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Navigating the North Sea transition!

For centuries, the North Sea has been a source of economic strength, ecological richness, and
international cooperation. Always subject to change, yet steadfast as a connector of nations,
cultures, and economies. Today, it once again takes center stage—this time as a lighthouse region
for the transition to a sustainable, affordable, and reliable energy system. The North Sea Energy
program marks an important step in this development.

North Sea Energy is a dynamic research program centered around an integrated approach to
the offshore energy system. Its aim is to identify and assess opportunities for synergies between
multiple low-carbon energy developments at sea: offshore wind, marine energy, carbon capture
and storage (CCS), natural gas, and hydrogen. At the same time, the program seeks to strengthen
the carrying capacity of our economy, society, and nature.

The offshore energy transition is approached from various perspectives: technical, ecological,
societal, legal, regulatory, and economic. Our publications provide an overview of the strategies,
innovations, and collaborations shaping the energy future of the North Sea. They reflect the joint
efforts of companies, researchers, and societal partners who believe in the unique potential of
this region as a hub for renewable energy and innovation.

What makes this program truly distinctive is not only its scale or ambition, but above all the
recognition that we are operating in a dynamic field of research. The energy transition is not

a fixed path, but a continuous process of learning, adapting, and evolving. New technologies, a
dynamic natural environment, shifting policy frameworks, and changing societal insights demand
flexibility and vision. Within this program, we work together to ensure that science and practice
reinforce one another.

This publication is one of the results of more than two years of intensive research, involving
over forty (inter)national partners. This collaboration has led to valuable insights and concrete
proposals for the future of the energy system in and around the North Sea. All publications and
supporting data are available at: https://north-sea-energy.eu/en/results/

We are deeply grateful to all those who contributed to the realization of this program. In
particular, we thank our consortium partners, the funding body TKI New Gas, the members of the
sounding board, the stakeholders, and the engaged public who actively participated in webinars
and workshops. Their input, questions, and insights have enriched and guided the program.

At a time when energy security, climate responsibility, and affordability are becoming
increasingly urgent, this work offers valuable insights for a broad audience—from policymakers
and professionals to interested citizens. The challenges are great, but the opportunities are
even greater. The North Sea, a lasting source of energy, is now becoming a symbol of sustainable
progress.

With these publications, we conclude an important phase and look ahead with confidence to the
next phase of the North Sea Energy program. In this new phase, special attention will be given to
spatial planning in the North Sea, European cooperation, and the growing importance of security
in the energy system of the future.
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Material, in particular, metals play a central role in successfully building Europe’s clean
energy technology and digital technology value chains and meeting the EU’s 2050 climate-
neutrality goals. The North Sea has a significant role to play to achieve the EU’s energy
demand. The nine countries participating in the North Seas Energy Cooperation (NSE-C) have
set a target of 76 GW by 2030, 193 GW by 2040 and 260 GW of offshore wind by 2050. These
targets accounts for a deployment of at least 6 GW per annum, a significant step up from the
current 3.4 GW/year. This study offers an initial assessment of the anticipated material
demand for energy technologies and infrastructure in the North Sea through 2050. The study
also assesses which bottlenecks might arise to meet the material demand.

To model the material flows associated with the energy technologies and infrastructure in
the North Sea up to 2050 a stock-driven dynamic stock model (DSM) is used. The analysis
includes the following technologies: offshore wind power, offshore natural gas, offshore
floating solar, offshore hydrogen production, and carbon capture utilization and storage.

The results of the DSM show that the demand for materials is projected to rise significantly
between 2020 and 2050. Material outflows from energy technologies reaching end-of-life are
considerably lower than the inflows required to meet the demand for new technologies. In a
hypothetical scenario where the North Sea energy system operates as a fully circular
economy, the secondary materials generated would still cover only a fraction of total
material demand. Consequently, reliance on primary materials or secundary materials from
outside the NSE system will remain substantial. Furthermore, a significant amount of critical
raw materials (CRMs) is required. CRMs are essential materials with high economic
importance and significant supply risks, vital for industries like renewable energy, digital
technologies, and defense, and often facing challenges in sustainable sourcing and recycling.

Most (refined) critical raw materials are concentrated in a limited number of countries,
creating significant risks of supply disruptions due to geopolitical tensions, export
restrictions, or environmental issues. The EU’s Critical Raw Material Act aims to mitigate
these risks by enhancing mining, refining, and recycling capacities in Europe while
diversifying import sources. However, if demand for certain materials grows rapidly
outpacing supply, market dynamics could still lead to significant price increases, causing
supply chain disruptions and manufacturing delays. This scenario may prompt industries to
intensify efforts to explore alternative materials or technologies that rely less on scarce
resources. However, it is unlikely that these alternatives can be produced at sufficient scales
in the short term to replace existing technologies.

For the North Sea energy system to achieve its deployment targets, a continuous balancing
act will be required between the cost, efficiency, and availability of energy technologies and
infrastructure. It is recommended to regularly assess risk, vulnerabilities and dependencies
associated with supply disruptions, geopolitical factors, and market fluctuations to inform
decision-making. Additionally, it is recommended to develop and build out strategic
partnerships with a diverse range of key suppliers across various countries, and to explore
partnership with emerging producers of low-CRM energy technologies.
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“North Sea Energy is a public-private research programme, which benefits from the
cooperation of almost 40 international parties from the energy value chain. These parties are
active in and around the North Sea. The programme was launched in 2017 and investigates
the North Sea’s potential for an integrated energy system. The North Sea Energy programme
consists of several research projects at the heart of which is an integral approach to the
energy system and its benefits.” !

One of the research projects (within work package 4) focusses on assessing the
environmental impacts of the energy technologies and infrastructure to be deployed in the
North Sea. In the last years, carbon footprint analysis has already been conducted for several
energy technologies using life-cycle assessment (LCA). These assessments included: offshore
wind, offshore natural gas, green/blue/grey hydrogen (Hauck, 2020), and offshore structures
(Hauck et al., 2022). In 2024, additional life-cycle assessments have been conducted for
floating solar and decentral hydrogen. These assessments focus on single technological units
and mainly emissions and energy consumption whereas this research focusses on the total
material demands as a bottleneck to affect feasibility of building a low-carbon energy system.

This research builds upon these life-cycle assessments to model to the material flows
associated with the expected energy technology and infrastructure deployment in the North
Sea.

Metals play a central role in successfully building Europe’s clean energy technology and
digital technology value chains and meeting the EU’s 2050 climate-neutrality goals. Recent
geopolitical events, energy price volatility, regulatory changes, and financial market
conditions have underscored Europe's and the Netherlands' lack of resilience in meeting this
growing demand for critical raw materials (CRMs) and strategic raw materials (SRMs). This
issue has become a strategic concern, as reflected in the EU's Critical Raw Materials Act and
the Dutch "Nationale Grondstoffenstrategie".

