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FOREWORD
This North Sea Energy Outlook (NEO) is a scientifically sound overview of the technical possibilities and
economic opportunities for energy production in and transmission from the North Sea in the period
2030-2050. It is a synthesis of existing knowledge and literature. It contains follow-up options and
considerations aimed at achieving CO2-neutral energy production by 2050, as laid down in the Dutch
Climate Act (Klimaatwet), following the conclusion of the Climate Agreement. Insights gained from this
Energy Outlook are an important building block for the energy and climate policy to be developed.
The North Sea Energy Outlook is a snapshot in time; in the coming years, new insights will complete the
picture. Many renowned parties1 have contributed to its creation.
The Outlook specifically addresses gas extraction, wind energy for electricity production and green hydrogen,
CO2 storage and innovative systems such as floating solar panels. It also contains ideas for integration into a
broader energy system. In addition to the technical possibilities and economic opportunities, the Outlook
also provides insight into the decisions the government may make and which have to be made in all
possible transitions (these are known as no-regret decisions). Insight is also provided into decisions that may
be mutually exclusive or cause stagnation (known as lock-ins). Needless to say, energy production is not the
only activity taking place in the North Sea. Other activities include recreation, fishing, shipping, military
exercises and activities aimed at preserving a natural and healthy North Sea. Those activities lie outside the
scope of this Outlook. All aspects of responsible distribution of offshore space for a combination of activities
will be weighed up in the North Sea Programme for the period 2022-2027.
Producing energy in the North Sea primarily means working with wind and water. The Netherlands has a long
history of working with these elements, and Dutch industry is a key player in the world market in this regard.
The energy transition therefore offers plenty of economic opportunities for the Netherlands in the North Sea.

November 2020
E. P. Nas, LLM
Director of Electricity Policy
Ministry of Economic Affairs and Climate Policy

1
A working group comprising EBN, Gasunie, TenneT, the Netherlands Organisation for Applied Scientific Research (TNO),
the Netherlands Environmental Assessment Agency (PBL), Top Sector Energy and the Directorate-General for Public Works
and Water Management was formed to prepare the NEO. Its task was to contribute knowledge and validate the NEO or
parts of it. Parties from the wider North Sea domain have also contributed to its scope and to the report itself.
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Purpose of the North Sea Energy Outlook (NEO)
Why this outlook?

SYSTEM INTEGRATION
The energy system is
growing increasingly
complex. This NEO provides
insight in the potential role
for the North Sea in this
new system. Integration of
techniques, functions and
sectors is a necessity. This is
system integration.

URGENCY
A sustainable energy
system requires adaptations
to infrastructure, market
design, etc. Development
times of offshore energy
projects are lengthy, hence
urgent action is required.

What is the NEO?

FACT-BASED OVERVIEW
A fact-based overview of
developments and options
for the Dutch energy
transition and the
(economic) opportunities
for the Netherlands.

INPUT
Input for a vision for
2030-2050 and therewith
a document assisting policy
makers and stakeholders to
shape policies and define
next steps.
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EXECUTIVE SUMMARY
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Starting points of the NEO are:

Existing elements
(e.g. policy, market,
technology)

Timeframe
2030-2050

Uniform approach

Space for
innovation

Multi-use of
space

International
cooperation

Figure 0-1 Starting points of the North Sea Energy Outlook

SCOPE AND PURPOSE OF THE
NORTH SEA ENERGY OUTLOOK (NEO)
The North Sea Energy Outlook (NEO) provides an
overview of the possibilities offered by the North Sea for a
sustainable Dutch energy supply. It provides stakeholders
with a common knowledge base in relation to expected
developments in the energy system and related topics.
The aim of the NEO is to present a picture, sector by
sector, of the possible role the Dutch Continental Shelf
(NCP: Nederlands Continentaal Plateau) could play in the
energy system over the period 2030-2050. It does so by
providing an insight into the technical possibilities, costs,
and economic opportunities for energy production in the
North Sea. It also looks at the possibilities for CO2 storage
and hydrogen production and storage. This means the
energy system in the North Sea cannot be viewed
separately from the onshore energy system in the
Netherlands or in other countries bordering the North Sea.
The interactions with these interfaces are described in the
NEO, but not discussed in detail. Decisions concerning the
use of space at sea also fall outside the scope of the NEO.

METHODS AND SCENARIOS
To gain insights into the energy system of 2050, we present
two scenarios: a self-sufficient scenario and an importdependent scenario. For each scenario, we looked at four
energy types: electricity, hydrogen, natural gas, and CO2.
For the starting point of 2030, we created a forecast for
the energy system based on the most likely developments
resulting from continuing current policy. In situations where
concrete policy objectives do not currently exist, we based
our forecast on generally recognised information sources
such as the 2019 Climate and Energy Outlook issued by
the Netherlands Environmental Assessment Agency, in
combination with known industrial plans.
The final picture for the Import-Dependent Scenario is
based on relatively small-scale production in the
Netherlands and significant dependence on foreign supply.
The Self-Sufficient Scenario is based on maximising
domestic production and restricting imports from abroad.
Depending on international market conditions, in this
scenario it may be possible to actively export renewable
energy.

Import-dependent

Prognosis
2030

Self-sufficient

STARTING POINT 2030

FUTURE PATH 2030-2050

FINAL PICTURE 2050

Figure 0-2 Scenario overview
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Trends in natural gas, CO2 and
renewable energy
Natural gas
Gas extraction in the North Sea is expected to decrease
substantially between 2030 and 2050. By 2030, it is
anticipated that 387 PJ of natural gas will be extracted per
year. There is a broad consensus that gas extraction will
significantly decline, until a forecast level of 0-31 PJ per
year is reached in 2050. This trend depends on market
conditions, with major producers such as Russia and
Norway exercising considerable control over gas prices.
In this market, the Government’s ability to affect the
competitive position for Dutch gas through policy
measures is limited.
Primary domestic demand for gas (including green gas)
will fall to 14-102 PJ per year, and North Sea gas will be
able to supply the majority of domestic gas demand.
If North Sea gas is used, it must be combined with CO2
capture and storage or CO2 offsetting, in view of the Paris
climate targets. Onshore green gas production is a viable
alternative to meet primary gas demand; green gas can
also be used as a fuel for electricity production.
Finally, there is a possibility of using natural gas for the
production of so-called “blue hydrogen”, with a maximum
demand of 363 PJ. Only a fraction of this demand can be
met from the North Sea; the remainder would likely need to
be met through imports. Since blue hydrogen production
goes hand in hand with CO2 capture and storage, it is not
necessary to use green gas in this process.

Offshore wind
In the period 2030-2050, offshore wind will make up the
majority of electricity production in the Netherlands.
Expected capacities of 38 GW or 72 GW was factored into
the Import-Dependent and Self-Sufficient Scenarios
respectively. To achieve these targets by 2050, a higher
rate of growth is required than currently planned for the
period 2020-2030. If future prospects are satisfactory, it is
expected the industry can scale up to the extent required.

Innovative production technologies
What if new technologies such as floating solar PV,
airborne wind energy, or aquatic biomass experience
growth comparable to that of offshore wind energy?
An analysis of innovative renewable technologies suggests
from 2030 onwards, floating solar PV and aquatic biomass
will be sufficiently mature to be able to make a significant
contribution to energy supply from the North Sea.
The analysis also shows a projected contribution by 2050
of up to 10 GW from both floating solar PV and aquatic
biomass. The projection for airborne wind energy is limited
to a maximum of 1.4 GW.
Based on production costs, it is unlikely these technologies
could compete with offshore wind by 2050. This may not be
the primary driver for future development. There are other
advantages to the application of innovative technologies,
such as the possibility of a multipurpose use of space and
an increase in the efficiency of transport infrastructure due
to a more consistent production profile.

CO2

The expected level of CO2 storage in 2030 is 10.2 Mt per
year. In the Self-Sufficient Scenario, annual CO2 storage
will increase to 26.8 Mt per year by 2050. In the
Import-Dependent Scenario, it will fall to 4.6 Mt per year
by 2050.
The expected cumulative storage capacity in empty gas
fields on the NCP is estimated at 1,678 Mt. With an
estimated cumulative storage demand of 201 Mt and
434 Mt respectively, no storage constraints are anticipated.
Around 1,400 Mt of the total storage capacity is expected
to be available by 2030. There is a risk some existing gas
extraction infrastructure that could be re-used for CO2
storage will be removed before re-use is possible.
Like Norway, the Netherlands has excess storage
capacity. That opens up the opportunity of importing CO2
from countries with limited domestic storage options, such
as Belgium and Germany. It will be necessary to determine
to what extent this is desirable, and whether storage costs
in the Netherlands are competitive with alternatives abroad.
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CHOICES AND OPTIONS
The strong growth of renewable energy, and offshore wind
in particular, will lead to constraints unless adjustments
are made to the energy system. This is clear from studies
conducted in the context of the Climate Agreement. These
constraints will arise during the technical integration of the
energy (space, capacity, balancing of supply and demand).
Issues may also arise when integrating the generated
energy into the energy market, which could compromise
the financial appeal of renewable energy. Without systems
integration, the 2050 objectives could be jeopardised.
Hydrogen is expected to play an important role in future
energy supply as a raw material for industry, as an energy
carrier for transport, and as a storage medium.

