased production. This leads to a higher total loss of
load for hydrogen and a minor decrease in the share of domestic hydrogen production. This dynamic is
expected to increase with a larger installed capacity for the ammonia cracker, as 8 TWh.y~! is added
for each MtH,.y~! that is achieved through cracking. This amounts to a doubling of the current HIC
power demand [33].
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Component ‘ Base ‘ E-Cracker

Power
Hinterland Power Supply Volume | 48.7% | 45.7%

Hydrogen

Electrolyser FLH 6,720 6,465
Total Hydrogen Loss of Load 10.1% | 13.5%
Domestic Hydrogen Production 52.9% | 51.9%
Ammonia

Ammonia Ships 71 56

Table 5.9: Key performance indicator comparison for the base ammonia-fueled and e-cracker cases.

5.3.2. Power Allocation Hierarchy

To evaluate the impact of different power distribution strategies, alternative power allocation hierarchies
are tested. The same system configuration are used as outlined in subsection 5.3.1 and detailed in
Table 5.7, with the original ammonia-fueled cracker. These variations allow for a parallel comparison of
power distribution effects and key KPI outcomes. Three different configurations are considered, which
are shown in Table 5.10. The baseline priority has the same power distribution hierarchy as is used in
the rest of the cases to serve as a reference for comparison. The 'Electrolysis priority’ hierarchy favours
local hydrogen production by degrading HIC power, while the final operational strategy promotes the
hinterland power demand.

Baseline Priority | Electrolysis Priority | Hinterland Priority
1. HIC 1. Electrolysis 1. Hinterland

2. Electrolysis 2. HIC 2. HIC

3. Hinterland 3. Hinterland 3. Electrolysis

Table 5.10: Alternative power allocation hierarchies.

The power distributions resulting from different allocation hierarchies are shown side by side in Fig-
ure 5.8. Since this system configuration features minimal overdesign in terms of power capacity,
changes in power allocation hierarchy reveal clearer dynamics in system behaviour. When compar-
ing hierarchies, the baseline and electrolysis-prioritised strategies exhibit similar power distributions.
This could be attributed to the relatively small power demand of HIC compared to the installed wind
capacity, making its impact on overall distribution less pronounced. However, when hinterland con-
sumption is prioritised, it absorbs approximately half of the total potentially generated wind power. This
shift primarily comes at the expense of electrolysis, as seen in the aggregated annual distribution.
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Figure 5.8: Power distribution of the alternative hierarchy cases, showing baseline, electrolysis and hinterland priorities from
left to right.

The variations in KPIs resulting from the alternative power distribution hierarchies are listed in Ta-
ble 5.11.

KPI Baseline Electrolysis | Hinterland
Total H, Loss of Load 10.1% 0% 48.3 %

HIC Power Loss of Load 5.2% 24.3% 33.9%
Hinterland Power Supply Volume | 48.7%dcmand | 90.3%demand | 84.3%demand
Hinterland Residual Variability 0.0973 0.0966 0.0701
Domestic H» Production 52.9% 55.5% 40.7%

Table 5.11: KPIs for the alternative power allocation hierarchies specified in Table 5.10.

A greater emphasis on electrolysis has been demonstrated to result in a decrease in hydrogen loss of
load; conversely, placing it last-in-line has been shown to result in a significant loss of load. This finding
serves to corroborate the hypothesis that hinterland power and local electrolysis compete for the same
wind power, and that favouring either inevitably compromises the other. The same logic is applicable
to the HIC power loss of load. It is even increased more if hinterland is given first priority compared to
electrolysis. This could be due to the higher profile of the grid load compared to electrolysis at maxi-
mum capacity. As the electrolysis priority case has a 0% hydrogen loss of load, it is possible that the
electrolyser is even ramped down at times in this situation, freeing up power for HIC to consume and
thereby slightly dampening its loss of load compared to the hinterland priority case.

The implementation of a prioritised hinterland configuration results in a substantial elevation of the
power supply volume from approximately 50% to 84.3%, representing the maximum capacity that this
wind power profile can deliver to the designated grid load profile. Simultaneously, the variability of the
residual grid profile decreases with the amount of power volume, which is behaviour that matches with
the observations for larger supply volumes in subsection 5.2.4. The domestic hydrogen production
closely resembles the amount of power allocated to the electrolyser, although it is somewhat deceptive
in the hinterland priority case, as this has almost 50% loss of load as well.
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5.4. Higher Demand Scenarios

To assess whether the relations identified for the low-demand scenario hold under increased system
scaling, additional higher-demand scenarios were designed in section 5.1. Similar to the range of varia-
tion for the four design variables delineated for the low-demand scenario in subsection 5.2.4, Table 5.12
shows the ranges for the other demand scenarios as well.

