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summary

The global response to climate change requires renewable energy sources like wind and solar. Onshore
wind turbines present visual pollution and land use issues, which has led to the increasing importance
of offshore wind energy. However, the cables used to transport electricity to the grid can be costly and
result in power loss over long distances. Additionally, the fluctuating nature of wind energy creates a
potential imbalance between supply and demand. As more renewable electricity is generated in the
future, grid capacity constraints will arise, meaning that not all generated electricity can be used and
may be lost. One possible solution is the use of electricity storage options like hydrogen, particularly
"green hydrogen” produced through electrolysis using renewable electricity. Hydrogen is a valuable
addition to the energy system since it can be used directly as gas or converted back into electricity.
The Dutch government plans to produce hydrogen on a large scale on the North Sea (e.g. offshore
energy hubs) to integrate fluctuating offshore wind energy into the energy system.

To facilitate the energy transition, effective collaboration among all stakeholders is necessary. How-
ever, there is currently a lack of understanding regarding the impact of different components in the
value chain on the energy system’s overall structure and the final energy price. This knowledge gap
poses a significant obstacle to cooperation and progress in the energy transition. It creates the risk that
effort goes into developing certain partial solutions when they may not be feasible from a larger system
perspective. For instance, an electrolyser manufacturer may prioritise improving the efficiency and ca-
pacity of its machines, without considering the cost and feasibility of producing the required renewable
energy to power them. By focusing on their own component, stakeholders do not fully take into account
the needs and interests of others involved. As the development of green hydrogen projects is in its early
stages, it is important to think in terms of systems. Stakeholders should establish an ecosystem where
players operating in different parts of the value chain are collaborating together. This helps to de-risk
projects, share lessons and promote the development of innovative, first-mover initiatives.

This study aims to develop a standardised method to evaluate offshore wind to hydrogen concepts
through a techno-economic analysis. This analysis method combines technical analysis with economic
evaluation of projects and concepts to determine the potential economic outcomes and impacts of imple-
menting a particular technology or project. One commonly used metric for techno-economic analyses
in the hydrogen sector is the Levelised Cost of Hydrogen (LCOH). However, despite its widespread
use for comparing different hydrogen concepts, discrepancies in research papers often arise due to
varying assumptions.

To date, it seems that no research has been done to standardise a method that allows for transpar-
ent and equal comparisons of every possible wind-hydrogen concept. Additionally, understanding the
technical and financial assumptions made by researchers when interpreting results can be challenging.
A standardised method should also address this problem, for example in the form of a standard notation
system. This approach would serve as a tool to facilitate a discussion between parties working on the
energy transition. This method will be implemented in the form of a comparison model using software
tools such as Excel and Python. Therefore, the adoption of the model by key stakeholders is also being
considered. The objective is to create a trusted model that can be used by different stakeholders in
the industry. The model will focus on the pre-feasibility stage of a project, and its functionality will be
tested using some basic offshore wind to hydrogen concepts.

Through stakeholder interviews, the study found that stakeholders in the offshore wind and hydrogen
market have distinct objectives and concerns. In total, 13 interviews were conducted out of which 13
statements were formulated. 10 stakeholder categories were defined, but for some categories, multi-
ple parties were interviewed. 100% of these formulated statements were shared with the interviewees
and 100% was validated. Key factors influencing their willingness to contribute include confidentiality,
competition, and reputation. Stakeholders expressed reluctance to share their prices and assump-
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tions, as they perceive such sharing as too risky in the rapidly evolving market. Others mentioned they
would only be willing to share specific cost data in an anonymised industry consortium. As they do
not know the exact values yet, they are afraid of negative reputational implications regarding their as-
sumptions. To overcome potential barriers, stakeholders could verify price ranges instead of disclosing
exact values. Moreover, relying on transparent and publicly researched assumed prices for various
supply chains would allow stakeholders to adjust prices for their respective segments, leading to cost
reductions from the initial point. This approach would enhance the trust and validation of the model
among users. The study recommends prioritising the industry-wide adoption of the developed model
instead of only the industry-wide contribution to the model. The stakeholders need a clear overview
comparing different concepts in terms of costs, efficiency, and feasibility. This overview ensures that
attention is appropriately allocated to influential parts of the supply chain, avoiding disproportionate
focus on elements with minimal impact on final feasibility.

The current financial feasibility assessment method was examined for offshore energy constructions to
identify limitations and develop a more comprehensive analysis. The stakeholder analysis highlighted
the importance of transparency for industry-wide adoption of the cost model, as well as the desire to
assess environmental impact using diverse data sources. An Excel-based financial model used in the
study was found to be complex, hindering user comprehension of assumptions and calculations. While
Excel is widely used in the industry, its limitations make it challenging to meet the stakeholder’s desires.
Python seems to be a suitable alternative for this, although coding can be complex and may not be
easily understood by everyone. Nonetheless, when people understand coding, the written code is clear
and transparent.

The Python model was iteratively developed and compared with the Excel model, revealing discrep-
ancies attributed to small errors in the latter. This underscores the need for a more robust and error-
resistant modelling approach, which Python provides. The improved model allows analysis of complex
supply chains and efficient handling of large data sets and calculations. Monte Carlo simulations were
performed to generate ranges and probabilities for LCOH, enhancing feasibility analyses.

Based on the stakeholder input, the model should prioritise transparency and ease of result sharing.
Suggestions include explicitly stating model assumptions, costs considered, financial methodology,
and project characteristics. Presenting a standard notation alongside the comparison model results
would aid in the understanding of underlying assumptions. This research offers a developed standard
notation system proposal.

A case study was conducted to demonstrate the capability of the improved model, which involved
calculating the efficiency, LCOH, LCOE, and NPV for four different supply chain scenarios of offshore
(energy island) and onshore electrolysis. It was found that onshore electrolysis had a lower LCOH and
was financially more feasible for all cases compared to offshore electrolysis. The onshore electrolysis
supply chain was also more efficient than the one with an energy island. However, the study highlights
that onshore space in ports is expected to become scarce, which would increase the costs of acquiring
or renting properties for onshore electrolysis. Although it is uncertain whether this increase will make
offshore electrolysis more feasible in the future, follow-up research could explore the financial feasibility
of other offshore electrolysis options, such as caissons, platforms, and in-turbine electrolysis. Addition-
ally, a planned 5-year investment delay for a second wind park caused a higher LCOH and LCOE, and
lower final year NPV for all cases as less energy was generated over the project’s lifetime. The study
determined that the financially most feasible option were the cases where 30% of the wind energy was
used for hydrogen and 70% for electricity, as opposed to the cases where the majority (70%) of the
energy was used for hydrogen production.

The improved model presented in this study has the potential to make a significant impact on the
green hydrogen industry. By addressing current challenges hindering cooperation between parties
working on the energy transition, the model could be established as a reliable and widely accepted tool
for decision-making. Through industry validation and refinement based on stakeholder feedback, the
model could help advance the industry towards a sustainable future. This research provides an essen-
tial first step towards that goal, demonstrating how the use of Python in cost modelling can improve
transparency, flexibility, and analytical capability.
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Introduction

1.1. Background

1.1.1. Offshore Wind and Hydrogen

In 2015, the Paris Agreement was reached with the aim of ensuring that the global response to the
threat of climate change is strengthened (UNFCC, 2022). To achieve this goal, greenhouse gas emis-
sions must be at least 55% below 1990 levels by 2030 (European Commission, 2020b). This means
that more and more of the electricity will be generated by renewable energy sources such as wind and
solar. The disadvantage of these renewable energy sources is that they have a fluctuating character,
i.e. electricity is only produced when there is sun and/or wind (Impram et al., 2020). This is disadvan-
tageous because the demand and supply may not be in balance.

In order to ensure that this fluctuating power generation can be accommodated in the energy sys-
tem, electricity storage options are needed (Beaudin et al., 2010). This allows electricity to be stored
when more is produced than is required so that it can be used when less is produced than is demanded.
Various technologies have been proposed as potential solutions to address the energy storage chal-
lenge, including but not limited to pumped hydro, compressed air energy storage (CAES), lithium-ion
batteries, and hydrogen (Barton & Infield, 2004; Giir, 2018). Hydrogen is an attractive option for energy
storage due to its relatively high gravimetric energy density (the amount of energy per unit weight) and
potential for large-scale grid storage, especially when used in conjunction with fuel cells for backup
power generation (Tashie-Lewis & Nnabuife, 2021). However, it should be noted that all options have
their pros and cons, but in this paper, the focus lies on hydrogen.

When hydrogen is produced by renewable electricity it is called ‘green hydrogen’ (IEA, 2019). Wind-
generated energy, for example, is then used to set electrolysis in motion. It is a technology that pro-
duces hydrogen and oxygen by dissociating water with a direct electric current (Ursua et al., 2012).
Hydrogen can be converted back into electricity, but it can also be used directly as a gas in, for ex-
ample, industrial processes where currently natural gas is used (Neuwirth et al., 2022). In contrast to
electricity, hydrogen can be transported across great distances and stored for long periods of time. As
a result, the energy system is less susceptible to interruptions in the energy supply (IEA, 2019). To
transport or store hydrogen, it must be compressed, liquefied or attached to a carrier due to safety (rel-
atively low inflammation point), and cost-effectiveness (its low volumetric energy density in the gaseous
state requires more space) (Tashie-Lewis & Nnabuife, 2021).

For the longest time, onshore wind turbines have been dominant in the wind power harvesting pro-
cess. However, the lack of affordable land near major population centres and the visual pollution of
large wind turbines limit the growth potential. When compared to onshore wind power, offshore winds
typically flow faster than onshore winds, allowing turbines to generate more electricity offshore (Bilgili
et al., 2011).
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At present, offshore wind energy is produced in a wind turbine at sea where the electricity is brought
ashore via cables and fed into the grid (Srinil, 2016). A disadvantage of this system is that the cables
are expensive and lose power over the distance (Jin et al., 2019). This means that if a wind farm is built
further from the coast, it will have a major impact on the cost price of the delivered electricity. In addi-
tion, the electricity is fed directly into the power system without a (long-term) storage option. This could
lead to capacity constraint issues. Due to the greater transport distances, different ways of getting the
energy to the coast must be considered (as electrons, as hydrogen, or in different configurations).

Due to the ever-increasing demand for renewable energy, offshore wind and other energy sources
need to be scaled up. This has been accelerated by the European Commission’s REPowerEU plan.
This was presented in 2022 in order to reduce the EU’s dependence on Russian fossil fuels and fast
forward the green transition. The Commission proposes to increase the percentage of renewable en-
ergy in the total energy from 40% to 45%. In order to reach this, it among others sets a target of 10
million tonnes of domestic (EU) green hydrogen production by 2030, to replace natural gas, coal, and
oil (European Commission, 2022). In addition, the Dutch government is planning for large-scale hydro-
gen production in the North Sea. This will allow a good part of the industry to switch from gas to green
hydrogen. From 2030, offshore wind energy will come mainly from more distant areas of the North Sea,
60-100 kilometres from the coast (Figure 1.1) (RVO, 2021). With distances probably increasing further
in the future. The government wants to realise large-scale offshore energy hubs in these distant areas
(Guidehouse, 2022).
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Figure 1.1: Future tender locations for offshore wind parks, proposed by the Dutch government (RVO, 2021)

In addition, as discussed above, there is a need for ways to better integrate this fluctuating energy
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from the offshore wind into the energy system. When thinking of new ways to transport offshore energy
onshore, it is difficult to properly value developments in components (e.g. wind turbines, electrolysers,
pipelines), and translate them into total system costs or an energy price. This is because these com-
ponents are often developed independently and evaluated in isolation. Thus without considering the
wider energy system.

For example, offshore wind farm developers may focus on optimising the performance and costs of
their turbines. But, it is important to also consider the impact of the farm’s output on the overall grid
and whether it is possible to integrate that amount of energy into the system. It is known that manu-
facturers may be hesitant to reveal performance metrics or design details due to competition (Kusiak,
2016). Similarly, an electrolyser manufacturer may focus on improving the efficiency and capacity of its
machines. But less knowledge might be present on the cost and feasibility of producing the necessary
renewable energy to power it.

This siloed approach risks that a lot of effort goes into developing certain partial solutions when they
may not be feasible from a larger system perspective. For instance, an offshore island or platform may
be developed to provide a hub for offshore wind farms to connect to the grid. But, proper consideration
of the overall energy system is necessary. The hub capacity should be based on the planned wind
farm energy output. But also should be thought of the different options to transport the energy onshore
(e.g. hydrogen, electricity). Other factors to consider are the transportation capacity and the cost and
feasibility of building new infrastructure. And the potential impact on energy prices. By not looking at
the overall system, the energy island may not be as effective as originally intended.

By focusing on their own component, stakeholders such as the wind farm developer and the govern-
ment do not fully take into account the needs and interests of others involved. As the development of
green hydrogen projects is in the early stage, it is important to think in terms of systems. Stakeholders
should establish an ecosystem where players operating in different parts of the value chain collaborate
together. This helps to de-risk projects, share lessons and promote the development of innovative,
first-mover initiatives.

1.1.2. Stakeholders

It is important to understand what other parties are involved in the North Sea offshore wind market and
in the future (offshore) hydrogen production. As this research is done in cooperation with Van Oord,
their expertise is used to get a clear overview of the different stakeholder categories. According to
them, the Dutch offshore wind to hydrogen market can be split up into ten different categories. These
categories are based on future concepts, which would allow the generation of green hydrogen

Energy infrastructure
Energy supplier

Offshore dredging company
Offshore project developer
Governmental organisation
Research institute
Electrolyser manufacturer
Wind turbine manufacturer
Engineering consultant
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A future offshore hydrogen integration problem is to coordinate decision-making among the participat-
ing parties. For example, when an offshore project developer wants to integrate an electrolysis plant
into their system to produce green hydrogen. This would involve coordination with several stakehold-
ers. The electrolyser manufacturers would need to provide the technology and expertise for hydrogen
production. The wind turbine manufacturer would need to ensure that the wind turbines can provide
enough power to the electrolysers. But without compromising the overall performance of the wind farm.
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The energy infrastructure would need to ensure that the energy generated is transported to the electrol-
ysis plant and onshore. But without too many losses or disruptions. And the governmental organisation
must provide the required subsidy to finance the project.

These stakeholders would need to work together to ensure the right integration of the electrolysis plant
into the offshore wind farm. Such that it is technically feasible, cost-effective and sustainable. There
are several investments and actions involved at every step of the value chain, and various parties will
bear responsibility for them. The development of these comprehensive value chains depends on the
cooperation of all different stakeholders involved in such a value chain.

One way to evaluate an overall energy value chain’s cost-efficiency is the Levelised Cost of Electricity
and Levelised Cost of Hydrogen (Hansen, 2019). It allows investors, project developers, policymakers,
and other stakeholders to compare the cost of producing energy from different offshore wind (to hydro-
gen) concepts. Furthermore, it allows them to compare the cost with the cost of producing energy from
fossil fuels. The formulas behind the LCOE and the LCOH are explained in the next paragraph.

1.1.3. Levelised Cost of Hydrogen & Levelised Cost of Electricity

Two important metrics in renewable energy decision-making are the LCOH and LCOE. They are deter-
mined by comparing the discounted present value of produced and transported energy to that of costs.
It can also be viewed as the energy rate that allows investors to break even by covering capital returns
and expenses incurred over a technology’s lifespan (Q. V. Dinh et al., 2023; Lorenczik et al., 2020).

As the LCOH and LCOE depend on the produced energy that is transported onshore, supply chain
efficiency has a large influence on these two metrics. Therefore, losses over the supply chain should
be carefully considered. Furthermore, the supply chain efficiency on itself is an important metric to
compare energy projects. This will be further elaborated on in section 4.1.

When determining the LCOH and LCOE using annual discounting, Equation 1.1 is utilised to compare
the current value of discounted incomes with the current value of discounted expenses. The left side
represents the discounted profits, while the right side represents the discounted expenses (Lorenczik
et al., 2020).

ZP*E*(l—&—T)_t :Z(Capext+0pext)*(1+r)_t (1.1)

Here, P is the energy price, E the amount of energy produced annually, (1 +r)J the real discount rate
corresponding to the cost of capital, Capex, the total capital expenditures in year t, and Opex;, the total
operational expenditures in year t.

When we assume the energy price P to be constant over time, it can be brought out of the summation
and Equation 1.1 can be transformed into the following two formulas:

Zn Capex + Opex (related to H2 production and transport) €

. . i=1 (1+Discount rate)* o

LCOH = Py, = Zn Produced H2 transported onshore in year i - [7] (1.2)
i=1 (1+Discount rate)*

Zn Capex + Opex (related to electricity production and transport)
i=1 (1+Discount rate)* - [ € ]
Zn Produced electricity transported onshore in year i - kWh
i=1 (1+Discount rate)*

LCOE = Py = (1.3)

There could be some confusion when looking at Equation 1.2 and Equation 1.3 without seeing Equa-
tion 1.1. The equation seems to suggest that energy is being discounted. However, P is a constant
value that can be removed from the overall summation of revenues earned by the power plant over
its lifetime. Both sides of Equation 1.1 can be divided by this summation. It is important to note that
it is not the energy (in kg or kWh) itself that is discounted, but rather the revenue earned from those
kgs or kWh. Investors, owners, and operators place more value on revenue earned today compared
to revenue earned in the future. The discounted value is not based on output alone, but rather on the
economic value of that output. This is a standard practice in cost-benefit accounting (Lorenczik et al.,
2020).
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1.2. Research Problem

The question now remains for the government on how offshore wind to hydrogen facilities should be
optimally integrated. This knowledge must be present, to determine what initiatives should be focused
on and what concepts are eligible for future tenders on the North Sea.

Further, most applications for green hydrogen are not cost-competitive without direct government sup-
port. Itis therefore important for players active in the offshore and/or hydrogen industry to convince the
government of the feasibility of their ideas (IEA, 2019).

To accelerate the energy transition, it is important that all relevant stakeholders work together. Cur-
rently, there is an insufficient understanding of the influence of the different elements of a supply chain
on the larger energy system (structure of the supply chain) and the final energy price (LCOH & LCOE).
These are critical aspects, which hinder cooperation and progress in the energy transition. For ex-
ample, the government might promote the realisation of offshore electrolysis. However, electrolysers’
technology might not be ready for that yet. And furthermore, it might not even be clear what the ef-
fect on the final energy price would be if hydrogen was produced offshore instead of onshore. For
better cooperation, more insight into the offshore wind to hydrogen supply chain is required. Without
cooperation, there is a risk of misusing significant financial resources on inappropriate infrastructure in
unsuitable locations. This would also result in the wasteful utilisation of an even scarcer resource: time.

To determine what could be the best offshore wind to hydrogen concept on the North Sea, different
parties involved should have a transparent discussion. A standardised method to compare alternative
concepts could be helpful in this discussion. There are two challenges here. Firstly, a standardised
method does not seem to be available yet. Secondly, the offshore hydrogen market will be a compet-
itive market where parties involved will be hesitant in sharing their data. This will not contribute to an
open discussion.

Therefore, more research needs to be carried out on currently known methods for comparing alter-
native offshore wind to hydrogen concepts.

1.3. Research Gap

In this section, the research gap is defined by reviewing relevant literature for this study. First, studies
with similar topics are analysed and the current present knowledge is described. Next, the actual re-
search gap drawn from this literature review is discussed. As offshore wind to hydrogen is a fairly new
concept which is still under development, it was decided to only consider papers which were published
post-2017.

Research has been carried out on various offshore wind to hydrogen concepts and their economic
feasibility. Analysing the economic performance of technical processes or concepts is called a techno-
economic analysis (Chai et al., 2022). Research is conducted to determine the most economical
method of connecting offshore wind farms and hydrogen production facilities (Jang et al., 2022). The
economic feasibility was compared using the Levelised Cost of Hydrogen (LCOH), Net Present Value
(NPV), sensitivity analysis, and Monte Carlo simulation. The NPV and LCOH were assessed based on
the cash flow, which can be calculated from estimated revenue and expenditure items. In that study, a
sensitivity analysis was done to find out how different factors would affect the price of producing hydro-
gen. Sensitivity analysis (SA) is frequently used in engineering because it highlights the significance of
each input variable and aids in the identification of the crucial variables that influence the results. The
results showed that the capacity factor is most dominant, followed by the tax rate. The capacity factor
compares the utilisation (in hours) of a facility to its maximum amount of possible operational hours
(Jang et al., 2022).

A similar study was performed, in which a techno-economic assessment of the different production
and exportation pathways of offshore hydrogen was done (Franco et al., 2021). In this analysis, the
determination of their LCOH, NPV and energy expenditure was included. According to the research,
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the LCOE was found to be the largest contributor to the LCOH, because the production of hydrogen
requires a lot of electricity (Franco et al., 2021).

Another study uses both the LCOH and LCOE to compare alternative integration designs for green
hydrogen production (onshore, offshore, or in-turbine electrolysis) (Singlitico et al., 2021). Here, again,
a sensitivity analysis was performed to determine the influence of different parameters on the LCOH.
It was found that the cost of the wind turbines has the biggest impact, regardless of the electrolysis
placement and operation mode (Singlitico et al., 2021).

Finally, one study considered the investor perspective on the profitability of wind to hydrogen con-
figurations (McDonagh et al., 2020). This research also used an LCOH model to determine future
viability. Through sensitivity analysis, it was found that the wind turbine Capex, the hydrogen Capex
(electrolysis, compression, and balance of plant) and the discount rate were the three most dominant
parameters for both the LCOH and NPV (McDonagh et al., 2020). More studies have been done into
the economic feasibility of green hydrogen concepts, both qualitative (Tashie-Lewis & Nnabuife, 2021)
and quantitative (Groenemans et al., 2022). In addition, all literature focuses on one or more specific
concepts. An example is a study by (Di Lullo et al., 2022), who does a techno-economic analysis of
just hydrogen pipelines.

What comes forward from this literature review is that the most common method to compare hydro-
gen concepts is by considering the LCOH. However, when comparing the results of these studies,
significant discrepancies in the LCOH are observed. These differences can be attributed to the vari-
ous assumptions made by the authors when computing the LCOH. Table 1.1 displays recent literature,
its system focus, whether efficiency is considered, whether costs are defined, and how discounting is
taken into account. These factors all affect the LCOH. Other parameters that also varied, but are not
displayed in the table, were the discount rate, the project lifetime, the inflation rate, the consideration
of tax, and the distance from the shore. Notably, this study solely focuses on the LCOH for green
hydrogen, and thus research or findings related to fossil-based hydrogen are not included. The values
identified in the literature range from a minimum of €1.27 / kg hydrogen to a maximum of €57.61 / kg
hydrogen.

Based on the analysed research, it can be found that the techno-economic evaluation of offshore wind
to hydrogen concepts is a complex process. This includes the calculation of hydrogen production, wind
power generation, and electrolysis plant scale, and assessment of the project cash flow using multiple
inputs of data (V. N. Dinh et al., 2021; Yan et al., 2021). For these inputs, assumptions must be made
as future concepts are investigated that have never been realised yet. In response, research has been
done into the establishment of a new and comprehensive techno-economic assessment model to as-
sess the technical and economic feasibility of a project by calculating the NPV and LCOH or LCOE
(V. N. Dinh et al., 2021; Yan et al., 2021). In 2021, researchers tried developing a model for viability
assessment of offshore wind to hydrogen production, in which parameters (wind power output, electrol-
ysis plant size, and hydrogen production) are determined using the input time-varying wind speed (V. N.
Dinh et al., 2021). There, both NPV and the Discounted Payback (DPB), which take into account the
value of capital over time by discounting net cash flows of each period, are used to forecast the costs to
a specific time. Another study only used the NPV but did not use the DPB (Yan et al., 2021). However,
neither of these papers seem to have considered the adoption and contribution by stakeholders of the
method.
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Author Focus Efficiency| Costs Discounting LCOH
defined [EUR/ kg]
Roos, 2021 Electrolysis and Transport Yes Yes Capex and Energy, | 2.50
not Opex
Groenemans Electrolysis No Yes None 1.89 - 3.49
et al.,, 2022
Yan et al, | Offshore Electrolysis using | Yes Yes Opex and Energy, not | 3.08
2021 Offshore Wind Energy Capex
ISPT, 2023 Onshore Electrolysis Yes Yes Capex and Opex, not | N/A
Energy
Singlitico et | Onshore, Offshore and | Yes Yes Capex, Opex, and | 2.40
al., 2021 In-Turbine Electrolysis using Energy
Offshore Wind Energy
Lazard, 2021 Onshore Electrolysis Yes Yes No formula provided 1.27-2.67
BEIS, 2021 Onshore Electrolysis No No Capex, Opex, and | N/A
Energy
Lucas et al., | Offshore Electrolysis and | Yes Yes Capex, Opex, and | 4.25-8.47
2022 Storage using Offshore Wind Energy
Energy
McDonagh et | Onshore Electrolysis and | Yes Yes Capex, Opex, and | 3.77-4.50
al., 2020 Storage using Offshore Wind Energy
Energy
Breunis, 2021 | Onshore and Offshore Elec- | Yes Yes Capex, Opex, and | N/A
trolysis using Offshore Wind Energy
Energy
V. N. Dinh et | Developing a Viability Model | Yes Yes No LCOH N/A
al., 2021 for Offshore Electrolysis us-
ing Offshore Wind Energy
Franco et al., | Offshore Electrolysis and | Yes Yes Capex, Opex, and | 5.35
2021 Transport using Offshore Energy
Wind Energy
Povacz and | Onshore Electrolysis using | Yes Yes Opex and Energy, not | 3.08 -
Bhandari, Onshore Wind/Solar Energy Capex 13.12
2023
Q. V. Dinh et | Onshore and Offshore Elec- | Yes Yes None 3.04-3.40
al., 2023 trolysis using Offshore Wind
Energy
Jang et al, | Onshore, Offshore and | Yes Yes Opex and Energy, not | 12.50 -
2022 In-Turbine Electrolysis using Capex 13.20
Offshore Wind Energy
Benalcazar Onshore Electrolysis using | Yes No None 2.33 -
and Ko- | Onshore Wind/Solar Energy 13.48
morowska,
2022
Di Lullo et al., | Hydrogen Pipelines Yes Yes No formula provided 0.60
2022
Tang et al, | Onshore Electrolysis using | No Yes Capex, Opex, and | 7-15.08
2022 Onshore Wind/Solar Energy Energy
Bhandari and | Onshore Electrolysis using | Yes Yes Opex and Energy, not | 57.61
Shah, 2021 Onshore Solar Energy Capex

Table 1.1: Comparison of previous research in the field of LCOH using renewable energy

It seems that no research has yet been done to standardise a method whereby every possible wind-
hydrogen concept can be compared in a transparent and equal way. It is clear, though, that all studied
papers focus on a techno-economic analysis. Therefore, in this research, the choice will be made to
investigate the set-up of a standardised comparison model which allows its users to perform a techno-
economic analysis. This method should allow users to compare projects based on their costs, supply
chain efficiency, and energy production. These numbers can then be used to calculate comparison
metrics, such as LCOH, LCOE, and NPV.
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From the analysed research in Table 1.1, it came forward that it is often difficult to understand what
technical and financial assumptions are done by the author. Especially when interpreting results, there
was a lack of transparency. If a standardised method were to be developed, this problem should also
be addressed.

Further, in a competitive market like the offshore wind-hydrogen market, it is important that all stake-
holders trust the model. Therefore, to make the model even more reliable and accurate, it may be
valuable to gather input data from the same stakeholders. It seems that no research has yet been
done on how to create an industry-wide accepted method and model to compare alternative offshore
wind to hydrogen concepts. For this, we need to explore how to keep such a model transparent, while
still making each stakeholder feel comfortable sharing their data to make the model more accurate. Or
at least, make them comfortable enough to be willing to use the model. The aim of this research is to
address these knowledge gaps.

1.4. Objective and Scope

1.4.1. Objective

This research aims at developing a standardised techno-economic method to compare alternative off-
shore wind to hydrogen concepts, which will be used and trusted by various stakeholders in the industry.
The method would establish the guidelines and principles for conducting the analysis. This method will
be implemented in the form of a model using software tools (Python and Excel). The goal of such a
model would be to improve cooperation between parties working on the energy transition. By system-
atically and transparently quantifying various offshore wind to hydrogen concepts and the influence of
the components on the final energy price more insight could be provided, which currently seems to be
lacking.

The first step is to study the components of an offshore wind to hydrogen supply chain. The next
step is to further analyse the Dutch wind and hydrogen playing field. The key categories have been
stated in subsection 1.1.2, but more research should be done on their incentives, objectives, and views.
This is to gain a better understanding of the desired functionalities of a comparison model. Then, the
current common method for conducting techno-economic analyses should be determined. By identify-
ing the limitations of this method, an improved method can be developed and implemented that could
become an acceptable and adopted industry standard.

1.4.2. Scope

This research will focus on establishing a model that can be used to compare greenfield offshore wind
to hydrogen concepts that are feasible on the North Sea. Therefore, for the stakeholder analysis, only
parties involved in the Dutch wind and hydrogen playing field will be considered. Greenfield means
that nothing has been built yet. The fact that only greenfield concepts will be considered, means that
no existing constructions (e.g. platforms) and transport connections (e.g. pipelines) can be used.

The research will focus on the pre-feasibility stage of the project, which is part of the concept develop-
ment phase. Taking into consideration the available time, a certain level of detail should be determined
for the work breakdown and cost breakdown. This will be done in agreement with MTBS’ and Van
Oord’s expertise in combination with information gathered from stakeholders.

As the focus of this research is to establish a standardised model, some basic offshore wind to hy-
drogen concepts will be considered to test the functionality of the model. These will be base cases of
which all parameters and input data are publicly available.

Finally, the tools that will be considered for the setup of the model will be Excel and Python.
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1.5. Research Question

Now that the research problem is defined, the research gap is explained and the objectives and scope
are determined, the research question is formulated. It is defined as follows:

How can you develop a standardised comparison model to compare alternative offshore wind to
hydrogen concepts to improve cooperation between parties working on the energy transition? And
what is required to obtain industry validation and promote widespread adoption of the model among
key stakeholders?

