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Preface

This Master Thesis marks the end of an important phase of my life as a student. During my years of study-
ing, I have learned a lot from lectures, fellow students and friends. Not only academically, but also through
collaboration, discussions and the experiences that come with student life. I am grateful for this period and
for the opportunity to conclude it with this thesis.

After completing my bachelor’s degree in Mechanical Engineering, I wanted to explore more of the busi-
ness and organisational side of technology. This led me to start the Master Management of Technology.
During these two years, I learned to look at technological challenges from a broader perspective, including
strategy, policy, economics and decision-making. At the same time, I gradually started to miss the more
technical and analytical aspects of engineering. This thesis allowed me to bring both sides together.

Before starting this thesis, I worked as a data engineer for one year. I enjoyed the technical puzzling
that came with that work, especially the process of structuring problems, working with data and improving
models step by step. This made me increasingly interested in network theory and infrastructure modelling.
With the help of Petra Heijnen and Martijn Warnier, this interest was connected to the topic of hydrogen
backbone connections and Cluster 6. This resulted in a thesis topic that combined technical modelling with
a relevant societal challenge: supporting the energy transition.

The beginning of the thesis process was not always easy. Finding a suitable topic took time, and it required
several discussions before the final direction became clear. Looking back, this search was also valuable. It
helped me understand what kind of problem I wanted to work on and what type of research suited me.
Throughout the process, I learned to work more independently, to deal with uncertainty and to translate a
broad problem into a structured research approach. I also learned how important it is to keep improving a
model while staying critical of what the results can and cannot show.

I would like to thank Petra Heijnen and Martijn Warnier, my first and second supervisors, for their guidance,
support and enthusiasm throughout the process. Their feedback helped me to keep moving forward and to
improve both the model and the thesis. I also want to thank Jan Anne Annema for being the chair of my
graduation committee and for his enthusiasm.

Finally, I want to thank my friends, family and fellow students who supported me during this thesis period.
Being able to share thoughts, doubts and progress along the way helped me to stay motivated and bring this

project to a good conclusion.

I hope you enjoy reading this thesis.



Executive Summary

The Netherlands is quickly changing towards reducing its greenhouse gas emissions to combat climate change.
This comes with major challenges as the electricity grid starts reaching its limits (International Energy
Agency, 2025b) and high-temperature applications are difficult to electrify. Industry is an important part of
this challenge. The manufacturing sector alone accounts for approximately 33% of national greenhouse gas
emissions (Statistics Netherlands (CBS), 2026). A large amount of these emissions are linked to the use of
natural gas, for example for high-temperature heat and feedstock (producing ammonia, methanol or other
basic chemicals). Energy efficiency and electrification can reduce part of the natural gas use but they are less
suitable for processes that require very high temperatures or for feedstock. In these cases, green hydrogen
may play a more targeted role.

To support this transition, the Netherlands is developing a national hydrogen backbone. This network,
developed by Hynetwork, a subsidiary of Gasunie, is intended to connect the five largest industrial clusters
in the country and provide them with access to a future hydrogen supply (Hynetwork / Gasunie, 2025). How-
ever, the current design mainly focuses on large, concentrated industrial areas. Smaller and geographically
dispersed industrial sites, often referred to as Cluster 6, are not automatically included in this infrastruc-
ture. As a result, a significant part of Dutch industrial demand may remain disconnected from the emerging
hydrogen network.

The importance of Cluster 6 is shown in the 2025 report of the Landelijke Cluster Energie Strategie (LCES).
This report includes data from 330 Cluster 6 production sites, which together represent approximately 12.5%
of total Dutch COs emissions (Stichting Cluster 6, 2025). The report shows that many of these companies
have clear ambitions to decarbonise. However, it also concludes that most planned decarbonisation projects
are unlikely to be realised in time. Around 73% of the projects that depend on new or expanded energy
infrastructure cannot be completed before 2030 because of limited availability of electricity, hydrogen and
other energy networks (Stichting Cluster 6, 2025).

The main issue is therefore not a lack of willingness among companies to reduce emissions. Rather, many
companies are unable to act because the required infrastructure is not available. Cluster 6 companies face
several barriers, including electricity grid congestion, missing hydrogen infrastructure, high investment costs
and uncertainty about future energy supply.

This problem is reinforced by the spatial design of the national hydrogen backbone. Because the back-
bone is primarily aimed at the five major industrial clusters, many Cluster 6 sites are located too far away
to connect directly. Their dispersed locations make individual connections expensive and inefficient. At the
same time, leaving these companies disconnected would create an uneven energy transition in which large
industrial clusters gain access to hydrogen infrastructure while smaller industrial regions fall behind.

This study addresses that problem by developing a method to assess how Cluster 6 industries can be con-
nected to the national hydrogen backbone. The method combines spatial demand clustering with network
optimisation using the Optimal Network Layout Tool (ONLT) (Heijnen, 2025). By grouping nearby hydro-
gen demand and identifying cost-efficient network layouts, the study explores where collective connections
to the backbone may be technically and economically feasible.

The results show that spatial clustering has a clear influence on the design and cost of hydrogen infras-
tructure for Cluster 6. When only the internal network costs are considered, the model favours a relatively
detailed clustering configuration. In this case, the lowest cost is found at 70 clusters, all with their own
connections to the hydrogen backbone.

However, this result changes when connection costs to the hydrogen backbone are included. Each addi-
tional cluster may require an additional T-junction, which makes configurations with many clusters more
expensive. When these T-junction costs are added, the preferred configuration shifts towards fewer and
larger clusters. When connection costs range from € 150.000 to € 500.000, 34 clusters becomes the most



relevant practical configuration. This configuration provides a balance between keeping internal network
distances acceptable and limiting the number of required backbone connection points. When T-junction
costs become very high, ranging from € 600.000 to € 1.000.000, the preferred configuration shifts further
towards 25 clusters.

To support the feasibility of the clustering results, an actor analysis was carried out to create actor-informed
classification of the company dataset. Each company was first linked to its sector association and then
labelled as either an anchor demand firm or a marginal demand firm. Sectors with a stronger expected role
for hydrogen, higher technical relevance and more potential to support collective infrastructure development
were labelled as anchor firms. This includes specialty chemicals, metallurgy, glass and, conditionally, ce-
ramics. Sectors where hydrogen demand is more uncertain, for example because electrification may be a
more suitable option, were labelled as marginal demand firms. This includes food processing, paper and
cardboard, waste processing, data centres and onshore oil and gas.

These labels were then used to assess whether the clustering configurations were supported by credible
demand. The configuration with 34 clusters contains anchor-demand companies in almost all clusters, mak-
ing it more credible from an implementation perspective. In contrast, the configuration with 70 clusters
includes more clusters without any anchor-demand companies.

Overall, the results show that the connection of dispersed Cluster 6 demand depends on the balance between
internal transport distances and the number of required backbone connections. A configuration with many
clusters keeps companies close together and therefore reduces internal pipeline distances. However, it also
creates many separate connection points to the hydrogen backbone. A configuration with fewer clusters lim-
its the number of backbone connections, but requires hydrogen demand to be bundled over longer internal
distances.
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1 Introduction

Combating climate change requires a rapid reduction of pe bedrijven van de 9 sectoren verspreid over Nederland
greenhouse gas emissions. In the Netherlands, industry is
an important part of this transition. Industrial compa- o

nies use large amounts of energy for heat, feedstock and o
other production processes, and a significant share of this 4

energy is still supplied by natural gas. Although electri- o o
fication, energy efficiency and process innovation can re- g (=} o
duce part of this demand, not all industrial processes el e ® @
can easily be electrified. This is especially the case

for high-temperature heat and feedstock use (Detz et al., )
2020). o

Green hydrogen is therefore increasingly considered an op- o Ly
tion for industrial decarbonization. When produced through ® ® O @ ©
electrolysis using renewable electricity, hydrogen can re- 0.0 %« S )
place fossil fuels in processes where direct electrification Po 59-\ <

is technically difficult. For this reason, hydrogen is ex-
pected to become part of the future Dutch energy sys-
tem. o o

o

To support the development of a hydrogen economy, the &

Netherlands is developing a national hydrogen backbone. This

backbone is intended to connect the largest industrial clusters Figure 1: Cluster 6 companies (Stichting
in the country and provide access to future hydrogen supply Cluster 6, 2025).

(Gasunie, n.d.). The current infrastructure planning mainly

focuses on the five major industrial clusters, where large-scale demand is geographically concentrated. This
is logical from an infrastructure perspective, because these clusters provide high demand volumes and clear
connection points.

However, not all industrial demand is located within these major clusters. A substantial group of industrial
companies is located outside the five main industrial areas. These companies are often referred to as Cluster
6. They include firms from sectors such as food processing, paper and cardboard, specialty chemicals, met-
allurgy, glass, ceramics, waste processing, data centres and onshore oil and gas. Together, these companies
represent approximately 12.5% of Dutch emissions, but their locations are spread across the country rather
than concentrated around a few large industrial areas (Stichting Cluster 6, 2025).

Figure 1 illustrates this dispersed spatial pattern. Unlike the five major industrial clusters, Cluster 6 compa-
nies are spread across different provinces and regions. This spatial dispersion is central to the infrastructure
challenge addressed in this thesis. Individual sites may be too small or too remote to justify a direct con-
nection to the national hydrogen backbone. At the same time, their combined demand may still be large
enough to make collective infrastructure solutions relevant.

The dispersed character of Cluster 6 creates a trade-off in hydrogen infrastructure planning. If Cluster
6 demand is treated as a set of individual sites, the required infrastructure may become fragmented and
expensive. If demand is grouped into regional clusters, fewer connections to the hydrogen backbone may
be needed and demand becomes more visible to infrastructure planners. However, stronger clustering also
increases the internal transport distances within each cluster. The challenge is therefore to find a balance
between many small clusters with short internal distances and fewer larger clusters with fewer backbone
connection points.

This problem is directly related to the current development of the Dutch hydrogen backbone. The backbone
is being developed as a national transport network, but connection opportunities for dispersed industrial

10



users depend on whether demand can be aggregated into credible regional connection points. Hynetwork
and Gasunie therefore play an important role in determining how future hydrogen infrastructure may con-
nect to industrial users outside the main clusters (Gasunie, 2024; Hynetwork Services, 2025).

At the same time, Cluster 6 firms are not homogeneous. Some sectors, such as specialty chemicals, met-
allurgy and glass, have a stronger expected role for hydrogen because of feedstock use or high-temperature
processes. Other sectors may have more realistic alternatives, such as electrification. This means that the
credibility of clustered hydrogen demand does not only depend on location and demand volume, but also on
the type of companies included in each cluster.

This thesis investigates how spatial clustering of dispersed industrial hydrogen demand affects transport
infrastructure design and cost. The focus is on Cluster 6 companies in the Netherlands and their possi-
ble connection to the national hydrogen backbone. The study combines company-level demand estimation,
spatial clustering and network optimisation using the Optimal Network Layout Tool (Heijnen, 2026). By
varying the number of clusters, the research evaluates how different spatial configurations influence network
length, connection requirements and total infrastructure cost.

The relevance of this study is both scientific and practical. Scientifically, it contributes to the literature
on hydrogen infrastructure planning by treating spatial clustering as a modelling choice rather than as a
fixed input assumption. Many existing infrastructure studies optimise network design for predefined demand
nodes, but give less attention to how the aggregation of demand itself affects the outcome. This thesis ad-
dresses that gap by systematically comparing different clustering configurations.

Practically, the study supports the discussion about how Cluster 6 companies could be included in fu-
ture hydrogen infrastructure planning. The results can help identify where collective connections may be
more promising and where infrastructure costs remain high. They can also support discussions between
Cluster 6 firms, Stichting Cluster 6, Hynetwork, regional authorities and policymakers about how dispersed
industrial demand can be made more credible and actionable.

The central research question of this thesis is:

How does spatial clustering of dispersed industrial hydrogen demand affect transport infrastruc-
ture design and cost?

To answer this question, the thesis is structured as follows. Chapter 2 reviews the academic literature on
hydrogen infrastructure planning, spatial modelling, industrial hydrogen demand and network optimisation.
It identifies the research gap and formulates the research objective and sub-questions. Chapter 3 presents
the actor analysis, which explains why Cluster 6 hydrogen infrastructure is not only a technical design
problem, but also a coordination problem between firms, infrastructure operators, regulators and public
authorities. Chapter 4 describes the clustering method, demand configurations, network model and cost
evaluation. Chapter 5 explains the data collection and preprocessing steps. Chapter 6 describes the model
setup and configuration design. Chapter 7 presents the network and cost outcomes for different clustering
configurations. Finally, the thesis discusses the implications of the findings and provides conclusions for
hydrogen infrastructure planning for dispersed industrial demand.

1.1 Link to Management of Technology

This thesis is closely connected to the Management of Technology programme. It studies a technological
transition that cannot be understood from a technical perspective alone. The development of hydrogen
infrastructure for Cluster 6 involves technical network design, industrial demand uncertainty, investment
decisions, policy choices and coordination between multiple actors.

The research combines these elements by linking spatial clustering and network optimisation with actor-
informed interpretation. The technical part of the thesis focuses on modelling dispersed industrial demand
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and evaluating infrastructure cost trade-offs. The management and governance part focuses on the ques-
tion of whether clustered demand is credible from an implementation perspective, given the roles of firms,
Hynetwork, Stichting Cluster 6, policymakers and regional authorities.

In this way, the thesis reflects the central idea of Management of Technology: technological systems are
shaped not only by engineering possibilities, but also by organisational, economic and institutional con-
ditions. The hydrogen backbone is therefore treated not only as an infrastructure system, but also as a
coordination challenge in the Dutch energy transition.

1.2 AI Statement

During the writing and modelling process of this thesis, generative artificial intelligence tools were used as
supporting tools. Their use was limited to activities such as improving language and readability, restructur-
ing paragraphs, identifying inconsistencies in the text, clarifying methodological descriptions, and providing
support during the debugging and documentation of code. AI tools were also used to explore alternative
formulations and to improve the presentation of equations, assumptions and modelling steps.

Generative Al was not used to independently conduct the research, select data sources, define the research
methodology or determine the analytical approach. All research decisions, including the selection and pro-
cessing of data, the design of the clustering method, the implementation of the network model, the choice
of assumptions and the interpretation of the results, were made by the author. Al-generated suggestions
were treated as preliminary input and were only included after being reviewed, verified and, where necessary,
revised.

Particular attention was given to the reliability of Al-generated content. Factual claims, calculations, refer-
ences, equations and code suggestions were checked against the original data, academic literature and model
outputs. Al-generated references or unsupported factual statements were not accepted without independent
verification. The author therefore remained responsible for ensuring that the final thesis accurately repre-
sented the research process and its findings.

No confidential, personal or commercially sensitive information was shared with generative Al tools. The use

of AT did not replace independent analysis, critical reflection or academic judgement. The author remains
fully responsible for the content, accuracy, originality and academic integrity of this thesis.
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2 Literature Review and Research Gap

This chapter analyses the current academic literature to identify a clear knowledge gap. Based on this gap,
research questions are formulated, building on the problem statement introduced in the previous chapter.

Relevant studies were identified through academic databases and citation networks. The selection focused

on hydrogen transport, infrastructure planning, and modelling approaches, including optimisation, spatial
modelling, and system analysis. In total, 25 studies were reviewed.
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Table 2: Positioning of the reviewed literature and identified research gap

Literature stream

Main contribution

Representative studies

Remaining gap

Hydrogen infrastruc-
ture optimisation

Develops cost-minimising
models for hydrogen pro-
duction, storage, transport
and network design at re-
gional, national or Euro-
pean scale.