Action is needed to avoid supply chain bottlenecks by the end of this decade. For Europe to
become resilient, insights into vulnerable value chains related to the supply and demand of
CRMs and SRMs for key sectors is needed. This research focusses on filling a knowledge gap
on the demand side of CRMs and SRMs for the energy technology sector. Within the energy
technology sector, the North Sea has a significant role to play to achieve the EU’s energy
demand. The nine countries participating in the North Seas Energy Cooperation (NSE-C) have
set a target of 76 GW by 2030, 193 GW by 2040 and 260 GW of offshore wind by 2050. These
targets accounts for a deployment of at least 6 GW per annum, a significant step up from the
current 3.4 GW/year. The North Sea will account for a large fraction of the total EU offshore

1 North Sea Energy (north-sea-energy.eu). About us. Retrieved: 21-10-2024.



https://north-sea-energy.eu/en/about-us/

5o0f 35

energy capacity which is aimed at 88 GW in 2030 and 360 GW in 20502. Furthermore, the
North Sea energy system will be critical in achieving the EU’s minimum target of a 42.5%
share or renewable energy in 2030, up from 24.1% in 20233,

The goal of this study is twofold:

Assess the material demand of energy technologies and infrastructure deployment in the
North Sea up to 2050.
Assess which bottlenecks might arise for timely energy transition in the North Sea related
to materials demand.

2 Offshore renewable energy. Retrieved at 23-12-2024.
3 Share of energy consumption from renewable sources in Europe. Retrieved at 23-12-2024.



https://energy.ec.europa.eu/topics/renewable-energy/offshore-renewable-energy_en
https://www.eea.europa.eu/en/analysis/indicators/share-of-energy-consumption-from
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This chapter contains a description of the methods used to achieve the research goals. The
chapter is divided into a description of the scope (2.1), an explanation of dynamic material
flow analysis (2.2) and criticality assessments (2.3), a detailed description of data collection
and processing (2.4), and a description of the model and its data flows (2.5).

The following sections outline the key aspects of the material flow analysis, including system
boundaries, geographic scope, temporal scope, technologies, and materials considered in
this study.

System boundaries: the material flow analysis focus solely on the material inflow due to
construction activities, stock accumulation and material outflow due to demolition
activities. Material flows related to repair activities are excluded in this iteration of the
research.

Geographic: the spatial scope is governed by the North Sea countries, which include
Belgium, Denmark, France, Germany, the Netherlands, Norway, Sweden, and the United
Kingdom.

Temporal: the material flow analysis covers 2023-2050 with yearly intervals for
construction and demolition.

Technologies: the technical scope includes most offshore energy commaodities (natural
gas, electricity, hydrogen and CO2) and with it their main marine energy assets including
natural gas production, wind energy, floating solar, offshore energy storage, CO2
transport and storage, including the infrastructure for landfall of these commodities.
Table 2.1 provides an overview of each technology, and their components included in the
analysis.

Materials: all CRMs, SRMs and bulk materials associated with the technologies and
components are included in the analysis. Several other materials, such as chemicals, are
present in the material intensity data, but are not reported on in detail in this study. Table
2.2 shows a qualitative overview of the materials included in the analysis and which
technologies contain them.
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Offshore wind turbines harness wind energy from oceanic
environments, benefiting from stronger and more consistent wind
patterns. They vary in size, capacity, and mounting, all of which impact
the material required per unit of produced power.

Internal array cabling in offshore wind power systems refers to the
network of cables that connect individual wind turbines within a wind
farm.

External cabling connects the offshore wind park to the onshore grid,
transmitting electricity over long distances. Connection to consumers
within the North Sea, e.g., hydrogen platforms, were not considered.

Platforms support drilling and production operations, engineered to
withstand harsh marine environments. They are predominantly made
of steel. Efforts to remove out-of-service platforms from the sea
started in the last couple of years.

Offshore wells are drilled through the seabed to extract natural gas or
oil, often reaching depths of several thousand meters. These wells are
designed to ensure efficient and safe resource extraction and are
therefore resource intense components.

Pipelines transport natural gas or oil from offshore wells to onshore
facilities or connect gas networks between countries. The existing
pipeline network in the North Sea spans several tens of thousands of
kilometres.

Floating solar systems consist of photovoltaic modules, including the
solar cells, frames, and junction boxes. These systems can be mounted
on various floating structures, impacting their resource efficiency. It
was assumed that all solar panels are mounted on steel structures high
above the sea level.

Electrolysers split water into hydrogen and oxygen using electricity.
These systems consist of electrodes, membranes, and power supply
units.

Electrolysers will be placed on several platforms throughout the North
Sea close to wind parks which can produce the electricity for the
hydrogen production.

Pipelines transport the hydrogen from offshore production facilities to
shore and connect the future hydrogen networks of countries. Several
gas pipelines will be repurposed for the transport of hydrogen.

Carbon dioxide produced by industry will be stored in old oil and gas
fields. Compressors and pumps will generate the necessary pressure to
inject the CO, into these geological formations.

New wells will be drilled to reach former oil and gas fields. Those wells
can be several thousand meter deep.

Pipelines will be built to transport CO, from carbon emitting onshore
industry to the storage facilities offshore.
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Table 2.2 Material scope

Material Category Offshore Offshore Floating solar| Offshore Carbon
wind power |natural gas hydrogen capture and

production storage

Activated Other X

carbon

Aluminium |CRM X X X X X

Baryte CRM X X

Bentonite Other X X

Bitumen Other X

Boron CRM, SRM X

Cement Other X X

Chemicals Other X X X X X

Concrete Bulk X X X

Copper CRM, SRM X X X X X

Dysprosium | CRM X

Fluoride Other X

Glass Bulk X X

Iridium CRM X

Iron/steel Bulk X X X X X

Lead Metal X X

Lignite Other X X

Natural Other X

Rubber

Neodymium | CRM X

Paper Other X

Plastic Bulk X X X

Platinum CRM, SRM X

Silicon metal | CRM, SRM X X X X

Stone Other X

Tin Metal X

Titanium CRM, SRM X X

metal

Wood Other X

Zinc Metal X X X X

Source: Classification of critical raw materials and strategic materials from: RMIS - Critical, strategic and advanced materials: CRM list — 2023,
retrieved 30-10-2024. Material composition data from multiple sources, as explained in the table in Appendix 0.



https://rmis.jrc.ec.europa.eu/eu-critical-raw-materials
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To model the material flows associated with the energy technologies and infrastructure in
the North Sea up to 2050 a dynamic stock model (DSM) is used. A DSM is a scientific
framework used to analyze and understand the flow and accumulation of resources or
substances within a system over time. Two types of DSM exist: inflow- driven and stock-
driven models. In an inflow driven model, the stock and outflow are calculated using
(historic) inflows and lifetime distributions. In a stock driven model the inflow and outflow
are calculated using (historic) stocks and lifetime distributions.

In this research a stock driven DSM is used because detailed data on the current installed
capacity of the energy commodities and their future deployment projections are available. A
stock driven model requires at least the following data components:

Stock: historic, current, and future installed capacity of offshore energy commodities and
their associated infrastructure

Lifetime distribution function of each energy commodities (e.g., Weibull distribution, see
Box 1.1)

The DSM results provide insights into the inflows, stocks, and outflows for each energy
technology and its associated infrastructure. These stocks and flows are then integrated with
the material composition data of each energy commodity (e.g., kg of silicon per MW of
installed capacity for floating solar, or kg of aluminum per installed capacity of wind turbines)
to calculate overall material flows.