Supply and demand of the energy types
One of the key driving forces in the development of
renewable sources in the North Sea is meeting onshore
energy demand. For both the Import-Dependent and the
Self-Sufficient Scenario, the consequences of meeting
onshore hydrogen and electricity demand were examined.
For the combinations of the Import-Dependent Scenario
with a low energy demand or the Self-Sufficient Scenario
with a high energy demand, the remaining energy demand
in the Netherlands can be met with onshore production.
Where there is an imbalance between supply and demand,
economic risks and opportunities can arise.




Minimal production and maximum demand lead to a
high dependence on imports. To prevent conversion
losses, it is desirable to land the electricity produced
by offshore wind by electrical means where possible.
Imports can be used to meet demand for hydrogen.
However, a sufficiently large hydrogen market would
need to exist abroad to guarantee security of supply of
imports.
Maximum production and minimal demand would
lead to an excess of electricity generated, even after
meeting demand for hydrogen. This would create an
economic opportunity for export. A precondition for
export is that sufficient demand must exist in other
countries. This excess could also be used for domestic
production of synthetic fuels. If this is not the case, the
lack of a market for hydrogen might mean investments
lag behind the assumed production scenario.

There is too little information available at present to make
concrete predictions about developments abroad. It would
therefore be advisable, in the short term, to maintain a
balance between domestic supply and demand, while
responding flexibly to developments in other countries and
adjusting policies when economic opportunities arise.

Systems integration analysis
There are several ways of meeting all or part of Dutch
demand for hydrogen and electricity with North Sea
production. Optimisation of these involves a complex
interplay of technical possibilities and developments in
supply, demand, costs, and benefits. It goes without saying
that meeting energy demand cannot be viewed solely from
the perspective of annual volumes. Energy production,
in combination with energy storage, must be capable of
meeting energy demand on an hourly basis.
The NEO contains no statements regarding the optimal
ratio of hydrogen to electricity or the optimal technical
solution for integrating North Sea energy production.
At present, too little is known on these subjects.
Currently-available knowledge has been incorporated into
the NEO and missing knowledge identified to provide a
basis for future policy. In this regard, a distinction is made
between:




Physical integration: Capacity and space constraints, the
options for preventing these, and the possible limitations
of technical solutions.
Market integration: An assessment framework for
decisions between different technical solutions based
on the associated costs and benefits, including insights
into the potential impact on the electricity and hydrogen
markets.

Physical integration
From 2030 onwards, increasing offshore wind production
may lead to constraints with regard to grid capacity and
space for transmission cables. These space constraints may
arise in relation to cable corridors, dune crossings, and
onshore substations. There is a wide range of solutions to
prevent such constraints, on both a local and an
international scale. Solutions may also be found within
the electricity system or by integrating the electricity and
hydrogen supply chains.
Preventing these constraints will depend on trends in hourly
supply and demand. In addition to the quantity of demand,
the location and availability of local flexibility will also play a
role. There is currently too little information about the
possible capacity and space constraints that might arise
between now and 2050. A number of studies are being
conducted that may provide greater insight into this issue,
such as the Critical Energy Infrastructure Programme and
the 2030 Flexibility Study. It is important the insights from
these studies are combined with the NEO to create a
comprehensive overview of infrastructure needs and
options. When decisions are subsequently made, based on
these studies, it is essential to base these on the system in
2050, instead of focusing on short-term optimisation.
Until definitive decisions are made about the future energy
system, it is important no technical solutions be excluded.
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Figure 0-3 Technical options for the integration of North Sea power production

Market integration
The development of offshore wind has been extremely
successful. In spite of this success, there are concerns
about the long-term financial feasibility of offshore wind.
As a result of increasing supply between now and 2050,
without remedial measures, the value of offshore wind
energy may fall to 65% of the annual average market price.
This could lead to investments in offshore wind drying up.
During periods of low supply, system costs could increase
significantly, because a reserve capacity must be
maintained.
In the long term, the outlook for renewable energy is
favourable. According to the European Commission, by
2050 emission-free electricity (with 84% coming from
renewable sources) will meet nearly half of the EU’s energy
demand. To achieve this outcome, clear objectives must be
set for the electrification of industry, the transport sector,
and the urban environment, and for the development of the
hydrogen sector.
Within the technical preconditions of physical integration,
economic optimisation of transport and conversion routes
will be required. An integrated systems approach will be
important.

Until 2030, electricity transmission will be cheaper than the
hydrogen route. In the future, this relationship will change,
due to the falling cost of transmission components. From
a systems integration or physical constraints perspective,
it may also be necessary or desirable to use hydrogen
to transport energy. Significant cost advantages may be
achieved by combining the connection of offshore wind
farms with electricity market interconnectors. A decision
may be made to use an island as a hub.
When national infrastructure is constructed as planned, it
would be a no-regret measure for this infrastructure to also
be connected to other countries. This would encourage
exchanges with foreign markets.
If the supply of renewable energy increases, the need for
storage will also increase, to cope with daily and seasonal
fluctuations in supply and demand. Determining the
amount of storage required and conducting an economic
cost-benefit analysis fall outside the scope of the NEO.
In many cases, the role of hydrogen is seen as a supply
buffer for seasonal storage.
Re-use of offshore wells and platforms may lead to cost
savings in the opening up of storage and transport for both
hydrogen and CO2. Performing additional detailed
studies into the suitability of wells, platforms, and pipelines
is recommended.
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TRANSITION DECISIONS AND ACTIONS
The period from 2030 to 2035 will be essential in shaping the energy system of 2050, since this period will
determine the direction the Netherlands will be taking once the Climate Agreement targets no longer apply.
Due to the long lead times of technical projects (around five years for offshore wind and up to ten years for
infrastructure projects), this means decisions must be made and actions taken before 2030.
Thirteen no-regret measures have been identified as adjustments to the energy system that could be
implemented in both scenarios to keep future adjustment options open. It is important decisions be made
on the basis of accurate data and that technical solutions are not prematurely excluded.
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.
12.
13.

Future decision-making will benefit from an integration of current programmes (Critical Energy
Infrastructure, North Sea Programme, II3050, and 2030 Flexibility Study) to identify constraints, solutions,
costs, and benefits across the entire supply chain.
Developing a shared vision of the future role of electricity, hydrogen, natural gas, and CO2 and the
associated role of the North Sea. This should provide sufficient certainty for stakeholders to implement
their plans. The correct division of roles between market players and Government is an important
precondition for success.
In addition to the plans for a domestic national hydrogen backbone, steps could be taken towards
international connections via an international infrastructure and market for hydrogen. This would provide
opportunities to expand the international hydrogen market.
Meshed grids and energy hubs are the two most important technical solutions for improving integration
of offshore wind production in the North Sea into the international energy market. Although these
solutions are not expected to be operational before 2030, it is important to make preparations to enable
them to be implemented after 2030.
Over the long term, the re-use of existing offshore infrastructure could mean significant costs savings.
Before this can happen, an analysis must be performed to identify which infrastructure is suitable to be
re-used for the transport and storage of hydrogen and/or CO2.
To prevent offshore oil and gas infrastructure being closed before 2030, rendering it unable to be used
for the storage and transport of CO2 or hydrogen, in the short term a number of directives and an
abandonment policy for offshore oil and gas infrastructure would be desirable.
Over time, offshore electrolysis and offshore transport of hydrogen may compare favourably with electric
transport combined with onshore electrolysis, due to savings in transport costs and space. To this end,
it will be necessary to acquire experience with regard to the technical feasibility of offshore electrolysis.
This may also lead to lower future investment costs.
Creating favourable market conditions, which will result in a healthy and stable business case for offshore
wind in the long term. This could be done in a number of ways, including via tender mechanisms, by
stimulating demand, or through a direct connection with electrolysis.
Expanding the assessment framework for space allocation in offshore wind areas. This will require a
choice to be made between capping energy production per km2 (incurring higher costs due to increased
losses) and minimising production costs.
The optimum ratio between the amounts of offshore transport with electricity and hydrogen is not yet
known. Consideration could be given to reserving sufficiently wide offshore corridors for transport with
electricity cables and/or hydrogen pipelines.
Designating offshore sites large enough to enable an independent business case for transport with
hydrogen or electricity and to prevent existing infrastructure from being locked in.
Permitting cable pooling – allowing floating solar PV projects to use the electrical infrastructure of wind
farms – may help enable the profitable use of this innovative technology.
In the relatively near future, onshore hydrogen storage may become a constraint on energy storage
demand. It would therefore be desirable to facilitate the expansion of onshore hydrogen storage.
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After 2030, further decisions will have to be made.
However, due to long lead times, the effect of these
decisions will not be seen for some time, making them
of less fundamental importance.