Component Capacity | Low Scenario (repeated)
Wind Farm 10-20 GW 10-20 GW 10-20 GW
2 GW incr. 2 GW incr. 2 GW incr.
Electrolyser 0-14 GW. 0-20 GW. 0-20 GW,
2 GW. incr. 4 GW, incr. 4 GW, incr.
Ammonia Cracker 0-1.03 MtHy.y ! 0-2.59 MtHy.y ! 1.50-5.18 MtHy.y !
0.17 MtH,.y ' incr. 0.43 MtH,.y Yincr. | 0.92 MtH,.y~ ! incr.
Hydrogen Storage 0 - 8 caverns 0 - 8 caverns 0 - 8 caverns
2 caverns incr. 2 caverns incr. 2 caverns incr.
Total Configurations 1680 1260 900

Power Hierarchy | Hydrogen Hierarchy

1. HIC 1. HIC
2. Electrolyser 2. Hinterland
3. Hinterland

Table 5.12: Top: Ranges for design variables per demand scenario, including increment sizes.
Bottom: Distribution hierarchies.

This range is predicated on the minimum output required to facilitate all hydrogen production, as well
as the practical upper limit of what could be realised. The 20 GW limit mentioned in subsection 5.2.4
remains for the wind capacity, with an upgraded 20 GW., electrolysis boundary condition. This is
equalised to the maximum wind capacity, as the 14 GW, electrolysis capacity from the low-demand
scenario is not sufficient to supply the increased demands. Besides, augmenting electrolysis capacity
beyond that of wind capacity provides no benefit in this study, given the constraint of no power import
from the hinterland.

In the high demand scenario, a cracker capacity of no less than 1.5 MtH,.y~! is considered. In ad-
dition to the maximum achievable electrolysis capacity, this would at least be necessary to meet the
momentary hydrogen demand. Therefore, this cracking capacity is regarded as the minimum boundary.
The upper ranges of the cracker capacity are set at the level at which 0% loss of load was observed,
while hydrogen production in this situation was only attributed to the cracker.

5.4.1. CAPEX & OPEX

This section examines the relationship between CAPEX and OPEX under increased demand condi-
tions. By analysing the impact of scaling up system components, it is assessed how investment and
operating costs evolve as hydrogen demand grows. Figure 5.9 presents the distributions for system
configurations that maintain a maximum hydrogen loss of load of 10%. This figure simplifies the scatter
plot in Figure 5.5 by focusing on the approximate area that all configurations cover in the distribution
for each demand scenario. The highlighted areas in each case represent all configurations that meet
the specified loss of load threshold.
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Capex & Opex Relations
Configuration locations for low, middle and high demand scenarios
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Figure 5.9: Areas covering the configurations with at maximum 10% hydrogen loss of load. Indicated for low, middle and high
demand scenarios.

A clear trend emerges: while CAPEX approaches an upper limit, OPEX continues to rise. This is a
direct consequence of the capacity constraints imposed on wind power and electrolysis. Configurations
at the upper boundary of the plotted areas correspond to maximum capacity for both wind and elec-
trolysis. Beyond the maximum achievable levels of hydrogen production within the specified range of
wind and electrolysis capacity, only increasing ammonia import could cover higher hydrogen demand.
The expansion of cracking capacity is associated with a low investment cost. However, the additional
ammonia import necessitated for the increased cracking operation results in a high OPEX. As long as
no constraint is imposed on the size of the ammonia cracker, there is no limit to the hydrogen demand
that could be satisfied. Further details on the underlying trends in middle and high-demand scenarios
can be found in Appendix A, where similar scatter plot figures as in Figure 5.5 are shown.

5.4.2. Domestic Hydrogen Production & Hinterland Power

The trade-off between domestic hydrogen production and power supply to the hinterland is further
examined in Figure 5.10. It employs a colour scale to be able to identify extremes with high losses of
load for hydrogen. Dark blue markers highlight superior performance on this metric.
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Figure 5.10: The relation of domestic hydrogen production and hinterland power supply volume for low, medium and high
demand scenarios.

This figure confirms the negative correlation previously identified in subsection 5.2.2, demonstrating
that higher domestic hydrogen production consistently leads to reduced power allocation for the hin-
terland across a broader range of system configurations. The lighter-coloured configurations near the
top of each individual scatter plot are extremes, due to their high hydrogen loss of loads. When disre-
garding these values, the correlation is particularly evident. System designs that are oriented towards
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achieving considerable domestic hydrogen production and ensuring a high level of hinterland power
supply in parallel are also associated with a greater incidence of hydrogen loss of loads. On the other
hand, low loss of loads are often achieved at the expense of either hydrogen domesticity or hinterland
power. This observation reinforces the inherent trade-off between hydrogen production and hinterland
power allocation in terms of power distribution.