In order to answer these main research questions the study addresses various sub-questions.

Understanding Desired Functionalities of Comparison Model

1. What critical aspects do stakeholders involved in the energy transition believe a comparison
model could help to better understand, and how can the development of such a model facilitate
discussions among these stakeholders towards identifying the most feasible solutions?

» Goal: understand the desired functionalities of the comparison model.
Incentivising Stakeholder Use and Contribution

2. How can the model be developed in a way that incentivises stakeholders to both use and con-
tribute to the model? What are the key factors that influence stakeholder willingness to contribute,
and what measures can be taken to address potential barriers to contribution?

* Goal: understand how to obtain industry validation and promote widespread adoption of the
model among key stakeholders.

Developing the Comparison Model

3. What is the current method for assessing the financial feasibility of offshore energy supply chain
elements, and how can these separate elements be effectively integrated into a cohesive system
view?

* Goal: understand how to set up the comparison model.
Improving the Current Method

4. What are the limitations of the current method in answering the questions of parties involved in the
energy transition, and how can the method be extended to address these limitations and provide
a more comprehensive analysis?

* Goal: understand how the current method can be improved to further obtain industry valida-
tion and promote adoption of the model among key stakeholders.

5. In what respect has extending the method improved our ability to better understand the financial
feasibility of various offshore wind to hydrogen chains?

» Goal: prove the added value of enhancing the current method.
Enhancing the Comparison Model and Facilitating Greater Cooperation

6. How can we further enhance the comparison model and facilitate greater cooperation between
stakeholders within the offshore wind and hydrogen industry?

» Goal: understand how to further develop the comparison model in the future.
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1.6. Methodology

The aim of the research is to develop a standardised comparison method, which should improve coop-
eration between parties working on the energy transition. The method will be implemented in the form
of a model using a software tool (Python and Excel). It is important that this model will be validated and
adopted by the industry.

The defined sub-questions will help meet this objective. In this chapter, the suggested methodology to
answer every sub-question will be defined.

1. What critical aspects do stakeholders involved in the energy transition believe a comparison
method could help to better understand, and how can the development of such a model facili-
tate discussions among these stakeholders towards identifying the most feasible solutions?

To answer this question, first, a literature review should be done on the Dutch wind and hydrogen
playing field. Stakeholders from the following categories will be analysed: energy infrastructure,
energy supplier, offshore dredging company, offshore project developer, policy maker, research
institute, electrolyser manufacturer, wind turbine manufacturer, engineering consultant, and port.
Additionally, interviews will be conducted with these stakeholders to learn more about their incen-
tives, objectives, and views. Analysing these results will help gain a better understanding of the
desired functionalities of a comparison method.

2. How can the model be developed in a way that incentivises stakeholders to both use and con-
tribute to the model? What are the key factors that influence stakeholder willingness to contribute,
and what measures can be taken to address potential barriers to contribution?

The analysis of the stakeholder interviews can be used here to understand what the industry
would need to be willing to both use and contribute to the model. Furthermore, as a standardised
supply chain breakdown could contribute to industry-wide adoption, research needs to be done
on the different elements offshore wind to hydrogen supply chains. Van Oord’s expertise will be
helpful here.

3. What is the current method for assessing the financial feasibility of offshore energy constructions,
and how can these separate constructions be effectively integrated into a cohesive system view?

To answer this question, MTBS’ industry expertise will be valuable. A clear understanding is
needed of various financial concepts, such as Discounted Cash Flow, Capex, Opex and Net
Present Value. Furthermore, because of their expertise, MTBS’ methodology will be considered
as the current and common one. After studying this method with them, it will be implemented in
Excel.

4. What are the limitations of the current method in answering the questions of parties involved in the
energy transition, and how can the method be extended to address these limitations and provide
a more comprehensive analysis?

Through previous research questions, the target users and their specific needs and preferences
should be identified. Next, various techniques for improving the usability of the model could be
explored, such as incorporating interactive visualisation tools. Additionally, clear and concise ex-
planations of the assumptions and calculations underlying the model can be developed, using
plain language and visual aids to ensure users’ comprehension. The goal will be to implement
the extension of the current method in Python. It is important to define a clear methodology on
how to develop this improved comparison model in an iterative way using both Excel and Python.
This to ensure correct calculations and financial methodology.

If an improved model will be realised, the functionality of it could be demonstrated and validated
by analysing the cost structure of some basic offshore wind to hydrogen supply chains.
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5. In what respect has extending the method improved our ability to better understand the financial
feasibility of various offshore wind to hydrogen chains?

To prove the added value of the new comparison model, the next step will be to recreate a more
complex case, such as an offshore energy island. Data for this could be retrieved both through
literature research and stakeholders (e.g. Van Oord). Furthermore, sensitivity analyses can be
conducted to identify the critical factors that have the greatest impact on the model’s outcomes.
This information can then be used to make recommendations for optimising the financial feasibil-
ity of energy islands as an offshore wind to hydrogen concept.

6. How can we further enhance the comparison model and facilitate greater cooperation between
stakeholders within the offshore wind and hydrogen industry?

Answering this research question will serve as a recommendation for future improvement of the
model. Here, it will be useful to analyse the stakeholder interviews again to determine what de-
sired functionalities have not been implemented.

1.7. Report Outline

This research consists of seven chapters. Before diving into the research questions, it is useful to gain
a better understanding of the components of an offshore wind to hydrogen supply chain. It forms the
basis of the standardised method. This will be explained in Chapter 2. In Chapter 3, a stakeholder
analysis of the Dutch wind/hydrogen playing field is done through desk research and interviews. It also
discusses how the model should be developed to incentivise stakeholders to both use and contribute
to the model. Chapter 4 discusses the current method for assessing the financial feasibility of offshore
energy constructions using Excel and the limitations of this method. With these limitations known, an
improved model will be developed and implemented in Python. Chapter 5 demonstrates the capability
of the improved model by recreating a more complex case and analysing the financial feasibility of
this. Also, the added value is demonstrated through an uncertainty analysis. Chapter 6 discusses the
results of the previous chapter and addresses the limitations of the interviews and model. In Chapter
7, the conclusions are drawn by answering the research questions.



Breakdown of an Offshore Wind to
Hydrogen Supply Chain

As we are striving for a standardised comparison method for offshore wind to hydrogen supply chains, it
is important to be clear about the used terminology in these concepts. The generation of electricity and
the production of hydrogen through electrolysis using offshore wind energy involves a complex supply
chain. To better understand this process, it is helpful to break it down into five defined sub-systems:
Wind energy source, AC substation, Converter, Electrolysis & Electricity, and Import into grid (Singlitico
et al., 2021). Every sub-system also has a transport element. It should be noted that there are many
different options to convert offshore wind energy to hydrogen. In light of the scope of this research,
three supply chain variants will be considered for this chapter. These can be seen in Figure 2.1. The
chain is split up into five sub-systems, which we call a 'Level 1’ breakdown. An example of a sub-
system is 'Wind energy source & Transport’. The five sub-systems each consist of their own elements
or compononents - we call this a 'Level 2° breakdown. An example of a component or element is
"Turbine’. All elements of the supply chains displayed in Figure 2.1 will be discussed in detail in the
next paragraph. The naming of these sub-systems, and elements/components will be used throughout
this research. This can be considered as a standardised naming.
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Figure 2.1: Three different offshore wind to hydrogen/electricity supply chains split up in five defined sub-systems
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2.1. Wind Energy Source & Transport (Sub-system)

The wind energy source in this research is an offshore wind park. An offshore wind park is a collection
of wind turbines which are located in the ocean, typically several kilometres off the coast. These wind
turbines are connected to one another and to a substation through a network of underground and
underwater cables. The electricity generated by these wind parks can be used to power the electrolysis
process to produce hydrogen. Before this can be done, the wind energy is sent to a substation and a
converter (RVO, 2022a).

Currently, the average operational Dutch wind park on the North Sea has a 700 MW capacity. Future
wind parks that should be operational by 2030 are planned to have a 2000 to 6000 MW capacity (RVO,
2022b).

2.1.1. Turbine (Element)

Offshore wind turbines are the key component of offshore wind parks, designed to harness the power
of the wind and convert it into electrical energy. These turbines are typically larger and more complex
than their onshore counterparts, due to the harsher environmental conditions they must withstand. The
turbine components include the rotor blades, rotor hub, nacelle, and tower. The rotor blades are de-
signed to be aerodynamically efficient and are typically made of fibreglass or other composite materials.
The nacelle houses the generator and other electrical components. The tower provides support and
elevation to the entire structure (Letcher, 2017).

Offshore wind turbines can generate large amounts of electricity, with some of the largest turbines
having a capacity of up to 15 MW (Vestas, 2023). The amount of power generated by an offshore wind
turbine depends on several factors, including the wind speed, the size of the rotor, and the efficiency
of the turbine. Offshore wind turbines require regular maintenance and repair to ensure they continue
to operate safely and efficiently. This can be challenging in offshore environments, as turbines may be
located in remote locations that are difficult to access (Letcher, 2017).

2.1.2. Foundation & Cables (Element)

Foundations are a critical component of offshore wind parks, as they provide a stable base for the tur-
bines to stand on in the often harsh and unpredictable conditions of the open sea. There are several
types of foundations used in offshore wind parks, including mono-piles, jackets, tripods, and floating
platforms (Wu et al., 2019).

Mono-piles are the most commonly used foundation type for offshore wind turbines. They consist
of a single steel pile driven into the seabed and attached to the turbine tower. Mono-piles are typically
used in water depths up to around 30 meters (Wu et al., 2019).

Jackets, on the other hand, are typically used in deeper waters and are more complex than mono-
piles. They consist of a lattice structure of steel pipes that are anchored to the seabed and provide a
stable base for the turbine tower. Jackets can be designed to withstand greater loads than mono-piles
and are therefore suitable for use in deeper waters (Wu et al., 2019).

Tripods are similar to jackets in that they consist of a lattice structure of steel pipes, but they have three
legs instead of four. They are typically used in water depths of up to around 25 meters (Wu et al., 2019).

Floating platforms are a newer technology that is still being developed. They consist of a large platform
that is anchored to the seabed using mooring lines. Because they are not fixed to the seabed like other
foundation types, they can be used in water depths that are too deep for other types of foundations
(Wu et al., 2019).

Overall, the choice of foundation type for an offshore wind park will depend on a variety of factors,
including water depth, soil conditions, wind and wave conditions, and the size of the turbines. Each
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foundation type has its own advantages and disadvantages, and the most appropriate choice will de-
pend on the specific circumstances of each project (Wu et al., 2019).

As the Dutch sea waters are part of the North Sea continental shelf, the depths are relatively shallow
and uniform. This can be seen in Figure 2.2, which shows there are barely any sharp depth gradients.
This makes it a suitable location for bottom-fixed structures, even further offshore. The same distance
offshore in, for example, Ireland and Denmark, would require floating wind structures (Lavidas & Polin-
der, 2019).

Figure 2.2: Bathymetry of North Sea continental shelf, depth in meters (Lavidas & Polinder, 2019)

A crucial aspect of the offshore wind foundation is scour protection. It prevents soil erosion around
the foundation caused by water currents (Fazeres-Ferradosa et al., 2021). Measures to prevent scour
are necessary to avoid issues with the structural integrity of offshore wind turbines and to safeguard
the inter-array cables (Matutano et al., 2013).

An inter-array cable is a cable that is used to connect the individual wind turbines within an offshore
wind farm to one another and to the AC substation. The cables are typically buried in the seabed to
protect them from damage and to reduce the visual impact of the wind farm (RVO, 2022a). Generally,
the efficiency of inter-array cables can range from around 97% to 99% (Breunis, 2021). Figure 2.3
gives an overview of how electricity is further transported from the offshore turbines to the electricity
system onshore. This will be explained in detail in the following paragraphs.

Offshore Converter

?la:mon Onshore

Substation
= ”ﬁﬁ

————

Export Cables E_xporl Cables

Figure 2.3: Overview of electricity transport from the turbine to (AC) offshore substation to (DC) offshore converter station to
(DCAC) onshore converter (Warnock et al., 2019)
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2.2. AC Substation & Transport (Sub-system)

2.2.1. AC Substation (Element)

An AC substation is a facility that is used to collect the alternating current (AC) electricity generated by
the wind turbines and to step down the voltage to a level that is suitable for transmission and distribution
to the point of use. Its main function is to convert the medium voltage electricity generated by the wind
turbines to a higher voltage, which is done using a large transformer (RVO, 2022a).

2.2.2. AC Collection Cable (Element)

An AC collection cable is a cable used to collect the alternating current (AC) electricity converted by
the AC substation and transmit it to the next substation or converter. These cables are designed to
transmit large amounts of electricity and withstand the harsh marine environment. They can be made
of copper or aluminium, and are usually insulated with a material that can withstand salt water (RVO,
2022a). Generally, the efficiency of AC collection cables is between 95% and 99% (Breunis, 2021).

2.3. Converter & Transport (Sub-system)

2.3.1. HVDC Converter Substation (Element)

A High-Voltage Direct Current (HVDC) substation is a facility that is used to convert alternating current
(AC) electricity to high-voltage (HV) direct current (DC) electricity. Usually, an HVDC substation is used
when the electricity needs to be transmitted over long distances, as DC electricity is more efficient for
this (RVO, 2022a). Furthermore, DC electricity has a constant voltage characteristic, which makes it
ideal for electrolysis units as they require a constant voltage and current for optimal performance. In
contrast, AC electricity has a constantly changing voltage, which can make it difficult to control the
voltage and current required for electrolysis (S. Rodrigo et al., 2021).

2.3.2. HVDC Cable (Element)

A High-Voltage Direct Current (HVDC) cable is a type of cable that is used to transmit electricity from
offshore wind turbines to the power grid or electrolysis system. The use of these cables allows for
more efficient long-distance power transmission (S. Rodrigo et al., 2021; RVO, 2022a). The average
efficiency of HVDC cables is typically around 95-98% (Eeckhout et al., 2009). It is important to note
that losses in the cable increase with the distance over which the electricity is transmitted, as is shown
in Figure 2.4 (Eeckhout et al., 2009).
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Figure 2.4: Loss percentage Iy, for VSC HVDC and HVAC cables as a function of cable length for a 300 MW wind farm
Eeckhout et al., 2009
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2.4. Electrolysis, Electricity & Transport (Sub-system)

Depending on the considered supply chain investments must be made in an electrolysis system, a
DCAC converter (electricity) or both. This includes the infrastructure to transport the energy into the
grid.

2.4.1. Electrolysis System (Element)

An electrolysis system, also known as an electrolyser, is a device that uses electricity to split water
molecules into hydrogen and oxygen. It is used to convert the electricity generated by the wind tur-
bines into hydrogen gas, which can be stored and transported for use in various applications, such as
fuel for transportation or power generation. An electrolysis system typically consists of several main
components (RVO, 2022a).

Electrolyser

This is the core component of the system where the water splitting occurs. It contains electrodes,
typically made of a conductive metal such as nickel, which are submerged in a water-based solution,
typically in an alkaline solution. The electrodes act as the anode and cathode, and the electrical current
passing through the cell causes the water molecules to split into hydrogen and oxygen (Zoulias et al.,
2004). Generally, an electrolyser requires around 50 kWh of electricity for 1 kg hydrogen, which is
equal to an efficiency of 78% (Burton et al., 2021).

Desalination Unit

This is a device that removes salt and other minerals from seawater or brackish water, making it suitable
for use in electrolysis. The presence of salts and minerals in water can interfere with the electrolysis
process and reduce its efficiency. A desalination unit removes these impurities, producing high-quality
water that is ideal for use in electrolysis (Belessiotis et al., 2016).

Compressor Unit

This is a device that compresses gas, increasing its pressure and reducing its volume. In an electrol-
ysis system, the compressor unit is used to compress hydrogen gas produced during the electrolysis
process, which can then be stored for later use or transported to other locations. Compressing hydro-
gen gas is important for several reasons. First, it increases the energy density of the gas, making it
easier and more cost-effective to store and transport. Second, it ensures that the gas can be safely
transported without leakage, which can pose safety risks (Siemens Energy, 2023).

Storage Unit

This is a device used to store hydrogen gas produced during the electrolysis process. Hydrogen gas
has a low energy density, which means it takes up a lot of space. Therefore, it is important to store
hydrogen gas in a safe and efficient manner. There are several types of hydrogen storage units, includ-
ing compressed gas storage, liquid hydrogen storage, and solid-state hydrogen storage. Compressed
gas storage involves storing hydrogen gas in high-pressure tanks, while liquid hydrogen storage in-
volves storing hydrogen as a liquid at extremely low temperatures. Solid-state hydrogen storage uses
materials such as metal hydrides to store hydrogen in a solid form (Makridis, 2017).

Compressor After Storage

A compressor after storage is used to further compress and store the hydrogen gas after it has already
been produced and kept in a tank for storage. For instance, the hydrogen gas produced in an offshore
electrolyser is typically kept in a tank under high pressure. After being stored, the compressor is then
used to further raise the pressure of the hydrogen to the level necessary for its intended use, such as
injection into a gas pipeline. However, as the hydrogen is usually already stored under high enough
pressure, a compressor after storage is often not needed (Makridis, 2016).
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2.4.2. DCAC Converter (Element)

A Direct Current to Alternating Current (DCAC) converter is a device that converts direct current (DC)
electricity, such as that produced by a wind turbine, into alternating current (AC) electricity, which is the
form of electricity that is used in most power grids (RVO, 2022a). Generally, the efficiency of a DCAC
converter can range from 85% to 95% (Breunis, 2021).

2.4.3. Facility Location (Element)

In the case of an offshore electrolysis system, a facility location or ’hub’ is required. It should be large
enough to host the HVDC substation and the electrolysis system. This could be in the form of an
offshore platform or an artificial sand island. It is believed that a sand island is the most financially
reasonable material option for such a hub in shallow waters (NSWPH, 2019). Both hub types must be
designed to withstand the harsh marine environment, including high winds, waves, and salt corrosion.
The platform would be built like any other offshore platform, while the artificial island would be built
through dredging and land reclamation. When choosing an artificial island, other components are
required as well such as: shoreline protection, a breakwater, and a harbour.

2.5. Import into Energy Grid (Sub-system)

Depending on the chosen supply chain, the generated energy must be either transported through hy-
drogen pipelines or electricity cables.

2.5.1. Hydrogen Pipeline (Element)

This is a system of pipelines used to transport hydrogen gas from the point of production to the point
of use. From the storage unit, the gas can be transported to other locations via a hydrogen pipeline.
Hydrogen pipelines are similar to natural gas pipelines in many ways, but they require special materi-
als and safety measures due to the unique properties of hydrogen gas. For example, hydrogen gas
is highly flammable and can embrittle certain metals, so pipelines must be made of materials that can
withstand the high pressures and corrosive effects of the gas. Additionally, safety measures such as
leak detection systems and emergency shutdown valves are necessary to prevent accidents and en-
sure the safe transportation of hydrogen gas (US Dep. of Energy, 2023). Generally, the efficiency of a
hydrogen pipeline can range from 85% to 98% (Breunis, 2021).

Ongoing research and discussion surround the ability of current gas infrastructure and end-use equip-
ment to handle hydrogen-natural gas mixtures in a safe and reliable manner. The European Gas
industry’s technical association recently shared their perspectives on the current and near-future ca-
pacity of different gas network components to accept hydrogen-natural gas blends. Most gas network
components and end-uses can tolerate natural gas mixed with 5-10% hydrogen (depending on the
end-use) without requiring any adjustments. However, with modifications and equipment returning, it
may be possible to increase the hydrogen concentration to 15-20% (Kanellopoulos et al., 2022).

2.5.2. Electricity Cable (Element)

After the DCAC converter has converted the direct current (DC) electricity produced by the power
source into alternating current (AC) electricity, the electricity is then transmitted through an AC electricity
cable into the energy grid. The electricity cable must be designed to handle the specific voltage and
current requirements of the system, and it must be installed in a safe and efficient manner to ensure
reliable operation. The cable is typically made of copper or aluminium and is surrounded by insulation
to prevent electrical leakage or short circuits. Once the electricity enters the grid, it can be distributed
to homes, businesses, and other end-users. The successful transmission of electricity from the DCAC
converter to the grid is crucial for the effective use of renewable energy sources in the energy system
(Crabtree et al., 2011). Generally, the efficiency of an AC electricity cable ranges from 90% to 98%
(Breunis, 2021).
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Based on the definitions and descriptions of the supply chains’ elements considered in this research
the next step towards an industry-wide adopted comparison method can be taken. For the following
chapter, stakeholders were interviewed to learn more about their objectives in the industry and what
their desires are for such a method. Throughout these interviews, the supply chains considered in this
chapter were discussed using the defined terminology to enhance standardisation.



Stakeholder Analysis

The goal of this research is to determine the best way to construct a comparison model that can be
used to facilitate an open and constructive discussion in the Dutch offshore wind and hydrogen market.
In order to achieve this, it is necessary to analyse the perspectives and needs of various stakeholders
involved in this market. Thus, a stakeholder analysis was conducted, which serves as the basis for this
chapter.

Then the methodology used for conducting the stakeholder interviews is discussed, including the selec-
tion of interviewees, the interview questions, and the data collection and analysis process. Finally, the
last part of this chapter presents the results of the stakeholder analysis, highlighting the key require-
ments and concerns expressed by the interviewees with respect to the development of a standard
model. These results provide valuable insights for the subsequent chapters of this research, which aim
to identify and develop a suitable model for the offshore wind and hydrogen market.

3.1. Objectives

The objectives of this stakeholder analysis are to answer the following research questions:

1. What critical aspects do stakeholders involved in the energy transition believe a comparison
model could help to better understand, and how can the development of such a model facilitate
discussions among these stakeholders towards identifying the most feasible solutions?

* Method: stakeholder interviews.

2. How can the model be developed in a way that incentivises stakeholders to both use and con-
tribute to the model? What are the key factors that influence stakeholder willingness to contribute,
and what measures can be taken to address potential barriers to contribution?

* Method: desk research and stakeholder interviews.

The stakeholder interviews will be conducted to learn more about their willingness to participate in
the development of the model, and their reasons to or to not use the model. Based on the defined
stakeholder categories and Van Oord’s industry expertise, a number of important stakeholders per
category was identified, which can be found in section A.1 and section 3.2. Through the analysis
of the desk research and stakeholder interviews recommendations can be made about stakeholder
engagement in the development of a comparison model.

3.2. Stakeholders

As this research is done in cooperation with Van Oord, their expertise is used to get a clear overview of
the different stakeholder categories. According to them, the Dutch offshore wind to hydrogen market
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can be split up into ten different categories. These categories are based on future concepts, which
would allow the generation of green hydrogen through offshore wind energy. Per category, an example
stakeholder will be given.

1. Energy infrastructure. These are the stakeholders responsible for the gas pipelines and electricity
cables. An example would be Gasunie or Tennet.

2. Energy supplier. These are the stakeholders selling the generated energy. An example would be
Shell or Eneco.

3. Offshore dredging company. These are the stakeholders involved in the construction of offshore
wind farms and/or energy islands. An example would be Van Oord.

4. Offshore project developer. These stakeholders are responsible for the construction and opera-
tion of offshore wind farms. An example would be Iberdrola or Vattenfall.

5. Governmental organisation. These are the stakeholders responsible for the allocation of subsi-
dies and grants. Furthermore, they decide on offshore locations for future wind/hydrogen projects.
An example of this would be the Dutch Ministry of Economic Affairs (EZ).

6. Research institute. These stakeholders conduct independent research, intended to contribute to
the innovations required to accelerate the development of hydrogen. An example of this would
be TNO.

7. Electrolyser manufacturer. These stakeholders are responsible for the development and manu-
facturing of electrolysers, required to produce hydrogen using wind energy. An example of this
would be Siemens Energy.

8. Wind turbine manufacturer. These stakeholders are responsible for the development and man-
ufacturing of wind turbines, required to generate wind energy. An example of this would be
Siemens Energy.

9. Engineering consultant. These stakeholders are independent consultancy firms which assist the
project developers to come to a feasible project plan. An example of this would be Royal Haskon-
ing DHV or Guidehouse.

10. Port. The ports will play a big role in the import and export of electricity and hydrogen. The most
relevant stakeholder in this category is the Port of Rotterdam.

For an overview of the 38 considered stakeholders in this research, please refer to section A.1.

3.3. Interview Methodology

The goal of this research is to develop a model that provides relevant insights for collaboration and
strategic decision-making in the pre-feasibility stage. Therefore, it is valuable to understand the stake-
holders’ objectives, incentives, and views. For this, two options were considered. The first option was
to conduct private interviews with every stakeholder. This is a time-consuming process for the 38 iden-
tified stakeholders. Therefore, a selection was made of the most important stakeholder per category
resulting in 10 stakeholders. This would still require a fair amount of time. The second option is a
workshop. In this form, multiple stakeholders would be brought together to have a group discussion
about their objectives. Even though this option would be much more time-efficient, this might not be
the best choice. The offshore hydrogen market is a competitive field, and confidentiality issues could
arise causing stakeholders not to be 100% open about their incentives. Therefore, it was decided to
conduct private interviews with 10 stakeholders.

In advance of each interview, an interview guideline was shared with the interviewee, introducing the
model research, and a range of questions, which could be discussed. The questionnaire form is a
'semi-structured interview’ (SSI). The SSI is made to get people’s subjective views on a specific sub-
ject. When there is enough objective knowledge about a topic but insufficient subjective knowledge,
this method may be utilised (Mclntosh & Morse, 2015). It makes use of a very extensive interview guide.
During the interview, interviewees are free to bring in other topics that they deemed important. From
each interview, a transcript is made. These are anonymised and confidential.

For the interview protocol and questionnaire, please refer to subsection A.2.1 and subsection A.2.2.
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This will be a qualitative study. As the interview only allows for open answers, it was difficult to quantify
the results. Analytically, the SSI is characterised by comparing participants’ responses by item. Be-
cause all participants are asked the same questions in the same order, data collected are comparable,
and could be numerically transformed and quantified (Mclntosh & Morse, 2015).

This would be done through a thematic framework analysis. This method is used for qualitative analysis
and involves using an organised structure of themes to understand patterns within and across different
cases of a phenomenon of interest. The overall goal is to identify, describe and interpret key patterns
within and across the different cases and themes being studied (Goldsmith, 2021).

However, it is important to note that a reasonable amount of interviews is required for such an analysis,
while only 10 interviews were planned for this research. It was therefore unclear whether this method
could be used to analyse the interviews conducted for this research.

In order to ensure the validity and reliability of the results obtained from the stakeholder interviews, a
different method was employed. Following each interview, the transcripts were carefully analysed, and
key takeaways were documented. To enhance the accuracy of the analysis, the documented conclu-
sions were shared with the respective interviewees to validate the accuracy of the researcher’s findings.
This approach served as a crucial quality control step to ensure the truth value of the analysis and to
mitigate the risk of any misinterpretation or bias. As a result, the methodology applied in this research
is highly replicable, and the outcomes generated are more robust, scientifically sound, and trustworthy.

For the summarised interview answers, please refer to section A.3.

3.4. Preliminary Interviews

The aim of the stakeholder interviews conducted for this study was to gather insights and perspectives
on how to set up an acceptable comparison model for the industry. However, upon reflection and anal-
ysis of the collected data, it was determined that the initial set of questions used during the interviews
failed to obtain the desired information and did not result in the expected level of detail.

In retrospect, the questions could have been more clearly defined and tightly focused, and follow-
up questions could have been planned to get deeper and more specific responses. Additionally, the
desired outcomes and results of the interviews could have been better defined and aligned with the
research objectives prior to the initiation of the interview process. As research mentions (Carey et al.,
1996), a comprehensive study design is a crucial requirement for successful qualitative analysis. Prior
to data collection, it is advisable to develop a systematic plan for data management and analysis to
help one avoid many of the challenges that face qualitative data analysis.

This highlights the importance of thorough planning and preparation in the design and execution of
qualitative research methods such as stakeholder interviews and the need for continuous reflection
and adaptation throughout the research process.

To address the limitations of the initial stakeholder interview process, additional follow-up questions
were developed and sent to the interviewees via email. These questions were designed to obtain more
detailed and specific responses, and aimed to provide a deeper understanding of the stakeholders’
views on a comparison model. The goal was to extract valuable information that was not captured in
the initial interviews. This would enhance the data collected and improve the quality and usefulness of
the results.

The following list represents the additional follow-up questions sent to the interviewees via email:

» If you would use the comparison model, with what objective would that be?

* If you do not plan to use the model, why is that?

+ If the stakeholder was not willing to share input data for the model: What would make you willing
to contribute to the model and trust us?

+ If the stakeholder was not willing to share input data for the model: Would you be willing to verify
price ranges based on open sources?
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+ If the stakeholder was not willing to share input data for the model: What do you see as a threat
to sharing data?

The results obtained from the follow-up questions were analysed and compared to the data collected
in the initial stakeholder interviews. This allowed for a more complete and nuanced understanding of
the issue under investigation and provided a stronger basis for drawing conclusions and making rec-
ommendations.

As not all interviews were conducted yet, the interview questionnaire was redefined for the remaining
interviews by adding the above-described follow-up questions.

3.5. Results

In the study of the offshore wind and hydrogen market, a variety of stakeholders were interviewed to
gain insight into their perspectives and interests. Given the diversity of stakeholder categories repre-
sented, it was anticipated from the outset that the responses would be diverse and reflective of each
group’s unique incentives.

Therefore, a two-step analysis was conducted to fully understand the industry’s views on a compar-
ison model and its requirements for adoption. Firstly, a general analysis of the results was performed
to determine the collective opinion of the industry on the comparison model. This analysis provided an
overview of the common themes and concerns that emerged from the stakeholder interviews.

Following the general analysis, a comparative analysis was performed to examine the differences in
opinions and incentives between different stakeholder categories. This approach allowed for a more
nuanced understanding of the diverse perspectives and motivations within the industry and provided
a comprehensive overview of the different opinions and incentives in the offshore wind and hydrogen
market.

In conclusion, the two-step analysis provided a thorough understanding of the industry’s views on a
comparison model and its requirements for adoption. The results of the analysis will be valuable in the
development of a model that is inclusive of the needs and interests of all stakeholders, and in turn, will
contribute to the growth and sustainability of the offshore wind and hydrogen market.