It's important to note that the DSM also facilitates a more detailed analysis at the
(sub)component level, rather than just the energy commodity level. This approach allows for
the inclusion of material flows from activities like repairs before an energy commodity
reaches the end of its life. For instance, an offshore wind turbine typically has a lifespan of 30
years, but its wiring must be replaced every 10 years. However, these (sub)component-level
material flows are currently outside this research's scope.

To put the material flows resulting from the DSM into perspective, the economic importance
(E1) and supply risk (SR) indicators of the European Commission (EC) are used (Blengini, et al.,
2017). The El describes the vulnerability to supply disruptions, and the SR describes the risk
of supply disruptions.

Economic importance is calculated as a function of the economic value added of the use of
materials in an economic sector and their material substitution potential. Supply risk is
calculated as a function of the concentration of mining and refining of materials, an index on
country specific governance risks, export challenges, and potential material substitutability.
See Blengini et al. (2017) for a detailed description of all formulae used to calculate the El
and SR.
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In this research, the El and SR are used to indicate which materials are associated with
considerable risk. A scaling method is proposed to calculate the overall risk of the demand of
a material for the North Sea energy system (EQ1).

EQ1: OR,mat,y = (SR, mat) * \/inflow, mat,y

where:
OR, mat, y = The overall risk score per material in a certain year
SR, mat = the supply risk per material
Inflow, mat = the material demand resulting from the DSM in a certain year

The root of the material demand is taken to emphasise the role of the supply risk in the
overall risk calculation. This ensures that materials with relatively low demand (e.g. most of
the CRMs) are not overshadowed by high-volume materials, such as steel or aluminium.

The main data source for the criticality assessment is the Study on the Critical Raw Materials
for the EU 2023 commissioned by European Commission (2023). The study includes a
comprehensive evaluation of the El and SR for all critical raw materials essential to the EU’s
economy. Together with the results of the MFA, these indicators are used to evaluate the
criticality of the material demand of the North Sea Energy system. This evaluation considers
the total inflow of CRMs and SRMs over the entire future temporal scope across all
technologies, combined with the current supply risk (see section 2.4, EQ1).

Furthermore, the study of the European Commission (2023) provides data on the countries
of origin differentiating between extraction and processing stage. This data is utilized to map
the upstream value chain of individual CRMs and SRMs, identifying the countries involved in
their mining and processing.

The MFA requires data on the historic stock, future stock projections, lifetimes, and material
intensities are required for each technology and component. The historic stock was compiled
from various sources, primarily the OSPAR database (OSPAR, 2023), the North Sea Energy
Atlas (2024), and the North Sea Transition Authority (2024). Stock projections were based on
data provided by NSE5 - Work Package 7 from the file North Sea Energy — WP7 — Country
overview GA scenarios.xlsx (WP7) or internal expert judgment. Regressions of the historic
stock with other data were sometimes necessary to extrapolate the data. Lifetimes and
material intensities were sourced from literature or from LCAs performed for NSE projects
(Wernet, et al., 2016). Detailed explanation on data sources, data processing, and taken
assumptions can be found in Appendix 0.

Challenges related to the data and assumptions used in the project were identified, with
potential improvements outlined in Appendix 0.

The DSM uses a lifetime distribution to derive the stocks and flows of the system. In this
research a Weibull distribution is used. Box 1.1 explains in detail what a Weibull distribution
is and how it is used in this research. Figure 2.1 shows an example of a Weibull distribution


http://www.north-sea-energy.eu/reports
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and how the probability of a product reaching end-of-life is translated across various metrics
like a survival curve.

The Weibull distribution is a versatile continuous probability distribution commonly
used to model product lifetimes and time-to-failure of systems. Its flexibility allows it to
represent a wide range of failure behaviours, making it a popular tool in reliability
engineering for analysing and predicting the lifespan of components and systems. The
distribution’s ability to capture different hazard function shapes makes it well-suited for
describing various failure patterns observed in real-world scenarios. Additionally, its
mathematical simplicity and adaptability enable it to fit data across different products
and systems, further enhancing its utility in reliability analysis.

The probability density function (PDF) of the Weibull distribution is given by EQ2:

k  ,xk-1 PN
EQ2: f(xi k, ) = {5 * (I) e—(3) ,0x=0x<0
where:
x = the variable representing time to failure
A>0 = the scale parameter
k>0 = the shape parameter

T (characteristic life) is often used to refer to a specific point in the distribution, typically
the point at which approximately 63.2% of the population will have failed if the shape
parameter k = 1. In general usage,

T can represent the average or characteristic life associated with the scale parameter,
particularly in contexts where reliability is discussed.

Using the characteristic life (T)) and scale parameter (k) the scale parameter (A) can be
derived as follows (EQ3):

EQ3 A= —1
L)

where:
A>0 = the scale parameter
k>0 = the shape parameter
T = the characteristic life
I = represents the gamma function evaluated at 1+(1/k)
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Data sources and processing methods of the criticality assessment are described in section

2.3.

This chapter contains a high-level description on how the model uses the data discussed in
section 2.4 to produce the results for the material flow analysis and criticality assessment.
Figure 2.2 shows a schematic overview of the model with its two sub systems, the material
flow analysis, and the criticality assessment.
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Looking at the data processed in the MFA, the demand defines the stock in installed capacity
(GW). The lifetime distribution is used to calculate the inflow and outflow in installed
capacity. The material intensity converts the inflow, stock, and outflow into mass per
material. The criticality assessment leverages the calculated inflow looking at the demand of
specific materials and its supply risk, economic importance, and origin.

The goal of the material flow analysis is to quantify the material stocks, inflows, and outflows
of energy technologies and their respective infrastructure in the North Sea up to 2050. For
most technologies, the historic and current stock is provided in the form installed capacities
in megawatts (MW); the demand provides the future installed capacities.
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The inflow and the outflow, also in installed capacity (MW), need to be determined via the
stock-driven dynamic stock model (DSM). A DSM requires the stock (installed capacity) of the
system for each year and how long this stock will remain within the system — its lifetime. The
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lifetime is defined by the Weibull survival function (see Box 1.1). Figure 2.3 represents this
for the years 2010 to 2050 using the example of offshore wind turbines in the Netherlands.
On the diagonal axis, we see the inflow into the system for each year (cohort). Below each of
these inflows, we can observe the stock depleting over time. This way, the inflow, outflow,
and stock are defined for each year. The outflow in a particular year is the sum of the
outflows of all previous cohorts. Therefore, years that lie before the temporal scope of the
study need to be modelled as well to avoid underestimating the outflow. Using data on
material intensities, mostly in the unit kg/MW, subsequently enables us to derive the mass of
the materials in the stock and flows.

Details how the criticality was assessed can be found in section 2.3.
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3 Results

3.1 Material flow analysis

In this section the results of the material flow analysis are presented. The results are divided
into two main sections: an overview of the developed dashboard, and an overview of the
total material flows of the North Sea energy system, including a comparison between stocks
and flows. See appendix A.1 for an overview.