1. Regular evaluation of progress in relation to plans,
including adjusting objectives and adapting
mechanisms.
2. Identification of possible overlaps between hydrogen
and CO2 storage in offshore gas fields, including an
assessment framework for the allocation of offshore
infrastructure and gas fields.
3. Floating solar PV, aquatic biomass, and airborne wind
energy are reaching a mature stage in their
development, which will require policy focused on
upscaling.
4. Constraints may arise due to maximum utilisation of
offshore electrical connections. A contribution could be
made here by policy and technical optimisation focusing
on reducing the spatial footprint.







REFLECTION AND POTENTIAL LOCK-INS
The North Sea could play a critical role in the energy system
of 2050. However, there is still uncertainty about what this
role will be. The main reason for this is there is not enough
information currently available for concrete decisions to
be made for the long term. Multiple research projects are
currently underway, aiming to better identify what
adjustments to the energy system are needed, what
contributions the various technical options could make,
and what the relative costs of these options might be.
These projects can identify what is possible, but it is ultimately up to politicians and society to determine what is
desirable. In doing so, a number of matters must be
considered. Leaning too far in one direction or making
hasty decisions may lead to lock-ins which would be
sub-optimal in the long term:




A one-sided focus on offshore wind could lead to
fluctuations between demand and supply, which would
have to be resolved by creating additional onshore
flexibility at a high cost.
Leaving development entirely up to the market could
lead to short-term rather than long-term optimisation,
focusing on individual situations instead of the system
as a whole, while too much government intervention
could lead to decisions being made too early, outpacing
developments in technology and costs.
A proactive policy with an international focus could
unlock opportunities with regard to exporting green
power or hydrogen. Over time, however, other countries
may be able to produce electricity more cheaply, leading
to the Netherlands losing its market share and ending up
with overproduction or stagnating investment.
Stimulating an international market and international
infrastructure for CO2 could create a lock-in for CO2
storage during the depreciation period or operational
service life of the CO2 infrastructure.
Stimulating floating solar PV, aquatic biomass, or
airborne wind energy could create a privileged position
for a single technology, blocking the market for other
innovative technologies.

Before making decisions about the energy system of 2050,
Government must develop a shared vision in consultation
with producers, consumers, infrastructure managers, and
other stakeholders to jointly determine the desirable
direction to take. Agreement about the direction is
important, to provide clarity and thus attract investment.
Yet sufficient flexibility must also be maintained with regard
to the contribution of the North Sea, to ensure an
ongoing ability to respond to future domestic and
international developments.

A one-sided focus on electrification, for example, could
limit the amount of green hydrogen available as a
decarbonisation option for industry, while a one-sided
focus on hydrogen might restrict the amount of green
power available for electrification.
The premise for both scenarios is that gas extraction
in the North Sea is heading towards 0 PJ, with a modest
demand for extracted gas or green gas still existing.
This will exclude the use of domestic natural gas and
natural gas products such as blue hydrogen.
Alternatively, it could be decided there should be an
ongoing role for natural gas, with natural gas exploration
and drilling in the North Sea being encouraged.
However, the large-scale application of onshore blue
hydrogen could keep green hydrogen out of the market
and create a lock-in for CCS.
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1 - INTRODUCTION

1.1
		

Scope and purpose of the North Sea
Energy Outlook

The North Sea's contribution to the energy system in the
Netherlands should be seen in the context of the current
Climate Agreement. Specific plans aimed at a 49%
reduction in CO2 emissions (compared with 1990) are laid
down in the Climate Agreement. The Climate Plan provides
a statutory basis for this for the period 2021-2030.
The three pillars of the Dutch plans are as follows:
1. Generation of renewable energy using offshore wind
2. Generation of renewable energy using a land-based
approach
3. Energy savings
These plans should result in the production of 84 TWh
of renewable electricity in 2030, which is 70% of current
electricity demand. Additional renewable energy
generation will be necessary if the 2050 objectives (see
Section 2.2) are to be attained. There is no time to waste
in taking up the challenge of developing a strategy that
will ensure they are. The Ministry of Economic Affairs and
Climate Policy is responsible for creating a policy vision for
a renewable energy system for 2050 and for making policy
decisions in order to facilitate the first steps for the period
2030-2035.
The insights in the NEO, among other things, will be used
to create this policy vision, and later to make policy
decisions. The NEO is not an entirely new analysis, but
rather a synthesis of existing knowledge and literature.

The aim is to combine the various underlying sources
within a common structure, which will provide insight into
both the coherence of existing literature and potential
knowledge gaps. A range of actions and options that may
help to facilitate the energy system transition in the North
Sea has been derived from this analysis. No decision has
been made between the various options in the NEO, nor
are any policy recommendations made. Rather, its purpose
is to provide an insight into dependencies and
consequences.

1.2

Methodology

The NEO aims to provide insight into the technical
possibilities of North Sea energy production and the role
it might play in the energy system in 2050. Two scenarios2
have been used to achieve this. Each scenario comprises
a forecast for the 2030 starting point, a 2050 final picture,
and a future path that links the two. The purpose of these
scenarios is to start with the most likely outcome in 2030
and then, based on the extremes of the final pictures, to
cover the full spectrum of potential technological
developments in the North Sea currently envisaged. This
is likely to show that the reality lies somewhere within the
scenarios. By describing how these different extreme final
pictures could be achieved, control over the direction to
take ahead of 2050 will be maintained and the focus can be
placed on selecting the preferred path.
The NEO is a synthesis of existing literature, which is why
current policy, legislation, and studies already carried out
form the basis for the scenarios. The starting point of the

Purpose of the North Sea Energy Outlook (NEO)
Why this outlook?

SYSTEM INTEGRATION
The energy system is
growing increasingly
complex. This NEO provides
insight in the potential role
for the North Sea in this
new system. Integration of
techniques, functions and
sectors is a necessity. This is
system integration.

URGENCY
A sustainable energy
system requires adaptations
to infrastructure, market
design, etc. Development
times of offshore energy
projects are lengthy, hence
urgent action is required.

What is the NEO?

FACT-BASED OVERVIEW
A fact-based overview of
developments and options
for the Dutch energy
transition and the
(economic) opportunities
for the Netherlands.

INPUT
Input for a vision for
2030-2050 and therewith
a document assisting policy
makers and stakeholders to
shape policies and define
next steps.

Figure 1-1 Purpose of the NEO

2
The scenarios defined are normative in nature, because they will result in the desired situation in 2050, where
achieving the climate objectives is the starting point (see Chapter 2).
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Final picture 2050 #1

Prognosis
2030

Final picture 2050 #2

STARTING POINT 2030

FUTURE PATH 2030-2050

FINAL PICTURE 2050

Figure 1-2 Format of the scenarios used in the NEO

NEO, the forecast for 2030, is based on current policy as
described in the Climate Agreement. The existing plans for
the 2030 market are taken as the basis for technologies
for which there is no specific policy objective, and any
associated uncertainties are indicated for each technology.
Normative final pictures based on external scenarios have
been used for the end point of the NEO in 2050. Future
paths have been drawn linking the 2030 starting point and
the 2050 final picture. Those future paths outline, for each
technology, the projected capacity building and energy
value. The differences between mature technologies and
innovative technologies were factored in when the future
paths were prepared. Only innovative technologies with the
potential to make significant contributions to the energy
system in 2050 have been included. Specifying the division
of space is beyond the scope of the NEO. It does, however,
contain a description of interfaces/competition with other
use of space without going into greater detail.
The prepared scenarios were then analysed. Those analyses
have a bottom-up, two-stage design:




analysis for each energy type: assessment of the
envisaged volumes of electricity, hydrogen, natural gas
and CO2, the North Sea's contribution to the energy
system, and the need for system integration;
analysis of system integration: the various technical
options for system integration, space constraints, if any,
and an economic assessment framework to weigh up
the various options.