As mentioned in section 3.3, the documented takeaways from interviews were shared with the re-
spective interviewee to validate the accuracy of the researcher’s findings. In total, 13 interviews were
conducted out of which 13 statements were formulated. 10 stakeholder categories were defined, but
for some categories, multiple parties were interviewed. 100% of these formulated statements were
shared with the interviewees and 100% was validated. Using these takeaways, the following results
and conclusions were drawn.

3.5.1. General Analysis

The stakeholder interviews conducted as part of this study aimed to gather insights and perspectives
on the use and potential benefits of a comparison model for offshore wind to hydrogen concepts. The
results of these interviews provided valuable insights into the reasons for using the model, as well as
concerns and suggestions for improving its reliability and usefulness.

One of the key reasons for using the model is its potential to serve as a benchmark for comparison
with alternative (in-house) models. Some stakeholders, such as consultancy firms, develop their own
models so they would be less interested in using the model developed through this research. However,
if this model is validated or adopted by the industry, it could be interesting for these consultancy firms to
use the model to compare their assumptions. The model could also be used to evaluate the cost levels
of hydrogen production and inform policy decisions. Additionally, the model could provide a standard
calculation method for the industry to compare different concepts and demonstrate the cost advantages
of using a stakeholder’s asset (e.g. turbine). For example, a port could show the added value of using
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them for the import or export of hydrogen if the model would show a lower LCOH than for a different
port. Furthermore, the model could have educational value in providing a better understanding of both
the financial and technical structure of a green hydrogen supply chain.

However, there are also concerns and suggestions for improving the reliability and usefulness of the
model. The market is still in the R&D phase, making it too risky for many stakeholders to share data. A
solution could be to hide input data and assumptions for other stakeholders using the model. However,
engineering consultants on the other hand may be less interested if calculations and assumptions are
not transparent. Additionally, the R&D is not advanced enough to make clear predictions on prices and
other data in the future. The rapid pace of developments in the electrolysis space could also result in
inaccurate predictions. Manufacturers may have difficulty providing accurate predictions at an unprece-
dented scale. To enhance the reliability of the model, it should be tested by independent experts.

Additionally, it is important to note that governmental organisations consider both financial and environ-
mental impacts when making decisions. For them, the model should be independent and transparent,
with accurate data validated by stakeholders. It is unclear whether all these aspects can be integrated
into one model. However, a way to increase transparency, suggested by a stakeholder, was to be clear
about the assumptions behind the model. Examples of this are the type of costs considered, the finan-
cial methodology, and project characteristics, such as duration. Transparency can also be provided
by defining and sharing the sensitivity of the used parameters, which could be done through a Monte
Carlo simulation. Finally, some stakeholders suggested to designate an owner to maintain and update
the model on behalf of the industry.

During the interviews, some threats were raised regarding the use of a model. One such concern
was that the model may reveal that a manufacturer’s product results in a less feasible supply chain,
which could be detrimental to their business. This concern highlights the potential risk involved in using
the model for bench-marking and decision-making purposes, as stakeholders may be hesitant to share
sensitive information that could negatively impact their business.

Another concern was the difficulty in obtaining input data from manufacturers and suppliers in the
competitive and rapidly developing offshore wind and hydrogen market. Stakeholders expressed reluc-
tance to share their prices and assumptions, as they perceive such sharing as too risky in the current
market environment. This concern further underscores the challenges associated with developing and
implementing a reliable and comprehensive model for the industry.

In response to the latter concern, some stakeholders suggested that price ranges or bandwidths could
be verified. This verification could be based on public sources or interviews with stakeholders who
are willing to share data ranges. This approach could address the concern about sensitive information
sharing, while still providing valuable insights into pricing in the industry.

Moreover, it may be valuable for future research to focus more on interviewing manufacturers and
suppliers, as they possess the most sensitive data that could be critical for the development of a reli-
able cost model. While obtaining input data from these stakeholders may be challenging, their insights
could be invaluable in creating a comprehensive and accurate model that reflects the complex dynam-
ics of the offshore wind and hydrogen market.

In addition, the verification process could also benefit manufacturers by providing them with a better
understanding of pricing trends in the industry. By having access to verified price ranges and band-
widths, manufacturers could more effectively benchmark their products and make strategic decisions
to improve their competitiveness.

Overall, the suggestion to verify price ranges/bandwidths offers a potential solution to the challenges
associated with obtaining input data from manufacturers and suppliers. Further research could explore
the feasibility and effectiveness of this approach, and how it could be integrated into the development
and implementation of a reliable and comprehensive model for the industry.
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In conclusion, the results of the stakeholder interviews provide valuable insights into the potential ben-
efits and limitations of model. The concerns and threats should be carefully considered and addressed
in the development and implementation of any such model, in order to ensure that it is effective, reliable,
and acceptable to all stakeholders. These findings can inform the development and implementation of
future models, as well as inform decision-making processes within the industry.

3.5.2. Comparative Analysis

The offshore wind and hydrogen market is influenced by a variety of stakeholders, each with its own
unique incentives and interests. In order to achieve a model that is accepted and supported by the
industry, it is crucial to consider the perspectives and needs of each stakeholder category.

To that end, it is essential to perform a thorough analysis of the results per category in order to ac-
curately capture the complex and nuanced interactions between these stakeholders. This analysis can
help identify areas of alignment and areas of conflict between different groups, allowing for the develop-
ment of a model that addresses the concerns of all stakeholders and achieves a more comprehensive
and sustainable outcome.

Given the importance of stakeholder engagement in the development of the model, it is important
to undertake a detailed and systematic examination of the interests and incentives of each stakeholder
category. Only through a comprehensive and inclusive process can we hope to achieve a model that
is truly reflective of the needs and desires of all involved parties.

For the energy infrastructure stakeholder, the main objective is to compare the financial feasibility of
different offshore wind to hydrogen concepts and the influence of their product on the final costs. Al-
though they are willing to verify price ranges, they are not willing to share exact data and calculations.

The energy supplier and offshore project developer would like to use the model to compare projects
on a like-for-like basis and see how other parties are looking at hydrogen value chains. However, the
model would be less relevant for internal decision-making as they use their own models. They are com-
fortable in validating the model in terms of how it is set up but are less comfortable in directly sharing
specific cost data. They would only be willing to do that in an anonymised industry consortium. As they
do not know the exact values yet, they are afraid of negative reputational implications regarding their
assumptions. They would be willing to verify number assumptions and help with the setup of the model.

The offshore dredging company’s objective is to compare the financial feasibility of different offshore
wind to hydrogen concepts and to convince the government what the most feasible one is. Further,
they believe an industry-wide adopted model is necessary to accelerate the energy transition. They
are willing to share data, but only in a confidential way so that it is protected from competitors.

Governmental organisations usually outsource their calculation and modelling work to consultancy
firms. If they would use the model, it must be transparent and set up independently (not by one com-
pany). Furthermore, a comparison model could be interesting for them if it also integrates geospatial
data, which could help them in their analysis of the environmental impact of offshore projects. As a
governmental organisation, the only information they can provide to contribute to the model is tender
data. However, the submitted business cases are confidential and they are not allowed to disclose
that.

Governmental organisations define the need for a baseline to see how certain choices affect the LCOH.
The model would be used to understand which innovations trigger what cost impact. This can help in
bringing focus to the innovation-related plans.

The research institute develops its own models, so it might be less interested in using the model. How-
ever, if they were to use the model, it would be to get a better understanding of the influence of price
developments of different parts of the supply chain on the levelised cost of hydrogen. The research in-
stitute is willing to verify price ranges and is in favour of sharing data to accelerate the energy transition.
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The electrolyser manufacturer and wind turbine manufacturer’s main objective is to compare the fi-
nancial feasibility of different offshore wind to hydrogen concepts and the effect of their product on
that feasibility. As the market is so competitive, exact data is too confidential to share. However, the
manufacturers are willing to verify price ranges based on public data.

For engineering consultants, the model could serve as a benchmark for their own in-house developed
models. However, the model must be open-source so that they can see the assumptions and calcula-
tions. If the model were open-source, the consultancy firms would be willing to help verify the model.

Ports find the model useful to show clients that working with them could result in lower hydrogen costs.
Furthermore, this stakeholder sees the educational added value of a comparison model. They could
get a better understanding of the financial structure of a supply chain and the effect of its elements on
the price of hydrogen. It is valuable for them to be able to join the discussion with other parties. They
do not have any relevant data to help set up the model but are willing to verify data ranges.

3.5.3. Conclusion

It became clear that each group has distinct objectives, perspectives, and concerns. This has resulted
in a lack of understanding between stakeholders. The market for offshore wind and hydrogen is both
competitive and fragmented, which hinders cooperation and progress in the energy transition. Solving
that problem asks for a thorough and inclusive approach to creating a model that caters to the wants
and needs of all stakeholders. The goal of this model is to bridge the different interests of the stake-
holders. Without such a model, it might become difficult for stakeholders to understand each other’s
different perspectives. A comparison model could help stakeholders gain insight into their and others’
roles in the larger energy system.

The key factors that influence stakeholder willingness to contribute are confidentiality, competition, and
reputation. Manufacturers and suppliers are reluctant to share their prices and assumptions due to per-
ceived competitive risks in the rapidly evolving market. Others would only be willing to share specific
cost data in an anonymised industry consortium. As they do not know the exact values yet, they are
afraid of negative reputational implications regarding their assumptions. Most stakeholders, however,
are comfortable in verifying the model’s assumptions and helping with its setup, but they are less willing
to share specific cost data due to confidentiality concerns. They would also be willing to verify price
ranges instead of exact numbers.

To address potential barriers to contribution, measures such as confidentiality agreements could be
taken. However, this does not enhance an open discussion, for which transparency is needed. An-
other often suggested measure would be the verification of price ranges by stakeholders instead of
sharing exact values. This is the opposite view, shared by other stakeholders. A way to increase
transparency, suggested by a stakeholder, was to be clear about the assumptions behind the model.
Examples of these are the type of costs considered, the financial methodology, and project characteris-
tics, such as duration and supply chain type. A standard notation or coding system could be presented
together with the results of the comparison model. This would allow users to quickly understand the
assumptions behind the displayed numbers. A first suggestion for such a system is made in section 4.7.
Finally, transparency can also be provided by defining and sharing the sensitivity of the used parame-
ters, which could be done through a Monte Carlo simulation.

For now, it would be most useful to focus on the industry-wide adoption of the model, instead of only
on the industry-wide contribution to the model. For this, it is important that the assumed prices and
calculation methods are transparent, and are based on public research. With these assumed prices,
certain base-case results can be obtained for various supply chains. This starting set of values should
be clear and the same for everyone. Stakeholders should be able to change the prices in the model for
their part of the supply chain, which allows a user to see what kind of cost reduction they can achieve
compared to the starting point ( 'the standard’). The more stakeholders use the model for this purpose
and thus trust it, the more the model will be accepted and thus validated. This was suggested by a
governmental organisation with experience in setting up a cost model for the offshore wind industry.



Comparison Model Method

Based on the stakeholder analysis and literature review, a comparison model can now be set up. This
chapter first discusses the definitions and formulas of the financial methodology most common in the
industry. It then covers the common cost breakdown used in the offshore industry, facilitated by Van
Oord and MTBS. Using those formulas and breakdowns in the model, and being transparent about it,
increases industry-wide adoption. The same holds for being clear about the assumptions made, which
are discussed in the next section. Then, the setup of the model in Excel is explained, and the limitations
of this method. With these limitations known, an improved method will be developed and implemented.
Finally, the improved model will be validated using existing research and a real-life project.

In previous research, it was difficult to determine what methodology was used to perform the financial
calculations. The goal of this research is to strive for industry-wide adoption of the comparison model.
Therefore, the functionalities, methods, and assumptions behind the model are first clearly defined in
this chapter. At the end of the chapter, a standard notation system is introduced. Through literature
research, it came forward that it can be difficult to know what financial and technical assumptions are
considered by the authors. This in combination with stakeholders’ desire for more transparency has
led to the development of the standard notation system. It allows readers to quickly understand what
supply chains are considered and with which financial assumptions the calculations were done.

4.1. Definitions and Formulas

Based on the literature review in section 1.3, it was concluded that most research assessed the financial
feasibility of offshore energy supply chain elements through techno-economic analyses using LCOH
and Net Present Value (NPV) measures. A feasibility cost model analyses supply chains’ Capex and
Opex as the foundation for determining their economic attractiveness. Other financial tools besides
LCOH and NPV used to determine the financial feasibility are the LCOE, internal rate of return (IRR)
and payback period. An overview of these analyses is presented through the financial statements:
Profit & Loss, and Balance Sheet. These definitions are explained in this chapter.

Net Present Value (NPV)

The NPV is the actual value of capital. As future cash flows are analysed, the actual value of these
changes over time due to inflation (‘escalation’). NPV is used as a financial indicator to evaluate the
feasibility of a project. The difference between the actual ('present’) value of the profits and the invest-
ments is the net present value of the project (Kaldellis, 2022a).

The NPV is calculated in the following way (McDonagh et al., 2020).

n

NPV — Z Net cash flows in year i
“~ 1 + Discount rate’

(4.1)
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Calculating the NPV of future cash flows is called the Discounted Cash Flow (DCF) method.

The final year cumulative NPV is the sum of all discounted cash flows that have been generated by a
project up until the final year. Part of all cash flows is the revenues. A positive final-year cumulative
NPV means that the present value of the cash inflows generated by the project exceeds the present
value of the cash outflows (total costs) over the project’s lifetime. This indicates that the project has
created value for its stakeholders (Kaldellis, 2022a).

Discount Rate

The discount rate is a financial tool that is used to compute the value of future cash flows in present
terms. It is used in the NPV formula. It represents an interest rate that helps reduce or discount the
value of expected future cash flows to their present value. The discount rate reflects the return rate
that compensates investors for the time value of money and investment risk (DePamphilis, 2022).

In most financial models, the discount rate is assumed to be constant over the project’s duration. This
implies that the risks associated with the project and the financing structure remain constant over its
lifetime, but in reality, this is not the case (DePamphilis, 2022).

The WACC (Weighted Average Cost of Capital) represents the average cost of capital. In its calculation,
the cost of equity and debt is weighted according to the company’s capital structure. This structure is
determined by the proportion of debt and equity in the company’s capital mix (DePamphilis, 2022).

In financial modelling, WACC is often used as a discount rate for computing the present value of future
cash flows. This is primarily due to the fact that WACC accurately represents the cost of capital for a
company and also includes the risks linked to the investment. Thus, using WACC as the discount rate
guarantees an appropriate adjustment of the present value of future cash flows for the cost of capital
and investment risk associated with the project (DePamphilis, 2022).

IRR

The IRR measures a project’s feasibility by identifying the discount rate that would render the project’s
net present value zero within a defined timeframe. This metric is widely used due to its simplicity
and comprehensibility in assessing an investment’s potential. A high IRR implies a higher return on
investment, making it more attractive (Kaldellis, 2022b).

Payback period

The payback period shows how long it takes for an investment to recover its initial cost. It determines
the number of years it takes for an investment to generate enough revenue to recoup its investment
cost. The investment could be a wind turbine or a complete project. Once the investment has generated
enough revenue to recover its initial cost, the payback period ends. A shorter payback period is more
desirable because it means that the investment will recover its cost faster and generate positive cash
flows in the future (Kiran, 2022).

Divestment and Depreciation

A common method to calculate the depreciation of an asset is through the straight-line method. With
this method, an asset’s value depreciates with the same amount every year of its useful life. That
amount is calculated by dividing the asset’s initial value (Capex) by its economic lifetime. For example,
the total initial Capex of a turbine is €1 million, and the economic lifetime ('write-off time’) of a turbine
is 25 years. Then the annual depreciation value is €1 million / 25 = €40,000 (Blum, 1965).

When the project duration is shorter than the economic lifetime of an asset, there is still some value
‘left’ in the asset. For example, the project duration is 20 years. Then there is 5 more years of asset
value left. In the case of the turbine that is 5 times €40,000, which equals €200,000. This is a proxy
for the divestment value. The actual divestment value is the market value. It is the worth of an asset
at the time it is sold (Blum, 1965).
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Financial Statements

Financial statements are structured financial presentations with the objective to provide information
about the financial situation, performance, or forecast of a project. This can be used to make economic
decisions (Hasanaj & Kugi, 2019).

Profit & Loss

The Profit and Loss statement provides a financial overview of a project’s performance over a specific
period, such as a month, quarter, or year. It summarises the profits generated from business operations
and the losses incurred to generate revenue. Profit refers to the assets or money generated through the
project’s activities, while loss refers to the depreciation of assets or money utilised during the project’s
operation. The difference between profit and loss is the net income or net profit (Hasanaj & Kugi, 2019).

Balance Sheet
The Balance Sheet presents a summary of a project’s assets, capital, and liabilities. Liabilities are the
debts that are owed to others. It represents the claims that creditors have on a project’s assets. The
balance sheet shows a balance between the total value of assets and the total value of capital and
liabilities. This balance is expressed by the equation: Assets = Liabilities + Capital (Equity) (Hasanaj
& Kugi, 2019).

Supply Chain Efficiency and Losses

For an energy-related project, supply chain efficiency is an important metric. For an offshore wind to
hydrogen project, it is calculated with the following formula, which is defined by the author. Here, a
hybrid supply chain is assumed that produces both hydrogen and electricity.

1% (Total hydrogen onshore *141.8 MJ kg ™) + (Total electricity onshore * 3.6 MJkW " h) 4.2)
o| — .
7 Total wind energy production * 3.6 MJKW ' h

The supply chain efficiency directly impacts the project’s costs. By optimising the supply chain, invest-
ments can be reduced to get the same desired output. Or by generating the same amount of wind
energy, the project’s profitability can be increased.

The latter touches upon the Jevons Paradox, which is an interesting theory regarding the energy transi-
tion. According to the Jevons Paradox, over time, improving the efficiency of energy usage leads to an
increase in energy consumption instead of a decrease. In other words, if wind energy becomes more
efficient and cheaper to produce, it may encourage higher consumption and utilisation of wind energy,
thus offsetting any potential energy savings. It challenges the ideas behind the energy transition and
strives for improvements in energy efficiency. Furthermore, this phenomenon may impact the financial
analysis of energy projects as it suggests that simply improving efficiency may not necessarily lead to
cost savings (Giampietro & Mayumi, 2018).

The supply chain efficiency is determined by the energy losses over the supply chain’s elements. Based
on the information provided in chapter 2, the following efficiencies are assumed for the transportation
of energy.
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Parameter | Value | Unit | Source
Inter-Array Cable Efficiency 99 % Van Oord; Breunis, 2021;
Lucas et al., 2022
AC Collection Cable Efficiency 95 % Van Oord; Breunis, 2021
HVDC Cable Efficiency 100 - (0.00005*(x) + 4) % Eeckhout et al., 2009 (Fig
B.1)
H2 Pipeline Efficiency 95 % Breunis, 2021
DCAC Converter Efficiency 90 % Breunis, 2021
Electrolysis Efficiency 50 kWh/kg V. N. Dinh et al., 2021;
Breunis, 2021

Table 4.1: Assumed values for elements’ efficiencies with their sources

4.2. Cost Breakdown

To identify an acceptable and standardised cost breakdown and method, a combination of literature
(section 1.3) and the expertise of MTBS and Van Oord was used. MTBS, a financial consultant in the
maritime and transport sector, has a lot of experience in determining the financial feasibility of projects in
this sector. Van Oord, a contractor active in the offshore industry, also has a good view of the industry’s
common practices through its experience with tenders and cost estimations. The structure of the cost
breakdown is the same for every sub-system and element of the work breakdown (chapter 2).

4.2.1. Capex

Capex, or capital expenditure, refers to the investments by a company to acquire or improve its fixed
assets, such as buildings, property, and equipment. In the construction industry, Capex typically refers
to the funds used to invest in long-term projects, such as the construction of offshore platforms or the
purchase of specialised equipment. The offshore construction industry often involves larger and more
complex projects, which can require significant capital expenditure. These funds may be used to build
infrastructure, develop new technology, or acquire the necessary equipment and materials to complete
offshore construction projects. These investments are typically done to generate future benefits, such
as increased revenue or cost savings (Designing Buildings, 2021).

Development and Project Management

In the offshore industry, development and project management refers to the process of planning, or-
ganising, and overseeing the various activities involved in the construction and operation of an offshore
project. This can include activities such as site selection and acquisition, engineering and design, and
ongoing operations and maintenance. Development and project management also involve coordinating
the efforts of various teams and stakeholders, including engineers, contractors, regulators, and other
parties involved in the project. The goal of development and project management is to ensure that the
project is completed safely, efficiently, on time and within the budget (Offshore Technology, 2022).

Procurement

Procurement refers to the process of acquiring goods, services, and materials necessary for the con-
struction and operation of an offshore project. This can include activities such as identifying and select-
ing suppliers, negotiating contracts, placing orders, and managing the flow of materials and equipment
to the project site. Procurement is an important part of the offshore development and project man-
agement process, as it helps to ensure that the necessary resources are available when needed and
that the project stays on track. Procurement can also involve managing the risks associated with the
acquisition of materials and services, such as ensuring that suppliers are reliable and that materials
meet quality standards (Pagabo, 2022).
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Installation and Commissioning

Installation and commissioning refers to the process of assembling and preparing an offshore project
for operation. This can include activities such as installing pipelines, platforms, and other offshore
structures, as well as the equipment and systems necessary for production, and processing of off-
shore energy. Installation and commissioning also involves testing and verifying that all systems are
functioning properly, and making any necessary adjustments or repairs. The goal of installation and
commissioning is to ensure that the project is ready for operation and can safely and efficiently produce
energy (Opus Kinetic, 2022).

Residual Value or Divestment value

In the offshore construction industry, residual value refers to the estimated value of an asset (such as
an offshore platform) at the end of its useful life. This value is determined by estimating the amount of
money that can be reasonably expected to be obtained from the sale or disposal of the asset, taking
into account its age, condition, and any potential liabilities associated with it. Residual value is an
important consideration in the offshore industry, as it can impact the overall economics of a project and
help companies to plan for the decommissioning of offshore assets (Thakur, 2022).

4.2.2. Opex

Opex, or operating expenditure, refers to the funds used by a company to cover its ongoing expenses,
such as salaries, utilities, and maintenance. In the offshore construction industry, Opex typically refers
to the funds used to cover the costs of running offshore construction projects on a day-to-day basis.
This may include expenses such as the cost of fuel and supplies, insurance, the salaries of workers and
support staff, and the maintenance of equipment. Unlike Capex, which is used to invest in long-term
assets, Opex is used to cover the ongoing costs of operating a business. In this research, the Opex is
expressed as a percentage of the total Capex (DW Insights, 2022).

Yearly Variable Costs

The yearly variable costs, also known as operation and maintenance (O&M) costs, refer to the costs
associated with the operation of an offshore project that can vary from year to year. These costs
can include expenses such as labour, materials, and services that are needed to maintain and repair
equipment and to support the ongoing generation and production of energy. Yearly variable costs can
also include expenses such as taxes, and other fees that are related to the operation of the project. The
amount of yearly variable costs can vary depending on factors such as the amount of energy generated,
the number of platforms in operation, and the age and condition of the project’s equipment and facilities
(EWEA, 2022).

Insurance Costs

Insurance costs refer to the premiums paid by a company to an insurance provider to protect against
financial losses resulting from various risks, such as property damage, liability claims, business in-
terruption, and natural disasters. In offshore construction projects, insurance costs are a significant
component of operating expenses (Opex) as they provide protection against unforeseen events that
could disrupt the project and result in financial losses. These costs typically include marine and liability
insurance and can vary depending on the project’s size, complexity, and level of coverage required
(O’Connor & Dalton, 2012).

Decommissioning

Decommissioning costs refer to the expenses associated with the process of safely and permanently
removing an offshore platform and other associated infrastructure from service. It occurs at the end of
the economic lifetime of an asset (re-investment) or at the end of a project. These costs can include
things like the expenses of disconnecting the platform from any underwater pipelines, removing any
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remaining hazardous materials, and either dismantling the construction on-site or transporting it to a
decommissioning facility for further processing. Decommissioning costs can be significant and are
typically factored into the overall cost of operating an offshore construction throughout its lifespan. In
this research, it is expressed as a percentage of the total Capex (PetroWiki, 2022).

4 3. Financial Assumptions

In order to ensure accurate financial calculations for a renewable energy project, certain assumptions
are incorporated into the model. These assumptions take into account factors such as construction
costs, project lifespan, and financing costs.

The Opex values, including yearly variable costs, decommissioning, and insurance costs, are calcu-
lated as a percentage of the total Capex. However, it is important to note that this "total Capex” is the
summation of the escalated Capex values. The Opex values calculated as a percentage from this total
Capex are escalated as well.

Yearly variable costs are the operation and maintenance costs and are defined as a percentage of
the Capex. These costs include labour, materials, and services that are needed to maintain and repair
equipment and to support the ongoing generation and production of energy.

Furthermore, the decommissioning costs are considered part of the Opex to maintain a balanced bal-
ance sheet. This is because, unlike Capex, decommissioning does not increase asset values. Instead,
it occurs at the end of the project and the economic lifespan of the asset.

It is assumed that the base year for NPV calculations is the construction year of the project. Even
if a certain asset is built, for example, 10 years later, the base year for NPV calculations stays the
same. This also holds for the escalation (inflation), which is applied uniformly to both Capex and Opex.
Furthermore, the escalation rate is assumed to be 2% and constant over the project’s lifetime (Euro-
pean Central Bank, 2021).

While the weighted average cost of capital (WACC) is assumed to be equal across all stakeholders
and supply chain segments, it is acknowledged that in reality, WACC may vary depending on differing
commercial incentives and risk profiles. The WACC was calculated using MTBS’ method and was set
to be 9.84%. One of the parameters defining the WACC is the 'Unlevered Beta’, which measures the
market risk for a company based on the industry it operates in (NYU Stern, 2023). For this model, the
chosen industry was 'Green & Renewable Energy’.

If the asset’s economic lifetime is shorter than the project duration, a reinvestment should be made
to replace the asset and keep the project operational. The assumption in the model is that if the asset
replacement is needed in year X, the last Capex investment will be made in year X-1. This way, a
revenue stop or gap is prevented as the project can stay operational.

The depreciation rate of an asset is calculated by dividing 1 by the asset’s economic lifetime, which
starts in the first operational year of an asset. Divestment at the end of the project, if it happens, occurs
in the last operational year of an asset, and the same holds for decommissioning at the end of the
project. It is assumed to be "instantaneous” at the end of the last operational year.

During reinvestment years, the Opex based on the initial summed escalated Capex is paid. From
the first operational year of the replaced asset, the new Opex is paid, which is a percentage of the
summed escalated reinvestment Capex.

As shown in Equation 1.2 and Equation 1.3, the LCOH and LCOE are calculated by considering the
costs specifically related to the production and transport of hydrogen and electricity, respectively. When
a supply chain produces both hydrogen and electricity, the right costs should be allocated. For the costs
of an electrolyser, which produces hydrogen, it is rather simple. But for the offshore wind park costs, for
example, the energy conversion ratio is taken into account. When 70% of the generated wind energy
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is used for electrolysis (hydrogen production), it is assumed that 70% of the offshore wind farm costs
will be allocated to the LCOH calculation. The remaining 30% is allocated to the LCOE calculation.
Table 6.1 presents an overview of how the costs are allocated per element.

Element \ Cost allocation
Turbine Proportional to conversion rate
Foundation & Cables Proportional to conversion rate
AC Substation Proportional to conversion rate
AC Collection Cable Proportional to conversion rate
HVDC Converter Proportional to conversion rate
HVDC Cable Proportional to conversion rate
Electrolyser Hydrogen
Desalination Unit Hydrogen
Compressor Unit Hydrogen
Storage Unit Hydrogen
Compressor After Storage Hydrogen
DCAC Converter Electricity
Mainland Proportional to conversion rate
Artificial Island Proportional to conversion rate
Hydrogen Pipeline Hydrogen

Table 4.2: Cost allocation per supply chain element for LCOH and LCOE calculation

All costs are defined as cost per unit. Units are MW (megawatt), and for cables and pipelines me-
ters. This was also done in the studied literature. Energy project Capex is typically defined in price per
MW instead of price per unit because power output is a crucial factor in the design and operation of
energy projects. It determines the amount of energy that can be produced and delivered to customers.
Using price per MW enables a standardised measurement of cost across projects with varying power
output capacities, making it easier to compare different energy projects and technologies. In contrast,
price per unit is a more general term that can have different interpretations depending on the context
and may not provide enough information on the specific characteristics of an energy project. Cables
and pipelines are often defined in price per meter, which is more relevant to their physical properties.

Moreover, the model assumes that the prices of assets are based on current price ranges, regardless
of when the asset is built. For an overview of all assumed prices per component and the accompanying
sources, kindly refer to section B.2.

Finally, it is worth mentioning that the model does not take government subsidies into account. The
reason for this is that considering subsidies would be unfair when comparing renewable supply chains
with non-renewable supply chains. However, if one would want to include this in the financial model, a
workaround would be to include this subsidy as a positive Capex or to extract the subsidy value from a
component’s Capex.

Energy Prices

It is important to note that a sensitive parameter in determining the financial feasibility of a project is
the energy market price. As green hydrogen is not sold yet on the market, a price must be assumed.
According to S&P Global Platts, the price of green hydrogen produced in The Netherlands in 2022
would be €13.43 / kg H, (S&P Global Platts, n.d.). The European Commission expect €1.80 / kg H-,
while the ICCT expect €6 / kg H, (Ortiz-Cebolla et al., 2022; Zhou & Searle, 2022). In this research
and cost model, a price of €6 / kg H, will be assumed. This parameter can be changed in the model.