3.1.1 Dashboard
Figure 3.1 shows a screenshot of the MFA-NSE5 app. The app was developed to have the
opportunity to explore inputs and outputs interactively. It offers the following features:

o A scenario explorer which allows the user to explore visualizations of model inputs and to
choose scenarios accordingly.

o The functionality to execute the model in the application or to load previously produced
results.

o Aresults section for stocks and flows where materials, technologies and countries can be
selected to be mapped on various charts.

o Aresults section to explore the data around supply and criticality.

Stocks and flows Supply
Scenario selection & model execution .
Time range

Material

Copper v

Mass by item Origin Supply Risk  Aggregated Supply Risk

le8

12 Item
mmm CCS: Pipelines
W Floating solar: Modules

W Hydrogen: Electrolyzer

mmm Hydrogen: Pipelines

0.8 1 mmm Interconnection cables

mmm Natural gas: Pipelines

0.6 == Wind power: Internal array
mmm Wind power: Land connection
- Wind power: Turbines

Copperin kg

2020 2025 2030 2035 2040
Year

Figure 3.1 Screenshot of MFA-NSE5 app. The application is not yet accessible.

3.1.2 Material flows

Figure 3.2 shows the summed inflow, outflow, and remaining stock of all CRM, SRM, and bulk
materials within the North Sea. The total height of the bars represents the total stock in the
respective year. The main observations are:

o The present stock in 2020 is already large, especially compared to the predicted yearly
inflows and outflows.

o The stock grows linearly and is projected to increase by about 65% by 2050.

o The material inflow and outflow vary on a yearly basis but in general appear to be
growing over time.

o The outflow is considerably smaller than the inflow.
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Figure 3.2 Accumulated inflow, outflow, and remaining stock of all CRM, SRM, and bulk
materials

Figure 3.3 shows the inflows broken down into CRM, SRM, and bulk materials in 2020, 2030,
and 2050, mapped onto technologies and components. The main takeaways are:

Not all technologies are present in the system 2020 (CCS, floating solar, and hydrogen).
The inflow related to natural gas pipelines appears constant, while for natural gas wells, it
is declining.

The floating solar inflow increases after 2030. The inflow due to wind turbines grows
most notably. All other inflows are minor in comparison.

The most visible materials are the bulk materials iron & steel and concrete, driven by the
construction of pipelines and wind turbines.

Floating solar introduces large inflows of glass in 2050.

Visible CRMs are baryte and neodymium. Baryte is only visible in 2020, looking at the
inflow for natural gas wells. The neodymium inflow is driven by wind turbines.
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Figure 3.4 shows a Sankey diagram of the accumulated inflows and outflows between 2025
and 2050. It provides the following insights:

More than half of the mass of inflowing materials is due to wind power, followed by
natural gas. Therefore, the most contributing components are wind turbines and
pipelines. Pipelines are required for the technologies natural gas, CCS, and hydrogen.
Iron & steel make up more than half of the total demand, followed by concrete and glass.
Aluminium represents the largest inflow of CRMs, followed by copper, lead, baryte,
neodymium, and silicon metal. Other inflows of CRMs and SRMs are too small to be
analysed with this visual representation.

The outflow is less than half as large as the inflow. Most of the outflow is allocated to
natural gas, followed by wind power. More than half of the outflowing material is iron &
steel, followed by concrete from pipelines. CRMs and SRMs with a noticeable outflow are
aluminium, copper, lead, and neodymium.
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Figure 3.4 Accumulated inflows and outflows from 2025 till 2050 by technologies,
components, CRMs, SRMs and bulk materials
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Figure 3.5 Current extraction and processing locations of CRMs, SRMs, and bulk materials.

Figure 3.5 illustrates the current extraction and processing locations of CRMs, SRMs and bulk
materials. The results are available on country level but grouped by continent for
visualisation purposes. The main findings are:
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(Critical) raw materials are extracted globally. For most materials, there are primary
locations where more than half of the total mass is extracted. The strongest
concentration is seen for tin, with over 90% sourced in Europe, followed by neodymium,
with about 85% extracted in Asia.

Materials are predominantly processed in Europe. Exceptions include neodymium, where
approximately 82% of processing occurs in Asia, and tin, where about half is processed in
Asia.

This figure does not say anything about potential future extraction and processing
locations, therefore, as supply chain evolve its likely these ratios and the associated
supply risks will change.

In this section the results of the criticality assessment are presented. See Appendix A.2 for an
overview.

Figure 3.6 maps CRMs and SRMs based on economic importance and supply risk. The size of
the bubbles is relative to the inflow in the period from 2025 to 2050. Hence, the bubbles give
an indication of the importance in the context of the North Sea. The main takeaways are:

Materials with a high economic importance and a high supply risk are neodymium and
iridium. The inflow of iridium is small while neodymium is needed in large quantities.
Dysprosium is the material with the highest supply risk. However, the required mass and
its economic importance are comparatively low.

The material with the highest economic importance is iron ore, which is also the material
of which the most is needed.

Aluminium has a high supply risk and economic importance.
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Figure 3.7 displays the aggregate supply risk based on SR and the root of the accumulated
inflow from 2025 till 2050. It is assumed that the required mass serves as an indicator for
economic importance in the context of the North Sea. Main take aways are:

o The aggregated supply risk of iron ore is more than four times higher than the supply risk
of the runner up, aluminium.

o Looking at CRMs and SRMs, neodymium has the highest aggregated supply risk followed
by baryte, dysprosium, and silicon metal.

o The aggregated supply risk of all other CRMs and SRMs is less than half of the aggregated
supply risk of silicon metal.
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Figure 3.7 Aggregated supply risk based on SR and the root of the accumulated inflow from
2025 till 2050 (AS, mat = (SR, mat) = \/inflow, mat )
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This study provides a first indication of the expected material demand of energy technologies
and infrastructure deployment in the North Sea up to 2050. In the whole European Union, it
is expected that the renewable energy sector uses 40% of aluminium in 2030 compared to
the ICT and E-mobility sectors (Carrara et al., 2023). For copper this equates to 62%,
dysprosium (35%), iridium (100%), neodymium (42%) and zinc (99%). This study shows that
the North Sea Energy system demands 16% of the aluminium demand of the European
renewable energy sector. For some of the other CRMs and SRMs this accounts for:
dysprosium (14%), iridium (0%), neodymium (41%), copper (25%) and zinc (0.4%). Especially
the demand for aluminium, copper, dysprosium, and neodymium is high compared to the
total demand of these materials for renewable energy in the EU, mainly because of the high
amount of offshore wind turbines. Similarly, the demand for aluminium is mainly the result
of the high material intensity of aluminium per MW offshore wind turbine, combined with
the fact that offshore wind is the main energy technology deployed in the North Sea. The
same story goes for dysprosium and neodymium that are used in the magnets of wind
turbines. For copper there are high material intensities and deployment rates for offshore
wind turbines as well as the associated internal cable arrays and the external land
connection.

Using the aggregated risk score, it becomes apparent that the effect of high-volume
materials, such as iron ore, also results in a disproportionate risk score. Metals like boron,
with a very high supply risk score, and a low economic importance and demand still score
low compared to for instance aluminium and iron ore. Looking solely at the supply risk
indictor the supply of dysprosium, neodymium, boron, baryte and silicon metal seem most at
risk.