The analysis focuses on system integration and the relative
roles of electricity and hydrogen and therefore comprises
three parts:






need for and composition of production: reflection on
the projected offshore wind capacity, the role of
innovative technologies in the energy mix from the North
Sea, and the potential economic opportunities resulting
from over-production and more diverse production;
transmission and conversion: analysis of onshore and
offshore technical constraints for bringing electricity to
land and the use of electrolysis, including an economic
assessment framework for the remaining options;
storage and reusing infrastructure: opportunities and
competition between offshore storage of hydrogen and
CO2, and the opportunities to make cost savings by
reusing existing infrastructure for storage and transport.

Each part of the analysis includes an indication of the
possible constraints in the system and which transition
actions and decisions will have an impact on the energy
system we end up with in 2050. The transition actions and
decisions will be accompanied by information indicating
when they will become relevant and in what order, with a
distinction made between priorities, no-regret measures,
and possible lock-ins. In addition, two ‘what if’ arguments
have been developed – one focusing on electricity and
the other on hydrogen – to provide a comprehensive
understanding of the consequences of a number of
fundamental actions and decisions.
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The present Climate Agreement has, in any case, already
included the possibility of accelerating the process, citing
for instance additional offshore wind energy opportunities.
The desirability of biomass as a source of energy is also a
subject of discussion. These developments have an impact
on the speed of the energy transition, but not on the
sequence of the actions and decisions required.
Please note: the COVID-19 crisis has had a significant
economic impact in 2020. At the time of drafting this NEO,
the scale and duration of the impact is still completely
unclear. Still, an economic crisis will have no impact on
current policy, which is based on a 2030 starting point, and
has therefore not been factored into the assessment of the
future situation. It is recommended the impact of actions
and decisions, as well as COVID-19, on implementation be
assessed in a future update of the NEO.
1.2.1

LITERATURE & SOURCES

Various sources were used during the preparation of the
North Sea Energy Outlook. In addition to publicly available
technical literature, government publications and interviews
were also used.
The credibility and relevance of all the sources have been
assessed:






A source is acceptable in terms of credibility if it is an
official policy document or an internationally recognised
publication or if it is a reputable publication
accompanied by a peer review. Where these
requirements are not met, the information is not included
as fact in the NEO.
A source is acceptable in terms of relevance if it
completely and thoroughly covers the subject for which
it is cited as a source.
Furthermore, every source must have a recent
publication date and, in principle, be no older than three
years.

As well as sources that rank high based on the abovementioned criteria, data which the working group has
classified as credible and relevant were also used.
A note was made if, based on source material, it was later
concluded that no information was available. Notes were
also made of areas where opinions or assessments differ.
The working group then carried out the final validation
of the incorporation into the NEO. Interviews were used
to identify relevant literature and to assess pictures and
assumptions. This is mentioned in the document where
applicable.

In consultation with the client, various benchmarking
exercises were carried out during the drafting of the NEO.
A Stakeholder meeting with a wide range of participants,
held on 11 March 2020, gave interested parties the
opportunity to give their input on the items to be
addressed within the scope of the NEO. Bilateral
discussions took place at the request of the Stakeholder
meeting participants. The above-mentioned working group
was actively involved in defining the scope and structure of
the document and validating its contents. Separate expert
consultation sessions were held for the 2050 final pictures
and the future paths. The client also issued a broad public
request via www.windopzee.nl for contributions.
1.2.2

DEFINITIONS

Certain names that are not always clearly defined in public
dialogue are used in the North Sea Energy Outlook.
A description of how those names are used in the NEO is
provided below for a number of key terms.
1.2.2.1 Technology versus innovative technology
Proven technologies that are mentioned explicitly in the
Climate Agreement are included in the NEO as
technology. In addition, innovative developments, such
as floating wind turbines, for example, are regarded as
incremental developments within the technology. The
objectives for cost reduction, system integration, and
spatial integration are such that breakthroughs are required
here, too, but they are not dealt with separately in the NEO.
An assessment framework has been created for innovative
technologies to identify which technologies should be
included and which should not. We take two different
aspects into account:
1. Information supporting the decision to include a
particular innovative technology in the analysis and
2. The likelihood of success/contribution to the energy
system in 2050.
Specific innovative technologies are included in the NEO's
analysis for potential future paths for the period 2030-2050
based on the following considerations:


MARKET READINESS: an innovative technology must
be capable of achieving at least a Technology Readiness
Level (TRL) of 7 by 2030 (this involves a demonstration
of a prototype in an operational environment). The
rationale for this is that, if it is not expected to achieve
that level, the innovative technology is too premature
for policy to be based on it or for space to be reserved
for it. An innovative technology of this kind may later be
included in innovation policy, irrespective of the
development of the North Sea.
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SIGNIFICANCE: an innovative technology must be
capable of making a significant contribution to the
energy system. For simplicity's sake, the limit for potential
has been set at 500 MW.

For the purposes of the NEO, we are working on the basis
that an innovative technology must meet both criteria if it
is to be included. Therefore, if one of those KPIs is given an
unsatisfactory score, the innovative technology will not be
included.
However, the speed at which an innovative technology can
reach maturity and complete its S-curve, in particular, will
play a part in the preparation of future paths. That speed
(and also the feasibility of a technology reaching the
mature stage) will largely be determined by stakeholders/
actors and environmental factors.3 That is why those factors
are discussed for each innovative technology in an
innovation system analysis (see Appendix A1). It should
also be noted that the availability of sources which can be
used to corroborate innovative technologies' data may
be limited or very limited. Hence the partly subjective and
qualitative nature of the analysis.

1.2.2.2 System integration
From the perspective of the North Sea, it is important the
energy system in it is well integrated with surrounding
energy systems. There are two different dimensions to
consider:




Can all North Sea production be physically integrated
into the various national and international networks?
This concerns capacity and flexibility.
Is there sufficient national or international market viability
for North Sea production?

If this is not the case, active system integration should be
implemented in good time. This includes the conversion
and transmission of the various energy types (for the
purposes of the NEO, these are mainly electricity and
hydrogen), where both the physical boundaries of the
various grids and the (instantaneous) balancing of supply
and demand for different energy types are respected.
The NEO includes an examination of:
the need for system integration in 2030 and 2050;
the various options (both forms of and locations for
conversion & transmission);
 the weighing-up exercises that will need to be carried
out in this regard (e.g. as regards costs and spatial impact).



An overview of the assessed innovative technologies and
the arguments put forward in support of their inclusion on
the NEO shortlist can be found at the beginning of
Appendix A1.

The Netherlands as well as possibilities abroad are
examined for this integration. This makes system integration
an action, not an isolated element of the system.

3

This is in line with the approach taken in the Multi-year Mission-driven Innovation Programme (MMIP); see Chapter 2.
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Appendix technology and innovation parameters

Appendix system integration parameters
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H6 CONCLUSIONS
AND REFLECTION

Structure of the document



CHAPTER 1 explains the objective of the NEO, the
methodology used, and sets out the structure of the
document. The definitions are given very precise
meanings in this chapter, too.

In addition to these chapters, the NEO also contains two
appendices that provide further in-depth information about
the methods and analyses used. They are subdivided as
follows:



CHAPTER 2 provides an overview (status 2020) of
relevant policy for the North Sea and Dutch energy
supply.





CHAPTER 3 contains a forecast for the implementation
of current plans, policy, and technological capacity.
This will be the starting point in 2030 on which the NEO
continues to build. It also deals with uncertainties in the
projected situation.

APPENDIX A1 contains fact sheets for the various
mature and innovative technologies used in the NEO,
as well as technical and economic parameters for 2030
and 2050. They are used as the basis for future paths.
The potential economic opportunities have been
analysed as well.



APPENDIX A2 contains the underlying detailed analyses
that form the core of the system integration analysis.
The main findings from these analyses have been
reproduced in the main text.



CHAPTER 4 outlines key points for the North Sea energy
system. It describes the potential contribution the North
Sea could make to meeting the energy demand in 2050.



CHAPTER 5 contains the analysis of the two scenarios
described in this chapter.



CHAPTER 6 contains a collection of general and 		
specific conclusions, the categorisation and prioritisation
of transition actions and decisions, and a reflection based
on the ‘what if’ arguments. It also includes a reflection on
the opportunities arising from and dependencies on
other countries.
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H4
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H5
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IMPLICATIONS FOR THE NEO
 General policy
 International developments
 Climate agreement
 Offshore wind road map
 Hydrogen vision
 ......