For electricity, the market price is assumed to be €0.18 / kWh. This is based on the average pur-
chase price of electricity for March 2023 in The Netherlands (€0.10 / kWh) plus the a feed-in-premium
(FIP) tariff (Anciaux, 2019; Nieuwe Stroom, 2023). The Dutch electricity system supports energy in-
vestments by these tariffs, which are added to the market price. This means that energy producers
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(usually renewables) receive a premium on top of the spot-market price for the produced and deliv-
ered electricity. The premium is to compensate for the difference between the market price of fossil
fuel-generated electricity and renewable energy-generated electricity. The FIP for wind is €0.05 - 0.08
/ KWh depending on the type, size and wind speed. In this research, a FIP of €0.08 / kWh is assumed,
resulting in a market price of €0.18 / kWh.

It should be noted that in reality, these prices fluctuate over time. Assuming that this parameter is
constant over a project’s lifetime is a sensitive assumption, which adds uncertainty to the results.

4.4. Model Setup

Having defined the common practice methodology for determining the feasibility of a project, the the-
oretical knowledge could now be implemented into an actual comparison model. As mentioned at the
beginning of this chapter, the research and especially this chapter was conducted in collaboration with
MTBS, using their financial expertise. Excel is their preferred software tool, so the model was first
established in Excel. This allowed MTBS to monitor the model configuration and ensure the structure
is correct.

To begin the process of setting up the model, an input sheet was created in Excel to gather all the
required data. For the scope of this research, data gathered from open sources and previous research
was used. The goalis to develop a functioning model, but not to retrieve the most accurate data. Please
refer to section B.2 for the sources behind the assumed and adopted cost data. This input sheet con-
sists of general system input numbers, such as the weighted average cost of capital (WACC), inflation
rate, total wind park capacity, wind turbine capacity per unit, cable length (including HVDC, AC Collec-
tion), pipeline length for hydrogen transportation, and transport losses. But also input data regarding
the costs of the elements, such as development and project management costs, procurement costs
and yearly variable costs rate. These input values will be used in the model calculations to determine
the capital expenditures (Capex), operating expenditures (Opex), cash flows, and the present value
of these for each subsystem of the supply chain. For the total system, the net present value (NPV) is
calculated. An example of an input sheet for general system numbers and one element is provided
below in Figure 4.1.

Category [ Sub-system [ Element B Component B Description
System input Wind energy source & Transport Offshore wind park - Total Windpark Capacity
System input Wind energy source & Transport Offshore wind park Turbine Windturbine Capacity per unit
System input Wind eneray source & Transport | Offshore wind park Inter-array cable Length
System input AC & Transport AC Substation & Transport__|AG Capacity per unit
System input [AC Substation & Transport AC Substation & Transport__|DC collection cable Lengih
System inpul Converter & Transpor. Converter HVDC Converter Capacily per unit
System input Converter & Transport Converter HVDC cable Length
System input Electrolysis, Electricity & Transport__|Electrolysis Electrolyser Stack size capacity
System input rolysis, Electricity & Transport__|Electricity DCAC Converter Capacity per unit
System input rolysis, Electricity & Transport _|Facility location [Artificial island Foolprint
System input Elecirolysis, Electricily & Transport _ [Facility location lainiand Footprint
System input Electrolysis, Electricity & Transport | Facility location Arificial island Distance from shore
System input rolysis, Electricily & Transport__|Transport H2 Pipeline Length
System input rolysis, Electricity & Transport | Transport Elechricity cable Lengih
System inpul Wind energy source & Transpor Offshore wind park Inter-aray cable Transpor 108
System input AC Substation & Transport AC Substation & Transpert  |DC collection cable [ Trar loss
System input Converter & Transport Converter HVDC Cable Conversion lass
System input Electrolysis, Eleclricity & Transport _|Electrolysis Electrolyser Conversion MWh to tons Hydrogen
System input Elecirolysis, Eleciricily & Transpori__|Transport H2 Pipeline ransport loss 2
System input Electrolysis, Electricity & Transport _ [Transport Electricity cable ransport10ss 3
System input - - - IACC
System input E E - rale
System input E E - Escalalion base year E
apex Wind energy source & Transport Offshore wind park Foundafion & cable Foundation & cable costs (Development and Projec Management) EORTIW
apex Wind energy source & Transport Offshare wind park Foundation & cable Foundation & cable costs (Procurement) EUR /MW
apex Wind energy source & Transport___|Ofishore wind park Foundation & cable Foundation & cable costs (Installation and Commissioning) EUR 7MW
apex Wind energy source & Transporl Offshore wind park Foundalion & cable umber of units W
apex Wind energy source & Transport Offshore wind park Foundalion & cable onsiruciion duraion years
apex Wind energy source & Transpor Offshore wind park Foundalion & cable Share of Investments in Year 1 % of Capex folal
apex Wind eneray Source & Transport | Offshore wind park Foundation & cable Share of Investments in Year 2 % of Capex total
apex Wind energy source & Transport___|Offshore wind park Foundation & cable Share of Investments in Year 3 % of Capex total
apex Wind energy source & Transport Offshore wind park Foundalion & cable Economic Lifefime years
apex Wind energy source & Transport Offshore wind park Foundaion & cable Depreciafion Flag
apex Wind energy source & Transport Offshare wind park Foundation & cable Deprecialion Rate rﬁ of Capex fotal
Opex Wind eneray source & Transport | Offshore wind park Foundation & cable [Yearly Variable Costs Flag flag
Opex Wind energy source & Transporl Offshore wind park Foundalion & cable [Yearly Variable Cosis Rale % of Capex folal
Opex Wind energy source & Transport Offshore wind park Foundalion & cable Insurance Flag
Opex Wind energy source & Transpor Offshore wind park Foundalion & cable Rale % of Capex folal
Abex Wind eneray Source & Transport | Offshore wind park Foundation & cable Decommissioning Flag X
Abex Wind energy source & Transport___|Offshore wind park Foundation & cable Foundation & cable decommissioning X % of Capex total
Residual value Wind energy source & Transporl Offshore wind park Foundalion & cable Foundalion & cable residual valug X [% of Capex total

Figure 4.1: Screenshot of an example of an input sheet for the cost model, including the general system input and the input
lines for the element 'Foundation & Cable’

Once the input data was collected, an Excel model was set up to perform the calculations for each
sub-system, which was split up into elements. The names of the sub-systems and elements exactly
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matched the names defined in chapter 2. To ensure the accuracy and quality of the model, MTBS pro-
vided their template and supervision. MTBS’ template contains all required functionalities mentioned
in section 4.1. The supervision and control of MTBS helped to identify any errors or inconsistencies in
the model, which could then be corrected before proceeding to the next step.

MTBS’ model template consists out of 'blocks’, which have the same structure for every sub-system
and element. This allows users to copy-paste and build the model quickly. An example of two of these
blocks (Yearly Variable Costs and Insurance Costs) is provided below in Figure 4.2.

Constant Unit
Yearly Variable Costs
Opex - Escalation Factor - factor
Wind energy source & Transport - Offshore wind park - Foundation & cable - Depreciation - Depreciable Balance - Start - EUR
Opex - Wind energy source & Transport - Offshore wind park - Foundation & cable - Yearly Variable Costs Flag 1 flag
Opex - Wind energy source & Transport - Offshore wind park - Foundation & cable - Yearly Variable Costs Rate 2% % of Capex total
Project Operations Period Flag flag
Wind energy source & Transport - Offshore wind park - Foundation & cable - Yearly Variable Costs - POS EUR per annum
Wind energy source & Transport - Offshore wind park - Foundation & cable - Yearly Variable Costs EUR per annum
Insurance Costs
Opex - Escalation Factor - factor
Wind energy source & Transport - Offshore wind park - Foundation & cable - Depreciation - Depreciable Balance - Start - EUR
Opex - Wind energy source & Transport - Offshore wind park - Foundation & cable - Insurance Flag 1 flag
Opex - Wind energy source & Transport - Offshore wind park - Foundation & cable - Insurance Raie 0.50% % of Capex fotal
Project Operations Period Flag flag
Wind energy source & Transport - Offshore wind park - Foundation & cable - Insurance Costs - POS EUR per annum
Wind energy source & Transport - Offshore wind park - Foundation & cable - Insurance Costs EUR per annum

Figure 4.2: Screenshot of an example of a calculation block for the cost model: Yearly Variable Costs and Insurance Costs for
the element 'Foundation & Cable’

After setting up every cost block for all elements of the considered supply chains, the total costs and
revenues are displayed in a Financial Statement sheet. This gives a clear overview of all operational
cash flows and investment cash flows.
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Dperational Cash Flows
Bevenues

Project - Total Bevenues

Constant

CF

Lmit

ELIR

Project - Total Revenues
Dperational Costs

‘wind energy source & Transpart -'early Wariable Costs - Tatal Costs
‘wind energy source & Transpaort - Insurance - Tatal Costs
‘wind energy source & Transport - Decommizzioning - Total Costs
AC Substation & Transpart -“'early Wariable Costs - Tatal Costs
AC Substation & Transpart - Insurance - Tatal Casts
AC Substation & Transport - Decommizzioning - Total Costs
Corwerter & Transport - early Variable Casts - Tatal Casts
Corwerter & Transpart - Insurance - Total Costs
Corwerter & Tranzport - Decommizsioning - Tatal Casts
Electralysis, Electricity & Transport - “early Variable Costs - Total Costs
Electrolusiz, Electricity & Transpart - Insurance - Total Costs

| Electralusis, Electricity & Transport - Decommissioning - Tatal Costs

EUR per annum

ELIR per annum
ELIR per annum
ELR per annum
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Figure 4.3: Screenshot of the lines included in example cash flow statement

By converting these cash flows into their net present value (NPV), the Levelised Cost of Hydro-
gen (LCOH) and the Levelised Cost of Energy or Electricity (LCOE) can be calculated using the total
production of the considered supply chain according to the method described in subsection 1.1.3.

Constant Unit
Levelised Cost of Hydrogen

Project - Total Operational Costs - PV - Total
Project - Total Investment Cash Flows - PV - Total
Project - CAPEX + OPEX - PV - Total - POS

(3.917.645.563) EUR
(12.854.727.534) EUR
16.772.373.097 EUR

Project - Financial - Discount Rate - Rate
Total Hydrogen Production 5.884 853.584 kg
Total Hydrogen Production PV 1.800.833.597 kg

Levelised Cost of Hydrogen 9,31 EUR/kg

Figure 4.4: Screenshot of an example calculation of the levelised cost of hydrogen (LCOH) - NB: used numbers are fictional

The model allows you to indicate which cost elements are included in the cost price. If, for example,
the user wants an LCOH that does not include decommissioning, that would be possible. This way, it
is clear which cost elements are included. The possibility of excluding certain cost elements from the
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calculation of the cost price makes it possible to compare an LCOE or LCOH with cost prices in other
research that also exclude these elements. This leads to a fair comparison of the cost price.

4.5. Limitations of Excel Model

As the energy transition becomes increasingly important, parties involved in the process are seeking
comprehensive analysis to help them make informed decisions. These decisions can not be based
solely on financial analysis but might require different angles such as meteorological, ecological, and
geographical circumstances. This was something mentioned in the interviews, among others by the
government body assessing the tenders for future projects. Stakeholders also shared the desire for
transparency in the model, allowing them to clearly see the assumptions and calculations behind the
results. To accelerate the energy transition, an open discussion between all relevant parties is needed.
An open-source model would help with this. However, while the current method of using Excel spread-
sheets is easy to work with, it may have several limitations for these desires.

Excel sheets can become large and complex, which can make it difficult for users to understand the
underlying assumptions and calculations behind the results. Additionally, Excel’s limited debugging
tools can make it challenging to identify errors. Moreover, when handling large datasets, Excel can
slow down and struggle to work efficiently with data from multiple sources.

Another limitation is reproducibility. Users may struggle to reproduce the same results consistently due
to the complexity of an Excel sheet. This can arise from hidden formulas or macros, manual changes
to the data, or changes to the formatting. Additionally, Excel offers limited tools to perform probabilistic
calculations, and it may struggle with handling large datasets. For instance, when performing Monte
Carlo simulations to determine the influence of a supply chain element on the total cost and LCOH,
which is something that stakeholders wish to get more insight into.

Furthermore, Excel’s ability to handle spatial data is limited, which can pose challenges when per-
forming spatial analysis tasks, particularly with large datasets. In such cases, third-party add-ins may
be necessary to perform these types of analyses. Although Excel has built-in functions for financial
analysis, it may struggle to perform more complex price scenario analysis tasks. Additionally, Excel
files can become complex and difficult to understand, especially when multiple users are involved, lim-
iting its capabilities for sharing the analysis process.

To address the limitations of Excel, Python could be considered as an alternative option. However,
it should be noted that Python notebooks may not be easily understood by everyone, and coding can
be complicated. Nonetheless, when people understand coding, the written code is clear and trans-
parent. Python has robust debugging tools that can identify the source of errors, which simplifies the
process of resolving complex issues.

Furthermore, Python is highly scalable and efficient in handling massive datasets and diverse data
sources. It provides a structured and robust approach to analysis, enabling other users to reproduce
consistent results effortlessly. Python also offers several libraries that provide numerous statistical func-
tions for performing probabilistic calculations, and open-source tools such as 'pvlib’ and ‘'windpowerlib’,
which simulate the performance of solar energy systems and wind power plants, respectively (Halden
et al., 2021; Holmgren et al., 2018; Tanvir, 2023). Another example is 'oemof’, which can be used for
energy system modelling (Krien et al., 2020).
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Figure 4.5: Example of geographical data being used in Python code from author

In addition, for deep financial analyses and modelling Python offers numerous libraries (Greenwood,
2023; Lewinson, 2020; Sblendorio, 2021). Further, Python has libraries that are specifically designed
for spatial analysis, providing tools for working with spatial data such as creating maps (Prapas, n.d.).
For price scenario analyses, Python offers libraries that provide tools for working with time-series data,
performing predictive modelling, and simulating different scenarios (J. A. Rodrigo & Ortiz, 2021). This
can be used for electricity price forecasting (Dimitriosroussis, 2021). It should be noted that these kinds
of libraries and tools require a certain level of computer science and programming knowledge. How-
ever, the examples show the possibilities Python offers.

Examples of the application of Python for financial engineering and techno-economic analyses can
be found in the literature as well. One study created an integrated energy finance evaluation tool,
based on LCOE values of solar photovoltaic investment, using Python (Halden et al., 2021). A second
one developed an open-source Python model for the techno-economic analysis of 5G network projects
using geospatial data (Oughton et al., 2019). And finally, a study used multiple open-source Python
tools to model weather predictions and energy production forecasts for their analysis of the LCOH for
hydrogen production and export from Colombia (Burdack et al., 2023). By using Python, parties in-
volved in the energy transition can have a more comprehensive analysis than with Excel, which can
help them make informed decisions.

However, Python has its downsides. Firstly, it requires coding skills, which not everyone possesses.
Python may have a steeper learning curve than Excel, and users may need to invest time in learning
the language and its associated tools and libraries. Secondly, opening notebooks requires certain in-
stalled programs that might be difficult for new users. In addition, some users may find notebooks to
be intimidating, which can make it challenging for them to grasp the calculations and assumptions be-
hind the model. Finally, while Python is highly scalable, it can be computationally intensive. Complex
calculations might require more processing power than Excel.

In conclusion, while Excel is currently the most used tool in the industry for the financial analysis of
projects, its limitations make it difficult to address the wishes of stakeholders. These include trans-
parency, reproducibility, scalability, and efficiency in handling large datasets and diverse data sources.
Python seems to be a suitable alternative for this. Although it may require some coding skills and po-
tentially more processing power for complex calculations, it offers comprehensive analysis capabilities.
Therefore, an improved version of the comparison model using Python will be set up to meet the needs
of the stakeholders.
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4.6. Addressing the Limitations Using Python

Section 4.5 described the limitations of an Excel-based model and explained how Python could be used
to improve the model. This chapter describes the implementation of some of these improvements.

4.6.1. Iterative Implementation

Based on the desired functionalities that came forward through the stakeholder interviews and the
mentioned limitations of Excel (section 4.5), Python was deemed the most suitable tool to set up an im-
proved cost model. Having integrated the correct financial methodology and assumptions in the Excel
model, thanks to MTBS’ supervision, an iterative method was used to implement the improvements in
Python.

The same financial calculations (Capex, Opex, cash flow analysis) were coded in Python. After the
setup of a supply chain element was completed in Excel, the input data defined in Excel was imported
into Python to perform these calculations (see Figure 4.6). The results (see Figure 4.7) would then be
compared with the Excel results.

1. prepare input data and generate objects

M foundation_data = get_object_data(Inputs=Inputs,
subsystem="Wind energy source & Transport',
element="0ffshore wind park”®,
component="Foundation & cable')
foundation_data[ 'depreciation_rate’]=1/foundation_data[ ‘economic_lifetime']
display(foundation_data)

{'sub_system': 'Wind energy source & Transport',
‘element': 'Offshore wind park’,
‘component’: "Foundation & cable’,

‘escalation_base_year': 2823,
‘escalation_rate': 98.02,
‘capex_per_unit': 971621,

‘capex_per_unit_units': "EUR / MW',
"unit': 3000,
‘unit_units': ‘MW’,

‘construction_duration’: 3,
‘share_of_investments': [@.2, 8.4, @.4],
'economic_lifetime': 38,
'depreciation_flag': 1,
‘depreciation_rate': ©.83333333333333333,
‘yearly_variable_costs_flag': 1,
'yearly_variable_costs_rate': 0.815,
"insurance_flag': 1,

"insurance_rate': 8.005,
'decommissioning_rate': @.35,
‘residual_value': e.01}

Figure 4.6: Screenshot of Python code importing input data from the Excel model
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M # Print Foundation values (without revenues)

display(Foundation.df)

years capex opex revenue cashflow cashflow_sum npv npv_sum

years

2023 2023 -5946321e+08  0.000000e+00 -5.946321e+08 -5.946321e+08 -5.413620e+08 -5.413620e+08

2024 2024 -1213049e+08  0.000000e+00 -1.213049e+09  -1.807687e+09 -1.005443e+08 -1.546805e+09
2025 2025 -1237310e+09 0.000000e+00 -1.237310e+09  -3.044992e+09 -9.336779e+08 -2.480433e+09
2026 2026 0.000000e+00 -6.591994e+07 -6.591994e+07  -3.110912e+09 -4528712e+07 -2.525770e+09
2027 2027 0.000000e+00 -6.723834e+07 -6.723834e+07 -3.178150e+09 -4.205468e+07 -2.567825e+09
2028 2023 0.000000e+00 -6.853311e+07 -6.85831e+07 -3.246733e+09 -3.905296e+07 -2.606873e+09
2029 2029 0.000000e+00 -6.995477e+07 -6.995477e+07 -3.316688e+09 -3.626550e+07 -2.643143e+09
2030 2030 0.000000e+00 -7.135386e+07 -7.135386e+07 -3.388042e+00 -3.367699e+07 -2.676820e+09
2031 2031 0.000000e+00 -7.278094e+07 -7.278094e+07 -3.460823e+09 -3.127325e+07 -2.708093e+09
2032 2032 0.000000e+00 -7.423656e+07 -7.423656e+07 -3.535050e+00 -2.904107e+07 -2.737134e+09
2033 2033 0.000000e+00 -7.572129e+07 -7.572129e+07 -3.610781e+09 -2.696822e+07 -2.764103e+09

2034 2034 0.000000e+00 -7.723572e+07 -7.723572e+07 -3.688016e+00 -2504332e+07 -2.789146e+09

o o o o o o0 o o0 0 o 0 o o

2035 2035 0.000000e+00 -7.878043e+07 -7.878043e+07 -3.766797e+09 -2325581e+07 -2.812402e+09

Figure 4.7: Screenshot of Python code displaying the results of the financial calculations

This step is crucial as it involves testing to check if the Python module works as expected and to
verify that the output is consistent with that of the Excel model. The most important part of this step is to
ensure that the values calculated in Python match those calculated in Excel for the Capex, Opex, and
Cash Flows per year. This is necessary to ensure that the model is reliable and can be used to make
informed decisions. The way this is tested is called 'unit testing’. A unit test is a type of software test
that focuses on testing a specific "unit” or component of code in isolation from the rest of the system.
During a unit test, the unit is exercised and its output is compared to the expected result. This helps to
ensure that the unit is functioning correctly and producing the desired output (Olan, 2003).

2. Test values - Turbines
2.1 - CAPEX values

M MTBS values = {'years': [2823, 2824, 2825],
‘values': [-687_667_148, -1_423_248 082, -1_451_785_s82]}

M for index, year in enumerate{(MTBS_values['years']):

'.format(year, MTBS_values['values'][index], Turbine.df[Turbine.df.i

print('CAPEX value testing in {}: MTBS: {} TuD/vO: {}
"1lindex], Turbine.df[Turbine.df.index==year].capex.item(), @)

np.testing.assert_almost_equal(MTBS_values['values
»
CAPEX value testing in 2823: MTBS: -697667148 TUD/VO: -697667148.@
CAPEX value testing in 2824: MTBS: -1423248982 TUD/VO: -1423248981.92
CAPEX value testing in 2825: MTBS: -1451785882 TUD/VO: -1451785881.5584

Figure 4.8: Screenshot of Python code performing unit testing, comparing the values calculated in the Excel model (‘“MTBS*)
with the values calculated in Python (“TUD/VO*)

Although unit testing has been criticised for being time-consuming and costly, it remains a crucial

verification activity as it enables the testing of individual software components for errors and ensures
that all code is exercised adequately. Earlier research, where errors were detected through unit testing
on three separate projects, implies that unit testing is necessary and cannot be eliminated from the
development process (Ellims et al., 2006). It also indicates that unit testing can accomplish what other
testing methods may not be able to achieve, as supported by previous research (Dupuy & Leveson,
2000).
However, maintaining unit tests throughout a project’s lifecycle can be challenging. Therefore, a prac-
tical approach is needed to integrate the use of unit tests with the user’s and owner’s goals of reducing
time and cost, as they often aim for faster, better, and cheaper results. This could be a good recom-
mendation for future development of the model (Ellims et al., 2006).

By ’copying’ MTBS’ methodology into Python, it is clear that the calculations are set up correctly.
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Through testing, the reliability of the Python model can be determined. To achieve this, the cash flows
in Python will be compared to those of Excel to ensure that they match 1:1. Initially, this comparison
will be done for just two elements of the supply chain, namely 'Foundation & Cables’ and 'Turbines’.
This approach will help to identify any discrepancies between the Excel and Python models and enable
us to make any necessary adjustments to ensure that both models produce consistent and accurate
results.

Once the comparison for the two elements is complete, and there are no discrepancies between the
Excel and Python models, the analysis will be scaled up to a full supply chain. This will include all the
relevant elements, such as 'Foundation & Cables’, 'Turbines’, ’AC Substation’, ’AC Collection Cable’,
'DCAC Converter’, and 'Facility Location - Mainland’.

In summary, the testing step involving the comparison of Excel and Python models for Capex, Opex,
and cash flows is crucial to ensure the reliability and accuracy of the model. By scaling up the analysis,
we can ensure that the model is robust and can be used to make informed decisions about the offshore
wind to hydrogen supply chain.

Identified Errors and Challenges

As mentioned above, testing and iterating are crucial steps when setting up a reliable and accurate
model. Through testing, errors or issues with the model can be identified, allowing for corrections to
be made before the model is put into use. Furthermore, testing provides users with confidence in the
results it produces. During the testing period, numerous errors were found.

One of the errors was the mismatch of names between sub-systems or elements in the Python note-
book and the Excel input sheet. This highlighted the importance of ensuring that the defined names
match exactly between the two platforms to avoid such errors. For instance, the word ‘Foundation &
Cables’ should match in both Excel and Python when summarising all costs for this item.

Another error was identified, which was caused by Python exporting exact values from the Excel cells.
This meant that cells with formulas or references to different sheets could not be loaded by Python.
Therefore, cells had to be hard-coded to avoid this error.

During testing, it was also discovered that the Opex costs were not escalated, even though they are
future costs that should have been escalated. This was due to a workaround in the MTBS sheet. Such
errors highlight the importance of testing and iteration to identify and resolve issues before the model
is put into use. Through these processes, the errors were corrected, ensuring that the model produces
reliable and accurate results that users can have confidence in.

4.7. Standard Notation System

Once the setup of the model is finished, it is important to consider how the usability of the model can be
enhanced and how the underlying assumptions and calculations can be communicated clearly. This
is especially valuable when interpreting results. As mentioned in the literature research (section 1.3),
standardisation in the comparison of systems is lacking. Furthermore, stakeholders mentioned the
desire for transparency in a comparison model. One way to do this is through the use of a standard
notation system. This standard notation should give users a quick overview of what kind of supply
chain is considered in the model and what kind of financial assumptions are behind the results.

The clarity that such a notation offers can be especially important when presenting the model and
its results to non-experts or decision-makers who may not be familiar with the technical and financial
details of the model. Furthermore, it allows for efficiency as users can quickly identify the included
elements of the supply chain. Finally, a standard notation system can facilitate comparisons between
different concepts or scenarios, allowing users to easily identify the similarities and differences between
them. This can be especially useful for decision-making.
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The suggested standard notation for the model in this research is based on the queueing theory. This
is a mathematical theory that deals with the study of waiting lines, or queues, especially in ports. A
shorthand notation was created by Kendall to classify queueing systems as a/b/c, where every letter
represents a key assumption. Here, a stands for the inter-arrival time distribution, b specifies the ser-
vice time distribution, and ¢ the number of servers (Adan & Resing, 2002).

Based on the research and stakeholder interviews, a notation system is proposed that includes the
following information: system type, model assumptions, energy conversion rate, and financial consid-
erations. Clarity around these factors has been lacking in previous research. However, these are
important to know when studying the feasibility of energy projects. Also, it allows for a fair comparison
of projects when all assumptions and considerations are known.

The system type should describe the supply chain being modelled, while the energy conversion rate
should indicate the proportion of hydrogen and electricity generated. The first affects the total invest-
ment costs, and the second is the generated revenues as electricity and hydrogen are sold for a different
prices. The model assumptions should describe any key parameters or methods used in the model,
while the financial considerations should include factors such as escalation and decommissioning. In
previous research, it was not always clear what financial considerations were taken into account, which
makes it difficult to compare the results with other analyses.

Using a standard notation system could enhance the usability of the model and enable clear com-
munication of the underlying assumptions and calculations, leading to more transparent results. The
standard notation system suggested will be in the form of A/B, where:

» Arepresents the system type and model assumptions, with:

— W2|H = Offshore Wind to Onshore Hydrogen

— W2H]| = Offshore Wind to Offshore Hydrogen (note that’|’ represents the coastline)

— W2|E = Offshore Wind to Onshore Electricity

— PD = Project duration followed by the number of years

— WC = Windpark capacity followed by the number of GW

— Example: W2H| (70%) - W2|E (30%) - PD30 - WC3 = Offshore Wind to Offshore Hydrogen
(70%) and Onshore Electricity (30%), Project duration of 30 years, Windpark capacity of 3
GW

* B represents the financial considerations, with:

) = Development and project management costs (Capex)
P) = Procurement costs (Capex)
IC) = Installation and commissioning (Capex)
R) = Residual value (Capex)
Y) = Yearly variable costs (Opex)
I) = Insurance costs (Opex)
D) = Decommissioning costs (Opex)
E = Escalation included
DCF = Discounted Cash Flow included
Example: C(D, P, IC, R) - O(Y, I) - E - DCF = Development and project management costs,
Procurement costs, Installation and commissioning costs, Yearly variable costs, Insurance
Costs, Escalation, Discounted cash flow
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In the stakeholder interviews, it was often mentioned that the added value of a comparison model would
be to get more insight into the various green hydrogen supply chains. When results are presented, it
could be useful to also display the considered supply chain elements. An extra letter could be added
to represent these. 'T" would be 'Turbine’, 'E’ would be electrolyser, '"HV’ would be HVDC Converter,
and so on. Adding the supply chain elements to the standard notation leads to more transparency and
clarity, but might be unnecessary and will result in a long code. In this study, these letters are not added
to the standard notation.

However, if desired for future research, a suggestion is provided.
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» C (in’A/B/C’) could represent the considered supply chain elements, with:

— T = Turbine

— F = Foundation & Cables
— AC = AC Substation

— ACC = AC Collection Cable
— HV = HVDC Converter
HC = HVDC Cable

Al = Artificial Island

E = Electrolysis System
DCC = DCAC Converter
ML = Mainland

HP = Hydrogen pipeline

Another option could be to present a schematic overview of the different supply chains that can be
compared with the model. Every supply chain is represented by a code, which could be added to the
notation. The second will be easier to understand, but adding the supply chain element codes to the
notation might be better for industry-wide adoption of the system.

4.8. Validation of the Improved Model

With an improved version of the cost model in Python, it is important to test and validate the functionality
of the model. For this, the idea was to use public research papers that did a techno-economic analysis
of an offshore wind to hydrogen concept. The papers must provide data regarding the Capex, Opex,
discount rate, utilised methods, and of course the LCOH. As described in the research gap (section 1.3),
this was a challenge. Two papers were found that contained sufficient data to validate the model (Jang
et al., 2022; McDonagh et al., 2020).

If the model could be validated using the research papers, the next step would be to look at a 'real-
life’ project. Usually, financial information about existing offshore wind projects is confidential and not
publicly available. But, this MSc research is done in cooperation with Van Oord: an offshore wind
project contractor. They were willing to share the financial data of a future project, on the condition that
the exact numbers would not be made public. This data was entered into the model, and the calculated
results (LCOE and cost structure) were then checked by Van Oord.

The cases used for validation are simple supply chains, but they serve the purpose of this research.