Turkey (52%), US (18%) and Chile (7%) are the primary producers of boron. Boron is essential
for glass and ceramics, detergents, and fertilizers, and it plays a role in advanced materials
like boron fibres and semiconductors. Most of the global boron production comes from a few
countries, notably Turkey and the United States. Turkey provides 99% of the EUs primary
sourcing and 46% of the refined sourcing. The US and Germany are responsible for 25% and
20% respectively of the refined boron used in Europe. Increased demand for boron in clean
energy technologies could strain supply. Supply risks may arise from geopolitical tensions or
environmental regulations impacting mining operations (RMIS, 2024).

Baryte is mainly used for oil and gas drilling. The EU is responsible for only 1.2% of the baryte
primary production and imports mainly from China (44%), Morocco (28%) and Bulgaria
(11%). While baryte is more abundant than some critical raw materials, its supply can be
affected by regional production limits, especially in countries with stringent mining
regulations. Since China, India, and the United States are the main primary producers,
geopolitical factors and trade policies could impact availability (RMIS, 2024).
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Silicon metal is crucial for producing silicon-based materials like semiconductors, solar
panels, and aluminium alloys. The EU is responsible for only 3.8% of refined silicon metal
production. China is the main producer of refined silicon metal with 73%, followed by Brazil
and Norway with 6% each. The EU sources 34% of refined Silicon metal from Norway, 29%
from France, and 9% from Brazil. The rapid growth of the renewable energy sector and
semiconductor industry is driving up demand, leading to potential supply shortages.
Shortages could be exuberated by environmental and human rights concerns related to
silicon production, particularly energy consumption related emissions and worker conditions,
which may lead to regulatory pressures that could impact supply chains. And, since China is
the dominant producer of silicon metal, any disruptions (due to environmental regulations,
energy shortages, or trade disputes) could significantly affect global supply (RMIS, 2024).

While the other metals have a lower score on the indicators SR and El, they each face their
own potential supply risk. Dysprosium is a rare earth element essential for producing strong
permanent magnets, used in electric vehicles, wind turbines, and various electronic devices.
As demand for electric vehicles and renewable energy systems increases, dysprosium's
supply could become increasingly strained. Since China dominates global dysprosium
production (40.4%), any geopolitical tensions or export restrictions could severely impact
supply. Like dysprosium, neodymium is crucial for making high-performance magnets used in
motors, generators, and electronics. Neodymium also experiences a significant increase and
demand and is also primarily sourced from China (43%), leading to similar risks as
dysprosium. Efforts to recycle neodymium from old electronics and magnets are ongoing, but
the current capacity is limited, leaving supply vulnerable. Copper is essential for electrical
wiring and renewable energy technologies. Its supply risks arise from geopolitical factors,
aging mines, and increasing demand from green energy technologies. Tin is used in
electronics and soldering and its supply can be affected by geopolitical instability in
producing countries, particularly in Southeast Asia. Aluminium, while abundant, faces supply
risks related to energy costs and environmental regulations, especially in key producing
regions. Iridium is a rare earth metal used in high-temperature applications, spark plugs, and
as a catalyst in chemical reactions. Iridium is primarily produced as a byproduct of platinum
mining, mainly in South Africa and Russia, making its supply closely tied to these countries’
mining operations. Its rarity and high demand in electronics and green technologies (like
hydrogen fuel cells) create a significant risk of supply constraints, especially considering
potential political instability and environmental regulations in the producing countries.
Platinum is widely used in catalytic converters for vehicles, jewellery, and various industrial
applications, including electronics and medical devices. Platinum is expected to experience
an increase in demand, especially for electric vehicles. Most platinum is produced in South
Africa and Russia, resulting in a supply chain susceptible to geopolitical issues. Titanium is
essential in aerospace, medical implants, and military applications, but also used for offshore
wind and electrolysers. The titanium supply chain is complex, with challenges in sourcing raw
materials like ilmenite and rutile, which can lead to fluctuations in availability. Availability
could be further strained because of geopolitical tensions and trade policies since the major
producers include China, Russia and the US. Zinc is primarily used for galvanizing steel to
prevent corrosion, as well as in alloys and batteries. While zinc is generally abundant, its
demand is expected to increase, especially for construction and infrastructure. Supply risks
could stem from geopolitical decisions, as the major producers are China, Australia and Peru
(RMIS, 2024).
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When the supply of metals decreases because of the risks described above and demand
increases several consequences can occur. Likely prices will increase significantly because of
market dynamics. Supply reductions and price increases can result in supply chain
disruptions and manufacturing delays as industries might faces difficulties sourcing the
materials. As a result, it is possible that industries will increase efforts in actively seeking
alternative materials or energy technologies that require less or no scarce materials.
However, it is unlikely these alternative materials and technologies in the short term can be
produced at sufficient rates to substitute current market technologies. Furthermore, it is
expected that recycling and recovery initiatives will gain ground.

Recycling will be increasingly important in meeting the demand for metals such as iridium,
dysprosium, neodymium, platinum, titanium, and zinc in Europe. Recycling helps reduce
reliance on primary extraction, which can be environmentally damaging and geopolitically
risky. By recovering metals from end-of-life products, Europe can lessen its dependence on
imports and therefore mitigate supply risks. At the same time recycling reduces the need for
new mining, conserving natural resources and protecting ecosystems. Furthermore, the
recycling process typically requires less energy than mining and processing of virgin materials
(EC, 2021), resulting in lower overall greenhouse gas emissions and diverting waste from
landfills. The Critical Raw Materials Act aims to recycle at least 25% of annual metal
consumption in the EU. For some of the metals in scope this target seems to have already
been achieved. For instance, aluminium has an average end-of-life recycling-input-rate (EoL-
RiR) of 32% in the EU and for copper and zinc this is 30% and 40% respectively. But for other
metals recycling is low or non-existing: iridium (16%), platinum (12%), titanium metal (1%),
neodymium (1%), boron (1%), baryte (0%), dysprosium (0%) (RMIS, 2024). In a hypothetical
scenario where the North Sea energy system operates as a fully circular economy, the
secondary materials generated would cover only a fraction of total material demand (inflow-
outflow ratio). Consequently, reliance on primary materials will remain substantial or the
amount of secundary material from other sectors needs to be increased.

Further research could involve including end-of-life scenarios on collection and recycling for
the energy commodities reaching the end of their lifetime. This enables the calculation of the
potential EoL-RIR for the North Sea energy system (European Commission, 2018). The EoL-
RIR provides insight into the fraction of the demand for materials that could met by recycling
the supply of materials originating from the North Sea energy system. In other words, it
describes the self-sufficiency or degree to which this system can operate as a closed-loop.
Another topic for further research would be the inclusion of repair activities in the material
flow analysis. It is expected that repair especially contributes to the demand for CRMs and
that the change in high-volume materials is relatively insignificant. An additional material
demand of around 5-20% is expected (IRENA, 2016; Fraunhofer ISE, 2021; NREL, 2016; IEA,
2019; Hydrogen Council, 2020; European Commission 2020); which be significant for CRMs
with a high supply risk. Another topic for further research could be the refining of the
criticality indicator to address the material demand of the North Sea Energy system more
specifically in relation the current and future supply chains of materials, components, and
energy technologies. The current indicator still leans quite heavily on the mass which
overshadows the risk indicators. Additionally, the risk indicators provide a present-day
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snapshot, but by understanding future supply-demand dynamics the risk indicators could
potentially be estimated over time to refine the criticality indicator.
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This study offers an initial assessment of the anticipated material demand for energy
technologies and infrastructure in the North Sea through 2050. The demand for critical raw
materials is projected to rise significantly between 2020 and 2050, driven by the installation
of offshore wind power, offshore natural gas, floating solar panels, offshore hydrogen
production, and carbon capture and storage.