One notable observation is the variation in maximum achievable domestic production between demand
scenarios. In the mid-demand scenario, domestic production shares are lower than in the low-demand
scenario, or the loss of load is considerably higher. In the high-demand scenario, domestic production
never exceeds 50%. This limitation is partly attributed to the lower boundary of 1.5 MtH,.y~* cracker
capacity range in the high-demand case, implemented to avoid configurations with extreme hydrogen
loss of load. These cases would rely entirely on hydrogen production through electrolysis, which would
be insufficient to supply the hydrogen demand. Consequently, the hydrogen supply is completely do-
mestic, yet insufficient to meet demand.

5.4.3. Ammonia Shipments & Domestic Hydrogen Production

Figure 5.11 shows the relation between domestic hydrogen production and the amount of annual am-
monia shipments required in the configurations. The shaded areas cover all configurations with a
hydrogen loss of load of maximum 10%, for each respective demand scenario.
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Figure 5.11: The relation of domestic hydrogen production and ammonia shipments for low, medium and high demand
scenarios. Only configurations with under 10% hydrogen loss of load are considered.

The dispersion of the areas is particularly distinct, showing similarity to subsection 5.4.1. In scenarios
where demand is high, there is a substantial reliance on ammonia imports in comparison to other sce-
narios. As the configurations are once again filtered to show only cases with limited hydrogen loss of
load, it becomes evident that domestic hydrogen production is limited in the middle and high demand
scenario. This is in accordance with the observed maximum domestic production values of the shaded
areas, which are approximately 50% and 20% for the middle and high demand scenarios, respectively.
It is shown that not a single configuration with higher domestic production achieves the specified loss
of load maximum. The figure of the original scatter plot for the low demand scenario is shown in Ap-
pendix A.

Figure 5.11 also indicates the minimum ammonia shipments required for all configurations with a limited
hydrogen loss of load. In the low demand scenario, the option of full local hydrogen production is a
possibility, thus resulting in configurations with zero ammonia import. In the moderate demand scenario,
the specified loss of load can be achieved with a minimum of approximately 200 ammonia shipments
per year, up to nearly 400 for systems that are entirely ammonia-driven. Conversely, high demand with
limited loss of load commences at 650 annual shipments, which equates to approximately two per day.



Discussion

The objective of this research is to provide an understanding of the techno-economic impact of renew-
able hydrogen supply—through ammonia imports and local electrolysis—on the interests of various
stakeholders in the Port of Rotterdam. The preceding chapters have explored the system objectives
and key performance indicators associated with different supply pathways. A numerical model was
developed to systematically compare the hydrogen supply pathways on these key performance indi-
cators. Subsequently, this model was populated with case information specific to the Port of Rotterdam.

This chapter reflects on the results, aiming to distill key insights and connect the study’s findings to
its original objective. The central question of this discussion is: how do these findings translate into
the real world? To answer this, the chapter first provides a summary of the key findings on system
design and their relation to key performance indicators. These results are then interpreted in a broader
context, exploring how they translate into real-world implications. Finally, the chapter reflects on the
methodology and limitations of the study, evaluating the assumptions, simplifications, and methodolog-
ical constraints that shape the conclusions and identifying potential avenues for further research. By
addressing these aspects, this chapter provides a critical perspective on the research outcomes, high-
lighting both their relevance and their limitations in shaping future hydrogen supply strategies.

6.1. Results Interpretation

The results of this study highlight the fundamentally different impacts of hydrogen supply through am-
monia cracking versus local electrolysis based on offshore wind. These differences are clearly reflected
in the key performance indicators in terms of affordability, security of supply, and sustainability.

Affordability

In terms of affordability, local hydrogen production is capital expenditure-intensive due to the high up-
front investment required for offshore wind and electrolysis capacity. Hydrogen storage cost is similarly
dominated by upfront investment, despite its comparatively modest scale relative to the required wind
and electrolysis capacities. As a result, operational expenditure for local system configurations remains
relatively low. In contrast, the import pathway is highly OPEX-driven, as the recurring cost of ammonia
imports constitutes the dominant share of annual system expenses, while the ammonia cracker itself
has a comparatively low CAPEX compared to the required components for the local pathway.

79
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Security of Supply

The security of supply also differs considerably between the two pathways. Assuming a constant influx
of ammonia, the hydrogen supply derived from imports offers a stable baseload production, thereby
ensuring a higher degree of reliability on the short term. In contrast, local hydrogen production is sub-
ject to fluctuations due to its reliance on offshore wind conditions. This renders hydrogen storage a
necessary component in order to mitigate the impact of these fluctuations. Moreover, the significant
reliance on electrolysis gives rise to a competitive dynamic with other electricity consumers, such as
the Rotterdam harbour-industrial cluster and the hinterland. The findings demonstrate that cases char-
acterised by lower electrolyser consumption — signifying reduced local hydrogen production — exhibit
increased power volumes delivered to the hinterland. This observation underscores a trade-off between
prioritising hydrogen production and ensuring the electricity supply to other sectors.