4.8.1. Validation with Public Research Papers

The first paper, 'Techno-economic analysis and Monte Carlo simulation for green hydrogen production
using offshore wind power plant’, used the following data (Table 4.3) to calculate the LCOH. It considers
a case where an offshore platform is installed for an electrolysis system near a wind park. All wind-
generated energy is used to produce hydrogen, which is transported onshore through a gas pipeline
(Jang et al., 2022).
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Item | Value | Unit
Wind park capacity 160 MW
Foundation & Cables 1,371,000 | $/MW
Turbines 1,823,000 | $/MW
Electrolysis system 882,000 | $/MW
Offshore platform for electrolysis 112,000 | $/MW
Gas pipeline 885,000 | $/km
AC Collection cable 403,200 $/km
Wind park distance from shore 50 km
Distance between wind park and offshore platform 5 km
Discount rate 8 %
Project duration 20 years

Table 4.3: Assumed input data retrieved from a comparable research paper (Jang et al., 2022)

In their paper, Jang, Kim et al. stated an LCOH of 13.85 $/kg H, for the above input data. Using
these numbers in our Python cost model, an LCOH value of 15.24 $/kg H, was calculated. This is a 9%
deviation. The annual production of hydrogen per year calculated in the research paper is 11,063,076
kg compared to 11,740,261 kg in the Python model. The difference in production could be due to ef-
ficiency assumptions that were not clearly defined by the authors. The lower LCOH in the research
paper must thus come from a lower total project cost.

Even though not all assumptions are stated clearly, some suggestions can be done that might explain
this difference in LCOH. First of all, the Python model calculates the Opex as a percentage of the esca-
lated Capex, whereas the Opex in the research paper is calculated based on the initial non-escalated
Capex. This results in a lower Opex. Further, for the cables and pipelines, the authors considered an
Opex price per km, whereas in the Python model, a percentage of the total Capex is considered again.
The latter results in a higher Opex. Finally, the authors consider a tax imposed on the net income
and a tax redemption imposed on the Opex. These numbers are not defined, but the tax redemption
could explain the lower total lifetime costs. Because not all underlying calculations and assumptions
are visible in the paper, it is difficult to exactly match the LCOH from the study. Therefore, the 9% is
an acceptable deviation.

The second paper, 'Hydrogen from offshore wind: Investor perspective on the profitability of a hybrid
system including for curtailment’, used the following data (Table 4.4) to calculate the LCOH. It considers
a case where an offshore wind park generated energy to produce hydrogen onshore. All wind energy
is used for electrolysis (McDonagh et al., 2020).

Item | Value | Unit
Wind park capacity 504 MW
Turbines 1,500,000 | €MW
Electrolysis system 850,000 | €/ MW
Wind park distance from shore 14.5 km
Discount rate 6 %
Project duration 25 years

Table 4.4: Assumed input data retrieved from a comparable research paper (McDonagh et al., 2020)

In their paper, McDonagh, Ahmed et al. stated an LCOH of 3.77 €/kg H- for the above input data.
Using these numbers in our Python cost model, an LCOH value of 3.68 €/kg H, was calculated. This
is a 2% deviation. The formula for the LCOH calculation by the authors is the same as the one used
in the Python model. As the costs are rather clear, the deviation in LCOH could be explained by a
difference in assumed hydrogen production. The authors of the research paper calculated the offshore
wind energy based on hourly wind speed data and the characteristics of the assumed turbine type. The
resulting energy production nor the hydrogen production is defined in the paper, but the used calculation
method could lead to a lower energy production than the one in the Python model. There, the energy
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production is calculated in a more simple way where the wind park capacity is multiplied by a number of
hours (4380) per year. This simplification probably results in higher energy production. The difference
in calculation method could thus be an explanation for the deviation of the LCOH. Again, because not
all underlying calculations and assumptions are visible in the paper, it is difficult to exactly match the
LCOH from the study. Therefore, the 2% is an acceptable deviation.

4.8.2. Validation with a Real-Life Project

The displayed numbers in Table 4.5 are based on the data provided by Van Oord. But, the values
are adjusted due to confidentiality reasons. The considered project is an offshore wind farm, 100%
dedicated to electricity production.

Item Value Unit

Wind park capacity >1000 MW
Foundation & Cables 1,100,000 | €/MW
Turbines 1,500,000 | € MW
Offshore wind farm Balance of Plant (BoP) | 420,000 | € MW
AC substation (offshore) 300,000 | €/MW
AC collection cables & connection fee 450,000 | €/ MW

Discount rate 9.84 %
Project duration 30 years

Table 4.5: Assumed input data retrieved from Van Oord

Using these numbers in our Python cost model, an LCOE value of 0.176 €/kWh electricity was
calculated. Van Oord’s in-house assessment resulted in an LCOE value of 0.180-0.190 €/kWh. This
is a 2-7% deviation. Due to confidentiality, the shared values were not the exact values used by Van
Oord but rounded for this research. Furthermore, the assumed Opex was not shared. And finally, it
is not possible to view the calculation method used by Van Oord as this could not be shared. These
uncertainties and differences could explain the deviation in the calculated LCOE values. However, the
deviation seems acceptable, also according to Van Oord.

4.8.3. Conclusion

The deviation of the LCOH values ranges from 2% to 9%, while the LCOE deviation ranges from 2%
to 7%. As the comparison model is used to study green hydrogen projects in the pre-feasibility stage,
such a deviation is acceptable. The deviation can be explained by a difference in assumptions made,
but also by a lack of transparency of them in the papers. This lack of transparency strengthens the
added value of a standard notation system, as defined in section 4.7. If such a system would be used
in research papers, it would be easier to understand the underlying assumptions. This would result in
more accurate comparisons of calculated LCOH and LCOE values.

It is also important to keep in mind that the model will be used as a comparison tool. In other words,
the purpose of the model is to compare the LCOH and LCOE values of different projects rather than to
deliver precise and accurate estimates of the LCOH and LCOE. In this stage of project development,
the aim is to identify promising options and eliminate less feasible ones. Additionally, the fact that the
deviation falls within the range of those presented in considered research papers indicates that the
model’'s performance is consistent with existing literature, which supports the validity of the model as
a comparison tool.



Demonstrating Capability of
Comparison Model

In the previous chapter, a comparison model was set up using Excel. Its limitations were addressed
using Python, which resulted in an improved comparison model. Furthermore, a standard notation sys-
tem was defined to increase the transparency of the model’s results. By being open and clear about
the assumptions behind the model, the model could become a standardised comparison model that
facilitates discussion in the green hydrogen industry.

Now that the model is validated using public research papers and Van Oord’s data, its capability can
be demonstrated. To examine this, the next step is to recreate a more complex project, such as an
offshore energy island. Data for this was retrieved both through literature research and stakeholders.
Furthermore, an uncertainty analysis was conducted to identify the critical factors that have the great-
est impact on the model’s outcomes. This information can then be used to make recommendations for
optimising the financial feasibility of offshore wind to hydrogen concepts.

5.1. Energy Island Concept

5.1.1. Background

The energy island concept has generated considerable interest and discussion within the offshore re-
newable energy sector of the North Sea region. This ’energy hub’ would be connected directly to one
or more wind parks, and would have energy converters on the island. Instead of transporting the wind
energy all the way onshore with cables, this energy could be used to produce hydrogen on the artificial
island. The Danish government has already agreed to build two of these, which will be connected with
4 GW of wind power, which would be the first in the world. In total, the island will be capable of handling
10 GW of offshore wind energy. In the North Sea, another one is under construction with a minimum
of 2 GW offshore wind power connected by 2030 (IEA, 2022; WindEurope, 2022). More recently, the
construction of an artificial island 45 kilometres off the Belgian coast was announced. It will serve as
a connection between a 3.5 GW offshore wind zone and the country’s onshore electricity grid (Buljan,
2023). The North Sea Wind Power Hub (NSWPH) consortium is considering a project that would con-
sist of an offshore energy island capable of integrating an unknown capacity of future offshore wind
power to multiple countries (Denmark, The Netherlands, and Germany) after 2035 (NSWPH, 2018).

To understand the rising interest in offshore electrolysis and energy islands, we first discuss the rea-
soning behind converting wind energy to hydrogen again. Due to the intermittency of wind energy and
the lack of battery storage options, hydrogen is considered as a promising option to carry this energy.
Furthermore, as more renewable electricity will be generated in the future, grid capacity constraints
will arise. This would mean that not all generated electricity could be used, and would thus be lost.

45
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Converting that electricity into hydrogen could be a solution to that problem. Now, with increasing dis-
tances of wind parks from the shore new supply chains are considered. Supply chains that include
offshore electrolysis instead of onshore electrolysis. As electricity cables are expensive, using hydro-
gen pipelines to transport this energy onshore could be more feasible. Finally, the required space for
onshore electrolysis (in ports) is becoming scarce (Port of Rotterdam, 2019). Therefore, even though
onshore electrolysis could be the more feasible option for now, offshore electrolysis might be necessary
in the future.

Many supply chains are being considered, with varying factors such as the electrolysis location, the
distance from the shore of the wind park, the wind park capacity, and the electrolysis location (offshore
or onshore). As most of these concepts have not been realised yet, it is important to have the ability to
compare them. By comparing projects in the pre-feasibility stage, the industry can determine which to
focus on. Small changes, such as the timing of investments, can have an impact on the feasibility and
success of renewable energy projects. However, this factor is often overlooked in discussions, despite
its importance. Therefore, it is crucial to also consider these kinds of factors when evaluating various
green hydrogen options to determine the most feasible approach.

The Python comparison model allows us to analyse these sorts of concepts. These lie far ahead
in the future, which comes with uncertainty. However, using the model we can learn more about the
price structure of these kinds of new ideas and compare their financial feasibility with other ‘traditional’
concepts.

5.2. Techno-Economic Analysis

5.2.1. Data

To learn more about the feasibility of an energy island, it will be compared with a ’traditional’ offshore
wind to onshore hydrogen/electricity concept. Two main cases have been set up based on the offshore
wind park capacity and distance from the shore:

» Case 1: 6 GW wind park capacity, 100 km offshore
» Case 2: 12 GW wind park capacity, 180 km offshore

The wind park capacity and distance for Case 1 are based on the offshore wind roadmap, proposed
by the Dutch government (Figure 1.1, Project 7). For Case 2, it is assumed that the wind park capacity
will increase with the distance. We expect wind parks to become larger in the future, but the required
space will be further offshore.

For these cases, no specific location on the North Sea has been chosen as the aim of this analy-
sis is to determine the influence of certain variables on the financial feasibility of a concept, and not to
determine the financial feasibility of a specific location. For both cases, the islands are located 30 km
from the wind park. So, respectively 70 km and 150 km from shore. Furthermore, the assumption is
made that the construction of these projects starts in 2030. This year has been chosen as, according
to the Dutch government, no energy islands are expected to be realised before 2030 (van Algemene
Zaken, 2022).

Another variable is the conversion rate from electricity to hydrogen. Case x.a considers a 70% conver-
sion rate and case x.b considers a 30% conversion rate. This distribution is random. However, its goal

is to show how the decided conversion influences the financial feasibility of the concept.

Table 5.1 shows an overview of the four main cases with their characteristics.
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Case Wind park Distance wind park [km] Conversion rate
capacity [GW] [H.lelectricity]
1a 6 100 70% / 30%
1b 6 100 30% / 70%
2a 12 180 70% / 30%
2b 12 180 30% / 70%

Table 5.1: Overview of cases that were used for techno-economic comparison analysis of energy islands

It should be taken into account that the artificial island represents the least mature and most un-
certain element of the project, as no such energy hub has been realised to date. Some research has
been done into estimating the costs of these islands: €200-500m for a 2.1 km? island and €2.22bn
for an island capable of integrating a 12-30 GW capacity of wind power (Gerrits, 2017; Jansen et al.,
2022). These reports are from 2017 and 2018 respectively so it is unsure how accurate the provided
information is.

But, similar energy island cases have also been studied by TNO in 2020. Just like in this research,
TNO distinguished between a 70% and a 30% hydrogen conversion rate. The relevant cases that will
be used for this research are given in Table 5.2. Based on the size of the required components for
hydrogen production, TNO assumed that a 70% conversion rate resulted in a larger island surface
(van der Veer et al., 2020).

Case | Conversion rate Wind park Construction | Surface island [m?] | Volume sand
[H.lelectricity] | capacity [GW] depth [m] [m?]

1a 70% / 30% 5 30.00 m LAT 558,700 m? 24,980,000 m?

1b 30% / 70% 5 30.00 m LAT 434,464 m? 19,420,000 m?

2a 70% / 30% 20 23.00 m LAT 1,596,770 m? 58,240,000 m?

2b 30% / 70% 20 23.00 m LAT 1,014,890 m? 37,010,000 m3

Table 5.2: Overview of comparable cases studied by TNO (van der Veer et al., 2020)

Based on this data, TNO calculated the following Capex:

* 5 GW island, 70% H,: €1,111,700,000

+ 5 GW island, 30% H,: €990,620,000

» 20 GW island, 70% H,: €1,761,150,000
» 20 GW island, 30% H,: €1,409,925,000

These cost estimates are the most recent, and most detailed. Therefore, these will be used in this anal-
ysis. As we are looking at the pre-feasibility stage, the numbers are slightly adjusted due to simplicity
for the considered cases in this research:

+ Case 1a (6 GW island, 70% H,): €1,110,000,000
+ Case 1b (6 GW island, 30% H>): €990,000,000

» Case 2a (12 GW island, 70% H-): €1,760,000,000
» Case 2b (12 GW island, 70% H-): €1,410,000,000

As mentioned, TNO has studied similar energy island cases (TNO, 2020a, 2020b; van der Veer et al.,
2020). However, none of these studies considers the variable 'time’. Now that we are able to recre-
ate the more complex case of an energy island in the comparison model it is interesting to investigate
when an energy island could become more feasible. Perhaps this is the case when two wind parks are
built in different years, but the energy island is built simultaneously with the first wind park. Then, the
connecting infrastructure would already be present when the second wind park is built. But perhaps,
the upfront Capex will be so high that the revenues generated by just one wind park will not be enough.

To investigate this, the four scenarios shown in Table 5.3 will be considered.
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Scenario | Wind parks [#] | Location H, Construction year
production
Wind park 1 | Wind park 2 | Energy island
1 2 Onshore 2030 2030 N/A
2 2 Onshore 2030 2035 N/A
3 2 Offshore 2030 2030 2030
4 2 Offshore 2030 2035 2035

Table 5.3: Overview of scenarios that were used for techno-economic comparison analysis of energy islands

The chosen years are arbitrary and aim to show the influence of the construction years on the finan-
cial feasibility of the project.

A schematic overview of the scenarios can be seen in Figure 5.1 and Figure 5.2.

Scenario 1 and Scenario 2
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Figure 5.1: Supply chain of Scenario 1 and Scenario 2 - overview
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Scenario 3 and Scenario 4
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Figure 5.2: Supply chain of Scenario 3 and Scenario 4 - overview

5.2.2. Results

The Python model is able to provide the following results:

 Levelised Cost of Hydrogen (LCOH) - [€/kg]

* Levelised Cost of Energy (LCOE) - [€/kWh]

« Total discounted investment costs - [€]
 Final-year cumulative NPV with revenues - [€]
* Internal Rate of Return (IRR) - [%]

» Payback period - [years]

» Supply chain efficiency and Losses - [%)]

For an explanation of these terms, refer to section 4.1.

Furthermore, the model allows us to visually interpret the cost structure and financial feasibility of a
project. Getting more insight into the cost structure of these kinds of projects was a wish mentioned
by multiple stakeholders (section 3.5). In total, four cases were analysed with four scenarios per case
resulting in 16 pie charts (cost structure), 16 cash flow charts (financial feasibility project), and 16 times
the above-mentioned metrics. Please refer to Appendix C for an overview of all charts and the supply
chain efficiencies.

To demonstrate the functioning of the Python model, two cost structure pie charts and four cash flow
charts will be shown for Case 1a. One pie chart for Scenario 1, and one pie chart for Scenario 3. This
is because the variable time does barely influence the cost structure of those supply chains. The aim
of these two graphs is to show the difference in cost structure when an energy island is built. However,
the influence of this time variable is visible in the cash flow chart. Therefore, that chart will be displayed
and the results will be presented for every scenario.

To determine the feasibility of an energy island, and maybe discover a tipping point for that feasibil-
ity, all scenarios and cases are compared per key metric. The considered key metrics for this analysis
are supply chain efficiency, LCOH, LCOE, total discounted costs over the project’s duration, and final-
year cumulative NPV with revenues. The last two metrics will be displayed in the same chart, as both
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must be compared to say something about the financial feasibility of a project. A project could have
lower total costs, but also a lower final-year NPV. If the final-year cumulative NPV with revenues is pos-
itive, it generally indicates that the project is financially feasible. It suggests that the project is expected
to generate more cash inflows than outflows over the project’s duration. The revenues are expected to
exceed the total costs of the project, even when considering the time value (discounting) of money.

For a discussion of the results, please refer to section 6.1.

Cost Structure Pie Charts
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Figure 5.3: Scenario 1 - cost pie chart for Case 1a

Cost diagram - Scenario 3
Wind park 100 km, island 70 km (offshore)
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Figure 5.4: Scenario 3 - cost pie chart for Case 1a

Figure 5.3 and Figure 5.4 display the cost breakdown for two different types of supply chains. The total
costs (PV) for Scenario 1 are €27.9 billion and for Scenario 3 €28.7 billion. This is all money spent
on Capex and Opex over the total project lifetime. The first chart is for a supply chain with onshore
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electrolysis, and the second is for a supply chain with offshore electrolysis on an artificial island. For
the latter, the component ’artificial island’ and ’H, pipeline’ add up to the total costs.

For both scenarios, "Turbines” and "Foundation & Cables” make up for the biggest part of the total
costs (55-57%), followed by the costs for "Electrolysis” (21-22%). These findings suggest that making
electrolysis more cost-efficient could have a positive effect on the total costs. The actual influence of
these components on the total costs will be investigated in section 5.3.

Cash Flow Charts
Scenario 1 with revenues
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Figure 5.5: Scenario 1 - cash flow chart for Case 1a
Scenario 2 with revenues
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Figure 5.6: Scenario 2 - cash flow chart for Case 1a

The cash flow charts show the initial Capex required for the construction of the project, reinvestment
costs, total divestment value of the project (red bar in final year), and total decommissioning costs (blue
bar in final year). It is important to note that the timing of the construction has a significant impact on
the cash flows and the project’s overall financial performance. For example, if both wind parks are built
simultaneously, the payback period is shorter as revenues are higher from the first year of operation.
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The difference in payback period between Scenario 1 and 2 is 3 years, while for Scenario 3 and 4, the
difference is 2.5 years. On the other hand, a planned investment delay of the second wind park means
less time for generating the potential revenues of two wind parks to recover costs, resulting in a lower
final-year NPV and IRR. This is mainly the case if the two wind parks are part of the same concession
and thus both have the same ending year, which is assumed in this research. The entire supply chain
follows this project duration and expiration timeline. Phasing investments, or delaying Capex, has the
potential to benefit a project by reducing the initial funding requirements and allowing the opportunity
to assess project feasibility before committing to the full investment amount.

It is worth mentioning that the size of the revenues is based on market prices for electricity and hy-
drogen, which can fluctuate and impact the financial outcome of the project. So, this is a sensitive
assumption (Table 4.3) that needs to be taken into consideration.

Scenario 3 with revenues
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Figure 5.7: Scenario 3 - cash flow chart for Case 1a
Scenario 4 with revenues
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Figure 5.8: Scenario 4 - cash flow chart for Case 1a
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Suppply Chain Efficiency and Losses

Comparison of Supply Chain Efficiency
Varying Electricity-to-H2 Ratios, Wind Park Capacity and Distances to Shore
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Figure 5.9: Overview of the supply chain efficiency for Scenario 1 and Scenario 3 per case, in %

The supply chain efficiency is the total energy transported onshore (hydrogen and electricity, in MJ)
divided by the total generated offshore wind energy (in MJ). This metric is crucial when determining
the feasibility of an energy project, as it affects the LCOH, LCOE, and NPV. The LCOH and LCOE,
as this is the ratio between total project costs and total energy transported onshore. The NPV, as
the total energy transported onshore determines the generated revenue by a project. The efficiency
was calculated for four different supply chain scenarios. When the supply chain stays the same but
the construction timing is changed (Scenario 1 vs 2 and Scenario 3 vs 4), the supply chain efficiency
is not affected. Therefore, the efficiencies are only shown for Scenario 1 (onshore electrolysis) and
Scenario 3 (offshore electrolysis on island). The results showed that onshore electrolysis had a higher
supply chain efficiency for all cases compared to offshore electrolysis. The efficiency of a supply chain
increased when the hydrogen conversion rate decreased. It is interesting to note that for Case 2b,
with an increased distance, the efficiency is higher than for Case 1a, which is closer to the shore. The
supply chains were most efficient for Case 1b.

The efficiency of a supply chain is determined by the energy losses over that supply chain. As an
example, Figure 5.10 shows how the energy (in MJ) decreases over the supply chain for Scenario 1
when 70% of the generated electricity is used for electrolysis. For an overview of the energy losses for
all Scenarios and Cases, refer to section C.3.
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Annual Energy Production after Losses - Scenario 1
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Figure 5.10: Annual energy after losses for Scenario 1, Case 1a

The loss percentages over supply chain Scenario 1 are shown in Figure 5.11 for Case 1. These
losses are set parameters. So they do not change when the conversion rate is changed. Only the
HVDC cable loss is dependent on the length of the cable, so that becomes larger when the distance

increases (Scenario 3).
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Energy Losses - Scenario 1
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W2|H - W2|E - PD30 - WC6
100
80
X 60
n
]
a
o 40
—
21.2%
20
10.0%
5 0% 7.5%
1.0%
Inter-array AC collection HVDC cable Electrolysis DCAC
cable loss cable loss loss loss converter loss

Figure 5.11: Losses per element for Scenario 1, Case 1

The loss percentages over supply chain Scenario 3 are shown in Figure 5.12 for Case 2. An extra
loss is caused by the hydrogen pipeline. This explains the lower supply chain efficiency for Scenario 3
for all cases. As the HVDC cable loss is dependent on the length of the cable, the loss percentage is

larger for Case 2.

Energy Losses - Scenario 3
Wind park 180 km, island 150 km (offshore)
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Figure 5.12: Losses per element for Scenario 3, Case 2

For an overview of the loss percentages for all Scenarios and Cases, refer to section C.3.
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LCOH
Comparison of LCOH for Different Scenarios
» Varying Electricity-to-H2 Ratios, Wind Park Capacity and Distances to Shore
N Scenario 1
BN Scenario 2
B Scenario 3
1z Scenario 4
10.08
10 473 .70

ggg 892

a7l

LCOH (EUR / kg

g19 823 gl9 922
ET71

Case la Case 1b Case 2a Case 2b
T0% (H2) / 30% (E) 30% (H2) / 70% (E) T0% (H2) / 30% (E) 30% (H2) / 70% (E)
WCE - 100 km WC6 - 100 km WC12 - 180 km WC12 - 180 km

Figure 5.13: Overview of the supply chain efficiency for every scenario per case, in EUR / kWh

The LCOH represents the total cost of producing and transporting a unit (kg) of hydrogen over the
project’s lifetime, divided by the total amount of hydrogen produced. In this study, LCOH was calculated
for four different supply chain scenarios for offshore and onshore electrolysis. The results showed that
onshore electrolysis had a lower LCOH for all cases compared to offshore electrolysis. This is due
to the higher investment costs that come with offshore electrolysis, such as the artificial island and
hydrogen pipelines, in combination with the lower supply chain efficiency due to transportation losses.
Furthermore, a delay in construction caused a higher LCOH for all cases as less energy was generated
over the project’s lifetime due to the delay of the second wind park. The LCOH for onshore electrolysis
stayed equal when the conversion distribution was changed, while for offshore electrolysis scenarios,
the LCOH changed. This was because the artificial island component in the offshore supply chain had

a fixed price that did not change proportionally with the change in production and costs.
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LCOE
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Figure 5.14: Overview of the LCOE for every scenario per case, in euro / kWh

The LCOE for Scenario 1, 2, and 3 were found to be almost equal, as shown in Figure 5.14. Changing
the conversion rate had no influence on the LCOE for Scenarios 1 and 2 (Case 1a vs. Case 1b), which
is similar to what was observed for the LCOH. This is due to the fact that the electricity-related costs
are proportional to the electricity production for this supply chain. However, for Scenarios 3 and 4,
increasing the electricity to electricity conversion to 70% slightly decreased the LCOE. Just like for the
LCOH, this can be explained by the fact that the artificial island price did not change proportionally with
the change in production and costs.

Scenario 4 had a much higher LCOE than the other three scenarios, for all cases. This suggests
that the delay in construction between the first wind park and energy island and the second wind park
negatively affected the LCOE. Interestingly, the LCOE for Scenario 3 was slightly cheaper (0.001 -
0.004 €/kWh) than Scenario 2 for all four cases. This implies that building an energy island in the same
year as both wind parks is more cost-efficient than just two wind parks of which one is built 5 years later,
purely based on the price to produce electricity and the electricity production. However, the differences
in LCOE are relatively small, making it difficult to draw conclusive results.
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Total Costs and Final-Year NPV
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Figure 5.15: Comparison of total discounted costs and final-year cumulative net present value (NPV) with revenues for four
different scenarios. The filled bars represent the total discounted costs of the different scenarios. The hatched bars represent
the final-year cumulative NPV with revenues.

Figure 5.15 shows that a planned delay in construction results in a lower NPV for all four scenarios.
Comparing Scenario 2 and 4, which have a construction delay, to Scenario 1 and 3, which do not, Sce-
nario 2 and 4 consistently result in the lowest NPV. At the end of subsection 5.2.1, it was questioned if
an energy island could be a more economical option if two wind parks are built in separate years. To
answer that question, Scenarios 2 and 4 must be compared. For all four cases, Scenario 2 results in
the highest NPV. Therefore, an energy island does not appear to be more economical when there is a
construction delay.

As the time variable does not seem to have a positive influence on a project’'s NPV, a new chart (Fig-
ure 5.16) will be used to further analyse onshore electrolysis (Scenario 1) and offshore electrolysis
(Scenario 3) while comparing the two main cases. A reference case with 100% electricity transport to
shore is used to benchmark the outcomes.
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Figure 5.16: A bar chart comparing the cumulative NPV of Scenario 1 and 3 with varying electricity-to- H> ratios and
electrolysis locations.

When comparing onshore electrolysis (Scenario 1) and offshore electrolysis (Scenario 3), Case 1
with 70% H, conversion rate has a higher NPV than Case 2 with 12 GW for both scenarios. However,
when the H, conversion rate is reduced to 30%, Case 2 has a higher NPV than Case 1 for both
scenarios.

5.2.3. Conclusion

Based on the LCOE, LCOH, and final-year cumulative NPV for all cases, it seems that the 30% hy-
drogen cases (1b and 2b) are financially the most feasible. When comparing these metrics for the
four scenarios, it seems that a 5-year construction delay (Scenario 2 and 4) has a negative influence
on the financial feasibility of a project. For the scenarios with no construction delay (Scenarios 1 and
3), onshore electrolysis seems to be more financially feasible than offshore electrolysis on an energy
island. However, as mentioned earlier, onshore space (in ports) is expected to become more scarce.
This would increase the costs to acquire or rent properties for onshore electrolysis. It is questionable,
though, whether this increase will be high enough to make offshore electrolysis more feasible in the
future. Perhaps, properties can simply not be acquired anymore at some point, which would leave no
other option than offshore electrolysis. In this case study, only sandy artificial islands were considered
for offshore electrolysis. For follow-up research, we could look at the financial feasibility of other options
for this, such as caissons, platforms, and in-turbine electrolysis.

5.3. Uncertainty Analysis

The results described in subsection 5.2.2 are based on the assumption that all input parameters of the
comparison model are accurately known. The largest part of these input parameters is the Capex of
the components of the supply chains. Even though the component costs are based on literature and
interviews, these values will never be 100% accurate and reliable. First of all, as the offshore wind and
hydrogen market is competitive, the retrieved numbers will not be the exact numbers currently used in
the industry. This is due to confidentiality. Furthermore, prices change. For example, global supply
chains have been under pressure from the COVID-19 pandemic and the Ukraine war, causing material
prices to increase (Bettoli et al., 2023). Technological developments and economies of scale, on the
other hand, cause prices to decrease (Taibi et al., 2020).
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The comparison model thus considers various input parameters that are characterised by change and
uncertainty. The goal of this section is to study that uncertainty.

5.3.1. Monte Carlo Simulation

A useful method for this is the Monte Carlo approach. So far, the calculations performed in the model
were done with exact price values. However, as mentioned, in reality, these prices are not exact and
are uncertain. A probabilistic analysis of the levelised cost of hydrogen while taking into account un-
certainties in cost items can be conducted using a Monte Carlo simulation.

This approach has been effectively used to conduct uncertainty-based analyses to study the finan-
cial feasibility of a number of energy technologies. In this context, researchers used a Monte Carlo
simulation to calculate and analyse the impact of external costs like a carbon tax on LCOE density
functions for gas projects (Geissmann & Ponta, 2017). Others performed a Monte Carlo analysis to
determine the key factors impacting the LCOH in off-grid stand-alone photovoltaic installations (Yates
et al., 2020). And more recently, the approach was used to investigate the impact of economic and
technical factors on the success of the Polish green hydrogen strategy (Benalcazar & Komorowska,
2022).

The added value of the improved model is that Python allows for more complex calculations handling
large data sets, which is needed for a Monte Carlo simulation. This is more challenging with Excel.
The simulation model generates random numbers for each selected component price to then perform
a number of calculations ('simulations’) to determine the LCOH with these randomly generated values.
Due to time, the influence of price uncertainty will be studied for four components: Turbines, Foun-
dation & cables, Electrolyser, and Artificial Island. The first three, because they have a substantial
contribution to the costs. Looking at Figure 5.4, it can be seen that Turbines make up for almost 30% of
the total costs and Foundation & cables for almost 25%. The ’Electrolysis’ part of the pie chart makes
up for almost 21%, which is the second largest contributor after the offshore wind park. Furthermore,
this technology is less mature than that of the offshore wind farm. Therefore, future technological im-
provements of this component could reduce the costs of electrolysers and thus green hydrogen (Taibi
et al., 2020). It is expected that the components with the largest contribution to the total cost will have
the largest influence on the LCOH, but this should be tested. Finally, the artificial island represents
the least mature and most uncertain component of the considered projects. Some research has been
done, but an actual artificial island for energy generation purposes has not been realised today. So,
the first two components will be analysed because of their large contribution to the price. The third is
for that reason as well, but also because of the large potential of price reductions for this technology.
And the fourth, because it is the most uncertain component.