Material outflows from energy technologies reaching end-of-life are considerably lower than
the inflows required to meet the demand for new technologies. In a hypothetical scenario
where the North Sea energy system operates as a fully circular economy, the secondary
materials generated would still cover only a fraction of total material demand. Consequently,
reliance on primary materials will remain substantial.

Most (refined) critical raw materials are concentrated in a limited number of countries,
creating significant risks of supply disruptions due to geopolitical tensions, export
restrictions, or environmental issues. The EU’s Critical Raw Material Act aims to mitigate
these risks by enhancing mining, refining, and recycling capacities in Europe while
diversifying import sources. However, if demand for certain materials grows rapidly
outpacing supply, market dynamics could still lead to significant price increases, causing
supply chain disruptions and manufacturing delays as industries struggle to source the
necessary materials. This scenario may prompt industries to intensify efforts to explore
alternative materials or technologies that rely less on scarce resources. However, it is unlikely
that these alternatives can be produced at sufficient scales in the short term to replace
existing technologies.

For the North Sea energy system to achieve its deployment targets, a continuous balancing
act will be required between the cost, efficiency, and availability of energy technologies and
infrastructure. It is recommended to regularly assess risk, vulnerabilities and dependencies
associated with supply disruptions, geopolitical factors, and market fluctuations to inform
decision-making. Additionally, it is recommended to develop and build out strategic
partnerships with a diverse range of key suppliers across various countries, and to explore
partnership with emerging producers of low-CRM energy technologies.
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Supplementary tables

A1l: Results: total material flows
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A2: Results: aggregated supply risks considering inflows from 2025 till 2050

Material Supply Risk Economic Mass in kt| Aggregated Risk
Importance
Aluminium 1.1 5.5 2762 18229.19
Baryte 13 3.5 755.7 3627.28
Bentonite 0.4 3.1 56 195.92
Boron 3.6 3.9 23 17.32
Copper 0.1 4 2541.2 10419.01
Dysprosium 5.1 4.2 10.1 93.69
Iridium 2.7 7.1 0 0.03
Iron ore 0.5 7.2 244099.7 1879568
Lead 0.1 4.2 1064.5 4577.55
Natural rubber 0.9 6 297.5 2052.95
Neodymium 3.7 5.9 264.7 2540.75
Silicon metal 1.4 4.9 65.8 414.79
Tin 0.9 4.5 3.8 20.34
Titanium 0.5 5.4 6.7 39.78
Zinc 0.2 4.8 18 89.85

A3: Data: Description of data for each technology and component

The table below provides an overview of the data collection and processing for each
technology and their components. Additionally, a data quality indicator is used to provide
additional qualitative insight of the uncertainties associated with each data point. The data

guality indicator consists of three levels:

o High: primary data and/or measurements are available, uncertainty is low

o Medium: interpolation needed to fill data gaps, uncertainty is medium
o Low: extrapolation needed to fill data gaps, uncertainty is high
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Offshore Wind turbine |Historic | The historic stock is modelled in megawatt (MW) installed capacity; it |High

wind power Stock covers the years 2009 till 2023. All data was retrieved from OSPAR
(2023).
Stock Future installed capacities for the considered countries were provided |Medium

Projection |by NSE5 - Work Package 7 (WP7). The used data is defined by the
columns Commodity (Electricity — Supply (capacity)) and Commodity
information (Offshore wind). The data spans over the years 2030 to
2050 in 5-year increments. Gaps between historical data and projected
future capacities were interpolated using linear regression.

Lifetime  |Following Zimmermann et al. (2013) we assume that the failure High
behaviour of offshore wind turbines follows a Weibull distribution with
shape factor k = 2 (constant failure rate curve) and scale factor T = 20.

Material |The material intensity of a 15MW wind turbine was utilized to estimate |Medium
intensity |the total material demand [TNO, manuscript in preparation]. The bill of

materials considered is specific to a wind turbine with a monopile

foundation. Therefore, it is assumed that all wind turbines within the

system are 15MW units with monopile foundations. The scaling unit of

the material intensity is kg/MW.

Internal array |Historic  |Geospatial data on the internal array for the wind parks Borssele, Medium
cabling Stock Egmond aan Zee, Gemini, Kavel V CrossWind, Luchterduinen, and

Prinses Amalia Windpark was found in the North Sea Energy Atlas

(2024) and provided by NSE5 - WP7. Combined with the known capacity

of the wind parks it was calculated that there is on average 216 meter

of internal array cable per MW installed capacity. This number was

combined with the historic installed capacity as presented in the OSPAR

(2024) database.

Stock Future installed capacities for the considered countries were provided |Medium
Projection |by NSE5 - WP7. The used data is defined by the columns Commaodity

(Electricity — Supply (capacity)) and Commodity information (Offshore

wind). The data spans over the years 2030 to 2050 in 5-year increments.

Gaps between historical data and projected future capacities were

interpolated using linear regression. The average length of array cable

per MW installed capacity was used to calculate the total length of array

cables in the system.

Lifetime  |It was assumed that the lifetime of array cables can be describe with Low
the Weibull distribution. A scale factor of T = 25 and a shape factor of
k = 2 (constant failure rate curve) were assumed.

Material |Material intensities for offshore cables could be derived from the LCAs |Low
intensity |performed the previous NSE projects (Wernet, et al., 2016). Data for a
32kV cable and a 132kV cables was available. Data on the voltage of
internal array cables was sparse but always larger than 100kV.
Therefore, the material intensities of a 132kV cable was used. The
conversion factor 216m/MW (see above) was used to compile a bill of
material which scales to kg/MW.

External Historic  |Geospatial data on the land connection of multiple wind parks was Low
cabling Stock provided by the North Sea Energy Atlas (2024) and NSE5 - WP7. The

wind parks Borssele, Egmond aan Zee, Gemini, Kavel V CrossWind,

Luchterduinen, and Prinses Amalia Windpark were considered.

Accounting for the fact that those wind parks are close to shore the

wind parks Solige N, Area 6/7, EN11, EN12, and Dogger Ban were also

taken into consideration. Combined with the known capacity of the

wind parks it was calculated that there is 207 m/MW of external

cabling. This number was combined with the historic installed capacity

as presented in the OSPAR (2024) database.