(Beagle et al., 2023; Bique
& Zondervan, 2018; Kotek
et al., 2023; Kountouris et
al., 2024; Namazifard et al.,
2024; Parolin et al., 2022,
2024; Timalsina et al., 2025)

Most studies optimise
a given spatial de-
mand structure, but do
not systematically test
how different levels of
spatial aggregation af-
fect network cost.

Spatial and regional
hydrogen planning

Shows that geography,
clustering, local demand
distribution and routing
assumptions strongly
influence hydrogen infras-
tructure design.

(Hammond et al., 2025;
Lafeber, 2024; Mendler et
al., 2025; Namagzifard et al.,
2024; Parolin et al., 2024)

Spatial detail is recog-
nised as important,
but the trade-off be-
tween highly disaggre-

gated company-level
demand and aggre-
gated cluster-level

demand remains un-
derexplored.

Pipeline routing and
graph-based network
design

Uses graph theory, min-
imum  spanning  trees,
Steiner trees and routing
algorithms to determine
cost-efficient pipeline lay-
outs.

(Hammond et al., 2025;
Lafeber, 2024; Oostdijk,
2025; Parolin et al., 2022)

Existing work focuses
mainly on finding bet-
ter routes for a fixed
set of nodes, rather
than analysing how the
number and location
of aggregated nodes
shape total mnetwork
cost.

Industrial hydrogen
demand studies

Estimates potential hydro-
gen demand in hard-to-
abate industries and shows
that demand is spatially
concentrated in industrial
clusters.

(Franco & Giovannini, 2023;
Lipidinen et al., 2023; Liu
et al., 2024; Neuwirth et al.,
2024)

Demand is often esti-
mated at plant, sector
or regional level, but
the methodological im-
plications of aggregat-
ing industrial sites into
clusters are not fully
assessed.

Transport modes
and hydrogen carri-
ers

Compares pipelines,
trucks, liquid hydrogen,
ammonia, methanol,

formic acid and other car-
riers across cost, efficiency
and emissions.

(Busch et al., 2023; Cheng
& Cheng, 2023; Kim et al.,
2023; Lipidinen et al., 2023;
Yang et al., 2023)

These studies clarify
technology choices, but
usually do not ad-
dress how spatial ag-
gregation of demand
changes the required
network structure.

Policy, regulation
and governance

Highlights the role of reg-
ulation, investment un-
certainty, public support
and institutional responsi-
bilities in hydrogen infras-
tructure development.

(Beagle et al., 2023; Kotek et
al., 2023; Kountouris et al.,
2024; van 't Veer et al., 2025;
Vergara et al., 2024)

Policy studies identify
uncertainty and coor-
dination problems, but
provide limited quanti-
tative evidence on how
aggregation choices
affect  infrastructure
planning outcomes.
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2.1 Literature Review

The reviewed literature can be grouped into six main categories:
(1) hydrogen infrastructure planning and optimisation,

(2) hydrogen transport modes and carriers,

(3) industrial hydrogen demand and hard-to-abate sectors,

(4) spatial, regional and cluster-based planning,

(5) policy, regulation and governance, and

(6) review and state-of-the-art studies.

Together, these strands show that hydrogen infrastructure planning is strongly shaped by spatial demand
patterns, transport technology choices, industrial demand uncertainty and regulatory conditions. However,
they also show that the effect of spatial aggregation itself is still insufficiently analysed.

1. Hydrogen infrastructure planning and optimisation

A large part of the literature focuses on optimisation-based hydrogen infrastructure planning. These studies
generally aim to minimise total system cost by jointly considering hydrogen production, storage, transport
and demand. Early work by (Bique & Zondervan, 2018) develops a national hydrogen supply chain model
for Germany, optimising production, storage and transport decisions for 2030 and 2050. More recent studies
extend this type of modelling with higher spatial detail, uncertainty analysis and sector coupling.

For example, (Beagle et al., 2023) develop the HOwDI model to analyse hydrogen distribution infrastructure
in Texas under uncertainty. Their Monte Carlo analysis shows that policy incentives strongly affect whether
hydrogen can be delivered at the target cost of 4 USD/kg. Similarly, (Namazifard et al., 2024) develop a
MILP model for Belgium that allocates industrial hydrogen demand to clusters and evaluates network devel-
opment under different supply configurations, including offshore green hydrogen, blue hydrogen, ammonia
imports and decentralised inland electrolysis.

At the European scale, (Kotek et al., 2023) and (Kountouris et al., 2024) analyse future hydrogen back-
bone development. (Kotek et al., 2023) show that hydrogen blending in the natural gas grid is not a viable
long-term transport solution and that dedicated or repurposed hydrogen pipelines are required. (Kountouris
et al., 2024) identify major European hydrogen corridors and show that a self-sufficient green hydrogen sys-
tem would require very large electrolysis capacity, while only moderately increasing total system cost.

Several studies also include long-term uncertainty and staged infrastructure development. (Timalsina et
al., 2025) combine MILP with real options analysis and show that phased investment can reduce risk under
uncertain demand. (Lafeber, 2024) develops a robust backtracking planning method for industrial port clus-
ters, showing that early robust capacity investment can reduce long-term costs, but may also require higher
upfront investment.

These optimisation studies provide important insights into cost-efficient hydrogen infrastructure design.
However, most of them optimise the network for a predefined spatial demand structure. Demand nodes
are usually fixed beforehand, either as regions, clusters or selected demand points. As a result, the spatial
aggregation of demand is treated as an input assumption rather than as a variable that may itself influence
infrastructure cost.

2. Hydrogen transport modes and carriers

A second strand of literature evaluates hydrogen transport modes and carrier options. These studies compare
pipelines, trucks, liquid hydrogen, ammonia, methanol, formic acid, synthetic methane and other storage or
transport pathways.

Pipelines are generally identified as the most suitable option for large-scale and long-distance hydrogen

transport. (Cheng & Cheng, 2023) argue that existing natural gas pipelines in Canada could play an im-
portant role in hydrogen transport, either through blending or repurposing. However, they also emphasise
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technical challenges such as hydrogen embrittlement, leakage, inspection requirements and end-use compat-
ibility. (Lipidinen et al., 2023) compare several hydrogen supply routes for a large steel mill and find that
on-site electrolysis and hydrogen pipelines perform best in terms of cost, efficiency and emissions.

Other studies focus on alternative carriers. (Busch et al., 2023) analyse the role of liquid hydrogen in a
future German energy system. They find that liquid hydrogen transport is mainly relevant when there is
explicit liquid hydrogen demand, for example in aviation or high-purity industrial applications. (Kim et al.,
2023) compare methanol and formic acid as green hydrogen carriers produced from captured COy. Their
results show that methanol can be economically attractive compared to liquid hydrogen, while electrochem-
ical formic acid may become environmentally favourable under optimistic renewable electricity assumptions.
(Yang et al., 2023) provide a broader technical review of compressed hydrogen, liquid hydrogen, cryo-
compressed hydrogen, LOHCs, metal hydrides, pipelines, trailers and shipping.

This literature shows that there is no single best transport technology. The preferred option depends on dis-
tance, scale, purity requirements, available infrastructure and end-use form. However, these studies mostly
evaluate transport modes for a given spatial configuration. They provide limited insight into how the spatial
aggregation of demand changes the relative importance of internal transport, backbone connections and
economies of scale.

3. Industrial hydrogen demand and hard-to-abate sectors

A third strand focuses on the demand side of hydrogen, especially in hard-to-abate industries. These studies
show that hydrogen demand is likely to emerge first in sectors where electrification is difficult or where
hydrogen can replace fossil feedstocks.

(Franco & Giovannini, 2023) review hydrogen applications in hard-to-abate sectors and identify several
routes for hydrogen use, including blended combustion, feedstock substitution, hydrogen as a reducing agent
and energy storage. The steel sector is highlighted as one of the most promising applications, particularly
through hydrogen-based direct reduction and electric arc furnaces. (Neuwirth et al., 2024) estimate the
technical potential for hydrogen demand in German industry using a site-specific approach. They find that
potential demand is very large and strongly concentrated in a small number of steel and chemical sites.

Industrial case studies further illustrate the importance of demand scale. (Lipidinen et al., 2023) show
that a large steel mill can justify pipeline-based hydrogen supply because of its high and concentrated de-
mand. (Liu et al., 2024) analyse ammonia production in Shandong and show that hydrogen demand can be
coordinated with renewable power generation and interregional transport to reduce system costs. (Lafeber,
2024) also emphasises that hydrogen demand in industrial clusters is uncertain because plant participation
and technology adoption may develop differently over time.

These studies are important because they explain why industrial hydrogen demand is not evenly distributed.
Demand is sector-specific, technology-dependent and spatially concentrated. However, the link between
company-level industrial demand and aggregated infrastructure nodes is not fully developed. In many mod-
els, demand is already aggregated before optimisation, without systematically testing how this aggregation
affects the resulting network.

4. Spatial, regional and cluster-based planning
A fourth strand explicitly addresses the spatial dimension of hydrogen infrastructure. These studies show
that geography, clustering, routing and regional characteristics strongly affect infrastructure cost.

(Mendler et al., 2025) develop a spatially resolved modelling framework for hydrogen valleys. Their re-
sults show that spatial resolution has a significant effect on system cost: overly coarse spatial aggregation
can underestimate costs by up to 10%. They also show that different hydrogen exchange mechanisms and im-
port assumptions change the optimal infrastructure configuration. (Hammond et al., 2025) focus on pipeline
routing and demonstrate that accounting for real geographical obstacles and cost surfaces can reduce routing
costs by 20-40% compared to simplified graph-based approaches.
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Regional optimisation studies by (Parolin et al., 2022) and (Parolin et al., 2024) analyse hydrogen de-
livery infrastructure in Sicily. These studies show that multi-modal transport systems combining pipelines,
compressed hydrogen trucks and liquid hydrogen trucks can reduce delivered hydrogen costs. They also show
that multi-sector demand improves infrastructure utilisation and lowers average delivery cost. (Namazifard
et al., 2024) apply a national cluster-based approach to Belgium, showing that different supply configurations
still produce robust backbone requirements for industrial clusters.

(Lafeber, 2024) provides a more local cluster-level approach by developing a robust network planning method
for industrial port clusters. This work is particularly relevant because it considers local routing constraints,
demand uncertainty and staged deployment over time.

Overall, this literature confirms that spatial detail matters. However, most studies either use a fixed re-
gional structure, predefined clusters or a fixed set of demand nodes. The number of clusters and the level
of aggregation are rarely varied systematically. Therefore, the literature does not yet provide clear guidance
on how aggregated industrial demand should be represented when modelling dispersed hydrogen users.

5. Policy, regulation and governance

A fifth strand focuses on the policy and institutional conditions for hydrogen infrastructure development.
These studies show that hydrogen networks are not only technical systems, but also depend on regulation,
investment incentives and actor responsibilities.

(van 't Veer et al., 2025) analyse hydrogen distribution in the Netherlands, with specific attention to Clus-
ter 6 industries. They show that regulatory ambiguity regarding hydrogen distribution infrastructure creates
uncertainty for investors and industrial users. In particular, unclear responsibilities for distribution system
operators and other actors make it difficult to develop infrastructure for industries outside the major indus-
trial clusters.

At the European scale, (Kotek et al., 2023) and (Kountouris et al., 2024) highlight the need for coordi-
nated infrastructure development. Their studies show that hydrogen backbone development depends on
cross-border planning, investment timing, demand uncertainty and the balance between domestic produc-
tion and imports. (Beagle et al., 2023) also show that policy incentives, such as tax credits, can strongly
affect whether hydrogen infrastructure reaches cost targets.

This literature is important for the Dutch Cluster 6 context because dispersed industries may face addi-
tional coordination challenges compared to large industrial clusters. However, policy and governance studies
generally do not provide quantitative network models that test how different spatial configurations affect
infrastructure cost.

6. Review and state-of-the-art studies

Finally, several studies provide broader reviews of hydrogen technologies, applications and research trends.
(Yang et al., 2023) review storage and transport technologies and provide a technical basis for comparing
infrastructure options. (Franco & Giovannini, 2023) review hydrogen applications in hard-to-abate sectors
and explain where hydrogen is most likely to be relevant. (Vergara et al., 2024) provide a bibliometric review
of industrial hydrogen applications in Europe, showing that research activity has increased strongly and that
Germany plays a leading role in both scientific output and industrial hydrogen relevance.

These studies are useful for framing the broader hydrogen transition. They identify key technologies, applica-
tions and research trends, but they do not develop spatially explicit infrastructure models. As a result, they
support the motivation for hydrogen infrastructure research, but do not address the specific methodological
issue of demand aggregation.
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2.2 Literature Gap

The reviewed literature shows that hydrogen infrastructure planning is well developed in several directions,
but that these directions remain only partly connected.

First, optimisation and network design studies provide detailed cost-minimising infrastructure models. How-
ever, they usually begin from a predefined set of demand nodes. The spatial representation of demand is
therefore treated as an assumption rather than as a modelling choice that can influence the outcome.

Second, spatial and regional studies demonstrate that geography matters. Spatial resolution, routing con-
straints, regional demand distribution and connection points can significantly affect network cost. Neverthe-
less, these studies generally do not systematically vary the level of spatial aggregation. They often compare
supply configurations, transport modes or policy assumptions, but not different numbers of industrial de-
mand clusters.

Third, industrial hydrogen demand studies show that future demand is sector-specific and spatially con-
centrated. Demand depends on process temperature, feedstock requirements, technology readiness and
competition with electrification. However, the step from individual industrial sites to aggregated demand
nodes is usually not critically examined.

Fourth, transport technology studies provide important cost and efficiency insights, especially regarding
pipelines, trucks and hydrogen carriers. Yet they rarely analyse how the spatial distribution of demand
affects the need for internal cluster networks, backbone connections and capacity economies of scale.

Finally, policy and governance studies highlight uncertainty, coordination problems and regulatory barri-
ers, especially for dispersed industrial users such as Dutch Cluster 6 companies. However, these studies do
not quantify how different spatial clustering choices affect infrastructure design and cost.

This creates a clear research gap. Existing studies either provide detailed optimisation models without
testing demand aggregation, or they recognise spatial complexity without making clustering a central object
of analysis. No reviewed study simultaneously focuses on geographically dispersed industrial hydrogen users,
varies the level of spatial clustering, and quantifies how this affects pipeline network design and infrastructure
cost.
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2.3 Research Objective and Research Questions

The objective of this study is to analyse how different levels of spatial clustering affect the design and cost
of hydrogen infrastructure for dispersed industrial demand. The study compares configurations with many
small clusters to configurations with fewer, larger clusters. Smaller clusters reduce internal transport dis-
tances, but require more separate connections to the national hydrogen backbone. Larger clusters reduce
the number of backbone connections, but increase the distance over which demand must be bundled within
each cluster.

By evaluating this trade-off, the study aims to identify which clustering configurations provide a suitable
balance between network cost, connection requirements and the credibility of clustered hydrogen demand.

This leads to the following research question:
How does spatial clustering of dispersed industrial hydrogen demand affect transport infras-
tructure design and cost?