Sustainability

From a sustainability perspective, local electrolysis-based hydrogen production has a significantly lower
C O, footprint due to its reliance on solely offshore wind power. In contrast, ammonia import carries a
higher carbon footprint, as the abroad production of hydrogen and the subsequent synthesis of ammo-
nia frequently relies on multiple electricity sources with a higher combined emissions intensity. Further-
more, the spatial impact of the two pathways differs. Ammonia cracking facilities are relatively compact,
while the land area required for electrolysis with similar hydrogen supply security is significantly higher.
Additionally, the requirement for offshore space to accommodate wind power generation is substantial,
particularly in scenarios where a considerable electrolysis capacity must be incorporated alongside ex-
isting power demand of the Rotterdam harbour-industrial complex and hinterland.

The findings emphasise that no single pathway is inherently superior, but rather that each has distinct
characteristics that must be weighed based on stakeholder priorities, infrastructure constraints, and
long-term strategic goals. The subsequent sections will delve deeper into the implications of these
results within the broader context of energy system development and policy considerations.

6.2. Reflection on Results

The findings of this study offer insights into the trade-offs involved in renewable hydrogen development
pathways and the relations between various system parameters. Nevertheless, it is important to con-
sider the implications of this study within the broader context of hydrogen development and the energy
transition, which is the focal point of this section.

Power

A fundamental finding is that the distribution of wind power is a crucial system design choice. The
extent to which consumers have access to power, and the circumstances in which they do not, exerts
a significant influence on a number of key performance indicators. These include domestic hydrogen
production and loss of loads—instances in which a portion of demand remains unsatisfied. The intro-
duction of substantial electrolysis capacity, driven by local hydrogen production objectives, inevitably
results in compromises regarding the power consumption of other users. In view of the anticipated limi-
tations on the maximum wind capacity that can be installed, this represents a crucial trade-off between
stakeholder values.

The study also reveals a trade-off in hinterland power supply. Whilst the provision of electricity to the hin-
terland results in a reduction of the absolute demand volume, it also leads to a considerable increase in
the variability of the residual demand profile. This finding suggests that, in most system configurations,
the provision of wind power to the hinterland renders the remaining load more volatile. This increased
variability of the residual demand was observed across the entire range of electrolysis capacities, which
always have priority over the hinterland in the power distribution hierarchy. Therefore, it is not merely
attributable to the low hierarchy position of hinterland power demand but also to the profile shape of
the wind power. This variability in residual demand can give rise to operational challenges in its supply,
underscoring the necessity for balancing strategies, including storage, flexible generation, and import
mechanisms.
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Hydrogen

The maximum feasible production level for hydrogen from local electrolysis is constrained by the max-
imum wind capacity. While electrolysis can contribute to the availability of hydrogen, the results of the
study indicate that in scenarios with higher hydrogen demand, increased ammonia imports are nec-
essary. If a situation would arise where ammonia import volumes were to be constrained, whether
by physical limitations or strategic policy decisions, an upper boundary for hydrogen availability would
be established. This emphasises a crucial aspect in the formulation of demand objectives, as system
limitations begin to impact key performance indicators.

The role of hydrogen storage is also an important factor in system design. In a configuration focused
on local production, storage is able to provide supply continuity. The results of this study indicate that,
in order to maintain a functioning hydrogen storage system, there is a necessity for an overcapacity
of wind power and electrolysis. However, this approach has been shown to result in a substantial in-
crease in CAPEX and to intensify competition with other electricity consumers. Despite the challenges
associated with the storage infrastructure, the cost implications of the storage itself do not appear to be
a dominant factor when compared to the wind and electrolysis assets that would be needed to support
the storage system. This finding lends further support to the notion that a fundamental trade-off in the
system design is the allocation of capacity contingency for enhanced security of supply, which in turn
impacts the other key performance indicators.

It is important to note that the extraction and injection rates of the hydrogen storage cavern can act as
limiting factors in the supply. In scenarios of low demand, a single cavern is capable of delivering only
one-sixth of the hourly hydrogen demand. This underscores the necessity for a substantial number of
caverns in configurations reliant on local hydrogen production to achieve the required hydrogen output.

Ammonia

For ammonia imports, spatial considerations are a major factor of interest for decision-making. While
ammonia cracking and storage require relatively modest space in the importing region, its production
abroad involves significantly larger land areas due to the additional losses incurred by a more elaborate
supply chain that incorporates additional conversion and transportation steps. The economic rationale
for favouring imports is partially influenced by the scarcity of available land area in the vicinity of the Rot-
terdam harbour-industrial cluster, as opposed to the more expansive, potentially lower-cost locations
for ammonia production overseas. However, this spatial trade-off must be weighed against exposure
to international supply chain risks and ammonia cost fluctuations.