Stock Future installed capacities for the considered countries were provided |Low
Projection |by NSE5 — WP7. The used data is defined by the columns Commaodity


https://www.mdpi.com/2079-9276/2/3/303
https://north-sea-energy.eu/en/energy-atlas/
https://north-sea-energy.eu/en/energy-atlas/
http://www.north-sea-energy.eu/reports
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(Electricity — Supply (capacity)) and Commodity information (Offshore
wind). The data spans over the years 2030 to 2050 in 5-year increments.
Gaps between historical data and projected future capacities were
interpolated using linear regression. The average length of array cable
per capacity was used to calculate the total length of array cables in the
system.

It was assumed that the lifetime of offshore cables can be describe with |Low
the Weibull distribution. A scale factor of T = 25 and a shape factor of
k = 2 (constant failure rate curve) were assumed.

Material intensities for offshore cables could be derived from the LCAs |Low
performed the previous NSE projects (Wernet, et al., 2016). Data for a

32kV cable and a 132kV cables was available. Data on the voltage of

internal array cables was sparse but always larger than 100kV.

Therefore, the material intensities of a 132kV cable was used. The

conversion factor 207m/MW (see above) was used to compile a bill of
material which scales to kg/MW.

Geospatial data on offshore installations from OSPAR (2024) and the High
North Sea Energy Atlas (2024) was used to model the historic stock

from 1900 to 2024. The OSPAR data includes weights for both above

and below sea level structures. Using this data, a linear regression

function was created to estimate the weight of subsea structures based

on water depth. For the NSE Atlas data, which provides water depth
information, the weight of subsea structures was calculated using the
regression function. The average weight of above sea level structures

was assumed for the NSE Atlas data.

The future natural gas demand for North Sea countries was provided by |Low
NSE5 — WP7. The used data is defined by the columns Commaodity

(Natural Gas — Demand (annual energy)) and Commodity information
(Demand natural gas). The data spans over the years 2030 to 2050 in 5-

year increments. Any gaps between historical data and projected future
capacities were interpolated using linear correlation. The data was

analysed by correlating the inflowing weights of offshore installations

from 2015 to 2023 with the gas demand of these countries (Eurostat,

2024). The projected future demand spans from 2030 to 2050 in 5-year
increments.

The removal of end-of-life offshore structures has only recently begun, |Low
and data on this subject is limited. The primary source is a report by

Nexstep (2023), which provides figures for the removal of offshore

structures in the Netherlands from 2018 to 2032. For other North Sea
countries, this data was extrapolated using the total weight in 2018 as a
baseline.

It was assumed that the majority of the platforms are made of steel, Medium
and that other materials are negligible. The amount of steel per
platform is provided by OSPAR.

The historic stock of wells is based on data from the North Sea High
Transition Authority (2024), which lists over 10,000 wells drilled from

1965 to 2024, including their depths in meters. Since the dataset does

not specify the country, each well belongs to, the average gas demand

of the North Sea countries was used to allocate the stock (Eurostat).

The future natural gas demand for North Sea countries is provided by  |Medium
NSE 5 - WP7. The used data is defined by the columns Commodity
(Natural Gas — Demand (annual energy)) and Commodity information
(Demand natural gas). The data spans over the years 2030 to 2050 in 5-
year increments. Any gaps between historical data and projected future
capacities were interpolated using linear correlation. The data was
analysed by correlating the inflowing meters of offshore wells from
2015 to 2023 with the gas demand of these countries (Eurostat, 2024).
The projected future demand spans from 2030 to 2050 in 5-year
increments. Any gaps between historical data and projected future
capacities were interpolated using linear regression.


https://ec.europa.eu/eurostat/databrowser/view/nrg_cb_gas$defaultview/default/table
https://www.nexstep.nl/wp-content/uploads/2023/07/NEXSTEP-Re-use-Decommissioning-report-2023.pdf
https://opendata-nstauthority.hub.arcgis.com/maps/40b80e75b8004fab8c87218ae1664d91/explore?location=56.707118%2C1.899660%2C8.83
https://opendata-nstauthority.hub.arcgis.com/maps/40b80e75b8004fab8c87218ae1664d91/explore?location=56.707118%2C1.899660%2C8.83
https://ec.europa.eu/eurostat/databrowser/view/nrg_cb_gas$defaultview/default/table
https://ec.europa.eu/eurostat/databrowser/view/nrg_cb_gas$defaultview/default/table
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When wells reach the end of their life, they are sealed, leaving the High
construction materials in the sediment. In the context of material flow
analysis, this means that these materials remain part of the stock and

do not exit the system. For this specific case, an inflow-driven DSM was
utilized because the demand was correlated with the inflowing meters,

and the stock lifetime of wells is considered eternal..

Material intensities for wells could be derived from the LCAs performed 'Medium
in previous NSE projects. A bill of material could be derived which was
scaled to kg/m.

The current total stock of oil and gas pipeline was derived from the Low
North Sea Energy Atlas (2024). It does not provide sufficient information

on construction years. Hence, also the historic stock needed to be

modelled (see stock projection).

The assumption was made that the length of the pipeline network Low
directly correlates with number of offshore platforms. Hence, the data
described above for offshore platforms was used to derive the historic

and projected stock of pipelines in km.

Ecoinvent (pipeline construction, natural gas, long distance, high Medium
capacity, offshore) indicates the expected lifetime of an offshore

pipeline to be 45 years. On this basis, it was assumed that the lifetime

of a pipeline follows a Weibull distribution with T = 45 and k = 3

(progressively increasing discard rate)

Material intensities for pipelines can be derived from previously Medium
conducted LCAs in the NSE project (Wernet, et al., 2016). This allows for

the creation of a bill of materials that scales to kilograms per kilometre

(kg/km).

There is currently no floating solar in the North Sea. Hence there is no
historic stock.

An expert at TNO provided the future projections for the installed Medium
floating solar capacity in the Netherlands and the rest of the North Sea.
The total future demand for solar energy, both onshore and offshore,
was provided by NSE 5 - WP7. The data is defined by the columns
Commaodity (Electricity — Supply (annual energy)) and Commodity
information (Offshore solar). The comment column provides the
information that the data is not actually only the predicted offshore
capacity, but onshore and offshore combined. The data spans over the
years 2030 to 2050 in 5-year increments. Any gaps between historical
data and projected future capacities were interpolated using linear
correlation. This prediction of the future total demand was used to
distribute the offshore solar demand over the North Sea countries.

Based on Tan et al. (2022) it is assumed that the lifetime of a solar Medium
module follows a Weibull distribution with a scale factor T = 28 and a

shape factor k = 5.3759 (regular loss scenario). It is assumed that the

same behaviour applies at sea. This is an optimistic estimate, as

conditions at sea might deteriorate the solar panels more rapidly.

Material intensities for floating solar panels were derived from High
previously conducted LCAs in the NSE project. The LCAs allowed for the
development of a bill of materials that scales to kilograms per gigawatt

peak (kg/GWp). There are 5 different mounting scenarios available: high
above sea level in aluminium or steel, just above sea level in aluminium

or steel, and mounted on ring membrane modules. Currently, only the
scenario high above sea level in steel is considered.

There is currently no hydrogen production in the North Sea. Hence
there is no historic stock.

The future hydrogen production capacity was provided by NSE5 - WP7. |Medium
The data is defined by the columns Commodity (Hydrogen — Supply

(annual energy)) and Commodity information (Electrolysis - offshore).