To answer this question, the following sub-questions are formulated:

o How can dispersed industrial demand within Cluster 6 be spatially clustered into representative regional
groups?

e How do different clustering configurations affect the spatial structure, connection requirements and
feasibility of Cluster 6 hydrogen networks?

o What is the relationship between cluster configuration and total infrastructure cost, and at what point
do additional clusters yield diminishing returns?

Based on the identified research gap, this study adopts k-means clustering to aggregate dispersed industrial
demand and the Optimal Network Layout Tool (ONLT) to evaluate the resulting hydrogen network layouts.
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3 Actor Analysis

The development of hydrogen infrastructure for Cluster 6 companies is not only a technical and economic
design problem but also a multi-actor problem. Decisions about whether, where and when a hydrogen
connection is realised depend on the interaction between network operators, regulators, ministries, regional
authorities and the industrial companies themselves. Understanding this actor network is therefore necessary
to interpret the modelling results of this thesis in their wider policy context.

This section follows the logic of the actor analysis method described in Chapter 4 of Policy Analysis of
Multi-Actor Systems (Enserink et al., 2022). The results are organised around five questions that are most
relevant for this thesis: who owns the problem, which actors matter, who controls the formal resources and
why Cluster 6 firms are not homogeneous.

3.1 Who owns the problem?

The problem owner in this analysis is Stichting Cluster 6. They represent the dispersed industrial sites
outside the five main Dutch industrial clusters and brings together their shared interest in whether and how
to access the future hydrogen infrastructure (Stichting Cluster 6, 2025).

The desired situation is timely and affordable access to renewable hydrogen for the Cluster 6 companies.
The current or expected situation is that many Cluster 6 decarbonisation projects cannot be realised before
2030 because the required electricity and hydrogen infrastructure is not yet available (Hynetwork / Gasunie,
2025; Stichting Cluster 6, 2025).

The main dilemma is that Cluster 6 firms are hesitant to commit to investing in hydrogen alternatives
without assurance for affordable and reliable infrastructure, while infrastructure planners are hesitant to
extend the backbone without credible demand. This makes the problem not only a technical design problem
but also a coordination problem between many different actors.

Three decision arenas are relevant for this problem. The first is the national roll-out of the hydrogen
backbone, led by the Ministry of Climate Policy and Green Growth and Hynetwork. The second is the
regional coordination of Cluster 6 sites. The third is the connection process, in which Hynetwork evaluates
individual or collective connection requests.

This thesis mainly focuses on the second and third arenas. The clustering analysis is used to make dis-

persed Cluster 6 demand more visible and credible, so that it can be better assessed for collective connection
planning.

3.2 Which actors matter?

Table 3 summarises the actors that are most relevant for the Cluster 6 hydrogen-connection problem. The
selection combines institutional actors, market actors, regional actors and representative organisations.
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Table 3: Main actors in the Cluster 6 hydrogen-connection problem.

Actor

Relevance for Cluster 6 hydrogen connections

Stichting Cluster 6
Cluster 6 firms
Branch associations
Hynetwork Services
Gasunie

Ministry of Climate Policy and
Green Growth

Authority for Consumers and Mar-
kets

Regional Distribution System Op-
erators

Provinces / IPO
Netherlands Enterprise Agency
Hydrogen producers

European Commission

Represents dispersed industrial demand and acts as collective problem
owner.

Provide potential hydrogen demand and decide whether to participate in
collective connections.

Represent sector-specific interests and help coordinate firms within sec-
tors.

Develops and operates the national hydrogen backbone and evaluates
connection requests.

Parent company of Hynetwork Services and owner of relevant infrastruc-
ture expertise.

Sets national hydrogen policy and provides the mandate for backbone
development.

Future regulator for hydrogen network access and tariffs.

Potential future actors in regional hydrogen distribution, although their
current mandate remains uncertain.

Relevant for spatial planning, permitting and regional coordination.
Administers subsidy instruments relevant for industrial decarbonisation.
Provide future hydrogen supply and depend on credible aggregated de-
mand.

Sets the wider EU legal and regulatory framework for hydrogen markets,
state aid and certification.

The actor inventory shows that Cluster 6 hydrogen connections depend on actors from different levels.
Stichting Cluster 6 and the firms represent the demand side, while Hynetwork and Gasunie control the
main infrastructure pathway. Ministries, regulators and regional authorities shape the policy, regulatory and
spatial conditions under which collective connections may be realised.

3.3 Who controls the formal resources?

The formal institutional setting is shown in Figure 2. The figure does not show every relation in the hydrogen
system. Its purpose is to show the formal relations that are most relevant for connecting Cluster 6 sites to
the national hydrogen backbone.
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Figure 2: Formal chart of the most important institutional relations for the Cluster 6 hydrogen-connection

problem.

Figure 2 shows that Stichting Cluster 6 can coordinate and aggregate demand, but does not control the main
formal resources needed to realise a connection. The Ministry of Climate Policy and Green Growth provides
the national policy framework and the mandate for the hydrogen backbone. Hynetwork Services has the
central operational role, because any collective Cluster 6 connection must ultimately connect to the backbone
that they develop and operate (Netherlands Court of Audit (Algemene Rekenkamer), 2025). The Authority
for Consumers and Markets is relevant for future access and tariff regulation. Regional Distribution System
Operators may become important for regional hydrogen distribution, but their formal role is still uncertain
under current regulation (van 't Veer et al., 2025). Provinces influence spatial planning and permits, while

Ewropean Comimission

EU regulatary framework

T

Authority for Consumers

and Markets (ACH) Gasunie Prowinces / IPO
'y
future regulation BOVETNANCE permits
- ¥ -
-
Hynetwaork Services
w
connection policy coordination

collective request

Stichting Cluster &

the Netherlands Enterprise Agency supports industrial decarbonisation through subsidy instruments.

Table 4 summarises the most important resources and constraints.
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Table 4: Key dependencies in the Cluster 6 hydrogen-connection problem.

Actor

Main resource or constraint

Implication for Cluster 6

Hynetwork Services

Ministry of Climate Policy and
Green Growth

Authority for Consumers and
Markets

Regional Distribution System
Operators

Provinces / IPO

Cluster 6 firms

Stichting Cluster 6

Hydrogen producers

European Commission

Backbone design, connection policy and
technical expertise

Policy mandate, public funding and reg-
ulatory framework

Future tariff and access regulation

Local network knowledge and possible
future hydrogen distribution role
Spatial planning, permits and regional
coordination

Demand volumes, site locations and in-
vestment willingness

Coordination capacity, sector data and
representation

Future hydrogen supply and offtake con-
tracts

EU legal framework, RENBO rules and
state-aid conditions

Critical actor for any collective con-
nection.
Determines the national

given to Cluster 6.

priority

Influences affordability and cost allo-
cation.

Important for regional connections,
but current role is uncertain.
Relevant for routing and regional fea-
sibility.

Collective demand is needed to make
connections credible.

Can aggregate demand, but lacks for-
mal decision-making power.

Need demand certainty before invest-
ing.

Sets background conditions for Dutch
hydrogen policy.

The formal resource distribution creates an important dependency. Stichting Cluster 6 has information,
representation and coordination capacity, but limited direct decision-making power. Hynetwork, Gasunie,
the Ministry, the regulator and regional authorities control the resources that determine whether a collective
connection can actually be realized. This means that Cluster 6 needs to make its demand visible and credible
to actors that control the infrastructure decisions.

3.4 Why are Cluster 6 firms not homogeneous?

Treating Cluster 6 firms as one collective actor is useful for describing the overall problem but neglects an
important problem. The willingness of a firm to participate in a collective hydrogen connection depends
strongly on its sector.

Five sector-specific factors are especially relevant:

1.

Technical needs: some sectors depend on high-temperature heat, feedstock use or process conditions
that are difficult to electrify. Hydrogen is therefore more technically relevant for these sectors.

Competing decarbonisation options: for low-temperature processes, such as food processing and
parts of paper production, direct electrification is often a credible alternative. This lowers the relative
urgency of hydrogen.

Sectoral organisation: sectors represented by well-resourced branch associations, such as VNCI and
FME/VNMI, can coordinate more easily than fragmented sectors.

. Geographic distribution: some sectors are located near existing industrial infrastructure, while

others are more dispersed.

Capital intensity and investment horizon: capital-intensive sectors with long investment cycles
face stronger lock-in risks and therefore have stronger incentives to secure future hydrogen access.

Table 5 applies these factors to the main Cluster 6 sectors. The sector assessment is based on the LCES
report (Stichting Cluster 6, 2025).
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Table 5: Sector-level assessment of Cluster 6 firms’ likelihood to coordinate for a collective hydrogen con-

nection.
Sector (assoc.) Hydrogen relevance Competing options Sectoral organisa- Coordination willing- H,
tion ness subst.
rate

Specialty chemi-  High; Hy already used as  Limited for feedstock  Strong (VNCI, well- High. Strong incen-  70%

cals (VNCI) feedstock; clear pathway use; partial for heat funded, technically tives, organisational ca-

capable) pacity and existing Ha
expertise; likely first
movers in a collective
connection.

Metallurgy High; H2-DRI pathway  Limited for high- Strong (FME feder- High. Few but large 60%

(FME/VNMI) mature; large per-site temperature pro- ation; sector-specific  sites; high per-site vol-
demand cesses lobby capacity) umes make a collec-

tive connection attrac-
tive even with moderate
dispersion.

Glass (VNG) Medium-high; oxy-Hs  Limited; electric  Medium; small as- Medium—high. Few  50%
combustion demon- melting only partly sociation and limited large sites with strong
strated; burner adapta- applicable number of sites technical need;  will-
tions needed ingness depends on

whether  neighbouring
sectors join the same
cluster.

Ceramics (KNB) Medium; pilots under- Limited Medium; small but Medium. Geographi- 50%
way; full substitution re- active association cally dispersed; coordi-
quires kiln redesign nation depends strongly

on regional aggregation
with other sectors.

Paper & card- Medium; high-pressure Strong; electrifica- Medium-strong; con- Medium. Hydrogen  40%

board (VNP) steam; Hy one of several  tion credible for many  centrated sector with  competes with electrifi-
routes processes active association cation; willingness de-

pends on relative cost
trajectories.

Food processing  Low-medium; mainly Strong; electrifica- Weak-fragmented; Low—medium. Many 30%

(FNLI) peak heat; many low- tion often preferred many heterogeneous  small sites with low per-
temperature processes firms site demand; electrifica-

tion often more attrac-
tive; coordination costs
high.

Waste processing Low; auxiliary heat use Medium; own com- Medium; sector asso- Low. Limited mate- 20%

(VA) only; waste combustion  bustion sources ciation with regula- rial incentive; unlikely
limits substitution tory focus to drive collective con-

nections but may join
if geographically conve-
nient.

Data centres  Very low; electricity- Very strong; pro- Strong, but oriented Very low. Hydrogen 10%

(NLDigital) dominated; Hs mainly cess is electricity- toward electricity- is not a primary energy
relevant for backup based grid issues carrier for this sector;

should not be included
as core demand in clus-
tering.

Oil & gas onshore Low-medium; partial Medium Strong; well- Medium. Technical 30%

(Element NL) process-heat  substitu- organised and capacity is high, but
tion technically capa- strategic interest de-

ble pends on the sector’s

own transition pathway.

The sector analysis shows that Cluster 6 demand cannot be treated as equally reliable across all firms.

Specialty chemicals, metallurgy, glass and ceramics are the most plausible anchor sectors for collective
hydrogen connections. They combine higher hydrogen relevance, fewer credible alternatives and stronger
incentives to coordinate. Food processing, paper, waste processing, data centres and onshore oil and gas are
more uncertain. They may join a collective connection when geographically convenient, but they are less
likely to drive one.
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3.5 How does this affect the clustering model?

The actor analysis has direct consequences for the clustering model. First, it confirms that the Cluster 6
connection problem is a coordination problem. Individual firms are unlikely to justify expensive backbone
connections on their own, while Hynetwork needs credible aggregated demand before extensions become
attractive. The clustering model addresses this problem by turning dispersed company-level demand into
regional demand clusters.

Second, the sector analysis justifies the use of actor-informed demand labels. Building on Table 5, Cluster 6
firms can be divided into two broad groups:

e Anchor sectors: specialty chemicals (VNCI), metallurgy (FME/VNMI), glass (VNG) and, condition-
ally, ceramics (KNB). These sectors combine relatively high hydrogen substitution potential, limited
electrification alternatives and stronger coordination capacity.

o Marginal sectors: paper (VNP), food processing (FNLI), waste processing (VA), data centres
(NLDigital) and onshore oil and gas (Element NL). These sectors face stronger alternatives, lower
per-site hydrogen relevance or more uncertain participation.

This distinction matters for interpreting the network results. A cluster that contains at least one anchor-
sector site is more institutionally plausible than a cluster that depends mainly on marginal-sector demand.
Conversely, a low-cost network layout that relies heavily on marginal demand may be technically efficient
but less robust from an actor perspective.

Figure 3 summarises the strategic position of the main actors. The problem owner has high interest but
limited formal power. Hynetwork, Gasunie, the Ministry and the future regulator have more power because
they control infrastructure, mandates, regulation or funding. The split between anchor and marginal sectors
also changes the interpretation of Cluster 6 firms: anchor sectors have higher interest and are more likely to
support collective connections, while marginal sectors are more uncertain.

Low interest High interest
t
High
power Context setters Key players
High power, low interest High power, high interest
* ACM * Hynetwork

Low
power

+ European Commission

» Gasunie (holding)

Crowd

Low power, low interest

* Marginal-sector firms
(FMLI, VA, NLDigital, Element NL)
+ Peripheral municipalities

* Uninvolved NGOs

*» Ministry of KGG

Subjects
Low power, high interest

+ Stichting Cluster 6
{problem owner)

+» Anchor-sector firms
(VNCI, FMEANMI, VNG)

+ Branch associations

* Hydrogen producers

Interest in the Cluster 6 hydrogen-connection problem

Figure 3: Power—interest grid for the Cluster 6 hydrogen-connection problem.

The modelling implications are therefore as follows:



e Clusters containing anchor-sector firms are more likely to represent credible collective connection op-
portunities.

e Marginal-sector demand should be treated with caution, because these firms may choose electrification
or other decarbonisation routes instead of hydrogen.

e The results should be read together with the institutional setting: even technically attractive clusters
require coordination with Hynetwork, regional authorities, regulators and potential funding instru-
ments.

In line with Enserink et al. (2022), this actor analysis should be interpreted as a snapshot rather than
a fixed reality. Actor positions may change as regulation develops, hydrogen costs change and regional
infrastructure planning becomes more concrete. Nevertheless, the main conclusion is clear: spatial clustering
is not only a technical aggregation method, but also a way to create credible collective demand in a fragmented
institutional setting.
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4 Methodology

This section describes how the research questions are answered. The methodology combines company-
level data collection, actor-informed demand classification, spatial clustering, network optimisation and cost
evaluations. The aim is to analyse how different ways of clustering dispersed Cluster 6 demand affect the
design and cost of hydrogen infrastructure. In addition, the method assesses whether the resulting clusters
contain credible hydrogen demand from an actor perspective.

4.1 Research Design

This study develops a modelling framework to analyse how different levels of spatial aggregation affect the
connection of Cluster 6 companies to the national hydrogen backbone.

When companies are grouped into many small clusters, internal transport distances within each cluster
are relatively short. This can reduce the cost of the internal network that connects companies within a
cluster. However, more clusters also means that more separate connections to the hydrogen backbone may
be required.