The potential role of e-crackers introduces an additional layer of complexity. Electrified ammonia crack-
ing introduces an additional electricity demand, thereby increasing the strain on power distribution. Par-
allel to this, more ammonia-inefficient cracking methods — including those reliant on ammonia co-firing
— are in effect parasitic consumers of costly ammonia. This poses a challenging trade-off: utilising
renewable electricity for cracking exerts pressure on the power system, while cracking with parasitic
ammonia-fueling leads to significantly higher operational costs. A more detailed assessment is there-
fore necessary to evaluate the feasibility of different ammonia cracking methods.

Moreover, the study draws attention to several considerable scale implications. The high hydrogen-
demand scenario requires approximately twice the current global annual volume of ammonia shipped,
solely for Rotterdam and its hinterland. The present volume of transported ammonia is almost exclu-
sively composed of fossil ammonia, thereby providing further insight into the extent to which the global
capacity for renewable ammonia production must be scaled up. Furthermore, the consistent and fre-
quent shipment of ammonia, as is necessary for the majority of middle and higher hydrogen demand
scenarios, poses a potential risk to public support of this pathway due to the toxic nature of the chemical.

The discussion of the research insights presented in this section demonstrates that the effective de-
sign of a hydrogen supply system is a balancing act of a wide range of interests and limitations. The
distribution of system resilience through capacity contingency and operational flexibility of components
is an additional layer of complexity that is influenced by the key performance indicators.
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6.3. Methodology Reflection & Study Limitations

This section reflects on the methodological choices made in this study, their implications, and the limita-
tions that arise from them. While the chosen approach provided valuable insights into hydrogen supply
system design, certain simplifications were necessary, and some influential factors were beyond the
study’s scope. Recognising these limitations is essential for interpreting the results in context and
identifying areas for future research.

6.3.1. System Objectives Framework

The system objectives — affordability, security of supply and sustainability — functioned as useful guiding
principles for the structuring of the analysis. They provided a clear framework for assessing trade-offs
and allowed measurable factors of interest to be categorised effectively. However, these objectives
inherently do not capture the full complexity of real-world decision-making. While these objectives do
highlight key dimensions of system performance, aspects such as political feasibility, regulatory con-
straints, and economic competitiveness relative to fossil-based alternatives were not explicitly included.

A further key limitation of the system objectives approach lies in its application from a whole-system
perspective, as opposed to an individual stakeholder perspective. The study considered aggregate
costs and benefits, yet it did not address the question of how these would be distributed among gov-
ernments, industry, and consumers. This methodological choice carries significant implications, as it
can result in the optimal configuration of a system, as perceived at the macro level, being financially
unfeasible or unattractive for specific actors at the micro level. To illustrate this point, consider the
example of an oversized ammonia storage and cracking facility. Such a facility could significantly im-
prove system-wide security of supply at a relatively low capital expenditure. Nevertheless, unless the
economic benefits for the system as a whole are reflected in financial returns for the investor, such
infrastructure may not be constructed. This underscores the discrepancy between system-wide opti-
misation and real-world implementation, wherein investment decisions are influenced by stakeholder
incentives rather than purely systematic efficiency. It is important to acknowledge this inherent limita-
tion in the generated results, as this was explicitly not the objective of this research.

Moreover, the study did not evaluate the attractiveness of hydrogen supply compared to fossil-based
alternatives. The analysis was predicated on the assumption of a fully renewable system, with no
consideration given to the economic and policy mechanisms that would be required to effect the tran-
sition away from fossil fuels. In reality, the affordability of hydrogen is often assessed in relative terms:
hydrogen supply pathways must compete not only with each other but also with existing fossil-based
options. These remain more cost-effective without additional regulatory measures to penalise their
use. Future research could incorporate direct comparisons with fossil-based hydrogen to provide a
more comprehensive view of the economic landscape in which hydrogen supply chains will develop.

6.3.2. Key Performance Indicators

The use of key performance indicators in this study provided a structured way to quantify system perfor-
mance across different hydrogen supply configurations. However, while KPIs offer clear, measurable
insights, they also impose limitations on the scope of analysis. Not all relevant factors, such as policy
feasibility, social acceptance, or long-term strategic value can be easily expressed in a metric suitable
for direct comparison. As a result, while expanding the set of KPIs could enhance the comprehensive-
ness of the study, some aspects of hydrogen supply system development remain inherently difficult to
capture through this approach.

The selection of KPIs has been demonstrated to have a substantial influence on the conclusions that
can be drawn. For instance, this study suggests that hydrogen storage is a potential way to improve
security of supply in systems leaning on local electrolysis. However, the analysis does not account
for the practical feasibility of building the required hydrogen infrastructure, such as pipelines spanning
large parts of the Netherlands. The absence of a KPI that specifically addresses the developmental
complexity or investment risks associated with such infrastructure contributes to an incomplete repre-
sentation of the real-world trade-offs involved.
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Therefore, while KPIs are essential for quantitative analysis, they should always be interpreted in the
broader context of decision-making. Real-world hydrogen supply development is shaped not only by
cost, security, and sustainability metrics but also by factors such as political will, industrial strategy,
and regional development priorities, which are less easily quantified. Recognising these limitations is
crucial when applying the study’s findings to policymaking and investment strategies.