For the Monte Carlo simulation, first, the statistical distribution of each parameter that is subject to
uncertainty has to be decided. In this research, a Gaussian distribution was assumed for every pa-
rameter. The Gaussian or 'normal’ distribution is common when the distribution of the parameter is
unknown (SUNY College, 2021). Furthermore, in a study that performed a Monte Carlo simulation to
determine the financial feasibility of green hydrogen concepts, this distribution was also assumed for
the cost items (Jang et al., 2022). An example of a Gaussian distribution can be seen in Figure 5.17.
To generate a random sample of numbers, the parameter’s mean and standard deviation should be set.
This approach involves randomly selecting values from the probability distribution for each cost compo-
nent. These selected values are then added together to create a single random sample representing
the total cost estimate. This process is repeated multiple times to generate a probability distribution of
possible cost estimates (Anderson & Cherwonik, 1997).

For every component, the initial assumed Capex price was set as the mean. For the standard deviation,
observational data or historical data can be used. If these are hard to retrieve, or when historical data
are not expected to mirror future developments then estimates should be collected from experts that
can contribute domain knowledge (Onnen, 2021). A potential problem with this approach is that these
experts have inherent biases that can affect their decision-making, including being overly confident in
their ability to assess uncertainty. Additionally, there is limited understanding of how experts are asked
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to provide their opinions in professional literature related to costs and risks (Galway, 2007).
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Figure 5.17: Example of a Gaussian distribution (created in Python by the author of this thesis)

5.3.2. Sensitivity Analysis

The goal of the Monte Carlo simulation in this study is not to calculate the probability of the financial
feasibility of a project. The goal is to determine the influence of price uncertainty on the LCOH. And
specifically, the influence of the price uncertainty for four components: Turbines, Foundations & Cables,
Electrolysis system, and the Atrtificial Island. Therefore, we do not need to find observational data,
historical data or expert estimates. However, we do have to decide what standard deviation aligns with
what kind of price certainty. We, therefore, assumed the following ranges. It should be noted that these
ranges are not based on literature, but are made up by the author. The aim of these ranges is to get a
sense of the influence of certain standard deviations on the LCOH. The standard deviation ranges are
the following:

+ High price certainty: 5-10% standard deviation
» Moderate price certainty: 10-20% standard deviation
* Low price certainty: 20-50% standard deviation

To analyse the influence of the uncertainty of certain components on the LCOH, a sensitivity analysis
can be performed. It follows these steps (Christopher Frey & Patil, 2002):

1. A set of LCOHs is calculated using the initial assumed Capex price as the mean value for all com-
ponents with a 10% standard deviation (moderate certainty). This standard deviation is assumed
as a base case.

2. Write down the mean and standard deviation of the calculated LCOHs. If the data set exhibits a
normal distribution, represented by a bell-shaped curve, then the mean and standard deviation
calculated from the data set can be considered reliable estimates of the actual mean and standard
deviation (Anderson & Cherwonik, 1997).

3. A new set of LCOHs is generated using the same mean values for all components, but with a new
standard deviation for one of the selected components (Turbines, Foundation & Cables, Electrol-
yser, Artificial Island). To investigate the influence of price uncertainty, the standard deviation will
be increased from 10% to 30% (low certainty) and decreased from 10% to 5% (high certainty).

4. Compare the mean and standard deviation of the new set of LCOHs to the mean and standard
deviation of the base case.

5. Calculate the percentage change in the standard deviation. This is the sensitivity analysis.

For the sensitivity analysis through a Monte Carlo simulation, Scenario 3 will be considered as this
features the artificial island. Furthermore, Case 2b will be analysed: a 12 GW wind park, 180 km
offshore, with a 30% hydrogen conversion. This was the case for Scenario 3 with the highest calculated
NPV (Figure 5.16). It is a supply chain that has not been realised yet, thus with a lot of uncertainty.



5.3. Uncertainty Analysis 62

5.3.3. Results

For the first step, the Monte Carlo simulation is run 1000 times to calculate a set of LCOHs for the base
case (10% standard deviation, both negative and positive, for all components). A general rule of thumb
is to run at least 1000 realisations to get a fair sense of the distribution of possible outcomes (Heijungs,
2019). The resulting data set (Figure 5.18) exhibits a normal distribution, so the mean and standard
deviation can be considered reliable estimates of the actual mean and standard deviation. Based on
the Monte Carlo simulation, the mean LCOH estimate is €9.19 / kg with a standard deviation of €0.39 /
kg. Therefore, we see a 68.27% chance that the true LCOH will fall within the mean plus or minus one
standard deviation (€8.80 - 9.59/ kg).
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Figure 5.18: Probability density function for the LCOH, using a standard deviation of 10% for all components. For a Gaussian
distribution, approximately 67% of the values fall within one standard deviation of the mean (between the bounds), 95% within
two standard deviations, and 99.7% within three standard deviations (Raychaudhuri, 2008).

For the sensitivity analysis of the components, the calculated values are summarised in Table 5.4
below. The resulting probability density functions can be found in section C.4. The sensitivity in the
last column shows the percentage change in the standard deviation compared to the base case.

Component (standard LCOH - mean Standard LCOH range Sensitivity
deviation range) deviation
All components (10%) €9.20 / kg €0.39 / kg €8.81-9.59/kg N/A
Foundation & Cables (30%) €9.23 / kg €0.72 / kg €8.51-9.95/kg +85%
Foundation & Cables (5%) €9.22 / kg €0.36 / kg €8.86 - 9.58 / kg -8%
Turbines (30%) €9.23 / kg €0.87 / kg €8.36 - 10.10 / kg +123%
Turbines (5%) €9.23 / kg €0.33/kg €8.90 - 9.56 / kg -15%
Electrolysis system (30%) €9.22 / kg €0.59 / kg €8.63 -9.81/kg +51%
Electrolysis system (5%) €9.22 / kg €0.37 / kg €8.85-9.59 / kg -5%
Artificial island (30%) €9.22 / kg €0.42 / kg €8.80 - 9.64 / kg +8%
Artificial island (5%) €9.23 / kg €0.41 / kg €8.82 -9.64 / kg +5%

Table 5.4: Impact results of sensitivity analysis per component, varying the standard deviation range from 30% (uncertain) to
5% (certain). A simulation with all components having a 10% standard deviation serves as a base-case.

For a better analysis, the results in Table 5.4 were visualised using error bars (Figure 5.19) and a

different bar chart (Figure 5.20).
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Figure 5.19: Sensitivity analysis of LCOH to component price uncertainty, with error bars representing standard deviations.
The base-case LCOH mean is indicated by a dashed line. Component names and their respective standard deviations are
shown on the x-axis. Error bars denote the range of component prices that have a 68% chance of occurring.

The sensitivity of LCOH to component price uncertainty varies among the considered components.
The LCOH means range from €9.20-9.23/kg across all components, but their standard deviations differ
greatly. Turbines and Foundation & Cables components have larger standard deviations, implying that
their price uncertainty has a greater influence on overall LCOH uncertainty. However, increasing the
standard deviation of a component did not lead to an increase in LCOH. The LCOH increase was
expected, as a higher price uncertainty leads to higher risk and higher costs for a project. The stable
mean LCOH could be explained by the fact that a full LCOH calculation considers the costs of 15
components. Thus, even if the price uncertainty for a particular component is high, its overall impact
on the LCOH may not be as significant as expected, even if it represents a large portion of the total

costs.
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Figure 5.20: Impact of component price uncertainty on LCOH: percentage change in standard deviation from the base case.
The bars represent the percentage change in the standard deviation of LCOH for different components at 30% and 5% levels of
uncertainty. The base case corresponds to all components having a 10%. Error bars represent the standard deviation of the
mean LCOH value.

Figure 5.20 confirms the conclusions that were drawn from Figure 5.19. The percentage change
from the base case (all components with 10% price uncertainty) is shown for each component. The
chart demonstrates the significant impact of price uncertainty on the LCOH. The Turbines and Foun-
dation & Cables components were found to be the most sensitive, with percentage changes of 123%
and 85%, respectively. In contrast, the artificial island component was relatively insensitive to price
uncertainty, with percentage changes of only 8% and 5% for 30% and 5% price standard deviations,
respectively. An increase in standard deviation had a greater impact compared to a decrease in stan-
dard deviation for all components, indicating that the risks associated with price uncertainty are more
significant than the potential benefits of price stability. Price stability may have the potential to reduce
price uncertainty, which could result in lower project costs and risks. However, in the present case, the
impact of price uncertainty on project costs and risks seems to be more substantial than the potential
advantages of price stability.



Discussion

In this chapter, the most important results obtained in this research are discussed. Then, the limitations
of the research and the model are presented. The goal of this research was to develop a comparison
method that will be adopted by the industry, which will facilitate greater cooperation between stakehold-
ers within the offshore wind and hydrogen industry. As this research had a defined scope, choices had
to be made based on available time and resources. This always results in limitations and uncertainty,
due to assumptions. These shortcomings will be addressed in this chapter. It serves as a recommen-
dation to further enhance the comparison method.

6.1. Discussion of Results

6.1.1. Case Study
Pie Charts

The Results section includes pie charts that illustrate the cost breakdown for two different types of supply
chains. The findings indicate that Turbines and Foundation & Cables make up the biggest part of the
total costs, followed by the costs for Electrolysis. These results are consistent with previous studies
that have shown that the costs associated with wind energy and electrolysers are the most significant
factors in determining the overall cost of hydrogen production (McDonagh et al., 2020; Singlitico et al.,
2021; Taibi et al., 2020). The cost breakdown underscores the need to improve the cost efficiency of
electrolysis, especially as the industry for offshore wind parks is already more developed (Berkeley Lab,
2020). Overall, the findings of this study are valuable for informing future decision-making related to
hydrogen production and can contribute to the development of a more sustainable and cost-efficient
energy system.

Cash Flow Charts

The cash flow charts provide valuable insights into the financial viability of the green hydrogen projects.
The results indicate that the timely construction of both wind parks is critical for achieving a shorter
payback period and higher final year NPV. Delayed construction can have a significant negative impact
on the project’s financial performance, as it reduces the time available for generating revenues to
recover costs. Moreover, the assumed market prices for electricity and green hydrogen could have an
impact on the financial performance of the project. As these prices are based on uncertain assumptions
and could change due to various technological, geopolitical, and economic factors, it is essential to
consider the sensitivity of the project’s financial performance to these changes. Further analysis should
be conducted to assess the project’s financial viability under different market scenarios and to identify
strategies for mitigating risks associated with market uncertainty.

65
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Supply Chain Efficiency and Losses

The analysis of the supply chain efficiencies showed that onshore electrolysis (Scenario 1) has a higher
efficiency than offshore electrolysis (Scenario 3) for all cases considered. This result is expected, as for
offshore electrolysis the hydrogen has to be transported onshore through pipelines. This is an added
source of energy loss, which is not present for onshore electrolysis.

The results also showed that the supply chain efficiency increases when the hydrogen conversion rate
decreases. This can again be explained by the energy losses due to the transportation of hydrogen
through pipelines. When a larger share of the total generated wind energy is converted into hydrogen,
it also means a larger share of that energy is lost due to the hydrogen pipelines. However, it should be
noted that these results rely on the assumed efficiency percentages.

Interestingly, the results also showed that the efficiency of the supply chain increases with distance
for Case 2b (180 km) compared to Case 1a (100 km). This finding may seem counter-intuitive, as in-
creasing the distance usually leads to higher energy losses. However, this difference can be explained
by the different energy conversion rates. It proves the positive influence of a 30% hydrogen conversion
rate on the supply chain efficiency.

LCOH

The LCOH is a useful metric to determine the cost-efficiency of a green hydrogen project. It compares
all costs allocated to the production and transport of hydrogen over a project’s lifetime with the total
amount of hydrogen transported onshore. But, without considering energy market prices, the feasibility
of a project cannot be determined solely based on the LCOH. However, it is a helpful tool to compare
different supply chains in an equal way. The LCOH analysis showed that, based on the assumed prices,
onshore electrolysis is more cost-efficient than offshore electrolysis for the considered cases and sce-
narios. Additionally, a construction delay leads to a higher LCOH, which highlights the influence of this
variable.

It is interesting to observe that the LCOH for onshore electrolysis remained constant while the con-
version distribution was changed, while for offshore electrolysis, the LCOH was affected. This is due
to the fact that the costs associated with hydrogen production and transportation are distributed pro-
portionally for the onshore electrolysis scenarios. However, the artificial island component in offshore
electrolysis has a fixed price that changes for both cases, while the other components’ prices are based
on the wind park capacity and distance offshore (van der Veer et al., 2020). Unlike those components,
the artificial island price does not change proportionally with changes in production and costs.

Additionally, the discovery that a lower LCOH was achieved when only 30% of electricity was used
for hydrogen production instead of 70% is remarkable. As the conversion rate decreases by 57.14%,
the production decreases by 57.14% as well. Due to the assumed decrease in the artificial island price
(65.67%, see Figure 6.1) for Case 2a and 2b the total costs decrease by 57.43% instead of 57.14%.
This makes sense, as the artificial island requires less space when it is dedicated for only 30% hydrogen
production. These findings are relevant for future hydrogen production project design and planning as
they suggest that onshore electrolysis and a lower proportion of electricity used for hydrogen production
could lead to more cost-efficient projects.
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Figure 6.1: Visualisation of costs allocated to the production and transport of hydrogen for Case 2a and 2b

This research aims to model the production and transportation of electricity and hydrogen until they
are integrated into the grid. So the model 'stops’ where the energy gets onshore. This study has not
considered the trade-offs between using hydrogen as a storage medium to generate electricity when
electricity prices are higher or selling the hydrogen directly to customers. Customers could be steel
factories that use hydrogen as a reductant substitute in their production process (Hoffmann, 2020). If
hydrogen is to be produced for the electricity use case, it is important to consider the conversion loss of
hydrogen to electricity. It is converted using fuel cells, which have an efficiency of around 50% (Energy
Storage Association, 2021). In this research, it was assumed that 50 kWh of electricity is required to
produce 1 kg hydrogen (Burton et al., 2021). Subsequently, if the hydrogen would be converted back
to electricity, 1 kg hydrogen is assumed to contain 33.3 kWh of useable energy (V. N. Dinh et al., 2021).
Taking into account the mentioned fuel cell loss, that means the round trip efficiency of electricity to
hydrogen to electricity is less than 30% (50 kWh to 33.3 kWh to 16.7 kWh). For future research, the
scope could be extended where the application (e.g. conversion to electricity) of the produced hydrogen
would also be considered. In that case, it would be useful to also know the equivalent cost in €/kWh
of the hydrogen (that is converted back to electricity at the end) supply chain for direct comparison of
feasibility.

LCOE

Similar to the LCOH, the LCOE cannot be used to determine a project’s financial feasibility without
considering market prices for electricity. The results show that Scenario 4 had a significantly higher
LCOE than the other scenarios, suggesting that planned delays in construction can have a negative
impact on the overall cost of the project. The comparison between Scenario 2 and 3 shows that building
an energy island in the same year as both wind parks is financially more feasible than just two wind
parks of which one is built 5 years later, based purely on the price to produce electricity and the electricity
production. However, the small differences in LCOE between the scenarios highlight the need for a
more comprehensive analysis.

Total Costs and Final-Year NPV

A positive final-year cumulative NPV means that the present value of the cash inflows generated by the
project exceeds the present value of the cash outflows (total costs) over the project’s lifetime. The anal-
ysis of the results has revealed several key factors that influence the NPV of green hydrogen projects.

The time variable does not seem to have a positive influence on the NPV of a project, as a delay
in construction consistently results in a lower NPV. Another finding is that increasing the distance and
wind park capacity can have a positive effect on the financial feasibility of a project when the majority
of the generated energy is used for electricity, but a negative effect when the majority of the generated
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energy is used for hydrogen.

Furthermore, the conversion distribution of the project plays a crucial role in its financial feasibility.
Our analysis revealed that projects where 30% of the electricity is used for hydrogen production result
in higher NPV outcomes than those with a 70% hydrogen production. In fact, for offshore electrolysis,
the 70% hydrogen production case results in a negative NPV.

It is important to note that the financial feasibility of these projects relies heavily on assumptions made
about supply chain costs and energy market prices. As R&D progresses and prices decrease, the fea-
sibility of 70% hydrogen projects may improve in the future (Taibi et al., 2020). Additionally, the capacity
of the electrical system to absorb intermittent renewable electricity may become strained, leading to
congestion problems. In such cases, converting electricity into hydrogen could help alleviate the strain,
but system costs for congestion and potential onshore electrical grid improvements are not currently
factored into our analysis.

In a previous study by TNO an economic tipping point was found where hydrogen production seemed
economically just preferable at an offshore location (energy island) for a 70% hydrogen conversion case
(van der Veer et al., 2020). This shows the importance of having the ability to study alternative concepts
in the pre-feasibility stage. It allows stakeholders to get a feel for the viability of different supply chains.
The reason for the difference in results between the previous study by TNO and this research is that
TNO provided a more detailed techno-economic analysis of the supply chain components. However,
this research aimed to develop a standardised and transparent model that could facilitate discussions
about green hydrogen options, rather than to achieve maximal accuracy. Consequently, certain costs
were simplified in this model, which will be further discussed in subsection 6.2.2.

However, this highlights the importance of a thorough techno-economic analysis. The tipping point
for offshore hydrogen production is largely determined by component prices such as those of the ar-
tificial island. Ultimately, a detailed technical analysis is needed to determine the correct prices and
ensure optimal analysis of the financial feasibility.

6.1.2. Sensitivity Analysis

The results of the sensitivity analysis show that the uncertainty in component prices can have a signif-
icant impact on the LCOH of a project. The Turbines and Foundation & Cables components have a
higher impact on the overall LCOH uncertainty due to their larger standard deviations. However, the
impact of a single component on the overall LCOH calculation may be diluted by the other components
with lower standard deviations.

Furthermore, it was unexpected that increasing the standard deviation of a component did not nec-
essarily lead to an increase in LCOH. This may be explained by the fact that the overall impact of a
component’s price uncertainty on LCOH may be dampened by the other components costs. Nonethe-
less, the uncertainty of the LCOH value increases, making it harder to estimate the costs and thus
LCOH of a project accurately. As such, it is important to consider the potential price uncertainty of all
components when calculating LCOH to obtain reliable cost estimates.

It was expected that price stability (smaller standard deviation) may have the potential to reduce price
uncertainty, resulting in lower project costs. However, in the present case, the impact of price uncer-
tainty on project costs seems to be more substantial than the potential advantages of price stability.

The study’s assumption of exact and constant energy production may have influenced the results, as
the LCOH is the total costs divided by the energy production. In reality, energy production may vary
due to several sources of uncertainty, such as sensor accuracy, uncertainty due to power curve, un-
certainty due to electrical losses, and uncertainty due to wind availability (Lira, 2014). This is further
discussed in section 6.2.

The sensitivity analysis results indicate that focusing on the Electrolysis System component may be
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effective to reduce the total costs of a project. Although the Turbines and Foundation & Cables com-
ponents were found to be the most sensitive, there are more beneficial opportunities for cost reduction
in the Electrolysis System. The offshore wind energy industry has become a mature technology, with
prices declining but not as rapidly as for a new technology (Berkeley Lab, 2020). This is not the case for
electrolysis, which is a relatively young technology with significant potential for rapid price decreases
due to technological advancements and economies of scale (Taibi et al., 2020).

6.2. Limitations

6.2.1. Interviews

Allinterviews were conducted before or during the setup of the model. The aim was to learn more about
the stakeholders’ views on the market, their objectives for using the comparison model, and their will-
ingness to contribute to the setup of it (e.g. data sharing). There are some shortcomings, which could
be focused on to further improve the model and which could hopefully lead to industry-wide adoption
and validation.

The first one is the number of conducted interviews. As mentioned in both subsection 1.1.2 and sec-
tion 3.3, 10 stakeholder categories were defined. In light of available time, the goal was to interview only
one stakeholder per category. In the end, 13 stakeholders were interviewed with some categories hav-
ing more interviewees. To achieve industry-wide adoption, more stakeholders should be interviewed
to learn about their views and desires. This will improve the scientific value of the conclusions drawn.
Further, and more importantly, this will provide a better understanding of the offshore wind and hydro-
gen market and their desires for a comparison model.

If more interviews will be conducted, it would be valuable to focus on speaking with suppliers. Organ-
ising interviews with suppliers appeared to be more challenging than with other stakeholders. Govern-
mental organisations, on the other hand, support an open discussion to accelerate the energy transition
and were enthusiastic to help with the research. The suppliers’ unwillingness could be due to the high
level of competition in the offshore wind and hydrogen market. It is a rapidly developing market, where
many opportunities arise. With the rapid development also comes a lot of uncertainty. Uncertainty
around technologies and uncertainty around prices. Therefore, it seems that suppliers prefer keeping
their cards close to their chests. However, the contribution to or validation of the model by the suppliers
is necessary to achieve industry-wide adoption, as they are aware of the exact price assumptions of
the supply chain. But, from the number of suppliers that were interviewed, it became clear that they are
not willing to share these. For interviews, it would be good to focus on the verification of price ranges.
Most suppliers seemed to be comfortable with contributing to the model in that way.

In addition, during the conducted interviews the model was still under development. In most interviews,
a presentation showing the concept of the model was shared and in later interviews, the first Excel
version was shown. The focus was to learn more about the stakeholders’ desires for a comparison
model. However, as we now have a functioning Python model which is able to calculate reasonable
values for various projects, new interviews could be conducted. The goal of these should be to gather
feedback by presenting the functioning model, or by first letting the stakeholders use the model. With
this feedback, the model could be further developed and improved.

Implementation of Stakeholders' Desires
One of the results of the stakeholder interviews was a better understanding of their desires for a compar-

ison model. Now, at the end of the research, the discussion is used to reflect on these and to analyse
which of them have been implemented in this research’ model.
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# | Desire | Implemented in Model?
1 Transparency about model’s assumptions Yes
2 Insight into the element structure of different supply chains Yes
3 Evaluate costs of energy production Yes
4 Compare the costs and financial feasibility of different supply chains Yes
5 Compare the efficiency of different supply chains Yes
6 Compare the energy production of different supply chains Yes
7 Hide stakeholder’s input data for other users No
8 | Evaluate the environmental impact of the project through geospatial data No
9 Cost data (e.g. price ranges) validated by stakeholders No
10 Insight into the sensitivity of parameters through Monte Carlo analysis Yes
11 Model set up independent of companies active in the industry No
12 Model tested and validated by independent experts No
13 Dynamic energy market prices No
14 Dynamic supply chain element prices No

Table 6.1: Overview of stakeholders’ desires resulting from the interviews and whether they are implemented in the model

For the discussion, we focus on the desires that were not implemented. These desires were men-
tioned that were not implemented, either due to time or technical capacity constraints. The ability for
a stakeholder to hide their input data for other users (#7) is not realised yet. However, stakeholders
can download the model’s notebook and work in their own version without other users seeing their
changes. They could then share the results of the model when they use their own input data. In the
future, the goal is to have a model that multiple users can work in simultaneously without seeing other
stakeholders’ confidential data. The other desires that were not implemented will be further discussed
in subsection 6.2.2, as they can be seen as shortcomings of the current model.

6.2.2. Model

As the model was built to focus on the pre-feasibility stage of a project (see Scope - section 1.4), it
was not required to provide a 100% accurate representation of the reality. A reality that is also difficult
to represent, as it is so far ahead in the future. Therefore, assumptions were made to simplify the
development and functionality of the model. However, it is good to be aware of these assumptions and
the uncertainties that come with them. In this section, we evaluate the limitations of the model and the
implications of the various assumptions underlying the model.

Price Uncertainty

The biggest assumptions behind the model with the largest influence on the results are the prices of
the supply chains’ assets. The assumed prices are based on publicly available research (section B.2)
and were validated by a cost estimator of Van Oord. However, these prices will never be 100% sim-
ilar to the prices used in the actual industry due to the confidentiality around pricing. A suggestion
by stakeholders to overcome this was to let suppliers verify price ranges. This was not done for this
research and serves as a recommendation for further improvement of the model. As we are looking at
the pre-feasibility stage of projects, the impact of this uncertainty is moderate, but it is good to be aware
of it. However, for the financial feasibility calculations in subsection 5.2.2, the prices were assumed to
be exact and without a standard deviation. In other words, without taking into account the price uncer-
tainty. Therefore, it is important to realise that to improve the reliability of the model it would be more
realistic to perform all financial feasibility calculations with Monte Carlo simulations. As demonstrated
in section 5.3, this allows you to gather price ranges instead of exact values.

When determining the financial feasibility through Monte Carlo simulations, a challenge is choosing
the standard deviations of the cost components. For the uncertainty analysis, a base case was de-
fined in which all components were assumed to have a 10% standard deviation. This simplification
was chosen, because the actual standard deviations of the prices were unknown and retrieving more
accurate values would be time-consuming. For further improvement of the model, a method suggested
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in previous research could be used to define the standard deviations more accurately (Galway, 2007).
It proposed the following method when determining the probability distributions for new and untried
technologies:

1. Define a group of multiple independent experts, that are willing to help.

2. Request each expert to provide a minimum, upper, lower, and most-likely value for the cost ele-
ments under consideration.

3. Create a simplified distribution for these three numbers, using the upper and lower values pro-
vided by each expert to bound 90% of the probability (when reasonable - to account for known
biases in the obtained expert values).

4. Besides the upper, lower, and most-likely values, acquire at least two more percentiles (such as
the 25th and 75th, as suggested by most current authors).

5. Use these values to calculate a range of total costs with nonzero probability, the median estimated
cost, and the probability that the final cost will surpass the most-likely cost. Share these results
with the experts, and allow them to use this feedback to adjust their provided values.

6. Carefully document the process and results and archive the data for future retrospective studies.

When the expert values are known, a distribution that could be used for further analysis is the PERT
distribution (Onnen, 2021). With more accurate distributions, the Monte Carlo simulations will become
more realistic. This is valuable for two reasons. First, it allows for a better understanding of the prob-
ability of the financial feasibility of projects. Second, it allows for a more accurate sensitivity analysis.
To get closer to the integration of green hydrogen in the energy system, it is important to focus on
technologies where there is much to gain in terms of innovation, but above all in terms of impact on the
final hydrogen price.

Another option could be the use of price scenarios for supply chain components. The cost estimates
for hydrogen rely on various factors, of which Capex prices have a large influence. Many technologies
within the hydrogen value chain are undergoing development, innovation, and scaling up, which could
lead to a reduction in Capex (economies of scale) and an increase in efficiency (Taibi et al., 2020). Fur-
thermore, prices can also increase due to material scarcity, for example (Bettoli et al., 2023). Based
on that, it is unrealistic to assume that the considered prices stay constant over the project’s lifetime.
It is therefore also unrealistic to assume that the model is able to calculate an exact LCOH value for a
30-year-long energy project.

To improve the model, these price developments should be considered. Implementing such price sce-
narios into the model would allow the users to get a better view of the financial feasibility of a project,
as it will be closer to reality. Furthermore, by considering both optimistic and pessimistic scenarios,
financial risks could be mitigated.

Discount Rate and Escalation

In the model, the discount rate was assumed to be equal to the weighted average cost of capital (WACC).
This WACC was calculated using MTBS’ method and was set to be 9.84%. One of the parameters defin-
ing the WACC is the 'Unlevered Beta’, which measures the market risk for a company based on the
industry it operates in (NYU Stern, 2023). For this model, the chosen industry was 'Green & Renewable
Energy’. However, as the model is used to study the feasibility of a full project, multiple companies (e.g.
grid operators, wind farm operators, energy suppliers, constructors, etc.) are involved. Even though
they operate in the 'Green & Renewable Energy’ industry, they might have their own WACC based on
their acceptable risk profile. If it turns out that for one of the stakeholders, the business case, using
one WACC, is unfavourable, that stakeholder might withdraw from the project. It would therefore be
more realistic to assume a different WACC for every stakeholder or stakeholder category. This comes
with a challenge. As the WACC is used to calculate the NPV of the cash flows (see section 4.1), all
cash flows should be allocated to the right stakeholder or stakeholder category to use the right WACC.
This could be complicated. It was also assumed that the WACC is constant over the project’s lifetime.
However, the WACC is calculated with daily fluctuating parameters, such as the nominal risk-free rate
(Bloomberg, 2023). It will therefore not stay the same value.
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The escalation (inflation) rate was assumed to be 2%, based on the escalation target of the European
Central Bank (ECB) (European Central Bank, 2021). But, in reality, this rate is not constant (Kuttner
et al., 2022). As can be seen in Figure 6.2, this number fluctuates over time. However, the figure also
shows that it is difficult to predict the escalation rate. For future model improvement, it could be consid-
ered to implement a dynamic escalation rate based on historical data. Even though it is unclear how
big the added value would be to the accuracy of the model, it is important to be aware of the uncertainty
of the results that come with this assumption.
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Figure 6.2: Visualisation of historical escalation data and its forecasted values in the United States (Kuttner et al., 2022)

Energy Production and Efficiency

The generated wind energy is assumed to be constant over the project’s lifetime in this model. It
is calculated by multiplying the wind park capacity by the number of operational hours (4380 hours),
which assumes the wind park to be generating energy for 50% of the year. The constant wind speed
was based on previous research, where the same was assumed (IRENA, 2019; Kopp et al., 2017,
Lappalainen, 2019; Rezaei et al., 2020). However, this method does not take into account factors,
such as air density, wind velocity, blade aerodynamic efficiency, and rotor swept area - which some
research does (Yan et al., 2021). Other research used real historic wind speed data to calculate the
NPV of an offshore wind park (McDonagh et al., 2020). The assumed formula in this model most
probably overestimates the annual energy production of the wind parks. The global availability of wind
energy is not uniform and fluctuates over time (Figure 6.3), both on a seasonal and daily basis. Not only
does the wind speed, and thus the generated energy, fluctuate over time, but also does it fluctuate over
space (Manwell et al., 2010). Figure 6.4 shows the dependency of wind speed on local topographical
variations. The graph displays the mean wind speeds for two parks 21 km apart. The five-year average
mean wind speeds differ by about 10%.
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Figure 6.3: Typical plot of wind speed vs. time for a short period (Manwell et al., 2010)
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Figure 6.4: Time series of monthly wind speeds for two wind parks 21 km apart (Manwell et al., 2010)

The possible overestimation of energy production in this research could result in marked financial
implications, as the predicted revenue cash flows might be too optimistic. For improvement of the
model, wind speed data should be used. Using that data, the power production from a wind park can
be predicted by three methods: (i) fundamental equations that calculate the available power in the wind,
(ii) presumed power curves based on the wind turbine’s design, or (iii) actual power curves provided by
the manufacturer of the wind turbine (V. N. Dinh et al., 2021).