When companies are grouped into fewer larger clusters, the number of potential backbone connections
is reduced. Demand is bundled into larger regional groups, which may make a collective connection more
attractive. However, larger clusters also increase the internal distance over which demand has to be con-
nected. This can increase internal network length and cost.

The methodology evaluates this trade-off by comparing a range of clustering configurations. The ONLT
is selected because, unlike distance-based methods such as a minimum spanning tree, it accounts for both
pipeline length and transport capacity and can introduce intermediate Steiner nodes to reduce costs. It
therefore provides a suitable and computationally efficient method for comparing the internal network costs
of many clustering configurations. Possible connection costs to the hydrogen backbone and actor-informed
indicators are added afterwards.

4.2 Actor-informed Demand Classification

The actor analysis shows that Cluster 6 firms should not be treated as homogeneous hydrogen users. Some
sectors have a stronger technical need for hydrogen and are more likely to support collective infrastructure
development. Other sectors have more uncertain hydrogen demand because electrification or other decar-
bonisation routes may be more suitable.

For this reason, each company is labelled as either an anchor-demand or marginal-demand firm. This
label is used after clustering to assess whether the resulting clusters contain credible hydrogen demand.

Let V denote the set of company nodes. Each company node i € N is described as:

ng = (xi7yiaDiasi7ai)a VieN. (1)
where x; and y; are the spatial coordinates of company i, D; is the estimated hydrogen demand, s; is the

sector classification, and a; is the actor-informed demand label.

For the actor-informed demand label, two labels are used:

e Anchor demand: sectors with relatively high hydrogen relevance and stronger coordination poten-
tial. This includes specialty chemicals (VNCI), metallurgy (FME/VNMI), glass (VNG) and ceramics
(KNB).

e Marginal demand: sectors with lower hydrogen relevance, stronger electrification alternatives or
more uncertain participation. This includes food processing (FNLI), paper and cardboard (VNP),
waste processing (VA), data centres (NLDigital) and onshore oil and gas (Element NL).
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4.3 Spatial Clustering Method

The company locations are grouped using the K-means clustering method (MacQueen, 1967). K-means
partitions a set of observations into a predefined number of clusters. In this study, companies are clustered
solely on the basis of geographic proximity, and each company is assigned to one cluster.

The algorithm begins with a predefined number of cluster centres, referred to as centroids. Each com-
pany is assigned to the nearest centroid based on geographic distance. The centroid of each cluster is then
updated to the mean location of the companies assigned to it. This process continues until the cluster
assignments stabilise or the maximum number of iterations is reached.

K-means is selected because it provides a consistent and computationally efficient way to vary the level
of spatial aggregation. This is important because the clustering procedure is repeated for many values of k.
The resulting centroid-based clusters can also be used directly as input for the subsequent network analysis.

Other clustering methods could produce different spatial configurations. Hierarchical clustering could il-
lustrate how individual sites merge into larger regional groups, while DBSCAN could identify areas with
high concentrations of industrial sites without requiring a predefined number of clusters. Demand-weighted
or capacitated methods could include hydrogen demand directly, and network-constrained clustering could
account for infrastructure corridors or distance to the hydrogen backbone.

These alternatives are not applied because the purpose of this study is not to compare clustering algo-
rithms. Instead, the analysis focuses on how changing the number of spatial clusters affects infrastructure
design and cost. K-means is therefore used as a transparent and consistent method for generating compara-
ble clustering configurations. The implications of this methodological choice are discussed in the limitations
and recommendations for future research.

The number of clusters is varied from k = 20 to k = 140. Lower values of k represent fewer and larger
regional clusters, while higher values represent more numerous and smaller clusters.

Because K-means can be sensitive to the initial placement of the centroids, each selected clustering con-
figuration is generated using multiple random initialisations. The resulting configurations are compared to
assess whether the findings are stable or depend strongly on a specific initialisation.

For each value of k, the following attributes are calculated for every cluster:
 total estimated hydrogen demand;
e total anchor demand,;
e total marginal demand,;
o presence of at least one anchor-sector company;
e centroid location;

e number of companies in the cluster.

These cluster-level attributes are subsequently used as input for the network modelling and actor-informed
evaluation.

4.4 Network Modelling with the ONLT

After the clustering configurations have been created, the Optimal Network Layout Tool (ONLT) is used
to determine cost-efficient internal network layouts for each configuration (Heijnen, 2025). The ONLT is
applied to estimate the cost of connecting the companies within each cluster.
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The model does not determine the full national hydrogen backbone. Instead, it focuses on the internal
network structure that would be needed to connect an individual cluster to a collective connection point to
the hydrogen backbone. This makes it possible to calculate many configurations without the study becoming
computationally intensive.

4.4.1 Graph Representation

Graph theory forms the basis for the network model. A network is represented as a graph G = (N, E), where
N is the set of nodes and F is the set of edges. In this study, nodes represent industrial demand locations
or possible intermediate network points. Edges represent possible pipeline connections.

Each edge has a length and a required capacity. The length reflects the distance between connected nodes,
while the capacity reflects the hydrogen flow that must be transported through that edge. The cost of an
edge depends on both distance and capacity.

A simple graph only describes the connection between nodes. A weighted graph assigns a value to each
edge, such as distance or cost. This study uses weighted graphs.

(a) Example of simple graph (b) Example of weighted graph

Figure 4: Examples of a simple graph and a weighted graph

A common graph-theory problem is finding the most efficient way to connect all nodes. A minimum spanning
tree connects all demand nodes while minimising total network length. However, it does not account for
differences in hydrogen flow, pipeline capacity or economies of scale. Consequently, the shortest network
is not necessarily the least-cost network. The ONLT is therefore more suitable for this study because it
optimises the network based on both pipeline length and required transport capacity. It can also reconfigure
the initial spanning tree and introduce intermediate Steiner nodes when these reduce total costs. This
produces a more realistic cost-based comparison of the different clustering configurations than a minimum
spanning tree alone.

4.4.2 Optimal Network Layout Tool

The ONLT is a Python-based model that identifies near-optimal network structures by combining graph-
theoretical principles with a cost-based optimisation approach. The model searches for a minimum-cost
network that connects multiple demand nodes.

The ONLT determines the network layout through four sequential steps:

1. Minimum spanning tree: the initial network connects all nodes using the shortest total length.

2. Minimum-cost spanning tree: the network is reconfigured to reduce total cost while taking capacity
into account.

3. Steiner tree improvement: additional intermediate nodes may be introduced when they reduce
total network cost.
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4. Final improvement round: earlier improvement steps are repeated until no further cost reduction
is found.

These steps are illustrated in Figure 5, where the network develops from a distance-based solution to a
cost-optimised configuration.

Mirkmum spanning tres; 057,48 Minimurm-cost spanning tres: 773,33 Final Stainar natwork: 767,71 Final best network: 760.49

(a) Step 1 (b) Step 2 (c) Step 3 (d) Step 4

Figure 5: Overview of the ONLT optimisation steps. Adapted from the ONLT user guide

The ONLT produces tree-like network structures without redundancy. This means that each node is con-
nected through a single path. The resulting layouts are useful for comparing network cost and capacity
requirements, but they do not include backup routes or security-of-supply redundancy.

4.4.3 Cost function

The ONLT evaluates network layouts using a cost function that depends on pipeline length and required
capacity. For each edge (i,7) € E., where E. denotes the set of edges in the network of cluster ¢, the cost is
expressed as:
Cii=a-Li; QP (2)
ij 17 ij)
where o is the cost coefficient, L;; is the pipeline length between nodes ¢ and j, @;; is the required transport
capacity, and [ is the capacity-cost exponent.

The total ONLT cost for cluster c is calculated as:

ConNLT,c = Z o - Lj - ij (3)
(4,5)€E.

where F. is the set of edges in the network of cluster c.

The value of 8 determines the strength of economies of scale in pipeline construction. If 5 is lower than one,
additional capacity is relatively cheaper than building a completely separate pipeline. This makes bundled
transport more attractive. Based on the cost relationship reported by Lafeber (2024), a value of 8 = 0.42 is
adopted as the baseline parameter in this study.

4.5 Evaluation and Comparison

The clustering and network modelling results are compared across all values of k using an actor-informed
evaluation framework. The actor analysis shows that a technically cost-efficient network configuration is
not necessarily credible from an implementation perspective. The feasibility of a collective connection also
depends on whether demand is sufficiently concentrated, whether firms with a strong interest in hydrogen
are present and whether the required coordination with Hynetwork remains manageable.

These actor-related conditions are translated into measurable indicators. For each clustering configuration,
the following indicators are evaluated:
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e total ONLT network cost without T-junction costs, representing the cost of connecting firms within
the clusters;

o total cost including T-junction costs, representing both internal network development and connection
to the national hydrogen backbone;

e total internal network length, indicating the spatial effort required to aggregate dispersed demand;

e number of required backbone connections, reflecting the number of separate connection processes that
must be coordinated with Hynetwork;

e total estimated hydrogen demand per cluster, indicating the scale and visibility of the collective de-
mand;

e number of anchor-sector companies per cluster;
e share of cluster demand represented by anchor-sector companies;
o number of clusters containing at least one anchor-sector company;

e number of clusters that both contain anchor-sector demand and meet the specified demand threshold.

The first evaluation step compares internal network costs without T-junction costs. This shows how the
level of spatial aggregation affects the cost and network length required to connect companies within each
cluster.

The second step includes T-junction costs. The number of required backbone connections is not only a cost
indicator, but also an actor-related coordination indicator. Each additional connection requires interaction
between participating firms, Stichting Cluster 6, Hynetwork and relevant public authorities. Configurations
with many clusters may therefore create a larger institutional and organisational burden, even when their
internal networks are relatively short.

The third step evaluates the credibility of the clustered demand using the actor-informed company clas-
sification. Clusters containing anchor-sector companies are considered more plausible starting points for
collective hydrogen infrastructure because these companies have a stronger technical need for hydrogen,
fewer competing decarbonisation alternatives and a greater expected willingness to coordinate. Clusters
that depend mainly on marginal-sector demand are interpreted more cautiously, since participation in a
hydrogen network is more uncertain.

The comparison therefore does not identify a preferred configuration based on cost alone. Instead, it evaluates
the balance between technical efficiency, the number of required institutional interfaces and the presence of
credible collective demand. A configuration is considered more relevant when it limits internal network costs
and backbone connection requirements while maintaining sufficient demand and anchor-sector participation
within most clusters.

4.6 Robustness

Several checks are used to assess the robustness of the results.

First, the input data is checked manually. Company coordinates obtained through Google Maps are in-
spected to reduce the risk of assigning demand to head offices, administrative locations or unrelated sites.
Sector classifications are checked against the Cluster 6 sector associations.

Second, the robustness of the clustering procedure is assessed. Since K-means depends on the initial place-
ment of centroids, clustering configurations are repeated using different random initialisations. The resulting
variation is used to determine whether the main cost trends and preferred clustering configurations remain
stable.
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Third, the sensitivity to T-junction costs is tested by varying the assumed connection cost. This shows
whether the preferred clustering level is primarily driven by internal network costs or by the number of
required backbone connections.

Fourth, demand threshold sensitivity is evaluated. This determines whether the selected clustering con-
figurations remain relevant when different minimum demand requirements are applied.

Fifth, actor-informed robustness is assessed by examining the presence of anchor-sector companies within
the selected clustering configurations. Clusters containing anchor-sector companies are interpreted as more
credible from an implementation perspective than clusters that rely exclusively on marginal demand.

Together, these checks assess whether the main findings remain consistent under changes in clustering ini-
tialisation, backbone connection costs, demand thresholds and actor-informed cluster composition.

4.7 Assumptions and Limitations

Several assumptions are important when interpreting the results.

First, the study assumes that hydrogen can be supplied through the national hydrogen backbone and that
pipeline connections are the relevant infrastructure option for the analysed clusters. Alternative supply op-
tions, such as local electrolysis, truck delivery or hydrogen carriers, are not included in the model.

Second, potential hydrogen demand is estimated using sector-level natural gas consumption and assumed
hydrogen substitution rates. The resulting demand values should therefore be interpreted as sector-level
approximations rather than company-specific demand forecasts.

Third, the spatial representation of demand is simplified. Companies are grouped using K-means clus-
tering, while the aggregated demand of each cluster is represented by its centroid location. This does not
account for all geographical, spatial-planning or routing constraints that may influence the location of an
actual connection point.

Fourth, the network and cost modelling are simplified. The ONLT produces tree-like network structures,
which are a plausible representation of cost-efficient regional connection networks during an early devel-
opment stage. However, the model does not include alternative supply routes or network redundancy. It
therefore does not assess resilience to pipeline failures, maintenance interruptions or other security-of-supply
requirements.

Fifth, the euro-equivalent cost conversion is based on a fixed pipeline diameter. The resulting costs should
be interpreted as indicative order-of-magnitude estimates rather than detailed engineering cost estimates.

Finally, T-junction costs and actor-informed demand labels are treated as scenario-based assumptions. They
support the comparison of clustering configurations, but should not be interpreted as exact project costs or
fixed predictions of company behaviour. Actual participation will depend on factors such as hydrogen prices,
alternative decarbonisation options, infrastructure availability, regulation and investment decisions.

The results should therefore be interpreted as indicative infrastructure-planning insights rather than precise

investment estimates. The method is intended to compare clustering configurations and identify relevant
trade-offs, not to provide final engineering designs for hydrogen infrastructure.
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5 Data Collection and Preprocessing

This chapter describes the collection and preprocessing of the data used as input for the clustering and
network model. It explains how industrial demand, company characteristics, the hydrogen backbone and
the relevant cost assumptions are translated into a consistent model dataset.

5.1 Identification of Cluster 6 companies

Industrial demand is first represented at the level of individual companies. The relevant companies are
identified using the Cluster 6 inventory from the Landelijke Cluster Energie Strategie (LCES) (Stichting
Cluster 6, 2025). This dataset provides an overview of industrial production sites outside the five major
Dutch industrial clusters.

For each company, geographic coordinates are obtained using Google Maps. The location of each com-
pany is manually checked to ensure that the selected coordinate corresponds to an industrial site rather than
a head office, administrative address or unrelated location. This step is important because the clustering
and network optimisation depend directly on the spatial location of the demand nodes.

Each company is assigned to one of the Cluster 6 sector categories shown in Table 6. These sector la-
bels are used for two purposes. First, they support the estimation of potential hydrogen demand. Second,
they are used to classify companies as either anchor demand or marginal demand in the actor-informed
analysis.

Table 6: Branch associations representing Cluster 6 industries

Association  Sector Description

FNLI Food processing Federatie Nederlandse Levensmiddelen Industrie

VNP Paper and cardboard Vereniging van Nederlandse Papier- en Kartonfabrieken
VNCI Specialty chemicals Vereniging van de Nederlandse Chemische Industrie
FME / VNMI  Metallurgical industry Base metals and foundries

VNG Glass manufacturing Vereniging Nederlandse Glasfabrikanten

KNB Ceramics and building ceramics Koninklijke Nederlandse Bouwkeramiek

VA Waste processing Vereniging Afvalbedrijven

NLDigital Data centres and ICT Digital infrastructure sector

Element NL Oil and gas onshore Formerly NOGEPA

5.2 Geographic Data Collection

After identifying the relevant companies, geographic coordinates are collected for each site. Coordinates are
obtained using Google Maps by searching for the company name, combined where needed with additional
location information such as municipality, industrial estate or production site name. Each location is man-
ually checked to ensure that the selected point corresponds to an industrial facility.