6.3.3. System Configuration & Modeling

The study’s system configuration and modeling choices were designed to isolate the impact of different
hydrogen supply pathways for stakeholders near the Port of Rotterdam. However, these assumptions
introduce certain limitations that should be considered when interpreting the results.

A fundamental presumption is the management of ammonia imports. The present study focuses on
the end-use impacts of ammonia cracking in Rotterdam. Although the total lifetime C'O, footprint of im-
ported ammonia is accounted for, this research does not account for other regional impact of ammonia
production overseas, such as the environmental or economic effects in exporting regions. Renewable
hydrogen and subsequently ammonia can be produced using a variety of electricity sources, and as a
result, their carbon footprint and sustainability impact can vary significantly depending on location. An-
other important assumption is that ammonia imports provide a stable baseload hydrogen supply. While
this simplifies the system dynamics, real-world ammonia imports may be subject to variability due to
global market conditions, logistical constraints, or supply chain interruptions.

The system model excludes several components of the energy system that have the potential to in-
fluence real-world feasibility. The model does not consider power storage or imports from hinterland
regions, thereby limiting the flexibility of the local energy system. Moreover, the power distribution
model does not include other renewable energy sources, such as solar power. However, in reality,
solar generation has the potential to complement offshore wind production, particularly during the sum-
mer months, thereby potentially altering the competition for power between electrolysis and industrial
demand. Furthermore, the method used to scale hinterland power demand is relatively simplistic. The
model employs a static scaling factor that is applied to the aggregate annual demand profile, presuming
that the potential power consumption in the hinterland remains constant throughout the year. However,
in reality, wind power availability is significantly higher in winter months, while solar power could play
a larger role in summer. This discrepancy suggests that curtailment (also termed 'potential power sur-
plus’ in this study) in winter may be overestimated, and that wind power may contribute a greater share
of hinterland power demand than the study indicates. A more detailed demand modeling approach,
incorporating seasonal and geographical variations, could refine these insights further.

Certain technical simplifications also influence the results. The study does not account for additional
hydrogen compression energy requirements, which could add a substantial power demand component.
Besides, the development of the power grid was not explicitly considered. Many cost factors, efficien-
cies, and boundary conditions were also simplified for modeling purposes, meaning that the absolute
cost and yield estimates should be interpreted with caution, while relative trends and trade-offs remain
more robust.

6.3.4. Case Selection

The approach adopted in this study involves a substantial and intricate parameter space, with numerous
demand types, supply components, and system configurations. Given the sheer number of possible
combinations, only a limited subset of cases could be explored in detail. The selected cases were cho-
sen to highlight key trade-offs in hydrogen supply, energy distribution, and system design in the context
of the Port of Rotterdam, but they represent only a fraction of the potentially relevant configurations.

In addition to the cases examined in this study, there are numerous other scenarios that could be
analysed. These include alternative hydrogen supply strategies, such as integrating different energy
storage solutions, or exploring alternative renewable energy sources beyond offshore wind. Further-
more, location-specific characteristics, such as grid constraints, or demand variations and consumer
hierarchy could significantly affect the feasibility and performance of different supply pathways.



Conclusion

The objective of this research is to provide an understanding of the techno-economic impacts of renew-
able hydrogen supply pathways —through ammonia imports and local electrolysis— on the interests
of various stakeholders in the Port of Rotterdam. This study is motivated by the increasing need to
develop a sustainable, reliable and cost-effective hydrogen supply system that can support industrial
decarbonisation while balancing key trade-offs. It functions as an exploratory investigation into the re-
lations between various system designs and the differences in their characteristics.

The identification of trade-offs is a key aspect of the study. In order to achieve this objective, the
research firstly identifies the main system objectives for hydrogen supply and translates these into
concrete key performance indicators. A numerical model is developed to evaluate different supply
configurations, assessing their impact on indicators of affordability, security of supply, and sustainability.
The model is then applied in a case study for the Port of Rotterdam, where various hydrogen and power
demand scenarios are explored to understand the system dynamics in different circumstances.

Key Findings

This research emphasises the complexity of the energy transition and highlights the necessity of a
system-wide perspective in designing a robust hydrogen supply chain. The findings indicate that no
single supply pathway is universally optimal, with each pathway entailing distinct trade-offs that must
be carefully balanced. Achieving an effective hydrogen strategy requires consideration of the interplay
between affordability, security of supply, and sustainability, while also accounting for the diverse prior-
ities of different stakeholders.