Numbers are provided for 2040 and 2050. Years in between were filled

using a linear regression. An alternative scenario was provided by an

expert at TNO which describes the future offshore hydrogen capacity of


https://north-sea-energy.eu/en/energy-atlas/
https://ecoquery.ecoinvent.org/3.10/cutoff/dataset/1335/documentation
https://www.mdpi.com/2071-1050/14/9/5336
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the Netherlands and Germany. Currently, the scenario as provided by
WP7 is used.

It is assumed that the lifetime of an electrolyser follows a Weibull
distribution with a scale factor of T = 30 (KU Leuven, 2022) and a
shape factor of k = 5 (Lallana et al., 2024)

The material intensities are derived from BareiR et al. (2019). This
publication provides a current and future scenario. The current scenario
is used as it is the more conservative choice. The bill of materials has a
scaling unit of kg/GW.

There is currently no hydrogen production in the North Sea. Hence
there is no historic stock.

The stock projection follows the demand for electrolysers. Each
platform can facilitate 4GW of electrolyser capacity. Hence, it is
assumed that a whole new platform is installed every 4GW of added
new capacity.

Offshore hydrogen production starts appearing in the system after
2030. The temporal scope is until 2050. Therefore, it is safe to assume
that no platform will reach it’s end of life in the considered period. It is
therefore assumed that the lifetime of a platform follows a Weibull
distribution with a scale factor of T = 50 and a shape factor of k = 2
(constant failure rate curve).

Material intensities for hydrogen production platforms are derived from
the LCAs performed in previous NSE projects (Wernet, et al., 2016). A
bill of material could be derived which scales to kg/GW.

There is currently no hydrogen production in the North Sea. Hence
there is no historic stock.

NSE5 - WP7 provided geospatial data on the final state of the hydrogen
pipeline network in 2050. Some part of it reuse former gas pipelines.
The total length of the future network was determined based on data
provided by WP7. The length of reused gas pipelines was subtracted,
leaving the length of the pipelines which need to build. It is assumed
that the total length of the newly build pipelines grows linearly with the
demand and that its full length is reached in 2050.

Ecoinvent (pipeline construction, natural gas, long distance, high
capacity, offshore) indicates the expected lifetime of an offshore
pipeline to be 45 years. On this basis, it was assumed that the lifetime
of a pipeline follows a Weibull distribution with T=45 and k=3
(progressively increasing failure rate)

Material intensities for pipelines can be derived from previously
conducted LCAs in the NSE project. This allows for the development of a
bill of materials that scales to kilograms per kilometre (kg/km).

There are currently no CC(U)S activities in the North Sea. Hence there is
no historic stock.

There are two future capacity projections. One based on the North Sea
Energy 4 pathways, and one was provided by NSE5 - WP7 as geospatial
data including injection rates per location The later data set is currently
used. Both provide the future capacities in megaton per annum Mtpa.

The lifetime is modelled as a Weibull distribution. Based on an internal
LCA of a pumping station, a scale factor of T = 70 is assumed with a
shape factor of k = 2 (constant failure rate curve)

Data on material intensities of compressors and pumps is sparse. The
best source that could be found provides data about the use of steel for
CC(U)S retrofits for coal fuelled powerplants US Department of Energy
(2024) in kg/Mtpa.

There are currently no CC(U)S activities in the North Sea. Hence there is
no historic stock.

NSE5 - WP7 provided geospatial data on the location of future carbon
capture and storage locations including the year of construction. It is
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https://www.sciencedirect.com/science/article/pii/S0921344924001915
https://www.sciencedirect.com/science/article/pii/S0306261919300017
https://ecoquery.ecoinvent.org/3.10/cutoff/dataset/1335/documentation
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assumed that each location has one well. The average depth of all wells
in the North Sea Transition Authority (2024) of 3502m is applied to all
wells.

Lifetime |When wells reach their end of life, they are sealed, leaving the High
construction materials in the sediment. In the context of material flow
analysis, this means that these materials remain part of the stock and
do not exit the system.

Material |Material intensities for wells could be derived from the LCAs performed High
intensity |in previous NSE projects (Wernet, et al., 2016). A bill of material could
be derived which scales to kg/m.

Pipelines Historic ~ |There are currently no CC(U)S activities in the North Sea. Hence there is
Stock no historic stock.
Stock NSE5 - WP7 provided geospatial data on the final state of the CC(U)S Medium

Projection |pipeline network in 2050. The total length of the newly build pipelines
was determined. It is assumed that the total length of the network
grows linearly with the demand and that its full length is reached in
2050.

Lifetime  |Ecoinvent (pipeline construction, natural gas, long distance, high Yellow
capacity, offshore) indicates the expected lifetime of an offshore
pipeline to be 45 years (Wernet, et al., 2016). On this basis, it was
assumed that the lifetime of a pipeline follows a Weibull distribution
with T=45 and k=3 (progressively increasing discard rate)

Material |Material intensities for pipelines can be derived from previously High
intensity |conducted LCAs (Wernet, et al., 2016). This allows for the creation of a
bill of materials that scales to kilograms per kilometre (kg/km).


https://opendata-nstauthority.hub.arcgis.com/maps/40b80e75b8004fab8c87218ae1664d91/explore?location=56.707118%2C1.899660%2C8.83
https://ecoquery.ecoinvent.org/3.10/cutoff/dataset/1335/documentation
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The table below outlines identified data limitations and potential improvement points. When
choosing what to address in the future, it needs to be considered which actions would have a
significant impact on the overall results and what can be neglected.

Offshore wind
power

Offshore
natural gas

Floating solar

Offshore
Hydrogen
production

Wind turbine

Internal array
cabling

Wells

Pipelines

Platforms

Electrolysers

Wind turbine could be modelled in greater detail. It is assumed that all turbines are of
the same type (15W capacity with monopile foundation). Smaller turbines and different
foundations could be taken into account. Additionally, substations could be considered as
they were out of scope for this study.

The material intensity of an 132kV offshore cable was assumed to be applicable. As of the
time of writing this report, an LCA including internal array cabling has become internally
available. This LCA could be leveraged to derive an improved material intensity.

The length of newly build wells was determined correlating the historic gas demand on
national levels and meters of wells drilled. Predictions on national gas demand provided
by WP7 were then used to predict how many meters of wells will be drilled in the future.
It would be a better approach to correlate the meters of drilled wells with the national
gas production ideally limited to the North Sea.

An average lifetime of 45 years based on Ecoinvent (Wernet, et al., 2016) was used for
pipelines. It is possible that this assumption is not applicable to the system. It would be
possible to either model the stocks and flows of pipelines bottom up (considering the
lifecycle of each pipeline individually) or to derive an individual Weibull distribution for
this system based on existing data.

Multiple scenarios for the mounting of the solar panels are available. Currently, the usage
of steel platforms is assumed. The impact of other scenarios on the critical raw material
demand could be explored.

The material intensity of electrolysers can be improved. Firstly, the source for the
material intensity needs to be harmonized with the source used for the LCAs within this
project. Secondly, additional components as storage tanks, compressors, and desalination
equipment could be considered.
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