The company locations are stored as geocoded point data in the input dataset, with latitude and longi-
tude coordinates recorded for each company. These coordinates are converted into a GeoPandas spatial
dataset using the WGS84 coordinate reference system (EPSG:4326). For spatial calculations, including clus-
tering, distance calculations and network-layout preparation, the point geometries are reprojected to the
Dutch national projected coordinate reference system, Rijksdriehoekscoordinaten / RD New (EPSG:28992).
This ensures that distances are calculated in metres rather than angular degrees resulting in figure 6.
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Geocoded Cluster 6 company locations by sector
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Figure 6: Geocoded Cluster 6 company locations

5.3 Sector Classification

Each company is assigned to one of the Cluster 6 sector categories. The sector classification follows the sector
associations used in the LCES. These associations represent the main industrial branches within Cluster 6
and are used as the link between company-level locations and sector-level demand assumptions.

Table 7 shows the sector categories used in the dataset.
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Table 7: Sector categories used for Cluster 6 company classification

Association  Sector Role in dataset
VNCI Specialty chemicals Anchor demand
FME / VNMI  Metallurgical industry Anchor demand
VNG Glass manufacturing Anchor demand
KNB Ceramics and building ceramics  Anchor demand
VNP Paper and cardboard Marginal demand
FNLI Food processing Marginal demand
VA Waste processing Marginal demand
NLDigital Data centres and ICT Marginal demand
Element NL Oil and gas onshore Marginal demand

5.4 Hydrogen Demand Estimation

Company-level hydrogen demand is not directly available for all Cluster 6 sites. Therefore, potential hy-
drogen demand is estimated using sector-level natural gas consumption data from CBS StatLine (Statistics
Netherlands (CBS), 2026) and allocated equally across the identified companies in each sector.

The demand estimation follows three steps. First, sector-level natural gas consumption is collected. Second,
this demand is allocated to the companies belonging to each sector. Third, a sector-specific hydrogen sub-
stitution rate is applied to estimate the share of natural gas demand that could realistically be replaced by
hydrogen.

Company-level hydrogen demand is estimated by applying a sector-specific hydrogen substitution rate to
the allocated natural gas demand. For each company i € N, let s; denote the sector to which the company
belongs. The estimated hydrogen demand is calculated as:

Di=P, -G VieN, (4)

where D; is the estimated hydrogen demand of company ¢, G; is the natural gas demand allocated to com-
pany ¢, and Ps, is the hydrogen substitution rate associated with sector s;, as presented in Table 5.

The baseline substitution rates are based on the technological relevance of hydrogen per sector and the
actor analysis. Sectors with high-temperature processes or feedstock applications receive higher substitution
rates, while sectors with stronger electrification alternatives receive lower values.

5.5 Actor-informed Demand Labels

The actor analysis shows that Cluster 6 companies should not be treated as a homogeneous group. Some
sectors have a clear technical need for hydrogen and stronger incentives to participate in collective infras-
tructure development. Other sectors have lower hydrogen relevance or more attractive alternatives, such as
electrification. To reflect this difference, each company node is assigned an actor-informed demand label.

Two categories are used. The first category is anchor demand. This includes sectors with relatively high
hydrogen relevance, stronger coordination potential and greater likelihood of participating in a collective hy-
drogen connection. The anchor sectors are specialty chemicals, metallurgy, glass and, conditionally, ceramics.

The second category is marginal demand. This includes sectors where hydrogen demand is more uncer-
tain because of competing decarbonisation pathways, lower process-temperature requirements or weaker
coordination incentives. The marginal sectors are food processing, paper and cardboard, waste processing,
data centres and onshore oil and gas.
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This actor-informed classification is used as an interpretive layer after the spatial clustering and network
optimisation. All estimated demand is included in the main network model. The anchor and marginal labels
are then used to assess whether the resulting clusters are supported by firms with a more credible role for
hydrogen. In this way, the actor-informed classification does not form a separate network configuration, but
helps to evaluate the implementation credibility of the clustering outcomes.

Cluster 6 company locations by actor-informed demand classification
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Figure 7: Actor-informed classification of Cluster 6 demand nodes

5.6 Hydrogen Backbone Data

In addition to demand nodes, the model requires information on the national hydrogen backbone. The back-
bone represents the main supply infrastructure to which Cluster 6 clusters may connect. Because the exact
final routing and connection availability of the backbone remain uncertain, the backbone is represented in

a simplified spatial form based on publicly available information from Hynetwork and Gasunie (Hynetwork
Services, 2025).

The backbone data is represented as a line dataset. In the model, clusters are not restricted to a fixed
set of predefined connection points. Instead, each cluster is allowed to connect to the nearest point on the

backbone line. This means that the connection location is determined by calculating the clusters centre and
then the closest point to the hydrogen backbone.

Rather than assuming that only specific stations or terminals can be used, the model estimates the shortest
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spatial connection between clustered demand and the backbone. The resulting connection point is therefore
a modelled point on the backbone line, not a fixed existing location.

The distance between clustered demand and the nearest point on the backbone line is an important variable
in the network model. It affects both the internal network layout and the cost of connecting clustered de-
mand to the national hydrogen system. Figure 8 shows the simplified backbone representation used in the
model.

Hydrogen backbone representation used in the K-means ONLT runner

—— Backbone line
® Backbone workbook points
® Connection paints
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Figure 8: Simplified representation of the national hydrogen backbone and Cluster 6 company locations

5.7 Cost Conversion

The ONLT produces relative cost values rather than costs in euros. To support interpretation and compar-
ison, an indicative conversion factor was derived using the pipeline cost formulation of Oostdijk (Oostdijk,
2025).

The conversion was calibrated using the (k = 70) configuration, which has an ONLT cost of (743,681)

and a total network length of (1,292.59) km. Applying the cost formulation with a fixed pipeline diameter of

(0.508) m resulted in an indicative pipeline cost of (70.89) million euros. The conversion factor is therefore:
70,892,239
743,681

For each configuration, the indicative euro-equivalent cost is calculated as:

~ 95.33 euro per ONLT cost unit. (5)

Ceuro(k) = v - Conrr (k). (6)
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The conversion is used solely to place the relative ONLT outcomes on an approximate euro scale. The
resulting values should therefore be interpreted as indicative estimates for comparing configurations, rather
than as precise investment costs.

5.8 Backbone Connection Cost

In addition to the internal network cost, each cluster may require a connection to the hydrogen backbone.
This is represented through a T-junction cost, denoted by Cp. The T-junction cost captures the additional
infrastructure cost associated with creating a collective connection point to the backbone.

For each clustering configuration, the total cost including T-junction costs is calculated as:

Ctotal(k) = Ccuro(k) + k - C’T~ (7)

Here, k represents the number of clusters and therefore the maximum number of collective connection points.
This formulation assumes that each cluster requires one connection to the backbone. The T-junction cost
is varied across configurations to test how sensitive the preferred clustering configuration is to different con-
nection cost assumptions.

It is important to note that the cost analysis takes a network-planning perspective. The purpose of this
analysis is to compare clustering configurations rather than estimate exact project costs, only the order of
magnitude of the infrastructure costs is required. This is why only a single ONLT-to-euro conversion factor
is therefore applied to all configurations. This places the results on an indicative euro scale without changing
their relative ranking.

The calculated cost is not the total cost of the hydrogen system. Hydrogen production, the hydrogen price,
storage, financing and company-specific conversion costs are not included. The results are therefore only
meant to show which network configurations are relatively cost-efficient, not whether they are commercially
attractive for every individual firm.
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6 Model Setup and Configurations

This chapter translates the methodology from Chapter 4 and the input data from Chapter 5 into a set of
model configurations. The chapter has two purposes. First, it defines how clustered industrial demand is
represented as input for the Optimal Network Layout Tool (ONLT). Second, it explains how different clus-
tering configurations are compared. The cost parameters used in this comparison are described in Section 5.7
and Section 5.8.

The model should be interpreted as a comparative planning tool rather than as an exact infrastructure
design. Its purpose is not to determine the final layout of the hydrogen infrastructure for Cluster 6, but to
make the trade-off between different clustering configurations visible.

6.1 Clustering Configurations

The main design variable in this study is the number of spatial clusters, denoted by k. A low value of k
creates a small number of large clusters. This reduces the number of collective backbone connection points,
but increases the internal distances over which demand must be aggregated. A high value of k creates more,
smaller clusters. This reduces internal transport distances, but increases the number of possible connection
points to the backbone.

The model is therefore run for multiple values of k. Comparing these runs makes it possible to assess
whether additional clusters continue to reduce internal network cost, or whether a point of diminishing
returns is reached.

6.2 ONLT Implementation

The Optimal Network Layout Tool is used to calculate a cost-efficient network layout for each clustering
configuration. The ONLT compares possible network structures and searches for a layout that balances
distance, capacity and economies of scale. In this study, the ONLT output is used comparatively. The goal
is not to produce a final engineering design, but to evaluate how different levels of spatial clustering affect
infrastructure requirements.

For every value of k, the model records the total ONLT cost, Conrr, and the total length of the resulting
network, Lyetwork.- Lhese values are compared across clustering configurations. The ONLT cost is treated as
a relative cost indicator. The cost conversion in Section 5.7 is then used to translate this indicator into an
indicative euro value.

6.3 Cluster-to-Backbone Connection

Each cluster is connected to the point on the backbone that is closest to its centroid. The centroid is used
because it represents the demand-weighted centre calculated by K-means. This keeps the connection rule
consistent for all values of k.

The selected connection point is added as a node in the ONLT run. As a result, the pipeline from the
cluster to the backbone is optimised together with the internal cluster network and is included in Conpr.
This is important because the distance to the backbone changes when the number of clusters changes, just
as the internal pipeline distances do. Including this distance in the optimisation ensures that its effect is
captured in the comparison.

This approach is a modelling choice rather than a fixed design rule. Other options are possible. For example,
the connection point could be placed at the company closest to the backbone, several clusters could share one
connection point, or elongated clusters could use multiple connection points. Comparing these alternatives
would help determine how sensitive the results are to the chosen connection rule and would be a useful topic
for further research.
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6.4 Configuration Design

The model is evaluated under multiple configuration settings. These configurations are used to test whether
the preferred clustering configuration is robust under different assumptions. The first configuration dimension
is the clustering level k. This directly tests the trade-off between fewer large clusters and more small clusters.
The second dimension is the T-junction cost. This tests how strongly the preferred clustering level depends
on the cost of connecting clusters to the backbone. The third dimension concerns actor-informed demand
interpretation. This is used to assess whether the clustered demand is supported by sectors with a credible
role for hydrogen. The fourth dimension is the demand threshold, which tests whether clusters contain
enough demand to justify a collective connection.

Table 8: configuration dimensions used in the model setup.

configuration dimension Tested values Purpose
Clustering level k k=20 to k=140 Tests the effect of spatial aggregation on
network length and cost.
Selected configurations k=34,k=170 Used for detailed comparison of cost, actor
composition and threshold sensitivity.
T-junction cost Crp €150.000 to €1,000,000 Tests how sensitive the preferred clustering
per connection level is to connection cost assumptions.
Actor-informed configurations Anchor and marginal Tests whether clusters are supported by
demand labels credible hydrogen demand.
Demand threshold Low, medium and high Tests whether clusters contain enough de-
threshold mand to justify a collective connection.

6.5 Output Indicators

The results are evaluated using a small set of indicators. These indicators are selected because they di-
rectly relate to the research question, but also because they correspond to the decision criteria of the actors
identified in Chapter 3. Different actors evaluate the same clustering configuration on different grounds.
A configuration that is attractive from a network-planning perspective is not necessarily attractive for an
individual firm, and a configuration with credible aggregated demand is not necessarily the cheapest one.
Making this explicit is important, because the model does not produce a single optimum but a trade-off
between criteria that are weighted differently by different actors.

The first indicator is the total ONLT cost, Conpr, which shows how the internal network cost changes
across clustering configurations. The second indicator is the euro-equivalent network cost, Ceyro, calculated
using Equation 6. The third indicator is the total network length, Ljetwork, which shows how much pipeline
infrastructure is required. The fourth indicator is the number of clusters, which represents the maximum
number of collective connection points. The fifth indicator is the total cost including T-junction costs, Ciotal,
calculated using Equation 7.

In addition to these cost and network indicators, the results are interpreted using actor-informed indica-
tors. These include the number of clusters that contain at least one anchor-demand firm and the number of
clusters that meet minimum demand thresholds. Together, these indicators make it possible to assess the
central trade-off of this thesis: whether dispersed industrial demand is better represented as a small number
of large collective clusters or as a larger number of smaller regional clusters.

Table 9 links each indicator to the actors for which it is most relevant, based on the resources and interests.

40



Table 9: Link between output indicators and actor decision criteria.

Indicator

Primary actor

Why it matters for this actor

Total network cost Ceyro

Number of clusters

Total cost including T-
junctions Ciotal
Network length Lyetwork

Demand per cluster D,

Anchor presence A,

Cluster stability

Feasible
subsidy

clusters under

Hynetwork, Ministry of
KGG

Hynetwork

Hynetwork, ACM
Provinces / ITPO

Hydrogen
Hynetwork

producers,

Stichting Cluster 6, Clus-
ter 6 firms

Stichting Cluster 6

RVO, Ministry of KGG

Determines whether extending infrastructure
towards dispersed demand is defensible as a
public investment.

Each cluster is a separate connection request,
study trajectory and operational connection
point.

Relevant for total system cost and for future
tariff and cost-allocation decisions.

Longer networks require more spatial plan-
ning, permits and routing coordination.
Determines whether a connection point repre-
sents a volume worth supplying and contract-
ing.

Indicates whether a cluster has a firm with a
technical reason to lead and co-fund a collec-
tive connection.

A stable cluster represents a durable regional
grouping that can be used as a basis for coor-
dination.

Shows how many clusters become viable un-
der different levels of public support.

The table shows that the indicators are not equally important to all actors. Hynetwork is mainly sensitive to
the number of connection points and total cost, which favours configurations with fewer clusters. Individual
Cluster 6 firms are mainly sensitive to internal distance and to whether their cluster contains a credible
anchor firm, which favours more detailed configurations. The Ministry and RVO are mainly interested in
how many clusters become feasible under realistic support levels. This means that the trade-off analysed in
this thesis is not only a technical one, but reflects a genuine difference in criteria between actors.
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7 Results and Analysis

This chapter presents the results of the clustering and network optimisation analysis. It is important to
recognize that the aim is not to determine an exact hydrogen infrastructure layout for Cluster 6, but to
compare how different levels of spatial aggregation affect network structure, cost and demand credibility.
The analysis first evaluates the baseline network outcomes without additional backbone connection costs.
It then adds T-junction costs to examine how the cost trade-off changes when each cluster is assumed
to require a separate cost to connect to the hydrogen backbone. After this cost-based comparison, the
selected clustering configurations are further assessed using actor-informed indicators and demand-threshold
sensitivity. Together, these results show how the preferred clustering level depends not only on network cost,
but also on connection assumptions and the credibility of the underlying hydrogen demand.

7.1 Baseline Network Costs

The model is run for clustering configurations ranging from k = 20 to k = 140. For each value of k, the
ONLT calculates the total network cost and the corresponding network layout. The total ONLT cost is
first evaluated without additional T-junction costs. This shows the internal network cost of connecting the
clustered demand nodes.