Figure 2-1 Structure of the NEO and the pupose of Chapter 2

2.1

Aims and approach of this chapter

The NEO starting point is 2030. Current policy serves as the
starting point for a forecast for the situation in 2030. Areas
of policy that have not yet been formulated, or are not
formulated clearly, have created uncertainty over the initial
situation in 2030.
This chapter begins with a description of the general policy
framework and the objectives of the climate and energy
policy. This is followed by an overview of policy on space,
a description of the technologies relevant to the North Sea,
and then policy on innovative technology. Where necessary,
matters that do not constitute strict policy but are relevant
to the position in 2030 are mentioned. They include
international policy and developments. This is because
other countries, as well as the Netherlands, are developing
offshore energy systems around the North Sea, and the
decisions made in other countries have an impact on the
situation in the Netherlands.
The stratification of the legal framework and policy is
determined, in particular, by the role played by the
Government (statutory duty, client, exploratory study, etc.)
in the various documents.

2.2

Climate policy

In 2015, by signing the Paris Climate Agreement, 195
countries, including the Netherlands, committed to limiting
the average global temperature rise to below 2 degrees
Celsius, and below 1.5 degrees Celsius if possible (United
Nations, 2015).

This will require a reduction in greenhouse gas
emissions – expressed in carbon dioxide (CO2) equivalents.
In the Netherlands, the Climate Act (2019) (Min. EZK, 2020f)
provides a framework for the development of policy aimed
at the irreversible and gradual reduction of greenhouse
gas emissions. It lays down by what percentage our country
must reduce CO2 emissions as compared with 1990:

49% reduction

95% reduction

in CO2 emissions
(-116 megatonnes
of CO2 a year)
by 2030

in CO2 emissions
(-217 megatonnes
of CO2 a year)
by 2050

The Government has adopted a Climate Plan laying down
the main policy points for the next 10 years, a process that
will be repeated every 5 years. It contains the measures
taken in order to achieve the objectives, the expected
developments in the share of renewable energy and
savings, recent scientific insights into climate change,
technological developments to assist in reducing CO2
emissions, international climate developments, and the
impact the policy will have on Dutch society.
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More than 100 social and administrative players have
agreed on a set of CO2-reducing measures in the Climate
Agreement (Min. EZK, 2019) to make sure the obligations
are met by 2030 in preparation for 2050. Those agreed
measures have their statutory basis in the Climate Plan
(2021-2030) (Min. EZK, 2020e). Broadly speaking, the
Netherlands intends to concentrate on the following pillars:




generation of renewable energy using offshore wind;
generation of renewable energy onshore;
energy savings (industry, built environment, etc.).

The Climate Agreement also includes the option of
accelerating the reduction of CO2 and reaching a level of
55% by as early as 2030. However, at the time of writing this
NEO 2020, no decision on this had been taken. This would
change the forecast for 2030 but have no impact on the
analysis sequence.
At the European level, the Netherlands has lent its
support to European targets for renewable energy (32%)
and energy efficiency (32.5%) for 2030. These European
targets have not been translated directly into national
targets, but the European Commission has indicated it
considers a share of renewable energy of 26% to be a
reasonable level (European Commission, 2009).
In accordance with the Climate Plan, the Netherlands is
aiming for a share of 27% renewable energy by 2030.
The following assumptions are applied in the Climate Plan:





spatial integration, taking account of other environmental
factors and actors;
reliability and security of supply, including import, export,
and strategic reserves;
affordability;
sustainable and clean.

The EU's Blue Growth strategy (European Commission,
2020c) is the international basis of policy memoranda
concerning the North Sea (sustainable growth of marine
and maritime energy and economy systems, with
sustainable use of space at the forefront), laid down by
the Member States and the European Parliament in the
Limassol Declaration. Based on the Dutch Water Act
(Waterwet), the functions of the North Sea and their
interdependence were described and assigned in the
National Water Plan (now the National Water Programme,
which is updated every five years). Various policy
documents elaborate further on the situation, with the
North Sea Programme being the overarching policy
document (Noordzeeloket, 2015).

2.3

Spatial policy

The spatial and legal framework for the Dutch part of the
North Sea in the territorial waters and the Exclusive
Economic Zone is determined to a large extent by
international treaties (Noordzeeloket, 2015). At national
level, several statutory frameworks are of relevance to
Dutch North Sea policy. A feature they have in common is
that they govern the use of the North Sea and serve to
prevent the adverse or harmful impact of activities or to
bring that impact within acceptable limits. Underlying
interests include safety, ensuring the quality of the
environment (in water and soil), and protecting the
ecosystem and ecological values, archaeological values,
and the quality of the environment. The cumulative effect
of the various activities is the guiding principle.
The Structural Vision of Infrastructure & Spatial Planning has
identified the challenges with regard to the partitioning of
the North Sea infrastructure (Structural Vision of Pipelines).
The National Strategy on Spatial Planning and the
Environment (NOVI) also contributes to integrated policy
decisions for the North Sea, with the focus on scope for
climate adaptation and energy transition (Min. BZK, 2019).
The aim is to pool cables and pipelines and impose an
obligation requiring operators to remove cables and
pipelines that are out of operation (Noordzeeloket, 2015).
Within the National Water Programme, areas have been
allocated for the use of offshore wind energy: The Borssele,
IJmuiden Ver, North of the Frysian Islands and Hollandse
Kust Wind Farm Zones (Min. IenW, 2015). An additional
strip, 10-12 nautical miles from the coast, has been
allocated for some of the Hollandse Kust locations. Wind
farms may not be built outside those areas. Within them,
permission is granted only within the parameters of the
Dutch Offshore Wind Energy Act (Wet Windenergie op
Zee).
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A detailed description of the spatial policy falls outside the
scope of the NEO. However, Section 2.4 does detail how
the decisions pertaining to space for offshore wind energy
and other future renewable sources came about. Existing
area divisions are being used for the NEO, with account
taken of preferred routes, designated by shipping and sand
extraction areas, where cables and pipelines installed can
be pooled as far as possible.
There are, in fact, interactions between the policy options
presented in the NEO and the spatial policy, including the
following, for example:




The location and size of offshore wind clusters influences
the choice of transmission. Locations near the coast
can use alternating current. For those further away, the
direct current option is the obvious one, given the
restrictive physical properties of alternating current.
This has an impact on potential onshore landing points,
the number of cables cutting through the coast, and the
space required.
The choice between hydrogen and electricity for
transmission has a great impact on the number of
connections and landing points. Since safety zones for
both cables and pipelines will be maintained, the choice
of transmission will have an impact on space. Needless
to say, there will be no additional impact on space where
existing pipelines can be reused.

2.4

Renewable energy

With the introduction of the Offshore Wind Energy Act,
the Government has created a robust framework enabling
offshore wind energy to be developed systematically (Min.
EZK, 2014), with the aim of reducing costs and shortening
lead times. This way, the Government has guaranteed the
development of offshore wind energy until 2030.
In accordance with the Water Act, it has designated areas
for offshore wind energy in the National Water Programme.
Under the Offshore Wind Energy Act, the Government
makes Wind Farm Site Decisions, thus ensuring it controls
the use of space. Wind Farm Site Decisions specify the
location and conditions under which a wind farm and grid
connection can be established. They are as comprehensive
as possible so as to enable market players to implement
technical innovations – within the environmental guidelines
– and so state of the art wind farms can be built. Thereafter,
the parties which go on to build the wind farm concerned
are selected by means of a tender procedure for each Wind
Farm Site Decision. Initially, those parties were selected
based on the amount of subsidy applied for. Since
subsidies are no longer required, the parties are now selected based on qualitative criteria (which are described in
the 'Ministerial Order for the granting of offshore wind