The findings highlight fundamental trade-offs between local hydrogen production and ammonia imports.
Firstly, systems relying on offshore wind-powered local electrolysis offers a factor of three lower opera-
tional cost and a reduced C' O, footprint. However, it comes at around 50% higher capital expenditure,
an eight-fold spatial requirement increase in the port area and significant variability in hydrogen produc-
tion due to fluctuating wind conditions. This variability gives rise to a considerable hydrogen storage
requirement to ensure continuous supply, especially in light of the limitations in extraction and injection
rates of the individual hydrogen storage caverns. These limitations determine how large the storage
must be to be able to deliver a sufficiently large flow of hydrogen to meet the momentary demand.
In contrast, ammonia import provides a stable baseload supply but is highly operationally expensive
and introduces over double the CO5 emissions depending on how the ammonia is produced overseas.
These system designs exhibit a permanent, high sensitivity to the cost of ammonia as well. Local pro-
duction enhances autonomy in terms of energy supply, reducing reliance on external sources. The
alternative is to transfer the developmental challenges to other regions, where their significance may
be reduced due to the distinct characteristics of the area. However, this is done at the cost of increased
import dependence.
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An intricate key system dynamic observed is the competition for wind power between electrolysis and
other electricity consumers, such as the hinterland and Rotterdam harbour-industrial complex. Con-
figurations with low electrolysis capacities are capable of providing considerably more power to other
consumers such as the hinterland. However, an increase in power volume delivery has also been
demonstrated to result in a greater variability of the unmet demand. The study also shows that higher
hydrogen demand can only be met by increasing ammonia imports, as local hydrogen production faces
supply limits at scale. Additionally, the quantity of ammonia shipments in these scenarios is substantial,
amounting to hundreds of 50 kton shipments per year in higher hydrogen demand scenarios.

The management of such trade-offs invariably yields no single optimal solution, but rather is contin-
gent on the values of the relevant stakeholders. In addition, it is evident that the decisive factors in
determining the retention and attraction of specific industries do not exclusively involve the availability
of renewable hydrogen. Other pivotal considerations include the accessibility of adequate and afford-
able power connections within the Dutch grid, the inclination of consumers towards the purchase of
renewable products, and the level of competitiveness faced by domestically producing companies in
the global market.

Limitations

It is important to recognise that key performance indicators measure different types of impact for dif-
ferent stakeholders. Whilst this study evaluates the system in its entirety, real-world decision-making
involves costs and benefits distributed across industries, governments and consumers, each of whom
have their own priorities. Design choices that enhance overall system resilience may not represent
an attractive investment for individual stakeholders unless the system-wide benefits translate into suf-
ficient incentives. Furthermore, the affordability of different hydrogen supply pathways is ultimately
contingent on who bears the cost.

The study’s findings should also be viewed in light of certain methodological simplifications and as-
sumptions. The analysis does not account for all possible system constraints, such as developmental
feasibility or the potential political and market dynamics. These factors have the potential to influence
the results by introducing an additional dimension to the trade-off between the two hydrogen supply
pathways. While the assumption that the ammonia cracker operates at constant capacity and is sup-
plied by a regular import of ammonia facilitated clear comparisons, future studies could explore more
dynamic import strategies to reflect real-world flexibility. The model also simplifies certain physical and
economic processes, such as the representation of the hinterland power demand.



Recommendations

This study provides valuable insights into the techno-economic trade-offs of renewable hydrogen sup-
ply in the Port of Rotterdam. However, there are several opportunities for future research to expand on
these findings and enhance the decision-making framework for hydrogen infrastructure development.

A noteworthy area for future research is the application of the model’s versatility to explore diverse
areas within the parameter space. It is well-suited to predict system behaviour under changing condi-
tions, such as future years with updated cost structures and efficiencies. The trade-offs identified in this
study are contingent on these evolving parameters. Consequently, the model could be used to assess
how the impact of system configurations evolves over time. Besides, the adjustment of parameters to
reflect the case for alternative industrial hubs could offer insight into the trade-offs specific to these ar-
eas. Beyond the specific focus on ammonia imports and local electrolysis, the model could be adapted
to evaluate alternative hydrogen supply pathways. By substituting ammonia with liquid organic hydro-
gen carriers or alternative transport methods, insights could be offered into different hydrogen supply
strategies. Furthermore, the incorporation of new key performance indicators tailored to different sys-
tem designs would facilitate more extensive comparative assessments of hydrogen logistics.

Another key area for improvement is the enhancement of the resolution of specific model components.
A more detailed representation of hinterland power demand and its interaction with alternative renew-
able power sources could improve the accuracy of power distribution insights. Furthermore, the testing
of more advanced operational strategies and power allocation hierarchies would allow for a deeper
understanding of how delicate adjustments in power distribution affect overall system performance,
and how they could contribute to a better-performing system. The expansion of the range of key
performance indicators is another significant direction for future research. Whilst the present study
encompasses affordability, security of supply and sustainability, the addition of further KPIs related to
development feasibility, policy acceptability and infrastructure constraints has the potential to provide
a more comprehensive understanding of the system.