Figure 9 shows the total ONLT cost for each clustering configuration. The curve follows a clear U-shaped
pattern. At low values of k, the total cost is relatively high. This is because a small number of clusters
creates large aggregated demand areas, which increases internal transport distances. As k increases, the
network can represent the dispersed demand structure more accurately, and the total ONLT cost decreases.

The lowest ONLT cost is observed at k = 70, with a cost of 743,681 and a total network length of ap-
proximately 1,292.59 km. This does not mean that k& = 70 is a clear or unique optimum. As shown in
Figure 9, the cost curve is relatively flat between k£ = 40 and k = 90. Within this range, several clustering
configurations result in similar internal network costs.

The value at k = 70 should therefore be interpreted as the lowest point found in the model runs, rather than
as a strong technical optimum. In practical terms, the model suggests that a broader range of medium-to-high
clustering configurations performs similarly when only internal network cost is considered.

Total ONLT Cost vs k (20-140)
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Figure 9: Total ONLT cost for clustering configurations between k = 20 and k& = 140, excluding T-junction
costs.

This finding is important for the interpretation of the later results. Internal network cost alone does not
clearly distinguish between all clustering configurations. Although k& = 70 gives the lowest observed ONLT
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cost, configurations with fewer clusters can achieve comparable costs. This becomes especially relevant once
T-junction costs and actor-informed feasibility are included in the coming chapters.

The network layout for k = 70 is visualised in Figure 10.

All clusters with ONLT line thickness by capacity

(C) OpenStreetMap cantributors (C) CARTO

Figure 10: k=70 network configuration

7.2 Effect of Adding T-junction Costs

The baseline results in the previous section only include the network cost calculated by the ONLT. However,
these results do not account for the additional cost of creating a collective connection point to the hydrogen
backbone. In Hynetwork’s terminology, such a connection is called a T-junction. It can be developed through
a Valve Study Agreement. During the study phase, Hynetwork requires a guarantee of €150,000. The final
connection cost is not known in advance. Instead, it is calculated separately for each project, based on the
study results and the actual work needed to realise the connection (Hynetwork Services, 2026a).

This means that T-junction costs should not be treated as a single known unit cost. Instead, they are
project-specific and depend on the location, capacity and technical configuration of the connection point.
For this reason, this thesis treats the T-junction cost as a sensitivity parameter rather than as a fixed engi-
neering estimate. This makes it possible to test how strongly the preferred clustering configuration depends
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on different assumptions about the cost of connecting clusters to the hydrogen backbone.

To represent this effect, an additional cost term is added for each cluster. The total cost for each clus-
tering configuration is calculated as:

Ctotal(k> = C’euro(k) + k- CT» (8)

where Coyro(k) is the euro-equivalent ONLT cost for clustering configuration k, and Cr is the assumed cost
per T-junction. This means that higher values of k are penalised because they require more collective con-
nection points.

This formulation is based on a simplifying assumption. The T-junction cost is treated as a fixed cost
per cluster, meaning that each cluster receives the same connection penalty regardless of its demand size. In
reality, connection costs are likely to depend on many other factors as well. The T-junction configurations
should therefore be interpreted as an order-of-magnitude sensitivity analysis rather than precise connection-
cost estimates.

Figure 11 shows the total cost for T-junction costs between 150,000 and 1,000,000, tested in steps of 50,000.
For each value of C'r, the total cost is calculated by adding a penalty of k- Cr to the euro-equivalent ONLT
cost. As a result, higher values of k are penalised more strongly when the assumed T-junction cost increases.

The figure shows that the effect of the T-junction penalty becomes stronger as k increases. This is be-
cause the penalty term is proportional to the number of clusters: configurations with more clusters receive
a larger additional cost when C7p rises. As a result, the right-hand side of the curve becomes increasingly
expensive for higher T-junction costs.

This changes the preferred clustering configuration. For tested T-junction costs between €150,000 and
€500,000, the minimum remains at k = 34. At a T-junction cost of €600,000 and above, the penalty on
configurations with more clusters becomes large enough to shift the optimum to a lower value of k. In this
case, the cost-minimising configuration moves from k = 34 to k = 25. This shows that increasing connection
costs favour fewer, larger clusters over more spatially detailed clustering configurations. This shows that
increasing connection costs favour fewer, larger clusters over more spatially detailed clustering configurations.

1es Total ONLT Cost vs k With T-junction Penalty (20-140)
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Figure 11: Total cost including T-junction penalties for Cr values between 150,000 and 1,000,000.

Figure 12 shows four representative cases in more detail. This makes the shift in the cost-minimising
clustering configuration easier to interpret. Without T-junction costs, the minimum is found at k& = 70.
When a T-junction cost of 150,000 is added, the minimum shifts to k = 34. The same minimum remains
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visible for Cp = 500,000. When the T-junction cost increases to 1,000,000, the minimum shifts further
downward to k = 25.
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Figure 12: Total cost curves for four representative T-junction cost assumptions: Cp = 0, Cp = 150,000,
Cr = 500,000 and Cr = 1,000,000.

Figure 13 summarises how the cost-minimising value of k£ changes when the T-junction penalty increases.
For all tested values from 150,000 to 500,000, the optimal clustering configuration remains & = 34. When
the penalty increases to 600,000 and above, the optimum shifts downward to k£ = 25. This shows that higher
connection costs make smaller numbers of larger clusters more attractive.
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Shift in Optimal Cluster Number Under T-junction Penalty

70 70

70

wu (=)}
o o
1 L

Cost-minimising number of clusters (k)
&
!

30 A

0.0 0.2 0.4 0.6 0.8 1.0
T-junction penalty per cluster (EUR) le6

Figure 13: Shift in the cost-minimising number of clusters under increasing T-junction penalties.

These results show that the preferred clustering configuration depends strongly on whether connection costs
are included. Without T-junction costs, the lowest internal ONLT cost is found at £ = 70. After adding
T-junction costs, the optimum shifts to lower values of k. In the tested range with the more realistic costs
around €500.000, k£ = 34 is the most stable practical optimum, while the higher T-junction costs further
reduce the preferred number of clusters to k = 25.

The important result is that the cost-minimising clustering configuration remains k = 34 for tested T-junction
costs between €150,000 and €500,000. At €600,000 and above, the additional penalty on configurations
with many clusters becomes large enough to change the optimum. For the tested values from €600,000 to
€1,000,000, the cost-minimising configuration is k = 25.

This result changes the interpretation of the optimal clustering level. Without T-junction costs, the model
favours k = 70. Once realistic connection costs are included, the optimum shifts to k = 34. This shows that
the preferred clustering configuration is not only determined by internal network length and layout, but also

by the number of required backbone connection points.

The network with k=34 is visualised in figure 14
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Figure 14: k=34 network configuration

7.3 Interim Finding

The first results show a clear distinction between the technical network optimum and the practical cost
optimum. When T-junction costs are excluded, the lowest internal ONLT cost occurs at k = 70. This means
that, from a purely internal network perspective, a relatively detailed clustering configuration performs best.

When T-junction costs are included, the preferred clustering configuration shifts downward. For tested T-
junction costs between €150,000 and €500,000, the cost-minimising solution is consistently found at k = 34.
For tested T-junction costs between €600,000 and €1,000,000, the optimum shifts further downward to
k = 25. This shows that higher connection costs increasingly favour fewer and larger clusters.

This finding is central to the research question. Spatial clustering affects infrastructure cost in two op-
posite ways. More clusters reduce internal transport distances, but also increase the number of required
connection points. Fewer clusters reduce the number of T-junctions, but increase internal network distances.
The preferred configuration is therefore found in the balance between these two effects.

7.4 Anchor-site Composition of Selected Clustering Configurations

The previous sections identified two relevant clustering configurations. The first is k = 70, which gives the
lowest internal ONLT cost when T-junction costs are excluded. The second is & = 34, which becomes the
most relevant practical configuration once T-junction costs around €500.000 are included. However, these
cost results alone do not show whether the resulting clusters are institutionally credible.

For this reason, both selected clustering configurations are also evaluated using the actor-informed dis-
tinction between anchor and marginal demand introduced in Section 3.4. Anchor sites are firms from sectors
with relatively high hydrogen relevance and stronger coordination potential. Marginal sites are firms from
sectors with lower hydrogen relevance, stronger electrification alternatives or more uncertain participation.
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This analysis is applied to both & = 34 and k = 70. The k = 34 configuration represents a more aggregated
clustering outcome with fewer collective connection points, while k£ = 70 represents a more spatially detailed
outcome with lower internal ONLT cost. Comparing both configurations helps to assess how the level of
spatial aggregation affects the presence of anchor-sector firms within clusters.

Figure 15 shows the anchor-site composition for the £ = 34 clustering configuration. The figure shows
for each cluster the number of anchor sites relative to the total number of sites in that cluster. Clusters with
at least one anchor site are more likely to represent credible collective hydrogen connection opportunities,
because they contain demand from sectors that are more likely to require hydrogen and to participate in
collective infrastructure planning.
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Figure 15: Anchor and marginal sites within the k = 34 clustering configuration.

For k = 34, in the reference clustering shown in Figure 15 using K-means seed 0, 2 out of 34 clusters contain
no anchor-sector company. This means that 32 out of 34 clusters include at least one firm from a sector with
relatively high hydrogen relevance and stronger coordination potential.

Figure 16 shows the same assessment for the k = 70 clustering configuration.
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Anchor-informed cluster map, k=70, seed=0
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Figure 16: Anchor count per K-means cluster for the k = 70 clustering configuration.

For k = 70, in the reference clustering shown in Figure 16 using K-means seed 0, 18 out of 70 clusters contain
no anchor-sector company. This does not make the configuration unsuitable, but these clusters are less likely
to drive collective connection development on their own.

The comparison shows that k£ = 34 is stronger from an actor-informed perspective. In the reference seed used
in Figures 18 and 19, namely K-means seed 0, the k=34 configuration has 2 clusters without an anchor-sector
company, while the k=70 configuration has 18. This means that 32 out of 34 clusters are anchor-supported
for k=34, compared with 52 out of 70 clusters for kK = 70. The more detailed k=70 configuration therefore
creates more clusters that may be weaker from an actor-informed implementation perspective.

7.5 Robustness of Selected Clustering Configurations

The anchor-site analysis compares the actor credibility of the kK = 34 and k = 70 configurations. However,
this still treats each configuration as a fixed clustering outcome. Since K-means can produce different clus-
ter memberships depending on the initial centroid positions, both configurations are tested across multiple
random seeds.
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For both k£ = 34 and k = 70, the K-means algorithm was repeated for 50 random seeds. For each value of
k, the clustering run with the lowest within-cluster sum of squares was used as the reference solution. The
stability of each reference cluster was then assessed using the mean Jaccard similarity between that cluster
and the most similar cluster found in the other seed runs. A Jaccard similarity close to 1 indicates that the
same group of companies is repeatedly assigned to the same cluster. Lower values indicate that the cluster
membership is more sensitive to the initial centroid placement.

Figure 17 shows the per-cluster stability for £k = 34. Most clusters have relatively high Jaccard similar-
ity scores. This means that the main regional demand groupings are reproduced across different K-means
initialisations. Some clusters show lower stability, especially in areas where industrial sites are located close
to several neighbouring clusters.
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Figure 17: Per-cluster stability for k = 34, measured using mean Jaccard similarity across K-means seed
runs.

Figure 18 shows the same stability analysis for k£ = 70. The results show that many clusters are highly stable,
especially small and spatially isolated clusters. However, compared to k = 34, the configuration also contains
more clusters with intermediate stability scores. This is expected because a higher number of clusters creates
smaller groups and more cluster boundaries. As a result, small changes in centroid initialisation can more
easily move one or two companies between neighbouring clusters.

50



Per-cluster stability for k=70 (reference seed=9, lowest WCSS)
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Figure 18: Per-cluster stability for & = 70, measured using mean Jaccard similarity across K-means seed
runs.

The stability analysis shows that both & = 34 and k = 70 contain clusters that are stable across different
K-means initialisations, while other clusters remain more sensitive to the chosen seed.

The stability analysis therefore opens up a further interpretation of the results. Instead of only selecting
one optimal value of k, the model can also be used to identify promising alternative cluster configurations.
Clusters with high stability can be treated as relatively robust demand groups, while lower-stability clusters
may require further investigation.

7.6 Threshold Sensitivity of Selected Clustering Configurations

The previous sections show that the preferred clustering configuration depends on more than internal net-
work cost alone. Without T-junction costs, the lowest ONLT cost is found for the more spatially detailed
k = 70 configuration. Adding T-junction costs shifts the cost balance towards fewer clusters, making k = 34
more attractive under moderate connection-cost assumptions. The actor-informed analysis then examines
whether these configurations are supported by credible demand, based on the presence of anchor-demand
firms. This section adds a final feasibility layer by testing whether the selected clusters also contain enough
hydrogen demand to recover a fixed connection cost.

The threshold analysis is not used to select a new optimal value of k. Instead, it is used to interpret
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the selected configurations more carefully. Four configurations are compared: the lowest-cost k = 34 seed,
the actor-informed k = 34 seed, the lowest-cost k = 70 seed and the most actor-favourable & = 70 seed.

A cluster is treated as a credible feasible connection candidate only when two conditions are met. First,
the cluster must contain enough hydrogen demand to recover the fixed connection cost within the assumed
payback period. Second, the cluster must contain at least one anchor-sector firm. This makes the anchor
filter explicit in the feasibility calculation:

1, if H. > Hp, and A, > 1,

Feasible, = { i (9)
0, otherwise.

where H, is the annual hydrogen demand of cluster ¢, Hyj, is the minimum demand threshold, and A, is

the number of anchor-sector firms in the cluster. Clusters with A. = 0 are excluded from the main feasible-

cluster count, even if their estimated demand exceeds the threshold. This distinction is important because

a cluster may be demand-feasible but still weak from an actor perspective if it contains no anchor firm. The

main policy indicator in this section is therefore the number of credible feasible clusters, meaning clusters

that pass both the demand threshold and the anchor condition.

The threshold analysis requires an assumption about how much money per kilogram of delivered hydro-
gen could be available to recover a fixed connection or T-junction cost. This value is not directly observable,
because it depends on future tariffs, cost allocation rules, commercial agreements and possible policy sup-
port. Therefore, this study does not use a single assumed value, but applies a sensitivity range grounded in
three reference points.

The assumed cost-recovery contributions are based on three reference points. First, Hynetwork’s 2026
hydrogen transport tariff is used as a conservative infrastructure-cost proxy. The combined entry and exit
tariff is 48.71 euro per kW per year. Under full utilisation, this is equivalent to approximately 0.19 euro/kg
H,. This supports the low contribution case of 0.20 euro/kg Hy (Hynetwork Services, 2026b).

Second, the TEA Global Hydrogen Review 2025 assumptions annex is used as a commercial-margin ref-
erence. The IEA assumes a margin of 6% in its hydrogen price build-up. For delivered hydrogen prices of
roughly 4 to 7 USD/kg Hj, this corresponds to approximately 0.24 to 0.42 USD/kg Hs. This supports the
use of 0.50 euro/kg Ho as a moderate cost-recovery case (International Energy Agency, 2025a).

Third, the Dutch OWE subsidy scheme shows that public support for renewable hydrogen can be much
larger than normal commercial margins. Support can reach up to 9 euro/kg Hs. This does not represent
a connection tariff, but it shows that policy support can operate at a multi-euro-per-kilogram scale. The
higher sensitivity cases of 1.00 and 2.00 euro/kg Hy are therefore interpreted as high or policy-supported
cost-recovery cases (Netherlands Enterprise Agency (RVO), 2024).