energy permits' for the site concerned). Selected parties are
awarded a permit giving them the exclusive right to build
and operate a wind farm.
TenneT is the designated offshore grid operator whose task
is to arrange a transmission connection to the wind farm
within a site. To this end, TenneT has developed a standard
connection concept with the aim of realising the connection
as cost-effectively as possible and by the given deadline.
TenneT's concept has three development phases for the
offshore grid:
1. 2019 – 2023: implementation with 5 x 700 MW
standardized AC connections
2. 2023 – 2030: project development with 3 x 700 MW
standardized AC connections and 2 x 2,000 MW
standardized DC connections (+ a study concerning the
electrification of existing oil and gas platforms and a
connection to the United Kingdom)
3. 2030 - …: a programme involving the potential roll-out
of 10-16 GW energy hubs in more remote parts of the
North Sea with international connections and system
integration solutions, the North Sea Wind Power Hub.
The Government sets out the vision for the development
of offshore wind energy by 2023 in the 2023 roadmap.
Wind farms with a combined capacity of 3,500 MW are
being developed in the Borssele and Hollandse Kust zones.
TenneT will connect them to the grid using standard 700
MW transformer stations. The actual capacity will be higher
thanks to permitted overplanting.
The 2030 roadmap outlines development of offshore wind
farms in the period 2024 to 2030. During that period, the
Government intends to make Wind Farm Site Decisions
for an expansion to 11.5 GW (Min. EZK, 2018).
This development will take place in the Hollandse Kust
(west), North of the Frysian Islands, and IJmuiden Ver zones.
The Minister elaborates on the plans in his letter to
parliament (Min. EZK, 2019). Having consulted the
fisheries, wind energy sectors, and mining companies, he is
considering not exploiting the wind energy zones in full but
rather building more compact wind farms and not building
on the Bruine Bank in IJmuiden Ver. Studies into physical
conditions are currently being launched for future sites.
Despite the arguments put forward by various parties for
an expansion of the roadmap, no adjustments are
envisaged at present. A clear picture providing a forecast
of the quantity of offshore wind energy in 2030 can be
distilled from Chapter 3.
The growth of offshore wind is responsible for an increase
in the amount of electricity being transmitted ashore.
The considerations pertaining to transmission are explained
in more detail in Chapter 5.
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In the long term, innovative technologies will contribute to
sustainable energy generation in the North Sea. A separate
site has been designated at the Borssele Wind Farm Zone
for the use of innovative technologies aimed at reducing
costs (Min. EZK, 2019). At the Hollandse Kust zone,
innovative technology aimed at local system integration
is regarded as an integral part of offshore wind tenders.
The North Sea 2050 Area Agenda sees opportunities for
the integration of these alternative generation systems in
wind farms (Min. IenW, 2014). This will enable those zones
to be used in a multi-functional way and might also
reduce energy costs. Various innovative technologies such
as offshore floating solar PV systems and aquatic biomass
are included in the North Sea Programme (Noordzeeloket,
2015).
The debate on biomass has a bearing on the debate
surrounding the usefulness of and need for energy
generation in the North Sea. Additionally, the Climate
Agreement provides for opportunities to accelerate the
process, which would result in a 55% reduction of CO2
emissions by 2030, and mentions the possibility of
generating an additional 6 GW of offshore wind. Although
this has an impact on the forecast for 2030, it does not
affect the sequence and analysis in the NEO and therefore
receives no further mention.

2.5

Carbon Capture & Storage (CCS)

CCS, or CO2 capture and storage, is a crucial element of the
Netherlands' plans to achieve its climate goals in 2030. This
will be done by injecting the CO2 into empty natural gas
fields or salt caverns, although at present the Netherlands is
considering gas fields only. Reusing gas infrastructure in the
North Sea, fields and empty fields, pipelines and platforms,
provides opportunities for CO2 storage. An initial inventory
of barriers and potential steps for CCS in the Netherlands
is described in the 'CCS Roadmap' (CE Delft, De Gemeynt,
2018).
The premise of current policy is to have the market take
care of CCS and, where necessary, provide targeted
incentives. The first step is to expand the SDE++ subsidy
within which CO2 capture can be encouraged. A market
survey conducted by the Ministry of Infrastructure and
Water Management shows there are barriers which are
acting as an impediment. Parties in the market have no
experience of CCS. They often indicate they would prefer
to wait until the first projects have been completed
and see how effective SDE++ is when implemented
(At Osborne, Witteveen & Bos, Panteia, 2018). The longterm liabilities that market players assume when storing
CO2 underground is another barrier (DNV GL, 2020).
We seem, then, to be going down a route where CO2
capture will be left to the market, while transmission and
storage are facilitated by the Government by making
state-owned enterprises responsible for providing the
infrastructure.

When SDE++ is used in CCS projects, the subsidy for
domestic fossil emissions capture is limited to 10.2 Mt
per year, 7.2 Mt of which is from industry and 3 Mt from
electricity generation. Where applicable, the 10.2 Mt may
be supplemented with non-fossil emissions. An exception
to the limit may also be made for additional production
of blue hydrogen, as is the case in the H-vision project.
CO2 from abroad will most probably not be eligible for
an SDE++ subsidy. The Government regards CCS as a
temporary solution, which is why it has decided to cease
issuing SDE++ grants as from 2035. However, there are no
regulations that prevent the issuing of new storage permits
after 2035.

2.6

Hydrogen policy

The Climate Agreement contains a target of 3-4 GW of
electrolysis capacity by 2030 (Min. EZK, 2019). The
Government presented its vision for hydrogen in March
2020 (Min. EZK, 2020b). The vision is an assessment of
developments and the associated preconditions. The great
interest market players show in hydrogen projects means
developments in the private sector will advance at a faster
pace in the years ahead than is currently estimated.
For instance, having won the recent Hollandse Kust (noord)
Wind Farm Site tender (see 3.3.2), the Crosswind consortium responded by announcing, in a press release, that it
intends to use some or all of the energy it generates to
produce hydrogen. These developments may result in
policy amendments.
CO2-free hydrogen production is regarded as a necessary
link in the move towards a sustainable energy and raw
materials system. Hydrogen also has a role to play as a
substitute for natural gas in the production of hightemperature heat in the industrial sector and as a raw
material in chemical processes (Min. EZK, 2020b). At a later
stage, hydrogen may also play a part in seasonal storage
in salt caverns or empty gas fields. In addition to its use in
those sectors, hydrogen production also makes it possible
to use large quantities of renewable energy generated
offshore and onshore. The choice of system, i.e. one where
hydrogen is produced instead of electricity, therefore
features large in this outlook. Preparations for the delivery
of infrastructure and storage capacity, if any, must be made
in good time, given the estimated completion times of
approximately 10 years.
The approach will have to be tailored to developments
in the rest of Northwestern Europe if large-scale roll-out
and scaling up are to be achieved. EUR 9 billion has been
set aside in Germany for the industrial sector's transition
to renewable hydrogen, and now that Germany has taken
over the presidency of the Council of the EU, hydrogen is
one of the priorities (Bundesministerium für Wirtschaft und
Energie, 2020b); see also Section 2.10.
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Launching a sustainable hydrogen chain is the key
challenge as far as the development of hydrogen is
concerned. Supply, demand, storage, and infrastructure
are closely linked and all need to develop. A timeline
and preconditions for linking offshore wind energy and
hydrogen have already been drawn up (Min. EZK, 2020b).
The basic principle here is that the additional demand
from electrolysers may eliminate offshore wind energy
production peaks at times of declining demand or
transmission constraints, benefiting both the business case
for offshore wind energy and the scale-up of hydrogen.
Electrolysers need to be scaled up to at least 100 MW
to make the business case profitable without subsidies
(Min. EZK, 2020b).
The Government is examining the possibility of connecting
the production of offshore wind energy and hydrogen
production in the form of a combined tender for those
technologies or through simultaneous production and
a connection with supply contracts (Min. EZK, 2020b).
Expectations are that the first combined projects will be
operational in the second half of this decade. The form and
schedule for a combined tender are yet to be determined.
Offshore electrolysis is already being actively examined but
is still in the pilot phase (for example, the PosHYdon project
with 1 MW offshore hydrogen production (PosHYdon,
2020)). Conversion losses mean that some of the energy is
lost during offshore electrolysis, but this could potentially
result in lower transmission costs than those incurred for
landing electricity (with the same capacity and at the same
distance). It is therefore essential to consider the overall
system costs throughout the entire chain of production,
transmission, and consumption. The end use of the energy,
in the form of electricity or hydrogen, should also be taken
into account.

2.7

Innovation policy

TRL LEVEL

The Climate Agreement is taken as the basis for the formulation of innovation targets and implementation of the
innovation policy. An innovation task force has been
established to determine the objectives (missions) of the
Climate Agreement for 2030 and 2050. This has been
developed into a Comprehensive Knowledge and

Innovation Programme for Climate Policy and Energy (IKIA).
The IKIA translates the missions of the Climate Agreement
into concrete Multiple-year Mission-driven Innovation
Programmes (MMIPs).
The MMIPs cover the entire knowledge and innovation
chain and are ultimately converted into innovation policy.
Current policy is aimed at CO2 reduction (in line with the
Climate Agreement) and the promotion of economic
growth through the implementation of large-scale
innovation (Taakgroep Innovatie, 2019).
The innovation policy for the North Sea will be determined
by the 'MMIP: Offshore renewable electricity'. This MMIP
will work to resolve the following bottlenecks:
1. reducing the cost of electricity and the development of
specific applications;
2. integration of large quantities of renewable electricity
into the energy system;
3. integration of renewable electricity production systems
into the environment (in ecological and spatial terms).
The MMIPs specify what knowledge and innovation is
required for the various parts of the innovation chain,
according to current insights, in relation to research,
development, pilots/demonstration, and implementation.
This is why, just like in this NEO, the TRLs of the various
innovative technologies are the key elements. The MMIPs
cover all TRLs; the specific targets set are TRL-dependent.
Figure 2-2 provides the definitions of the various TRLs.
Once TRL-dependent targets have been set, the diversity
and expertise of all stakeholders/actors involved in the
innovative technology is considered. Various environmental
factors, such as the economic or ecological impact of the
innovative technology, are also evaluated. Lastly, the
requirements of consumers and sectors which would be
using the innovative technology are assessed. Together,
these factors will determine the feasibility of an innovative
technology and the scale-up rate. The same approach will
be used for the analysis of innovative technologies in the
NEO (see Appendix A1.1).