An additional research question relates to the optimal placement of contingency and flexibility within the
system. Future studies could investigate strategic storage options. For example, whether the system
should rely on ammonia storage and an oversized cracker with a lower capacity factor, akin to the role
of gas turbines in the current power system, or whether hydrogen storage in salt caverns would provide
a more resilient alternative.

Lastly, incorporating a stakeholder value assessment would enhance the practical relevance of the
study’s conclusions. By identifying how different stakeholders prioritise specific KPls, future research
could narrow down the range of viable configurations and provide a more refined decision-making
framework. This would be a crucial step towards translating system-level insights into actionable de-
velopment.
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Additional Model Runs

Residual Power Profile Comparison

The behaviour of the variability of the residual grid profile has a more ambiguous pattern compared to
the volume. The residual profile closely resembles the original grid demand in the local configuration,
as it delivers only minor power volumes to the hinterland. The combined configuration delivers greater
volume; however, it also leaves a more variable hinterland residual demand profile. In case the residual
profile is not near zero, its variability does not appear to differ much for each configuration. However,
the import configuration leaves fewer instances of residual, as it introduces considerably more zero-
residual time steps. This effect appears to dampen the variability value, leading to a relatively lower
value compared to the combined configuration.

Local Configuration

Residual Hinterland Power Demand: Profile and Variability
Full Year - Local

hourly variation

| | I I i
Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

[ Normalised Residual Hinterland Demand
Normalised Hourly Variability of Residual

Shaded Time Period

hourly variation

-5 1 1 1
March 9th March 18th March 23nd March 30th

Figure A.1: The residual power demand profile for hinterland in the local configuration, which is the original hinterland power
demand with the supplied power subtracted. The figure includes the hourly variability of the residual profile.
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Variability of Residual Hinterland Power Demand
Local Configuration
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Figure A.2: Probability density figure of the hourly variability of the residual power profile, including 50% and 90% inclusion

boundaries for the local configuration.

Combined Configuration

hourly variation

hourly variation

Residual Hinterland Power Demand: Profile and Variability
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Figure A.3: The residual power demand profile for hinterland in the combined local and import configuration, which is the
original hinterland power demand with the supplied power subtracted. The figure includes the hourly variability of the residual
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Figure A.4: Probability density figure of the hourly variability of the residual power profile, including 50% and 90% inclusion

boundaries for the combined configuration.
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Import Configuration

hourly variation
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Residual Hinterland Power Demand: Profile and Variability
Full Year - Import Configuration
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Figure A.5: The residual power demand profile for hinterland in the import configuration, which is the original hinterland power
demand with the supplied power subtracted. The figure includes the hourly variability of the residual profile.
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Figure A.6: Probability density figure of the hourly variability of the residual power profile, including 50% and 90% inclusion

boundaries for the import configuration.
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CAPEX & OPEX Relation

Middle & High Demand Scenarios

Capex vs Opex
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Figure A.7: Figure of the relation between Capex and Opex for the middle and high demand scenarios.
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Hinterland Power: Residual Variability & Supply Volume

Middle & High Demand Scenarios

Residual Variability [-]

Residual Variability [-]

Hinterland Power: Residual Demand Variability vs Supply Volume
Mid Demand Scenario

0.12 1
§ro ®
1 e ® L 4 Ld : ‘ % ']
01r ooee .'. ¢
[ & ..
L ]
0.08 o Qe _,
LN ]
[ L X ]
0.06 -)}‘c
0.04° . . . . .
0 20 40 80 80 100

Hinterland Power Supply [%]

Hinterland Power: Residual Demand Variability vs Supply Volume
High Demand Scenario

012
[ ]
n 0,
0.1t - b
’s
[ ] [ ]
0.08 | .' o
e V0o

0.06 $e

&

»
0.04° . . . . .

0 20 40 60 80 100

Hinterland Power Supply [%]

Cumulative Hydrogen Loss of Load [%]

Cumulative Hydrogen Loss of Load [%]

Figure A.8: Figure of the relation between residual hinterland demand variability and the supply volume for the middle and

high demand scenarios.

Zeros Filtered Out
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Figure A.9: Figure of the relation between residual hinterland demand variability and the supply volume for the low demand

scenarios, but with zeros filtered out.
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Ammonia Shipments & Domestic Hydrogen Production

Low Demand Scenarios

The filtered values represent the values at the top of the figure. Below these values are configura-
tions that have similar ammonia cracker capacities, yet exhibit lower domestic hydrogen production.
In essence, these cases can be attributed to inadequate electrolysis capacities in comparison to the
selected values represented by the shaded area in this figure. Hence, their loss of load is insufficient
to pass the filter of 10% loss of load given in Figure 5.10.

Domestic H2 Production vs Annual Ammonia Shipments
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Figure A.10: Original scatter plot of the domestic hydrogen production and annual ammonia shipments for the low demand
scenario.
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