Based on these reference points, four contribution levels are used in the threshold analysis, as shown in
Table 10.
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Table 10: Contribution levels used in the threshold sensitivity analysis.

Contribution

Interpretation

0.20 euro/kg Hy
0.50 euro/kg Hay
1.00 euro/kg Hy

2.00 euro/kg Hy

Conservative infrastructure-tariff proxy, based on the converted
Hynetwork transport tariff.

Moderate cost-recovery case, broadly aligned with a commer-
cial margin reference.

Optimistic high cost-recovery case, above ordinary margin-
based recovery.

Strong policy-supported case, representing a situation with
substantial public support.

Hydrogen demand values reported in kilograms were converted to terajoules using the lower heating value

of hydrogen:

where Ey, is the hydrogen demand in TJ and my, is the hydrogen mass in kg. This conversion is based

Eq, = 0.00012 - my,,

on 1 kg of hydrogen corresponding to approximately 0.00012 TJ.

The converted annual demand was then compared with the minimum demand threshold for each contri-
bution and subsidy configuration. A cluster was counted as a credible feasible connection candidate only
when it exceeded this threshold and contained at least one anchor-sector firm. This ensures that the feasi-

bility count reflects both sufficient hydrogen demand and actor-informed credibility.

Figure 19 shows the number of credible feasible clusters for each selected configuration under the tested

contribution and subsidy combinations.
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Feasible First-Phase Clusters Under Contribution and Subsidy Scenarios
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Figure 19: Number of credible feasible clusters under different contribution and subsidy assumptions.

The heatmap shows that credible feasible clusters only start to appear under relatively favourable cost-
recovery and subsidy assumptions. At 1.00 euro/kg Hy with a 75% subsidy, six clusters become feasible in
both k& = 34 configurations. At 2.00 euro/kg Hy with a 50% subsidy, the same threshold is reached, again
resulting in six credible feasible clusters for ¥ = 34. When the contribution is 2.00 euro/kg Hy and the
subsidy is 75%, the threshold falls even further. In this case, 22 clusters become credible feasible candidates
in both k& = 34 configurations.

The comparison with & = 70 strengthens the earlier interpretation. Although k = 70 performs well in
terms of internal ONLT cost, it splits demand into more and smaller clusters. These smaller clusters are less
able to recover a fixed connection cost. At 1.00 euro/kg Hy with a 75% subsidy, only one cluster is credible
feasible in the lowest-cost k& = 70 seed and two clusters in the actor-favourable k = 70 seed. Even in the
strong policy-supported case of 2.00 euro/kg Hy with a 75% subsidy, the number of credible feasible clusters
reaches only 16 for the lowest-cost k = 70 seed and 11 for the actor-favourable k = 70 seed.

A key conclusion from this analysis that the preferred clustering configuration depends on the balance
between spatial efficiency and demand credibility. A more detailed clustering configuration can reduce inter-
nal network costs, but it also creates smaller clusters that may not contain enough demand to recover fixed
connection costs. A more aggregated configuration reduces the number of connection points and creates
larger demand groups, but may increase internal network distances.
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8 Discussion

This chapter discusses the main findings of this thesis and reflects on what they mean for hydrogen in-
frastructure planning for Cluster 6. The results show that spatial clustering has a strong influence on how
dispersed industrial hydrogen demand is represented and assessed. Clustering is therefore not only a data
preparation step, but an important modelling choice. The way in which demand is grouped affects internal
network length, the number of collective backbone connection points, the cost outcome and the credibility
of the resulting clusters.

The results should not be interpreted as an exact infrastructure plan for Cluster 6. Instead, they show
how different clustering choices create different trade-offs. A technically attractive clustering configuration
may not automatically be the most practical one if it requires many backbone connections, lacks anchor-
demand firms or does not contain enough demand to justify a collective connection.

8.1 Interpretation of the Main Results

The results show a clear trade-off between many small clusters and fewer large clusters. When only the
internal ONLT network costs are considered, a more detailed clustering configuration performs better. In
this case, the lowest internal network cost is found at 70 clusters. This result is logical, because smaller clus-
ters reduce the distance between companies within each cluster. Shorter internal distances lead to shorter
internal pipeline networks and therefore lower internal network costs.

However, this internal-cost optimum does not by itself determine the most useful clustering configuration.
A configuration with many clusters also creates more collective connection points to the hydrogen backbone.
Once T-junction costs are included, the cost advantage of highly detailed clustering decreases. Under the
tested connection-cost assumptions, the preferred configuration shifts from 70 clusters towards 34 clusters.
When T-junction costs become even higher, the preferred configuration shifts further towards 25 clusters.

The actor-informed and threshold analyses add another layer to this interpretation. A cluster is more
credible when it contains anchor-sector firms, because these firms have a stronger expected role for hydrogen
and may be more likely to support collective infrastructure development. At the same time, anchor presence
alone is not sufficient. A cluster also needs enough demand scale to make a collective connection economically
plausible.

This means that the preferred clustering configuration cannot be selected on the basis of network cost
alone. Internal network cost, the number of backbone connection points, anchor-sector presence and de-
mand scale all play an important role. For Cluster 6, the configuration with 34 clusters provides a relevant
middle ground. It reduces the number of connection points compared to 70 clusters, while still keeping
internal transport distances relatively limited. It also performs better from an actor-informed perspective
because most clusters contain anchor-demand firms.

The result does not mean that 34 clusters is the exact final solution for future hydrogen infrastructure
planning. Rather, it shows that a medium level of aggregation can provide a more useful planning basis than
either highly detailed site-level clustering or very coarse regional aggregation. The final choice requires a
trade-off between spatial efficiency, connection costs and the credibility of the underlying hydrogen demand.

8.2 The Role of T-junction Costs

The analysis also shows that T-junction costs are an important factor in hydrogen infrastructure planning.
Without these costs, the model mainly favours configurations with short internal distances. Once connection
costs are included, the number of clusters becomes much more important. This changes the interpretation
of the results.

This is relevant because the connection between Cluster 6 clusters and the hydrogen backbone will probably
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not be free or standardised. Connection costs may differ by location, required capacity, technical complexity
and the distance to the backbone. The exact cost of a T-junction is uncertain, which means that the results
should not be interpreted as exact investment estimates. Instead, the T-junction analysis should be seen as
a sensitivity analysis. It shows how strongly the preferred clustering configuration depends on assumptions
about connection costs.

The results indicate that infrastructure planning for dispersed demand should not only focus on the cost of
internal pipelines. Even if a network layout is efficient within a cluster, it may still become less attractive
when every cluster requires a separate connection to the backbone. This is especially important for Clus-
ter 6, because the companies are spread across the country and do not naturally form a few large industrial
demand centres.

8.3 Actor-informed Interpretation of the Results

A second important finding is that a low-cost cluster is not automatically a credible cluster. The actor
analysis showed that Cluster 6 firms differ strongly in their expected role for hydrogen. Some sectors, such
as specialty chemicals, metallurgy, glass and ceramics, have a stronger technical reason to use hydrogen.
These sectors were labelled as anchor demand. Other sectors, such as food processing, paper and cardboard,
waste processing, data centres and onshore oil and gas, have more uncertain hydrogen demand and were
labelled as marginal demand.

This distinction matters when interpreting the clustering results. A cluster that contains at least one
anchor-sector company is more likely to represent a credible collective hydrogen connection point. Such a
company may provide stronger demand, more technical need and a clearer reason to participate in hydrogen
infrastructure development. A cluster that only contains marginal-demand firms may still have estimated
hydrogen demand, but this demand is more uncertain. These firms may choose electrification or other de-
carbonisation routes instead.

From this perspective, the 34-cluster configuration is stronger than the 70-cluster configuration. The 70-
cluster configuration creates more detailed spatial clusters, but also includes more clusters without anchor-
sector companies. These clusters may be harder to organise and may have less credible demand for a collective
hydrogen connection. The 34-cluster configuration contains anchor-demand companies in almost all clusters.
This makes it more credible from an implementation perspective.

The actor-informed results therefore support the idea that clustering should not only be assessed with
technical and cost indicators. It should also be assessed by looking at the type of companies within each
cluster. For implementation, a cluster needs more than a low network cost. It also needs credible demand,
coordination potential and firms that have a realistic reason to use hydrogen.

8.4 Practical Implications

The results have practical implications for Hynetwork, Stichting Cluster 6, regional authorities and poli-
cymakers. First, they suggest that Cluster 6 should not be approached only as a collection of individual
sites. Connecting companies one by one would probably lead to many separate connection points, which can
become expensive and difficult to coordinate.

At the same time, the results also show that very strong aggregation is not always desirable. If too many
companies are grouped into a small number of large clusters, internal transport distances increase. This can
make the internal network more expensive and less realistic. A medium level of regional clustering appears
to be more useful, because it combines demand bundling with manageable internal distances.

For Stichting Cluster 6 and regional authorities, the results can help identify where collective connection

planning may be most promising. Clusters with sufficient demand, reasonable internal distances and at least
one anchor-sector company are likely to be stronger starting points for further investigation. These clusters
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could be prioritised in discussions with Hynetwork and policymakers.

For Hynetwork, the results show that dispersed industrial demand can become more actionable when it
is presented as regional clustered demand instead of separate company-level demand points. This can help
reduce uncertainty about where collective connection points may be located. However, the results also show
that connection planning depends strongly on assumptions about T-junction costs and minimum demand
thresholds. More transparency about these conditions would make it easier for Cluster 6 companies to assess
whether collective hydrogen connections are realistic.

8.5 Validation of the Results

Given additional time and access to more detailed data, the results could be validated through a combination
of empirical, expert-based and methodological validation.

First, the estimated hydrogen demand could be compared with company-specific data on natural gas con-
sumption, production capacity and decarbonisation plans. Interviews or workshops with Cluster 6 compa-
nies and sector associations could be used to determine whether the estimated demand and the anchor and
marginal classifications reflect their actual expectations regarding hydrogen use.

Second, the spatial clustering results could be reviewed with Stichting Cluster 6, Hynetwork and regional
authorities. These actors could assess whether the identified clusters represent realistic regional collabora-
tions and whether the proposed connection areas are compatible with existing infrastructure plans, industrial
relationships and spatial constraints.

Third, the network and cost results could be compared with detailed engineering estimates for a selec-
tion of representative clusters. This would allow the assumed pipeline costs, T-junction costs and backbone
connection distances to be tested against more location-specific information.

Finally, the robustness of the results could be assessed by applying alternative clustering methods and
demand assumptions. Comparing k-means with hierarchical, demand-weighted or network-constrained clus-
tering would show whether the main trade-off between internal network costs and backbone connection costs
remains consistent across different modelling approaches.

Together, these validation steps would help determine whether the identified configurations are not only
internally consistent within the model, but also technically, economically and institutionally plausible in
practice.

8.6 Limitations

Several limitations should be considered when interpreting the results. First, hydrogen demand is estimated
using available sector-level information on natural gas use and assumed hydrogen substitution rates. This
provides a useful approximation of potential hydrogen demand, but it does not capture company-specific
production processes, investment plans, operating conditions or decarbonisation strategies. Actual hydrogen
demand may therefore differ from the estimated demand used in this study.

A related limitation concerns the resolution of company-level demand. Due to limited availability of site-
specific energy consumption data, companies within the same sector are represented using the same estimated
hydrogen demand. This means that differences in plant size, production capacity, operating hours and pro-
cess heat requirements are not captured. For example, a large paper mill and a smaller paper producer may
be represented as identical demand nodes if they belong to the same sector.

This simplification affects more than the demand estimate itself. It also propagates into the clustering results,

the estimated network capacities and the threshold sensitivity analysis. Clusters with several smaller firms
may therefore appear more credible than they would be in practice, while clusters containing one or more
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large industrial sites may be underestimated. The results should therefore be interpreted as a sector-level
approximation of potential hydrogen demand rather than as a company-specific demand forecast.

Second, the substitution rates are assumptions. They are based on sector-level reasoning about hydro-
gen relevance and alternative decarbonisation options. However, future hydrogen use depends on many
uncertain factors, including hydrogen prices, electricity prices, policy support, technology development and
company-specific investment decisions. The substitution rates should therefore not be interpreted as predic-
tions, but as indicative assumptions used to compare clustering configurations under a consistent modelling
approach.

Third, the clustering method simplifies reality. K-means clustering groups companies based on geographic
proximity, but it does not account for all practical routing constraints. Real infrastructure development
would also depend on land use, existing pipeline corridors, permitting, safety zones, environmental con-
straints and local spatial planning. These factors are not included in the clustering model.

In addition, other clustering methods could lead to different spatial groupings. Hierarchical clustering
could show how individual sites merge into larger regional groups at different aggregation levels. DBSCAN
could identify dense industrial regions without predefining the number of clusters, although it may clas-
sify remote sites as outliers. Demand-weighted or capacitated clustering could account more directly for
hydrogen demand volumes and minimum demand thresholds. Network-constrained clustering could also
include existing infrastructure corridors, routing constraints and distance to the hydrogen backbone. Future
research could compare these methods to test how sensitive the results are to the chosen clustering algorithm.

Fourth, the ONLT provides tree-like network layouts without redundancy. This is useful for comparing
cost-efficient network structures, but it does not include backup routes or security-of-supply requirements.
In real infrastructure planning, redundancy and reliability may be important, especially for industrial users
that require continuous hydrogen supply. The model therefore provides insight into cost-minimising network
structures, but not into fully resilient infrastructure designs.

Fifth, T-junction costs are uncertain. The analysis uses a range of assumed connection costs to test the
sensitivity of the results, but these values are not exact project estimates. Actual costs may differ strongly
between locations depending on technical complexity, capacity requirements, pressure levels, available space,
permitting conditions and the distance to suitable backbone connection points.

Sixth, the euro conversion relies on a fixed 20-inch pipeline diameter and a single ONLT-to-euro conver-
sion factor. This makes the ONLT results easier to interpret in monetary terms, but it also simplifies
the actual design problem. In practice, pipeline diameters would differ between clusters depending on hy-
drogen demand, required capacity, pressure levels, routing conditions and future expansion needs. The
euro-equivalent costs should therefore be interpreted as indicative order-of-magnitude estimates rather than
detailed engineering cost estimates.

Finally, the actor-informed classification simplifies real company behaviour. Labelling firms as anchor or
marginal demand helps to interpret the clustering results, but firms within the same sector can still differ
substantially. Some marginal-sector firms may become strong hydrogen users, while some anchor-sector firms
may delay or avoid hydrogen investment. The classification should therefore be seen as an interpretation
tool rather than as a fixed prediction of company behaviour.
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9 Conclusions

This thesis investigated how spatial clustering of dispersed industrial hydrogen demand affects transport
infrastructure design and cost. The focus was on Cluster 6 companies in the Netherlands and their possible
connection to the national hydrogen backbone. These companies are spread across the country and are not
automatically included in the current backbone planning. This creates a challenge, because individual sites
may be too small or too remote to justify a separate connection, while their combined demand may still be
relevant for collective hydrogen infrastructure.

To study this problem, company-level demand was estimated, Cluster 6 firms were spatially clustered using
K-means, and the resulting clusters were analysed with the Optimal Network Layout Tool. Connection costs
to the hydrogen backbone were added through T-junction cost configurations. Finally, the results were in-
terpreted with actor-informed demand labels, distinguishing between anchor-demand and marginal-demand
firms.