The produced or generated energy by the wind park does not equal the transport energy onshore.
In the model, the produced wind energy is multiplied by a number of efficiency factors per element
of the supply chain, such as the cables. These efficiencies are assumed to be constant percentages.
Even though the efficiency of the HVDC cables is approximated with a formula where the efficiency is
linear to the distance, there are more factors in play. The power loss also depends on the amount of
power flowing through the cable and the temperature, among others (Eeckhout et al., 2009). Further-
more, technological developments and innovation are expected to have a positive effect on efficiency.
This is not only the case for cables and pipelines, but also for other assets, such as the electrolyser
and DCAC converter (Burton et al., 2021; Lee et al., 2012). For these two reasons, it is unrealistic to
assume that this efficiency is constant over the project’s lifetime. Similar to the asset price scenarios,
a study could be done into potential developments of the supply chain efficiency and define certain
scenarios that can be used in the model.

Finally, the assumed energy prices are a source of uncertainty. In Table 4.3 it was described how
these prices were determined. As electricity is sold on the spot market and green hydrogen not (yet),
the first might pose less uncertainty than the second. However, the assumption that both prices are
constant over the project’s lifetime is unrealistic (European Union, 2022). Energy prices do not only
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fluctuate due to supply and demand, but also due to geopolitical events, weather conditions, and gov-
ernment policies (Agnello et al., 2020; Jiang & Tan, 2013; Li et al., 2021; Saidur et al., 2010). Figure 6.5
displays this volatility.
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Figure 6.5: Annual rate of change of energy prices in the last 5 years in Europe (European Union, 2022)

Because of the uncertainty around energy prices, it is also difficult to forecast these. A study was
performed into the use of machine learning to long-term forecast energy prices, which outperformed
econometric methods (Herrera et al., 2019). For future improvement of the model, the implementation
of dynamic prices should be considered. This is something that was also mentioned by stakeholders in
the interviews. As described in section 4.3, Python offers useful tools for that (Dimitriosroussis, 2021;
J. A. Rodrigo & Ortiz, 2021). However, as the green hydrogen market is immature, it will be difficult to
forecast these dynamic prices. A simplified approach could be the definition of price scenarios, e.g. an
optimistic one, a moderate one, and a pessimistic one.

Geospatial Data

The only geospatial parameters the current Python model considers are: distance wind park - HVYDC
converter, distance wind park - artificial island, distance HVDC converter - shore, and distance arti-
ficial island - shore. These distances are assumed to be a straight line. The model could be further
improved by integrating actual geospatial data, which possibility Python offers (Prapas, n.d.). A geospa-
tial analysis could be done, such as assessing the environmental and ecological impact of a project
and determining the hydraulic and meteorological influence on a project. According to the EU Nature
Directives, for a wind farm in or near Natura 2000 areas, developers are required to investigate whether
there is a significant effect of the project on the ecology in that area (European Commission, 2020a).
The governmental organisations that were interviewed also mentioned that the ecological impact of a
project is a factor determining the winner of an offshore wind tender. The purpose of Natura 2000 is
to establish a network of protected areas that will ensure the preservation of Europe’s most valuable
habitats and species. Data sets providing the exact locations of these areas can be found online, which
could be integrated into the model (StraTopo, 2023). Hydraulic data could be integrated to assess the
effect of water depth, currents, and waves on certain structures, which could require extra investments
(e.g. breakwater reinforcement for artificial island). Finally, the meteorological impact on a project
could be especially useful for obtaining more accurate estimations of the energy production. With the
Meteostat package, it is possible to obtain historical weather and climate data, including wind speed
and direction, for any geographical location (Lamprecht, 2021).
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Supply Chain Scope

The scope of this thesis (section 1.4) described that the research would focus on establishing a model
that can be used to compare greenfield offshore wind to hydrogen concepts that are feasible on the
North Sea. Greenfield means that nothing has been built yet, and no existing assets or infrastructure
can be used. Recently, studies have been commissioned or done by gas pipeline operators into the de-
velopment of a European hydrogen pipeline network (GASCADE, 2023; Gasunie, 2022). If developed,
the network could be ready by 2030. The model could be extended by adding the option of considering
existing infrastructure in the calculations.

For the offshore energy hub, the only considered option was an artificial sandy island. However, other
possibilities are the construction of a large offshore platform or a caisson island. Research into the com-
parison of these options has been done, but to improve the model the caisson island and platform could
be added as an alternative to the artificial island (NSWPH, 2021). Further, the model now assumed
the hydrogen to be transported onshore through a hydrogen pipeline, but adding other transportation
options such as ships could also extend the model.

It was assumed that all wind energy used for electrolysis comes from offshore wind parks. Based
on the financial analyses with the Python model, it became clear that the offshore wind park accounts
for almost 50% of the total cost of a project. The model could be improved by integrating the option of us-
ing curtailed energy to produce hydrogen. When wind parks generate more energy than the electricity
grid can handle, the operators must curtail that energy. Hydrogen is considered a means of capturing
that lost energy. The price for the curtailed energy is assumed to be (close to) zero (Chandrasekar
et al., 2021).

Model Validation

The model was validated by using input data from two research papers and comparing the calculated
LCOH with that in the papers. Furthermore, it was validated using data provided by Van Oord about a
real-life offshore wind park case. See section 4.8. These were simple cases, but serve the purpose of
this research.

It was mentioned by multiple stakeholders in the interviews, that the reliability of the model could be
increased if it would be validated by an external party. Therefore, to further improve the model’s adop-
tion, independent experts, companies, or consultancy firms should check and validate the model.

In addition, MTBS and Van Oord were involved with the supervision of the setup of the model. For
further development, an independent research institute or governmental organisation should take over
the supervision. This organisation will be the designated owner responsible for maintaining and updat-
ing the model on behalf of the industry. This party could also be responsible for maintaining unit tests
during further development of the model.



Conclusion & Recommendations

This chapter presents the conclusion of the research by answering all research questions presented in
section 1.5. Subsequently, recommendations for future research are shared.

7.1. Conclusion

This research aims at developing a standardised analytical model to compare alternative offshore wind
to hydrogen concepts, which will be used and trusted by various stakeholders in the industry. The goal
of such a model would be to improve cooperation between parties working on the energy transition.
By systematically and transparently quantifying various offshore wind to hydrogen concepts and the
influence of the components on the final energy price more insight could be provided, which currently
seems to be lacking.

First, the sub-questions will be answered after which the main research question will be answered.

7.1.1. Understanding Desired Functionalities of Comparison Model

What critical aspects do stakeholders involved in the energy transition believe a comparison model
could help to better understand, and how can the development of such a model facilitate discussions
among these stakeholders towards identifying the most feasible solutions?

For the interviewed stakeholders, a comparison model would be most helpful to gain a better under-
standing of the technical and financial structure of future offshore wind to hydrogen concepts. As the
green hydrogen market industry is still under development and only a number of pilots have been re-
alised, both technical and financial knowledge are lacking about the possible supply chains to convert
wind energy to hydrogen (“Pilots met waterstof’, 2022). A comparison model could have an educa-
tional purpose here, as it presents the structure of various concepts and their total costs separated per
supply chain component. This way, stakeholders could learn more about the effect of a component on
the overall costs and feasibility of a project. Even though future prices are uncertain, which is a concern
shared by all stakeholders, the model could help to increase the conceptual understanding of the most
feasible options.

All stakeholders envision big opportunities for the Dutch hydrogen market, but this comes with com-
petition. It can be concluded that the competitive level and lack of understanding of the market make
stakeholders cautious to have an open discussion. Stakeholders use their own comparison models
based on in-house assumptions. Chances are that these models all consider different components
and financial assumptions to calculate the total costs and LCOH of projects. Even though the stake-
holders are aware that cooperation is required to accelerate the energy transition, there is a mismatch
in trust and used methodology. Furthermore, each stakeholder has distinct objectives and concerns.
A comparison model could facilitate this cooperation by serving as a neutral tool to compare concepts
together. The goal of this model is to bridge the different interests of the stakeholders. It could help
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stakeholders gain insight into their and others’ roles in the larger energy system. Furthermore, a stan-
dardised model could serve as a benchmark for existing in-house comparison models.

To conclude, a comparison model could help stakeholders to better understand possible offshore wind
to hydrogen concepts, and the effect of components’ prices on the total cost of a project. Finally, it could
serve as a standardised method, which allows stakeholders to compare supply chain options using an
unbiased model. This will facilitate discussions towards identifying the most feasible solutions.

7.1.2. Incentivising Stakeholder Use and Contribution

How can the model be developed in a way that incentivises stakeholders to both use and contribute
to the model? What are the key factors that influence stakeholder willingness to contribute, and what
measures can be taken to address potential barriers to contribution?

Stakeholders desire a transparent model that helps them understand the financial impact of compo-
nents on the total costs and LCOH of various supply chains. A standardised financial methodology is
essential as it is currently lacking, which came across from the reviewed literature (Table 1.1). Further,
the methodology for valuations and energy production calculations must be clear. Capex and Opex, as
well as their associated cost items, must also be transparent. Assumed prices for all components of the
supply chain must be defined and transparent. Stakeholders are less inclined to use the model when
these underlying assumptions are hidden since they will perceive the results as biased. A "standard”
case is created by making the starting set of values clear and the same for everyone. Stakeholders
can then change the prices they are responsible for, allowing them to see how much total cost increase
or decrease they can achieve compared to "the standard.” This facilitates an open and fair discussion.
Further, it is crucial that the entered values are not visible to other users due to the competitive char-
acter of the market.

To increase the model’s reliability, stakeholders require an independent model that is not created by a
single company. Currently, the model is supervised by MTBS and Van Oord. Testing and validating
the model by independent experts would be the suggested first step to increasing reliability. But for
further development, an independent research institute or governmental organisation should take over
the supervision. This organisation will be the designated owner responsible for maintaining and updat-
ing the model on behalf of the industry.

According to the interviews conducted, it may be challenging to get stakeholders to contribute to the
model. Sharing of price data by suppliers is the main contribution required. Most stakeholders ac-
cept publicly available data, but more precise values would enhance the model’s reliability. However,
suppliers are not willing to share cost data due to the early stage of the technologies, making it diffi-
cult to provide accurate price predictions. There is also a fear of sharing knowledge with competitors.
One way stakeholders can contribute is by setting up price ranges based on public sources and letting
relevant stakeholders verify them. To conclude, at this stage, prioritising stakeholder adoption over
contribution may be more valuable.

7.1.3. Developing the Comparison Model

What is the current method for assessing the financial feasibility of offshore energy supply chain
elements, and how can these separate elements be effectively integrated into a cohesive system
view?

The current method for assessing the financial feasibility of offshore energy supply chain elements
involves techno-economic analyses using LCOH and NPV measures (section 1.3). However, there
is no standardised calculation method (see Table 1.1), which poses a challenge for stakeholders in
the industry. MTBS, a financial feasibility expert in the maritime sector, uses the discounted cash flow
method to evaluate the Capex and Opex cashflows of separate elements in a supply chain and calculate
the summed NPV. This method allows for the effective integration of separate supply chain elements’
costs into a cohesive system view using Excel. Although assumptions are made (section 4.3), such
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as an equal discount rate for all cashflows, this approach offers a practical solution to analyse larger
projects or supply chains.

7.1.4. Improving the Current Method

What are the limitations of the current method in answering the questions of parties involved in the
energy transition, and how can the method be extended to address these limitations and provide a
more comprehensive analysis?

Reliability of the comparison model is crucial for industry-wide adoption, and transparency is key to
achieving it. However, the current method seems to be lacking here. Excel sheets can be large and
complex, making it challenging for users to comprehend the underlying assumptions and calculations
that generate the results.

In addition, comprehensive and informed decision-making is essential for the ongoing energy transition,
which cannot rely solely on financial analysis. Stakeholder interviews revealed that decisions require
various perspectives, including meteorological, ecological, and hydraulic circumstances. Furthermore,
probabilistic analyses are necessary to understand the impact of project components on the project’s
feasibility. Excel’s functionalities are limited in this regard.

To address these limitations, an improved model was created using Python. It should be noted that
Python notebooks may not be easily understood by everyone, and coding can be complicated. Nonethe-
less, when people understand coding, the written code is clear. This results in a transparent model.
Unit testing allowed for an iterative setup of the model, ensuring that it reproduced the Excel model’s
results. Additionally, Python offers tools for working with spatial data and performing probabilistic cal-
culations, enabling users to conduct more complex analyses.

To improve the transparency of the model’s results, a standard notation system was developed. The
system clearly communicates underlying assumptions, such as financial considerations, energy con-
version rate, and project duration, which were previously lacking and made it difficult to interpret LCOH
studies (Table 1.1). The notation system facilitates comparisons between different concepts, enabling
users to easily identify similarities and differences.

In what respect has extending the method improved our ability to better understand the financial
feasibility of various offshore wind to hydrogen chains?

The improved model, which uses Python, has added significant value to our ability to better understand
the financial feasibility of various offshore wind to hydrogen chains. It has allowed us to add supply
chain elements more easily, resulting in the analysis of more complex supply chains, including those
involving energy islands (section 5.3). This was a challenge with the previous Excel model which re-
quired more work to add new elements and increased the risk of errors. Python has offered a better
overview and debugging, reducing the risk of errors and enhancing the reliability of the results. Further-
more, using Python, we were able to study other variables, such as time, with greater ease. Something
which had not been done before in previous studies. This provided us with a clear analysis of the im-
pact of planned construction delays on a project’s feasibility.

The improved model also enabled us to handle large data sets and complex calculations more effi-
ciently, making it easier to perform Monte Carlo simulations. This allowed us to conduct sensitivity
analyses (section 5.3) that assessed the impact of specific component prices on the LCOH - a desire
that was mentioned by stakeholders in the interviews. Through Monte Carlo simulations, we can now
provide ranges and probabilities for the LCOH, LCOE, and total costs providing more reliable feasibility
analyses than when a specific value is calculated.

Overall, our experience was that the added value of the improved model using Python is that it offers
greater flexibility and analytical power, providing a more comprehensive understanding of the financial
feasibility of various offshore wind to hydrogen chains.
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7.1.5. Enhancing the Comparison Model and Facilitating Greater Cooperation

How can we further enhance the comparison model and facilitate greater cooperation between
stakeholders within the offshore wind and hydrogen industry?

There are several ways to enhance the comparison method and promote greater cooperation among
stakeholders in the offshore wind and hydrogen industries. First, to increase the model’'s accuracy
and reliability, it is recommended to use verified price ranges. Additionally, implementing a WACC per
stakeholder would provide a more realistic representation of the project’s financial situation.

Second, incorporating geospatial data is necessary to provide an accurate and realistic approximation
of the costs and revenues of a project, which can be achieved by considering hydraulic and meteoro-
logical data. Geospatial analysis can also help users evaluate the ecological impact of a project, which
is important for the governmental bodies that judge project tender submissions. By building the model
in Python, we have established a foundation for a model that is both scalable and easily expandable.

In addition, to help stakeholders anticipate potential changes in the industry and simulate different
market conditions, it is essential to include price scenarios for energy and assets in the model. Finally,
external validation of the model is necessary to increase its credibility and promote its adoption across
the industry. This will enable stakeholders to make well-informed decisions based on the model’s re-
sults.

By implementing these enhancements, the comparison method can become a more valuable tool for
stakeholders in the offshore wind and hydrogen industries. This can lead to greater collaboration, more
accurate financial assessments, and a more sustainable energy future.

7.1.6. Main Research Question

How can you develop a standardised comparison model to compare alternative offshore wind to
hydrogen concepts to improve cooperation between parties working on the energy transition? And
what is required to obtain industry validation and promote widespread adoption of the model among
key stakeholders?

This research aims to develop a standardised comparison model for the comprehensive evaluation of
offshore wind to hydrogen concepts using the LCOH method. The LCOH is the most common method
used to compare hydrogen concepts, but discrepancies exist due to variations in assumptions. While
some researchers attempted to develop models for the techno-economic evaluation of offshore wind to
hydrogen concepts, these models did not consider stakeholder adoption and contribution (V. N. Dinh
et al., 2021; Yan et al., 2021).

This study addressed these gaps by building an improved model using Python and focusing on devel-
oping an open-source software tool. The model's assumptions are clear, and it can be easily used by
stakeholders. The research identified the stakeholders’ desires for the model’s reliability, transparency,
and user-friendliness, which were addressed in the development process. A consistent and transparent
methodology was adopted for calculating cost measures, and a standard notation system was imple-
mented for increased transparency and standardisation. The model’s limitations were addressed, and
future improvements were suggested, such as using verified price ranges and incorporating geospatial
data. Implementing these suggestions will promote adoption by key stakeholders.

The potential impact of this work is significant, as it addresses current challenges hindering the co-
operation between parties working on the energy transition. Without cooperation, there is a risk of
misusing substantial financial resources on inappropriate infrastructure in unsuitable locations. This
would also result in the wasteful utilisation of an even scarcer resource: time. Industry validation and
refinement through stakeholder feedback will help establish the model as a reliable and widely accepted
tool for better decision-making in the green hydrogen industry.

It is time for the industry to come together and take action towards a sustainable future, and this re-
search offers a crucial first step towards achieving that goal.
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7.2. Research Recommendations

This research has established a model that allows users to compare the financial feasibility of offshore
wind to hydrogen concepts. Furthermore, the requirements have been studied for industry-wide adop-
tion and validation of the model. In chapter 6, the model’s assumptions and uncertainty were discussed.
This section summarises the recommendations for possible future research:

1. Investigating accurate price data and defining potential price scenarios

» Approach: Conduct interviews with suppliers to gather more accurate data on price data.
Price ranges can be suggested based on public research. Use the interviews to validate and
refine these price ranges. According to the interviews conducted, most suppliers appeared
to be comfortable contributing in this manner. Simultaneously, study the drivers of potential
price developments, such as material scarcity and technological advancements. Based on
this, price scenarios can be developed to understand their potential impact on the financial
feasibility of a project.

2. Further research into more accurate wind data and its influence on the energy production

« Approach: To retrieve more accurate wind estimates, factors such as air density, wind ve-
locity, blade aerodynamic efficiency, and rotor swept area could be taken into account (Yan
etal., 2021). A second option is using real historic wind speed data (McDonagh et al., 2020).
Thirdly, the power production can be estimated using power curves, either presumed and
based on the wind turbine’s design or provided by the manufacturer of the wind turbine (V. N.
Dinh et al., 2021). Finally, a study could be done to study the uncertainty of wind speed. By
incorporating these findings into the model, more accurate estimates of the energy produc-
tion can be made, resulting in a more accurate financial feasibility analysis.

3. Assessing the financial feasibility of offshore wind to hydrogen projects using existing infrastruc-
ture, including curtailed energy utilisation

» Approach: Research has been done into the development of a hydrogen pipeline network
and into the use of existing gas pipelines for hydrogen transport (GASCADE, 2023; Gasunie,
2022; Kanellopoulos et al., 2022). Further research should be done into the viability of us-
ing these, but also into the viability of reusing other elements such as existing platforms. It
is valuable to analyse the influence on the financial feasibility and potential challenges as-
sociated with integrating offshore wind to hydrogen projects into the existing infrastructure.
Additionally, the research should consider the utilisation of curtailed energy as "existing in-
frastructure”. When wind parks generate more energy than the grid can handle, operators
must curtail that energy. Hydrogen is a means of capturing that lost energy. As the price for
curtailed energy is assumed to be close to zero and no wind parks will have to be built, this
could result in an optimistic business case (Chandrasekar et al., 2021). The use of vessels
for transporting hydrogen onshore can also be explored as part of the existing infrastructure,
as it may provide more financial feasibility and easier access to areas with higher demand.

4. Investigating trade-offs between using hydrogen as a storage medium for electricity generation
and selling hydrogen directly to customers

« Approach: study the energy efficiency and financial feasibility of both hydrogen business
cases, using the Python model by extending the supply chain scope. When hydrogen is
used as a storage medium and is converted back to electricity, it loses around 50% of its
energy due to the efficiency of the conversion process (Energy Storage Association, 2021).
This should then be considered. When hydrogen is sold directly sold to customers, the clients
are mostly industrial players using the hydrogen as a feedstock in their existing production
process. The market potential of this should be investigated to determine the financial fea-
sibility of this business case. By comparing both, the best business case for hydrogen can
be studied.

5. Further research into the implementation of next steps for industry-wide adoption of the developed
model
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» Approach: First, new stakeholder interviews should be conducted to gather feedback on
the current version of the model. Then, the stakeholders’ desires that were not realised
in the current version should be studied. For example, explore the inclusion of geospatial
data to evaluate the environmental impact of projects. Additionally, consider stakeholders’
suggestions to have the model tested and validated by independent experts. Investigate
potential improvements to enhance the usability of the current model based on stakeholder
feedback. This could include enhancing user interfaces. Regularly assess the progress of
implementation, monitor user feedback, and make iterative improvements to enhance user
experience and maximise the model’s value.
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Stakeholder Analysis

A.l. Stakeholder Overview

Below are the stakeholder categories and the parties defined who were identified as most important in
the Dutch North Sea offshore wind to hydrogen market, according to Van Oord’s expertise and literature
research.

1. Energy infrastructure

« Gasunie
* Vopak
» Tennet

2. Energy supplier

* Shell

» Equinor
« E.On

* BP

* Eneco

3. Offshore dredging company

* Van Oord
» Boskalis
« Jan de Nul

4. Offshore project developer

* |berdrola
» Shell

* Eneco

» Orsted
 Vattenfall

5. Governmental organisation

* TKI Wind op Zee

» Groenvermogen

* Ministry of Infrastructure and Water Management (1&W) with executive body Rijkswaterstaat
(RWS)

* Ministry of Interior and Kingdom Relations (BZK)

* Ministry of Economic Affars & Climate Policy (EZK)

» Netherlands Enterprise Agency (RVO)
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6. Research institute

* ISPT

« TNO

* TU Delft

* TU Twente

e TU Eindhoven
« Differ

7. Electrolyser manufacturer

« Siemens Energy Gamesa
* Hydron Energy
» Bosal Group

8. Wind turbine manufacturer

» Siemens Energy Gamesa
» Vestas
* General Electric

9. Engineering consultant

« Witteveen & Bos
* Royal Haskoning DHV
» Guidehouse

10. Port

* Port of Rotterdam
* Port of Amsterdam

A.2. Stakeholder Interviews

A.2.1. Interview Protocol

The following protocol will be followed in the interview:

1. Introduce myself and the purpose of the interview, which is to understand the stakeholders’ ob-
jectives, incentives, and views on a comparison model to compare various offshore wind energy
to hydrogen concepts using LCOE and LCOH.

2. Ask the stakeholder about their role and involvement in the Dutch offshore wind energy and
hydrogen market. What are their main needs and concerns regarding North Sea offshore wind
to hydrogen system integration?

3. Ask the stakeholder about their views on the current state of the Dutch offshore wind energy and
hydrogen market, including the challenges and opportunities that they see in general. What are
their views on hydrogen integration options?

4. Ask the stakeholder about their thoughts on the use of comparison models in the Dutch offshore
wind energy and hydrogen market. Do they think such models are useful and necessary? If so,
what kind of comparison models would be most valuable in this market?

5. Ask the stakeholder about their experiences with comparison models in the past, both in the Dutch
offshore wind energy and hydrogen market and in other markets. What were their successes and
challenges with these models?

6. Present the concept of the current comparison model to the stakeholder, including the work and
cost breakdown. What's their view on the standardisation of a cost breakdown?

7. Ask the stakeholder about their expectations and requirements for a comparison model in the
Dutch offshore wind energy and hydrogen market. What features and capabilities would they like
to see in such a model?
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8. Ask the stakeholder if they are comfortable with sharing data that could be used to develop and
validate a comparison model for the Dutch offshore wind energy and hydrogen market. What kind
of data would they be willing to share, and what are their concerns and limitations around data
sharing?

9. Thank the stakeholder for their time and insights, and ask if they have any other thoughts or
concerns that they would like to share.

A.2.2. Questionnaire

Below are the questions listed, which were asked during the stakeholder interviews. This is the updated
version after the preliminary interviews.

1. What is Stakeholder’s role in the Dutch offshore wind and hydrogen market?

2. What are Stakeholder’s main needs and concerns regarding the integration of offshore wind to
hydrogen systems in the North Sea?

3. What is Stakeholder’s view on the current state of the Dutch offshore wind and hydrogen market,
including the challenges and opportunities you see in general?

4. How does Stakeholder view the current integration options for green hydrogen?

5. What are Stakeholder’s thoughts on the use of comparison models in the Dutch offshore wind
energy and hydrogen market? Do you think such models are useful and necessary? If so, what
type of comparison models would be most valuable in the market?

6. What are Stakeholder’s experiences with comparison models in the past, both for the offshore
wind and hydrogen market and in other markets? What went well, and what went less well with
these models?

7. If Stakeholder were to use the model, for what purpose would this be?

If not, why i that? Under what conditions would STAKEHOLDER do use the model?

9. What are Stakeholder’s expectations and requirements for a comparison model for the offshore
wind and hydrogen market? What functions and capabilities would you like to see in such a
model?

10. Does Stakeholder feel comfortable sharing data that could be used to develop and validate a

comparison model?

11. If not, why not? What are the threats? Under what conditions would you be willing to do so?

©

A.3. Validated Interview Summaries

In order to ensure the validity and reliability of the results obtained from the stakeholder interviews,
a rigorous method was employed. Following each interview, the transcripts were carefully analysed,
and key takeaways were documented. To enhance the accuracy of the analysis, the documented
conclusions were shared with the respective interviewees to validate the accuracy of the researcher’s
findings. This approach served as a crucial quality control step to ensure the truth value of the analysis
and to mitigate the risk of any misinterpretation or bias. As a result, the methodology applied in this
research is highly replicable, and the outcomes generated are more robust, scientifically sound, and
trustworthy. The interview takeaways are separated per stakeholder.

A.3.1. Energy Infrastructure
« Stakeholder is not willing to share specific cost data about pipelines. They use models to deter-
mine the costs of pipes and materials, which could possibly be shared.

» They would be willing to verify price ranges.

A.3.2. Energy Supplier and Offshore Project Developer

+ It is important to be clear about the model’s underlying assumptions and calculations. For exam-
ple, are the costs NPV?



A.3. Validated Interview Summaries 96

» The biggest challenges of the green hydrogen market according to Stakeholder are: regulations,
capital uncertainty, technology change, supply chain uncertainty, TSO commitment, availability
of electrons for H2, and the complexity of energy systems.

» The definition of the cost blocks of the model should be clearly defined and agreed on.

+ Stakeholder feels comfortable in validating the model in terms of how it is defined. It feels less
comfortable in directly sharing cost data.

» Through an anonymised industry group, Stakeholder might feel more comfortable in sharing cost

data.

+ Stakeholder would be willing to look at assumptions and help with commenting on the set-up of
the model.

» The biggest threat around sharing cost data is the fact that suppliers don’t know exact numbers
yet.

» Reputational impact: statements/model results with Stakeholder’s name on it could lead to disad-
vantageous interpretations by, for example, journalists.

* Antitrust: Stakeholder cannot share exact numbers due to antitrust regulations.
If Stakeholder were to use the model, it would be to:

» Compare projects on a like-for-like basis

» See how other parties are looking at hydrogen value chains

» The model would be less relevant for Stakeholder’s internal decision making. They’d use their
own models for that.

A.3.3. Offshore Dredging Company

* Integration of offshore wind to hydrogen systems in the North Sea is still in the early stages, and
there are many unknown factors, such as the location of conversion and when it is cheaper to
produce offshore.

Stakeholder believes that the Dutch offshore wind and hydrogen market is not yet fully established,
but it has great potential for growth.

Stakeholder thinks that comparison models are useful and necessary in the offshore wind and
hydrogen market.

Developing a comparison model for the offshore wind and hydrogen market requires accurate
data inputs, including cost inputs from elements outside Stakeholder’s scope, such as the cost
of electrolysers.

Stakeholder is open to sharing data that could be used to develop and validate a comparison
model, but there are limits to the amount of data that can be shared due to competitiveness
concerns.

 Stakeholder has concerns regarding the integration of offshore wind to hydrogen systems in the
North Sea, such as the lack of laws and regulations, shortage of port capacity, and the technical
footprint of such systems.

+ Stakeholder sees a shortage of equipment, supply, and people in the Dutch offshore wind and
hydrogen market, and the demand exceeds the supply.

» Stakeholder’s view on integration options for green hydrogen depends on where they will be
allowed to build and which options are available.

+ Stakeholder expects a comparison model for the offshore wind and hydrogen market to be clear,
transparent, and convincing to other parties, as they increasingly find themselves in the invest-
ment seat.

+ Stakeholder is comfortable with sharing data that could be used to develop and validate a com-
parison model, as sharing data is necessary to move forward.
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A.3.4. Governmental Organisation

Governmental organisation 1

+ Stakeholder always commissions LCOE analyses for wind areas from independent experts/con-
sultants to support the offshore wind roadmap and site decision process.

+ Stakeholder considers more than the cost of energy, for example, environmental impact in their
analyses.

» For Stakeholder, a comparison model must be independent and transparent. They will always
outsource model work to independent experts/consultants, and don’t do this in-house.

Governmental organisation 2

 According to Stakeholder, buyers of turbines are usually willing to release some information on
prices. With that, you can set bandwidths to test with the manufacturers.

» Manufacturers are also happy with this because they get a better picture of prices in the market.

* Important to think about how you maintain the model.

* It is good if several models are developed by different parties. That way, one model can also be
used as a benchmark for the other.