9.1 Answering the Research Questions

9.1.1 How can dispersed industrial demand within Cluster 6 be spatially clustered into rep-
resentative regional groups?

Dispersed industrial demand within Cluster 6 can be clustered by using the geographic location of individual
companies as input for K-means clustering. By varying the number of clusters, different levels of spatial
aggregation can be created. Lower values of k result in fewer and larger regional clusters, while higher values
of k result in more detailed clusters with shorter internal distances.

The clustering approach makes it possible to transform a dispersed set of company-level demand points
into regional demand groups. This is useful because the national hydrogen backbone is unlikely to connect
every individual Cluster 6 site separately. By grouping nearby companies, demand can be bundled into more
visible and potentially more credible regional connection points.

However, the results also show that clustering should not be interpreted only as a mathematical group-
ing exercise. The actor-informed classification is needed to understand whether the clusters contain credible
hydrogen demand. Clusters that include anchor-sector companies are more relevant for collective connection
planning than clusters that mainly depend on marginal-demand firms.

9.1.2 How do different clustering configurations affect the spatial structure, connection re-
quirements and feasibility of Cluster 6 hydrogen networks?

Different clustering configurations strongly affect the spatial structure of the resulting Cluster 6 hydrogen
networks. Configurations with a higher number of clusters create more localised networks with shorter in-
ternal transport distances, but they also require more separate connection points to the national hydrogen
backbone. In contrast, configurations with fewer clusters reduce the number of required backbone connec-
tions, but increase the internal distances over which demand must be bundled.

The results show that this creates a clear trade-off. When only internal network cost is considered, a
more disaggregated configuration is preferred, because shorter internal pipeline distances reduce the ONLT
network cost. However, when T-junction costs are included, configurations with many clusters become less
attractive because each additional cluster may require an additional connection to the backbone. This shifts
the preferred configuration towards fewer, larger clusters.

The analysis therefore shows that clustering affects not only the layout of the regional network, but also
the number and credibility of backbone connection points. The results do not provide detailed hydraulic
capacity sizing. Instead, connection requirements are interpreted through the number of clusters, the spatial
distribution of connection points and the demand credibility of each cluster. From this perspective, the
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medium-level clustering configuration provides the most useful balance between internal network length,
connection cost and actor-informed feasibility.

9.1.3 What is the relationship between cluster configuration and total infrastructure cost,
and at what point do additional clusters yield diminishing returns?

The relationship between cluster configuration and total infrastructure cost depends on whether only internal
network costs are considered or whether backbone connection costs are also included. When only internal
ONLT network costs are included, a more detailed clustering configuration performs best. In this case, the
lowest internal network cost is found at 70 clusters. This is because smaller clusters reduce the internal
distances between companies.

However, this changes when T-junction costs are added. Every additional cluster may require an addi-
tional connection to the hydrogen backbone. This means that configurations with many clusters become
more expensive once connection costs are included. Under the tested T-junction cost assumptions, the pre-
ferred configuration shifts from 70 clusters towards 34 clusters. When T-junction costs become higher, the
preferred configuration shifts further towards 25 clusters.

This shows that additional clusters only reduce costs up to a certain point. After that point, the reduction
in internal network cost no longer compensates for the extra cost of additional backbone connections. For
Cluster 6, the results indicate that a medium level of aggregation gives the best balance between internal
network cost and connection cost.

9.1.4 How does spatial clustering of dispersed industrial hydrogen demand affect transport
infrastructure design and cost?

The central research question can be answered as follows. Spatial clustering strongly affects both the design
and cost of hydrogen infrastructure for dispersed industrial demand. It changes the internal network length,
the number of required backbone connections and the total infrastructure cost.

A highly detailed clustering configuration is attractive from the perspective of internal network design,
because it keeps companies close together within each cluster. However, it also creates many potential
connection points to the hydrogen backbone. A strongly aggregated configuration reduces the number of
backbone connections, but creates longer internal networks. The most useful solution is therefore found
between these two extremes.

For Cluster 6, the results show that the configuration with 34 clusters is a relevant practical outcome.
It reduces the number of connections compared to the 70-cluster configuration, while still keeping internal
distances acceptable. It also performs better from an actor-informed perspective, because almost all clusters
contain at least one anchor-demand firm. This makes the configuration more credible for collective hydrogen
connection planning.

9.2 Final Conclusion

The main conclusion of this thesis is that the connection of Cluster 6 to the Dutch hydrogen backbone should
not be approached as a purely technical routing problem. It is also a question of how dispersed demand is
grouped and which companies are likely to support collective hydrogen infrastructure.

Spatial clustering has a clear influence on infrastructure design and cost. More detailed clustering reduces
internal network distances, but increases the number of required backbone connections. Stronger aggrega-
tion reduces the number of connections, but increases internal transport distances. When T-junction costs
and actor feasibility are included, a medium level of aggregation becomes more relevant than the purely
internal-cost optimum.

For the case of Cluster 6, this means that regional clustering can help create credible collective demand
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for hydrogen infrastructure. The most promising clusters are those with reasonable internal distances, suffi-
cient bundled demand and anchor-sector companies. Spatial clustering is therefore not only a modelling tool,
but also a way to support the integration of dispersed industrial demand into the future Dutch hydrogen
system.
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10 Recommendations

Based on the conclusions of this thesis, several recommendations can be made for future hydrogen infras-
tructure planning for Cluster 6 and for further research. The recommendations focus on improving the
practical use of the clustering approach, reducing uncertainty in the model inputs and making the results
more suitable for real infrastructure planning.

10.1 Recommendations for Practice

First, Cluster 6 demand should be assessed through regional clusters rather than through individual com-
pany connections. The results show that connecting companies one by one would lead to many separate
backbone connections, which can become expensive and difficult to coordinate. At the same time, grouping
all companies into only a few large regions increases internal transport distances. Therefore, a medium level
of spatial aggregation should be used as a starting point for further planning.

Second, clusters should not only be selected based on cost. The actor-informed analysis shows that the
type of companies within a cluster is also important. Clusters with at least one anchor-sector company are
more credible, because these firms have a stronger expected role for hydrogen and are more likely to sup-
port collective infrastructure development. Stichting Cluster 6, Hynetwork and regional authorities should
therefore prioritise clusters that combine sufficient demand, reasonable internal distances and the presence
of anchor-sector firms.

Third, the configuration with 34 clusters should be used as a practical starting point for further investi-
gation. This does not mean that 34 clusters is the final or exact infrastructure design. Instead, it provides
a useful balance between internal network cost, number of backbone connection points and actor-informed
feasibility. The 34-cluster configuration can therefore be used to identify promising regions for more detailed
technical, economic and institutional analysis.

Fourth, more clarity is needed about the costs and requirements of connecting to the hydrogen backbone.
The results show that T-junction costs have a large influence on the preferred clustering configuration. If
connection costs are low, more detailed clustering becomes attractive. If connection costs are high, fewer
and larger clusters become more favourable. Hynetwork and policymakers should therefore provide more
transparent information about connection procedures, cost ranges and minimum demand requirements. This
would help Cluster 6 companies assess whether collective connections are realistic.

Fifth, regional coordination should be strengthened. Even when a cluster appears technically and econom-
ically promising, a collective connection will only be possible if companies, regional authorities, Stichting
Cluster 6 and Hynetwork coordinate their plans. Regional authorities can play an important role in bringing
companies together, supporting spatial planning and linking hydrogen infrastructure to broader regional
energy strategies.

10.2 Recommendations for Future Research

First, future research should use more detailed company-specific energy data. In this thesis, hydrogen de-
mand is estimated using sector-level natural gas consumption and substitution rates. This provides a useful
first approximation, but it does not capture the specific processes, energy use and investment plans of indi-
vidual companies. More detailed data would improve the accuracy of the demand estimates and make the
clustering results more reliable.

Second, future research should compare different clustering methods. This thesis uses K-means cluster-
ing because it provides a clear and consistent way to compare different values of k. However, K-means tends
to create compact clusters around centroids and requires the number of clusters to be chosen in advance.
Other methods could produce different spatial groupings. Hierarchical clustering could show how individual
sites merge into larger regional groups at different aggregation levels. DBSCAN could identify dense indus-
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trial regions without predefining the number of clusters, although it may classify remote sites as outliers.
Demand-weighted or capacitated clustering could account more directly for hydrogen demand volumes and
minimum demand thresholds. Network-constrained clustering could include existing infrastructure corri-
dors, routing constraints and distance to the hydrogen backbone. Comparing these methods would show
how sensitive the results are to the chosen clustering algorithm.

Third, future studies should include more detailed spatial routing. The current model uses spatial clus-
tering and network optimisation, but does not fully include real-world routing constraints such as existing
pipeline corridors, land use, waterways, railways, roads, safety zones, permitting issues and protected areas.
Including these factors would make the resulting network layouts more realistic for implementation.

Fourth, future research should improve the pipeline cost estimation. In this thesis, the euro conversion
is based on a fixed 20-inch pipeline diameter. This makes the ONLT results easier to interpret in monetary
terms, but it simplifies the actual design problem. In practice, pipeline diameter would depend on demand
volume, required capacity, pressure level, route characteristics and future expansion needs. Future research
could use diameter-specific cost functions or hydraulic modelling to estimate pipeline sizes and costs more
accurately for each cluster.

Fifth, T-junction costs should be studied in more detail. This thesis treats T-junction costs as a sensitivity
parameter because exact connection costs are uncertain. More detailed cost information from Hynetwork or
comparable infrastructure projects would make it possible to replace broad assumptions with more specific
estimates. This would improve the reliability of the total cost comparison between clustering configurations.

Sixth, the actor-informed classification should be validated through interviews. The distinction between
anchor-demand and marginal-demand firms is useful for interpreting the results, but it is based on sector-level
reasoning. Interviews with Cluster 6 companies, branch associations, Hynetwork and regional authorities
could provide more insight into actual willingness to participate in collective hydrogen connections.

Seventh, future research should compare pipeline connections with other hydrogen supply options. Some
dispersed or low-demand clusters may not justify a direct pipeline connection to the backbone. For these
clusters, truck delivery, local electrolysis or other hydrogen carriers may be more suitable. Comparing these
options would make it possible to identify which clusters are suitable for pipeline infrastructure and which
clusters require alternative supply solutions.

Finally, future research should study the development of Cluster 6 hydrogen infrastructure over time. Hy-
drogen demand, supply and infrastructure availability will not develop all at once. A staged development
model could show which clusters should be connected first and how the network could expand when demand
becomes more certain. This would make the results more useful for long-term planning and investment
decisions.
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A Anchor-informed Comparison of K-means Seed Runs
This appendix reports the anchor-informed comparison of the tested K-means seed runs for the two selected
clustering configurations. For each seed, the table reports the total ONLT network length, total ONLT cost,

the number of clusters without anchor-sector firms and the number of anchor-supported clusters.

Table 11: Anchor-informed seed comparison for k = 34.

Seed Network length (km) ONLT cost Clusters without anchors  Anchor-supported clusters

38 1273.93  763,075.13 1 33
25 1295.82  770,368.93 1 33
20 1319.46  773,598.71 0 34
41 1294.22  774,162.89 2 32
33 1319.98  777,975.83 0 34
42 1297.96  780,882.82 2 32
10 1313.69  781,585.85 0 34
39 1300.76  781,805.11 1 33
12 1307.26  782,552.95 1 33
47 1310.32  782,974.83 1 33

4 1312.55  783,770.29 2 32
48 1315.82  785,034.36 2 32
11 1314.75  785,751.89 2 32
14 1331.77  785,905.96 2 32
46 1341.34  786,010.10 1 33
36 1331.76  786,249.22 0 34

1 1311.41  787,081.89 3 31
40 1319.71  787,203.05 2 32
24 1303.68  788,549.60 1 33

0 1308.68  789,300.40 2 32
13 1321.56  790,139.95 3 31

6 1322.78  790,248.83 1 33
15 1324.25  790,512.13 2 32

3 1341.09  791,121.93 0 34
49 1326.34  792,572.21 2 32
35 1323.05  793,006.82 2 32
21 1340.17  793,639.31 1 33

2 1331.41  793,667.90 2 32
17 1335.96  794,826.99 3 31
30 1321.55  795,183.83 1 33
29 1339.52  796,612.60 2 32
19 1345.61  796,627.55 0 34
32 1356.76  798,463.25 0 34
18 1351.14  798,652.82 1 33
16 1332.70  798,882.28 1 33
31 1344.28  799,322.36 1 33
23 1307.65  799,431.26 1 33
22 1349.21  800,789.49 2 32

Continued on next page
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Seed Network length (km) ONLT cost Clusters without anchors — Anchor-supported clusters
34 1338.06  802,231.93 0 34
37 1355.57  802,897.33 2 32
27 1338.83  804,332.36 1 33
44 1357.13  804,699.58 2 32

8 1361.47  805,101.44 1 33
5 1364.58  807,275.47 2 32
9 1342.29  809,019.72 2 32
28 1351.80  809,045.23 3 31
26 1355.96  809,155.15 3 31
7 1365.47  818,104.02 2 32
43 1390.41  818,287.78 2 32
45 1376.50  820,710.59 3 31
Table 12: Anchor-informed seed comparison for k& = 70.

Seed Network length (km) ONLT cost Clusters without anchors — Anchor-supported clusters

42 1292.59  743,681.22 19 51

6 1297.16  749,008.64 19 51
40 1315.67  749,625.42 19 51
15 1306.59  750,554.48 19 51
18 1324.11  751,510.19 21 49
19 1319.73  753,930.44 20 50
21 1336.55  757,868.89 20 50

3 1349.77  758,590.50 19 51

1 1337.70  759,361.29 20 50

0 1342.73  760,098.90 18 52
49 1336.57  761,270.49 18 52
26 1334.02  762,090.83 22 48
39 1332.25  762,194.55 18 52
14 1349.19  762,596.55 19 51
38 1354.46  763,839.60 19 51
41 1344.60  764,361.51 18 52
30 1360.02  764,435.69 20 50

2 1342.21  764,537.80 19 51
27 1353.33  765,420.39 19 51
34 1345.46  765,595.71 18 52
17 1350.01  765,780.13 19 51
22 1349.47  766,434.69 19 51
46 1353.17  766,578.06 18 52

7 1355.78  766,765.80 20 50
29 1356.40  767,011.10 18 52
13 1350.92  767,818.85 18 52
28 1366.31  767,830.46 20 50

Continued on next page
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Seed Network length (km) ONLT cost Clusters without anchors — Anchor-supported clusters
45 1368.23  768,742.87 18 52
16 1357.52  768,833.09 19 51
31 1375.39  769,274.76 17 53
10 1362.29  769,283.24 19 51

8 1365.79  769,628.38 20 50
23 1361.26  770,385.89 18 52
44 1375.10  770,403.60 19 51
20 1371.50  770,682.07 21 49
35 1369.26  771,027.53 21 49
43 1368.51  772,643.62 19 51
47 1380.45  773,421.01 20 50

9 1374.96  773,442.74 18 52
32 1375.57  774,046.57 17 53
12 1386.53  776,458.44 18 52

5 1385.77  777,666.24 20 50
48 1384.57  777,868.28 18 52
24 1383.17  777,900.35 19 51

4 1386.86  777,941.06 18 52
36 1382.86  778,559.68 18 52
11 1396.19  779,368.07 18 52
33 1388.76  779,680.05 19 51
37 1401.51  782,070.18 18 52
25 1427.44  787,194.45 18 52
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