+ Stakeholder does not expect PwC or Guidehouse to use my model.

Governmental organisation 3

 Stakeholder states the need for a baseline to see how choices affect the LCOH at this stage of
the hydrogen industry

» The model needs to be open-source, or at least transparent. In particular, the starting set of
values should be clear and the same for everyone, so that everyone calculates with the same
assumptions.

» The model should be robust: if you, as a user, do something wrong, it should quickly become
clear.

* You want a user to be able to change the starting values himself/herself for his/her part of the

supply chain. This allows a user to see what kind of cost reduction they can achieve compared

to the starting point ('the standard’).

According to Stakeholder, it is more important to have a model that parties want to use than to

participate in building it.

Stakeholder would use the model to understand which innovations trigger what cost impact. This

can help in bringing focus to their innovation programme.

Stakeholder would be interested in launching the model at a later stage with Governmental Or-

ganisation 2.

Governmental organisation 4

« Stakeholder proposes to include the following items in the model: dynamic energy prices, dynamic
developments of infrastructure and technology (scenarios change over time and main scenario
is still uncertain), price developments of assets.

» Stakeholder encourages open innovation for accelerating sustainability, sharing data helps tremen-
dously in this regard.

+ Stakeholder would possibly like to use the model under the following conditions

— If the quality is good enough/matches the demand of the model

— The model must be validated

— Most important: depends on the wishes and requirements of partner they are currently work-
ing with. In collaboration with a partner, who has a particular issue. Stakeholder would never
use it itself
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A.3.5. Research Institute

+ Stakeholder must know what the input of the model is and what the assumptions are.

+ It is also important that parties themselves can play with it, understand the interactions and that
the model’s uncertainties are clear.

+ Stakeholder is in favour of sharing data to accelerate the energy transition.
+ Stakeholder is willing to verify price ranges.

» Stakeholder would like to use the model, but this depends on the quality, detail and flexibility
versus the question they want to answer with it.

A.3.6. Electrolyser and Wind Turbine Manufacturer

+ It would be useful if eventually a standard calculation method could be developed to compare
different concepts.

* Now, it is still unclear how the market will develop as it is still in its conceptual phase. All con-
cepts are currently inherently uncertain, because they are still concepts. Parties are careful to
share their views because of commercial sensitivity, but also because of the uncertainty in basic
assumptions. Nobody knows exactly how much this new technology will cost because it is all still
conceptual.

» The experience with large energy and hydrogen projects is too limited so far: it is necessary to
scale up quickly on land to gain experience.

+ Stakeholder would be willing to share the ‘direction of their thoughts’, but assumptions and calcu-
lations are a step too far. However, they’d be willing to verify price ranges.

» A concern for Stakeholder is, that developments in electrolysis are so rapid that a model may not
always deliver the right predictions.

A.3.7. Engineering Consultant

Engineering Consultant 1

+ Stakeholder suggests that having a better understanding of the cost levels of hydrogen produc-
tion onshore/offshore would make it easier for policymakers to make informed decisions about
infrastructure planning and policies that may impact the industry.

» A model would be useful to see how alternative systems compare and where you need to innovate
to reduce the costs.

« Stakeholder predicts that it will be difficult to obtain sensitive data from suppliers for an open
source model.

» An alternative is to use public sources to define input data based on bandwidths/ranges and have
the industry verify this.

 Stakeholder recommends designating an owner of the model who will keep it updated and main-
tained on behalf of the industry. An association could play this role (analogous to the FLOW/TKI-
WOZ offshore wind cost model).

Engineering Consultant 2

» A standardised model would be valuable to Stakeholder, which could also serve as a benchmark
for them

» The only problem is, that they won'’t be able to see the calculations/details/assumptions behind
the modules with the current model set-up

+ Stakeholder would prefer the input data to be public and transparent. In that case, they would be
willing to contribute to setting up the model.
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A.3.8. Port

Stakeholder would only use the model to show that their location has a good business climate
and thus positive impact on the final price of H2 for companies.

The model is useful to understand the structure of LCOH, to better understand what a supply
chain looks like and the effect of the type of supply chain on the final price.

Stakeholder sees educational added value from the model. In this way, the port can better under-
stand the LCOH and its construction. When they sit at the table with customers, they also want
to be able to join in the discussion.

The data on hydrogen is currently still quite unreliable and changing a lot. How the model works
and how an LCOH is constructed tells the port more than which exact LCOH is extracted.



Model Data

In this Appendix, the data used in the model and their sources are clarified.

B.1. General Data

Parameter | Value [ Unit | Source

Escalation 2 % European Central Bank, 2021

WACC 9.84 % MTBS

Electricity Sell Price | 0.18 | €/kWh Nieuwe Stroom, 2023; Anciaux, 2019

Hydrogen Sell Price 6 €/kg Ortiz-Cebolla et al., 2022; S&P Global Platts,
n.d.; Zhou and Searle, 2022

Table B.1: Assumed values for general parameters with their sources

B.2. Financial Parameters per Element

B.2.1. Offshore wind park

Foundation & Cables

Parameter | Value | Unit \ Source

Capex 1,000,000 €/MW Crown Estate, 2019; Roos, 2021
Opex 1.5 % of Capex total Van Oord, MTBS
Economic Lifetime 30 Years Van Oord

Insurance Rate 0.5 % of Capex total Van Oord, MTBS
Decommissioning Rate 35 % of Capex total | Van Oord; Jalili and Maheri, 2022

Table B.2: Assumed values for 'Foundation & Cables’ parameters with their sources
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Turbine

Parameter | Value | Unit \ Source

Capex 1,200,000 €/MW Crown Estate, 2019; McDonagh et al.,

2020; Ohlsen, 2019

Opex 3 % of Capex total Van Oord, MTBS

Economic Lifetime 30 Years Van Oord

Insurance Rate 0.5 % of Capex total Van Oord, MTBS

Decommissioning Rate 8 % of Capex total Van Oord; Jalili and Maheri, 2022

Table B.3: Assumed values for "Turbine’ parameters with their sources

B.2.2. AC Substation & Transport

AC Substation

Parameter | Value | Unit Source

Capex 185,000 €/MW Crown Estate, 2019; WECC, 2019
Opex 3 % of Capex total Van Oord, MTBS
Economic Lifetime 40 Years Van Oord

Insurance Rate 0.5 % of Capex total Van Oord, MTBS
Decommissioning Rate 2 % of Capex total Van Oord

Table B.4: Assumed values for 'AC Substation

' parameters with their sources

AC Collection Cable
Parameter | Value | Unit \ Source
Capex 2,000 €/m Crown Estate, 2019; PetroWiki, 2022
Opex 3 % of Capex total Van Oord, MTBS
Economic Lifetime 40 Years Van Oord
Insurance Rate 0.5 % of Capex total Van Oord, MTBS
Decommissioning Rate 2 % of Capex total Van Oord; Jalili and Maheri, 2022

Table B.5: Assumed values for 'AC Collection Cable’ parameters with their sources

B.2.3. Converter & Transport

HVDC Converter
Parameter | Value | Unit Source
Capex 470,000 €/MW Crown Estate, 2019; WECC, 2019
Opex 2 % of Capex total Van Oord, MTBS
Economic Lifetime 30 Years Van Oord
Insurance Rate 0.5 % of Capex total Van Oord, MTBS
Decommissioning Rate 2 % of Capex total Van Oord

Table B.6: Assumed values for 'HVDC Converter’ parameters with their sources
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B.2. Financial Parameters per Element

HVDC Cable
Parameter | Value | Unit Source
Capex 3,800 €/m Crown Estate, 2019; Jansen et al.,

2022 Zhao et al., 2020

Opex 2 % of Capex total Van Oord, MTBS
Economic Lifetime 30 Years Van Oord
Insurance Rate 0.5 % of Capex total Van Oord, MTBS
Decommissioning Rate 2 % of Capex total Van Oord

Table B.7: Assumed values for 'HVDC Cable’ parameters with their sources

B.2.4. Electrolysis, Electricity & Transport

Electrolyser

Parameter | Value | Unit Source

Capex 500,000 €/MW ISPT, 2023; BEIS, 2021; McDonagh
et al., 2020; Roos, 2021; Taibi et al.,

2020

Opex 2 % of Capex total Van Oord, MTBS

Economic Lifetime 25 Years Van Oord

Insurance Rate 0.5 % of Capex total Van Oord, MTBS

Decommissioning Rate 2 % of Capex total Van Oord

Table B.8: Assumed values for 'Electrolyser’ parameters with their sources

Desalination Unit

Parameter | Value | Unit Source

Capex 4,000 €/MW Breunis, 2021; Caldera and Breyer,
2017; Janowitz et al., 2022; Moser

etal.,, 2015

Opex 2 % of Capex total Van Oord, MTBS

Economic Lifetime 15 Years Van Oord

Insurance Rate 0.5 % of Capex total Van Oord, MTBS

Decommissioning Rate 2 % of Capex total Van Oord

Table B.9: Assumed values for 'Desalination Unit’ parameters with their sources

Compressor Unit

Parameter | Value | Unit Source

Capex 150,000 €/MW Breunis, 2021; ISPT, 2023; BEIS,
2021; Lucas et al., 2022

Opex 2 % of Capex total Van Oord, MTBS

Economic Lifetime 15 Years Van Oord

Insurance Rate 0.5 % of Capex total Van Oord, MTBS

Decommissioning Rate 2 % of Capex total Van Oord

Table B.10: Assumed values for 'Compressor Unit’ parameters with their sources
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Storage Unit

Parameter | Value | Unit \ Source

Capex 300,000 €/MW ISPT, 2023; BEIS, 2021; Lucas et al., 2022
Opex 2 % of Capex total Van Oord, MTBS

Economic Lifetime 15 Years Van Oord

Insurance Rate 0.5 % of Capex total Van Oord, MTBS
Decommissioning Rate 2 % of Capex total Van Oord

Table B.11: Assumed values for 'Storage Unit’ parameters with their sources

Compressor After Storage

Parameter | Value | Unit \ Source

Capex 10,000 €/MW ISPT, 2023; BEIS, 2021
Opex 2 % of Capex total Van Oord, MTBS
Economic Lifetime 15 Years Van Oord
Insurance Rate 0.5 % of Capex total Van Oord, MTBS
Decommissioning Rate 2 % of Capex total Van Oord

Table B.12: Assumed values for 'Compressor after Storage’ parameters with their sources

DCAC Converter
Parameter | Value | Unit \ Source
Capex 300,000 €/MW Crown Estate, 2019; Breunis, 2021
Opex 3 % of Capex total Van Oord, MTBS
Economic Lifetime 25 Years Van Oord
Insurance Rate 0.5 % of Capex total Van Oord, MTBS
Decommissioning Rate 2 % of Capex total Van Oord

Table B.13: Assumed values for 'DCAC Converter’ parameters with their sources

Artificial Island
Parameter \ Value Unit \ Source
Capex 990,000 - 1.760,000,000 (5.2) € van der Veer et al.,
2020

Opex 2 % of Capex total | Van Oord, MTBS
Economic Lifetime 80 Years Van Oord
Insurance Rate 0.5 % of Capex total | Van Oord, MTBS
Decommissioning Rate 2 % of Capex total Van Oord

Table B.14: Assumed values for ’Atrtificial Island’ parameters with their sources
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Mainland
Parameter | Value | Unit \ Source
Capex 6,000 €/MW MTBS
Opex 1 % of Capex total | Van Oord, MTBS
Economic Lifetime 30 Years Van Oord
Insurance Rate 0.5 % of Capex total | Van Oord, MTBS
Decommissioning Rate 1 % of Capex total Van Oord
Table B.15: Assumed values for 'Mainland’ parameters with their sources
H2 Pipeline
Parameter | Value | Unit \ Source
Capex 1,500 €/m Breunis, 2021 Di Lullo et al., 2022
Opex 2 % of Capex total Van Oord, MTBS
Economic Lifetime 30 Years Van Oord
Insurance Rate 0.5 % of Capex total Van Oord, MTBS
Decommissioning Rate 2 % of Capex total Van Oord

Table B.16: Assumed values for 'H2 Pipeline’ parameters with their sources

B.3. Efficiencies

Parameter \ Value | Unit | Source
Inter-Array Cable Efficiency 99 % Van Oord, Breunis, 2021
Lucas et al., 2022
AC Collection Cable Efficiency 95 % Van Oord, Breunis, 2021
HVDC Cable Efficiency 100 - (0.00005*(x) + 4) % Eeckhout et al., 2009 (Fig
B.1)
H2 Pipeline Efficiency 95 % Breunis, 2021
DCAC Converter Efficiency 90 % Breunis, 2021
Electrolysis Efficiency 50 kWh/kg V. N. Dinh et al., 2021;
Breunis, 2021

Table B.17: Assumed values for efficiencies with their sources
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Figure B.1: Loss percentage lo, for VSC HVDC and HVAC cables as a function of cable length for a 300 MW wind farm
Eeckhout et al., 2009



Results

C.1. Pie charts

C.1.1. Scenariol

Cost diagram - Scenario 1
wind park 100 km from the coast
W2|H (70%) - W2|E (30%) - PD30 - WC6 / C(D, P, IC, R) - O(Y, |, D) - E - DCF

Components
Foundation & cables
Turbine
AC Substation
HVDC Converter & cables
Electrolysis
DCAC Converter
Mainland

Figure C.1: Scenario 1 - cost breakdown for Case 1a

Total cost (NPV) = €27.9b
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Cost diagram - Scenario 1
wind park 100 km from the coast
W2|H (30%) - W2|E (70%) - PD30 - WC6 / C(D, P, IC, R) - O(Y, |, D) - E - DCF

Components
Foundation & cables
Turbine
AC Substation
HVDC Converter & cables
Electrolysis
DCAC Converter
Mainland

Figure C.2: Scenario 1 - cost breakdown for Case 1b

Total cost (NPV) = €25.6b

Cost diagram - Scenario 1
Wind park 180 km from the coast
W2|H (70%) - W2|E (30%) - PD30 - WC12 /C(D, P, IC, R) - O(Y, |, D) - E - DCF

Components
Foundation & cables
Turbine
AC Substation
HVDC Converter & cables
Electrolysis
DCAC Converter
Mainland

Figure C.3: Scenario 1 - cost breakdown for Case 2a

Total cost (NPV) = €55.7b
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Cost diagram - Scenario 1
Wind park 180 km from the coast
W2|H (30%) - W2|E (70%) - PD30 - WC12 /C(D, P, IC, R) - O(Y, |, D) - E - DCF

Components
B Foundation & cables
B Turbine
B AC Substation
I HVDC Converter & cables
B Electrolysis
BN DCAC Converter
. Mainland
Figure C.4: Scenario 1 - cost breakdown for Case 2b
Total cost (NPV) = €51.1b
Cost diagram - Scenario 1
Wind park 100 km from the coast
W2|E - PD30 - WC6 / C(D, P, IC, R) - O(Y, I, D) - E - DCF
Components
30.7% B Foundation & cables
N Turbine
0.4% Bm AC Substation
10.3% mEE HVDC Converter & cables
B Electrolysis
6.7234.6% B DCAC Converter
e Mainland

Figure C.5: Scenario 1 - cost breakdown for Case 1c (Reference Case)

Total cost (NPV) = €23.7b
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Cost diagram - Scenario 1
Wind park 180 km from the coast
W2|E - PD30 - WC12/C(D, P, IC, R) - O(Y, |, D) - E - DCF

Components
Foundation & cables
Turbine
AC Substation
HVDC Converter & cables
Electrolysis
DCAC Converter
Mainland

Figure C.6: Scenario 1 - cost breakdown for Case 2c (Reference Case)

Total cost (NPV) = €48.0b

C.1.2. Scenario 2

Cost diagram - Scenario 2
Wind park 100 km from the coast
W2|H (70%) - W2|E (30%) - PD30 - WC6 / C(D, P, IC, R) - O(Y, |, D) - E - DCF

Components
Foundation & cables
Turbine
AC Substation
HVDC Converter & cables
Electrolysis
DCAC Converter
Mainland

Figure C.7: Scenario 2 - cost breakdown for Case 1a

Total cost (NPV) = €23.4b
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Cost diagram - Scenario 2
wind park 100 km from the coast

W2|H (30%) - W2|E (70%) - PD30 - WC6 / C(D, P, IC, R) - O(Y, |, D) - E - DCF

Components
Foundation & cables
Turbine
AC Substation
HVDC Converter & cables
Electrolysis
DCAC Converter
Mainland

Figure C.8: Scenario 2 - cost breakdown for Case 1b

Total cost (NPV) = €21.5b

Cost diagram - Scenario 2

Wind park 180 km from the coast
W2|H (70%) - W2|E (30%) - PD30 - WC12 /C(D, P, IC, R) - O(Y, |, D) - E - DCF

Components
Foundation & cables
Turbine
AC Substation
HVDC Converter & cables
Electrolysis
DCAC Converter
Mainland

Figure C.9: Scenario 2 - cost breakdown for Case 2a

Total cost (NPV) = €46.8b
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Cost diagram - Scenario 2
Wind park 180 km from the coast
W2|H (30%) - W2|E (70%) - PD30 - WC12 /C(D, P, IC, R) - O(Y, |, D) - E - DCF

Components
Foundation & cables
Turbine
AC Substation
HVDC Converter & cables
Electrolysis
DCAC Converter
Mainland

Figure C.10: Scenario 2 - cost breakdown for Case 2b
Total cost (NPV) = €43.0b

C.1.3. Scenario 3

Cost diagram - Scenario 3
Wind park 100 km, island 70 km (offshore)
W2H| (70%) - W2|E (30%) - PD30 - WC6 / C(D, P, IC, R) - O(Y, |, D) - E - DCF

Components
Foundation & cables
Turbine
AC Substation
HVDC Converter & cables
Electrolysis
DCAC Converter
Mainland
Artificial Island
H2 Pipeline

B .2

10.8% 21.6%

5.3%

Figure C.11: Scenario 3 - cost breakdown for Case 1a

Total cost (NPV) = €28.6b
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Cost diagram - Scenario 3
Wind park 100 km, island 70 km (offshore)
W2H| (30%) - W2|E (70%) - PD30 - WC6 / C(D, P, IC, R) - O(Y, |, D) - E - DCF
Components
BN Foundation & cables
s Turbine
B AC Substation
mmm HVYDC Converter & cables
66 2 B Electrolysis
gl mmm DCAC Converter
5.8% n1(].1% B Mainland

12.6% mmm Artificial Island

[0 H2 Pipeline
Figure C.12: Scenario 3 - cost breakdown for Case 1b
Total cost (NPV) = €26.5b
Cost diagram - Scenario 3
Wind park 180 km, island 150 km (offshore)
W2H| (70%) - W2|E (30%) - PD30 - WC12 / C(D, P, IC, R) - O(Y, |, D) - E - DCF
Components

BN Foundation & cables
B Turbine
Emm AC Substation
mmm HVDC Converter & cables
Bl Electrolysis
Bm DCAC Converter
B Mainland
mmm Artificial Island
[0 H2 Pipeline

Figure C.13: Scenario 3 - cost breakdown for Case 2a

Total cost (NPV) = €56.8b
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Cost diagram - Scenario 3
Wind park 180 km, island 150 km (offshore)
W2H| (30%) - W2|E (70%) - PD30 - WC12 /C(D, P, IC, R) - O(Y, |, D) - E - DCF
Components
BN Foundation & cables
s Turbine
BN AC Substation
mmm HVDC Converter & cables
Bl Flectrolysis
mmm DCAC Converter
B Mainland
mm Artificial Island
[ H2 Pipeline
Figure C.14: Scenario 3 - cost breakdown for Case 2b
Total cost (NPV) = €52.3b
C.1.4. Scenario 4
Cost diagram - Scenario 4
Wind park 100 km, island 70 km (offshore)
W2H| (70%) - W2|E (30%) - PD30 - WC6 / C(D, P, IC, R) - O(Y, |, D) - E - DCF
Components
BN Foundation & cables
s Turbine
B AC Substation
. Em HVYDC Converter & cables
?én%“' BN Electrolysis
5.4% mm DCAC Converter

11.1% 20.9% e Artificial Island
mmm H2 Pipeline
5 Mainland

Figure C.15: Scenario 4 - cost breakdown for Case 1a

Total cost (NPV) = €25.3b
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Cost diagram - Scenario 4
Wind park 100 km, island 70 km (offshore)
W2H| (30%) - W2|E (70%) - PD30 - WC6 / C(D, P, IC, R) - O(Y, |, D) - E - DCF
Components
BN Foundation & cables
28.1% s Turbine
B AC Substation
mmm HVYDC Converter & cables
_‘?_ﬁ? Bl Electrolysis
o o mmm DCAC Converter

B, oo m Artificial Island
mmm H2 Pipeline
5 Mainland

Figure C.16: Scenario 4 - cost breakdown for Case 1b
Total cost (NPV) = €23.6b
Cost diagram - Scenario 4
Wind park 180 km, island 150 km (offshore)
W2H| (70%) - W2|E (30%) - PD30 - WC12 / C(D, P, IC, R) - O(Y, |, D) - E - DCF
Components

BN Foundation & cables
B Turbine
Emm AC Substation
mmm HVDC Converter & cables
Bl Electrolysis
Bm DCAC Converter
B Artificial Island
mmm H2 Pipeline
B0 Mainland

Figure C.17: Scenario 4 - cost breakdown for Case 2a

Total cost (NPV) = €50.0b
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Cost diagram - Scenario 4
Wind park 180 km, island 150 km (offshore)
W2H| (30%) - W2|E (70%) - PD30 - WC12 /C(D, P, IC, R) - O(Y, |, D) - E - DCF

Components
Foundation & cables
Turbine
AC Substation
HVDC Converter & cables
Electrolysis
DCAC Converter
Artificial Island
H2 Pipeline
Mainland

Figure C.18: Scenario 4 - cost breakdown for Case 2b

Total cost (NPV) = €46.5b
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C.2. Cash flow charts

C.2.1. Scenariol

Scenario 1 with revenues
Wind park 100 km from the coast
W2|H (70%) - W2|E (30%) - PD30 - WC6 / C(D, P, IC, R) - O(Y, I, D) - E - DCF
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Figure C.19: Scenario 1 - cash flow chart for Case 1a
Final year cumulative NPV = €2.1b
Scenario 1 with revenues
Wind park 100 km from the coast
W2|H (30%) - W2|E (70%) - PD30 - WC6 / C(D, P, IC, R) - O(Y, |, D) - E - DCF
IRR= 14.10%
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Figure C.20: Scenario 1 - cash flow chart for Case 1b

Final year cumulative NPV = €8.2b
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C.2. Cash flow charts
Scenario 1 with revenues
Wind park 180 km from the coast
W2|H (70%) - W2|E (30%) - PD30 - WC12/C(D, P, IC, R} - O(Y, |, D) - E - DCF
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Figure C.21: Scenario 1 - cash flow chart for Case 2a
Final year cumulative NPV = €1.7b
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Figure C.22: Scenario 1 - cash flow chart for Case 2b

Final year cumulative NPV = €13.6b
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Scenario 1 with revenues
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Figure C.23: Scenario 1 - cash flow chart for Case 1c (Reference Case)
Final year cumulative NPV = €12.8b
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Figure C.24: Scenario 1 - cash flow chart for Case 2c (Reference Case)

Final year cumulative NPV = €22.4b
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C.2.2. Scenario 2

Scenario 2 with revenues
Wind park 100 km from the coast
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Figure C.25: Scenario 2 - cash flow chart for Case 1a
Final year cumulative NPV = €1.2b
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Figure C.26: Scenario 2 - cash flow chart for Case 1b

Final year cumulative NPV = €6.2b
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Scenario 2 with revenues
Wind park 180 km from the coast
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Figure C.27: Scenario 2 - cash flow chart for Case 2a
Final year cumulative NPV = €0.3b
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Figure C.28: Scenario 2 - cash flow chart for Case 2b

Final year cumulative NPV = €10.1b
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C.2.3. Scenario 3

Scenario 3 with revenues

Wind park 100 km, island 70 km (offshore)
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Figure C.29: Scenario 3 - cash flow chart for Case 1a
Final year cumulative NPV = €0.4b
Scenario 3 with revenues
Wind park 100 km, island 70 km (offshore)
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Figure C.30: Scenario 3 - cash flow chart for Case 1b

Final year cumulative NPV = €7.0b
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Scenario 3 with revenues
Wind park 180 km, island 150 km (offshore)
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Figure C.31: Scenario 3 - cash flow chart for Case 2a
Final year cumulative NPV = €-1.1b
Scenario 3 with revenues
Wind park 180 km, island 150 km (offshore)
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Figure C.32: Scenario 3 - cash flow chart for Case 2b

Final year cumulative NPV = €11.7b
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C.2.4. Scenario 4

Scenario 4 with revenues
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Figure C.33: Scenario 4 - cash flow chart for Case 1a
Final year cumulative NPV = €-1.4b
Scenario 4 with revenues
Wind park 100 km, island 70 km (offshore)
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Figure C.34: Scenario 4 - cash flow chart for Case 1b

Final year cumulative NPV = €3.8b
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Scenario 4 with revenues
Wind park 180 km, island 150 km (offshore)
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Figure C.35: Scenario 4 - cash flow chart for Case 2a
Final year cumulative NPV = €-4.3b
Scenario 4 with revenues
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Figure C.36: Scenario 4 - cash flow chart for Case 2b

Final year cumulative NPV = €6.0b
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C.3. Supply Chain Efficiency

C.3.1. Overview

6 GW 6 GW 12 GW 12 GW
100 km offshore | 100 km offshore | 180 km offshore | 180 km offshore
70% H2/30% E | 30% H2/70%E | 70% H2/30% E | 30% H2/70% E

Scenario1 | 71.5% 75.4% 68.4% 72.1%
Scenario 3 | 69.1% 74.3% 66.1% 71.1%

Table C.1: Supply Chain Efficiency for Scenario 1 and Scenario 3. As Scenario 2 and Scenario 4 only have different
construction years, the efficiency is the same as Scenario 1 and 3 respectively.

C.3.2. Annual Energy Production after Losses

Scenario 1 (equal to Scenario 2)

Annual Energy Production after Losses - Scenario 1
Wind park 100 km from the coast
1el0 W2|H (70%) - W2|E (30%) - PD30 - WC6

[=1]

Energy (M]))

Steps

Figure C.37: Scenario 1 - Annual Energy Production per Supply Chain Step for Case 1a
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Annual Energy Production after Losses - Scenario 1
Wind park 100 km from the coast
lel0 W2|H (30%) - W2|E (70%) - PD30 - WC6

[=3]

Energy (M])

Figure C.38: Scenario 1 - Annual Energy Production per Supply Chain Step for Case 1b
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Annual Energy Production after Losses - Scenario 1
Wind park 180 km from the coast
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Figure C.39: Scenario 1 - Annual Energy Production per Supply Chain Step for Case 2a
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Annual Energy Production after Losses - Scenario 1
Wind park 180 km from the coast
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Figure C.40: Scenario 1 - Annual Energy Production per Supply Chain Step for Case 2b
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Scenario 3 (equal to Scenario 4)

Energy (M])
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Annual Energy Production after Losses - Scenario 3
Wind park 100 km, island 70 km (offshore)
W2H| (70%) - W2|E (30%) - PD30 - WC6

h

B

Steps

Figure C.41: Scenario 3 - Annual Energy Production per Supply Chain Step for Case 1a



C.3. Supply Chain Efficiency

130

Energy (M])
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Figure C.42: Scenario 3 - Annual Energy Production per Supply Chain Step for Case 1b
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Figure C.43: Scenario 3 - Annual Energy Production per Supply Chain Step for Case 2a
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Figure C.44: Scenario 3 - Annual Energy Production per Supply Chain Step for Case 2b
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C.3.3. Loss Percentages per Element

Scenario 1 (equal to Scenario 2)

Energy Losses - Scenario 1
Wind park 100 km from the coast
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Figure C.45: Scenario 1 - Loss Percentages per Supply Chain Element for Case 1
Energy Losses - Scenario 1
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Figure C.46: Scenario 1 - Loss Percentages per Supply Chain Element for Case 2
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Scenario 3 (equal to Scenario 4)

Energy Losses - Scenario 3
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Figure C.47: Scenario 3 - Loss Percentages per Supply Chain Element for Case 1
Energy Losses - Scenario 3
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Figure C.48: Scenario 3 - Loss Percentages per Supply Chain Element for Case 2
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C.4. Monte Carlo Simulations

LCOHs for 1000 samples
std. Dev. All Components = 10%

1.40% ; .
i : T Mean
1.20% A i : i
! : ! ---- Lower Bound
1 H 1
e 1.00% A i i ---- Upper Bound
2 0.80% 1 i |
T 0.60% -
S
& 0.40% -
0.20% 1
DGD% T T T - T T 1
8.0 a5 9.0 95 10.0 10.5
LCOH (EUR/kg)
Figure C.49: PDF of Monte Carlo simulation for LCOH: all components 10% standard deviation
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Figure C.50: PDF of Monte Carlo simulation for LCOH: turbines 30% standard deviation, all other components 10%
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Figure C.51: PDF of Monte Carlo simulation for LCOH: turbines 5% standard deviation, all other components 10%
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Figure C.52: PDF of Monte Carlo simulation for LCOH: foundation & cables 30% standard deviation, all other components 10%
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Figure C.53: PDF of Monte Carlo simulation for LCOH: foundation & cables 5% standard deviation, all other components 10%
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Figure C.54: PDF of Monte Carlo simulation for LCOH: electrolysis system 30% standard deviation, all other components 10%
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Figure C.55: PDF of Monte Carlo simulation for LCOH: electrolysis system 5% standard deviation, all other components 10%
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Figure C.56: PDF of Monte Carlo simulation for LCOH: artificial island 30% standard deviation, all other components 10%
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Figure C.57: PDF of Monte Carlo simulation for LCOH: artificial island 5% standard deviation, all other components 10%
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Figure C.58: PDF of Monte Carlo simulation for total cost: all components 10%



Python Source Code

The QR code in this Appendix redirects to the Github repository, where the Python codes used for this
research can be found.

[=]

Figure D.1: QR Code redirecting to the Github repository
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