TRL 1-2

TRL 3

TRL 4

TRL 5

TRL 6-7

TRL 8

TRL 9

TRL 9

Fundamental
research of
the concept

Research of
potential
applications
of the
concept

Research and
detailing
identified
applications

Design and
testing of a
prototype in
a proper
environment

Testing of
prototype in
operational
setting

Finalizing
the product

Commercializing
the product

Scale-up
and
expansion

Figure 2-2 Definitions Technology Readiness Levels (TRL)
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2.8

Fossil energy

Gas extraction is declining in the Netherlands, on the one
hand because of market conditions and policy and, on
the other, owing to the exhaustion of reserves and stocks
(NLOG, 2020). Attempts are being made to improve
the investment climate to ensure the decline of gas
extraction from small fields does not have the undesired
consequence of substantial amounts of natural gas having
to be imported. At present, companies can deduct 25%
of new investment costs incurred in investigating the
possibility of expanding the extraction of oil and gas in
the North Sea from their own profits (Min. EZK, 2018).
This is to be increased to 40% with a legislative change
that is currently in the preparation phase and is expected
to enter into force in mid-2020. Adjusting what is known as
'the Government take', the contribution that market players
have to pay, is another financial instrument that could be
used to support gas extraction. Conditions will have to be
set for, or linked to, the success of exploratory activities,
which should lower the financial risk for market players.
The number of fields active in 2030 and 2050 will depend
on the projected natural gas price and successful
explorations of new fields. At the same time, there is
uncertainty over which infrastructure (platforms and
pipelines) can be reused for other purposes. This is
therefore also the subject of studies being conducted by,
among others, NexStep and TNO. At the moment, there is
no active policy to retain this commercial infrastructure for
reuse.

2.9

Political and public support

Political and public support for the roll-out of the various
technological options, such as offshore wind, CO2
storage, and innovative technologies, is of crucial
importance. Examples of resistance to various technologies
can be found in the recent past. In some cases, public –
and subsequently political – pressure can be so great that
a project will be completely abandoned. The CCS pilot
project in Barendrecht in 2010 is one such example.
The chance of an innovative technology succeeding is very
low in the absence of political support (Hekkert, 2010),
which is why this parameter is illustrated in the fact sheets
reproduced in Appendix A1.1.

2.10 International context
The development of the energy system on the Dutch
Continental Shelf is part of a broader transition in
Northwestern Europe. The scope of the NEO includes a
sectoral analysis of the energy system in the Dutch part
of the North Sea. The position of neighbouring countries
bordering the North Sea provides the opportunity for
interfaces and could have a substantial impact on the North
Sea's economic earning potential for the Netherlands. See
Section 6.3 for conclusions and further reflection on the
interaction with international aspects.

The neighbouring countries bordering the North Sea have
also made international commitments to the climate targets
of the Paris Agreement and the European Green Deal.
National decarbonisation plans, combining both a policy
on sustainable generation and adjustments to the demand
side, are being made on the basis of those commitments.
For instance, Denmark produces more renewable energy
than is required for national targets, and the Netherlands
became its first customer in 2020 (in order to be able to
meet its own targets) (Min. EZK, 2020a). Denmark has even
recently announced that it is actively steering growth in
future exports of renewable energy (Danish Energy Agency,
2019). Germany has approved plans to start increasing the
offshore wind target to 40 GW by 2040 (Bundesministerium
für Wirtschaft und Energie, 2017). On the demand side,
Germany published a hydrogen strategy in 2020 in
which international trade in hydrogen plays a major part
(Bundesministerium für Wirtschaft und Energie, 2020a).
The European Commission's Green Deal (European
Commission, 2019) also contains big ambitions for
renewable energy, combined with an expansion of
electrolysis capacity.
The Netherlands and neighbouring countries are
coordinating bilaterally on the North Sea (the North Sea
Energy Corporation, for example (NSEC, 2020)), and there
are also some joint projects such as the North Sea Wind
Power Hub project (North Sea Wind Power Hub, 2019).
International coordination provides considerable potential
for cost reductions and economic opportunities (World
Energy Council, 2014). This is relevant to the NEO because
the system integration part also contains an analysis
concerning the exportation of energy abroad. In other
words, economic opportunities arise when international
requirements for different types of energy are
complementary (World Energy Council, 2014). This is
discussed further in Section 5.3.
Competition can also arise between neighbouring
countries in the technological area when logistical chains
and requirements, which are necessary in order to achieve
a particular pace in the scaling up of sustainable energy
production in the North Sea, are involved. One example of
this is the limited availability of ships for the construction
of the latest (and very large) offshore wind turbines (which,
needless to say, provides opportunities for the Dutch
offshore industry).
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Figure 3-1 Structure of the NEO and the purpose of Chapter 3

3.1

Aims and approach of this chapter

The purpose of this chapter is to present a substantiated
forecast of the energy system in the North Sea in 2030,
which can be used as the starting point for the NEO.
Where possible, the picture of the North Sea in 2030 is
based on facts, the objectives in the Climate Agreement,
and established policy. Where there is no substantiated
picture in a particular area, for example, because the
underlying policy is not yet at the development stage, a
single picture is decided on and the associated uncertainty
identified. The guiding principle chosen is to set minimum
expectations for 2030 in order to provide certainty that the
efforts required to achieve the end goals for 2050 are not
underestimated.
A distinction between technologies and innovative
technologies will be made when the forecast for 2030 is
developed. As already discussed in Section 1.2.2.1, this
means technologies explicitly included in the Climate
Agreement are expected to make a concrete contribution
to the production of renewable energy in the North Sea.
Technologies that are being piloted but have no role in
the Climate Agreement are referred to as innovative
technologies in the NEO. Technical innovations within a
technology are regarded as continued development.
See Appendix A1.1 for more context regarding this
distinction. The technology for hydrogen (electrolysers and
pipelines) is still at the development stage, but a target has
been set for it in the Climate Agreement, and projects are
expected in 2030. The integration of hydrogen is regarded
in the NEO as the outcome of the need for system
integration and not as an end in itself. Ultimately, economic
needs will also have a bearing on the electricity to
hydrogen ratio. The trend in demand for onshore hydrogen
may come from various sectors.

This chapter begins with an overview of the expected
division of space in the North Sea in 2030, focusing on
the different functional uses. This is followed by specific
details of the energy system and associated uncertainties.
Both conventional and renewable energy are discussed, as
well as innovative technologies. On the subject of landing
energy, the increasing production of offshore wind energy
ahead of 2030 and its integration into the onshore
electricity grid is elaborated on further.

3.2

Division of space in the North Sea

The use of space in the North Sea will be as follows:




Wind farms will use 1,600 km2 of the North Sea (less than
3% of the Dutch part of the North Sea). This does not
include the space used for the transmission cables for
exporting production. The Climate Agreement includes
an option to raise the level of European ambition to
a 55% reduction of greenhouse gases by 2030. Among
other things, there is an option to accelerate the roll-out
of offshore wind in the Netherlands by 6 GW before
2030. Although the development has started, no energy
island will be in operation by 2030; the production of the
wind farms operating in 2030 will be brought ashore in
the form of electricity with direct connections (Min. IenW,
2019). Combining an interconnector with a landing cable
is one of the possibilities being examined (TenneT, 2020).
EBN forecasts that between zero and 50 of the 161
active offshore oil and gas fields in 2019 will still be in
use by 2030 (EBN, 2019). The margin of uncertainty
regarding the number of platforms that will still be
operational is caused chiefly by the low gas price and
the threat of low levels of investment, which will put
constraints on searches for new-found reserves. EBN
estimates that, in a worst-case scenario involving low gas
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prices and no exploration, no plants will be operational.
In a best-case scenario with high gas prices and new
explorations, 50 will be in operation (EBN, 2019). With
a 500 m safety zone surrounding plants, the amount of
space used will be between zero and 40 km2. This does
not include space restrictions for helicopter approach
routes.
There are 4,500 km of pipelines and 3,300 km of cables
on the seabed of the North Sea, with a 500 m safety zone
surrounding a cable or pipeline creating a zone of 7,800
km2. In principle, cables are laid so they do not constitute
obstacles for other North Sea users (Noordzeeloket,
2020a).
The shipping routes for transit operations from and
to the ports of Rotterdam, Amsterdam, Den Helder, and
Eemshaven take up a surface area of 3,600 km2 (6% of
the Dutch part of the North Sea) (Noordzeeloket, 2020a).
In the coming decades, growth in the volume of
transport via the North Sea is expected to continue to
increase, at an estimated rate of 1% per year (10%
increase by 2030 compared with today's rate) (Noord
zeeloket, 2020a).
In 2019, the protected Natura 2000 areas in the North
Sea occupied a total of 20% of the North Sea – 11,374
km2). A decrease ahead of 2030 is unlikely, although it
is not certain whether there will be an increase (Noord
zeeloket, 2020a).
The Ministry of Defence uses 4,025 km2 for, among other
things, firing exercises and former munitions dumps,
taking up a total of 7% of the Dutch part of the North Sea
area (Noordzeeloket, 2020a).
A zone with a surface area of 5,134 km2 has been 		
reserved for sand extraction. Sand extraction has
priority in this zone, but other functional uses are not
excluded. (Noordzeeloket, 2020a)
Discussions are ongoing concerning the specifics of the
use of space and the possibilities of shared use of space
for the fishing industry (Noordzeeloket, 2020a).

3.3

Energy in the North Sea in 2030

This section outlines the energy situation in the North Sea in
2030. The parameters of all energy sources and associated
future paths are used as a background for this analysis and
are set out in Appendix A1.1.
3.3.1

FOSSIL ENERGY

In 2030, fossil fuel energy will continue to play an important
role in the Dutch energy system. Oil and gas are extracted
from the North Sea and several CCS projects are in
operation.
The locations where fossil fuel energy is produced in the
North Sea are illustrated in Figure 3-2. The offshore
platforms are categorised based on the period in which
the EBN estimates they will be decommissioned (COP, or
cessation of production) (EBN, 2019). COP will depend on
the gas price. The following map is based on the mid-case
scenario, where the gas price is 20 euro cents/Nm3 and
production comprises existing reserves and contingent
resources. The decommissioning of platforms will be
postponed if gas prices increase or prospective resources
are used for production. Conversely, a fall in gas prices or
production using only existing reserves will mean platforms
being decommissioned early.

The above refers specifically to the total (gross) space used
by the individual functionalities and zones. The potential
combined use has not yet been taken into consideration
(see Section 3.2.1 below).
3.2.1

Eemshaven-Delfzijl

AREAS OF OVERLAP IN THE USE OF SPACE

In 2030, the space in the North Sea will increasingly be
used for more than one function; for instance, some of the
space between wind turbines in wind farms will be used for,
among other things, innovative technology pilots, including floating solar PV systems or aquatic biomass cultivation
(Deltares, 2019), (Witteveen & Bos, CE Delft, 2019).
Additionally, in 2030, it will be possible to combine a
surface area of 5-7% taken up by wind farms and 10-15%
taken up by nature conservation areas with fishing and
other activities (Min. IenW, 2019). That said, not every
combination will be possible or desirable. Further studies
and agreements will be required in the event of conflicting
interests between, for example, the fishing industry and
nature conservation areas.

Noordzeekanaalgebied
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Figure 3-2 Offshore gas production and infrastructure
towards 2030 (EBN, 2019)
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3.3.1.1 Oil and gas extraction
There are several estimates for offshore gas production
in 2030. As also indicated in the previous section and in
Figure 3-2, these estimates are inherently uncertain
because the extent of future gas extraction and the
decommissioning of gas platforms is heavily dependent on
the gas price at that time. The Netherlands Environmental
Assessment Agency's 2019 Climate and Energy Report
(PBL, 2019) is based on production of 11 billion cubic
metres per year. The official data of the Ministry of
Economic Affairs and Climate Policy indicate projected
production of 11.9 billion m3 per year, although 7.8
billion m3 will come from reserves yet to be discovered
(NLOG, 2020). The figures from both sources are subject
to a substantial margin of uncertainty. Given the very small
number of reserves discovered in recent years – there were
no successful drilling activities in 2019 (NLOG, 2020) – and
the fact that existing reserves are declining, the attainability
of that 7.8 billion3 is uncertain. The final economically
attainable production volumes will be determined by
market players and will therefore be heavily dependent on
the gas price. In 2020, The Hague Centre for Strategic
Studies (HCSS) used three scenarios to estimate the
production level in 2030 (HCSS, 2020). In the ‘high’
scenario, all of today's gas reserves will be exploited and
10 billion m3 will be produced. This scenario is not based
on the current gas price and economic climate. The
'average' scenario extrapolates the current situation as
regards the decline of reserves, the small number of new
reserves being discovered, and the current gas price. Five
billion m3 of gas will be produced in this scenario. The 'low'
scenario is based on deteriorating reserves, high operating
costs, a low gas price, and also obstructive legislation. In
this scenario, there will be hardly any gas production in the
North Sea by 2030.
In the NEO, we opted to use the KEV 2019 as the starting
point for the forecast for 2030 gas production and for input
for the analysis in later chapters (PBL, 2019).
Expected offshore gas production in 2030

Gas production (billion m3/year)

10
8
6
4
2
Production
level 2019

KEV
2019

NLOG
2019

HCSS
high

HCSS
average

Different prognoses 2030

Figuur 3-3 Comparison of various prognoses for the 2030
offshore gas production (PBL, 2019),
(NLOG, 2020) and (HCSS, 2020)

ELECTRIFICATION
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TO THE ONSHORE
POWER GRID

ELECTRIFICATION
FROM OFFSHORE
WIND
PRODUCTION

GENERATION USING
AN OFFSHORE
GAS-FIRED POWER
STATION INCLUDING
CCS

As yet, no decisions have been made as to whether and
how offshore platforms will be electrified.
Although their contribution to energy system integration
might be small because of the limited demand of the
platforms, it could prove a valuable first step towards the
use or reuse of platforms for hydrogen storage, CCS, or
offshore P2X, because it would mean they would also
remain usable after gas extraction ends (see Sections 4.4.1
and 5.3.1.3 below). However, the total volume of electricity
required for the electrification of platforms is relatively small
compared with the amount of offshore wind energy set to
be generated in the North Sea in the future. For this reason,
platform electrification or CCS has not been factored into
the plans for offshore wind farm zones. Consequently, this
option does not provide a significant solution in the system
integration analysis in Chapter 5.
3.3.1.2 CCS
The annual amount of CCS eligible for SDE++ until 2030
is 10.2 Mt (7.2 Mt from industry and 3.0 Mt from electricity
generation) (Min. EZK, 2020c). As discussed in Section 2.5,
this is the starting point for the NEO in 2030.

12

0

Platform electrification
One development that might come into play before 2030
is the possibility of electrifying offshore platforms. For
example, consideration is being given to the electrification
of offshore oil and gas platforms for Hollandse Kust (noord).
First, the electrification of the platforms will lead to
emission reductions in the offshore oil and gas sector,
where platforms are currently powered by gas compressors
and electricity generated on the platforms by gas turbines.
Up to 5% of the gas produced is used for this (Government
of the Netherlands). Second, it provides possibilities for
the powering of any future uses to which platforms are put,
including the storage of CO2 or hydrogen or the offshore
production of hydrogen. Three potential options for the
electrification of offshore platforms are explained in the
MIDDEN study (PBL, 2020):

HCSS
low

The Porthos and Athos CCS projects are highly specific;
some uncertainty remains regarding the total storage
capacity of 7.4 Mt per year, with 6.5 Mt being the lower
limit in current options (DNV GL, 2020). The use to which
residual storage capacity will be put remains uncertain and
will depend on projects that are less specific than Aramis.
The creation of an offshore CO2 backbone is also
mentioned, but the specificity of the plans means that,
at present, there are insufficient points of reference to
comment conclusively on this.
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3.3.2

RENEWABLE ENERGY

3.3.2.1 Offshore wind energy
Based on the Offshore Wind Roadmap, approximately 10.6
GW will be generated in the following wind farms in 2030:
POWER
(MW)

START OF
PRODUCTION

Egmond aan Zee

108

20071

Prinses Amalia

120

20081

Luchterduinen

129

2015

Gemini

600

2016

Borssele

1.503

2020

Hollandse Kust Zuid

1.520

2022

759

2023

1.4002

2025

7002

2026

WINDFARM

Hollandse Kust Noord
Hollandse Kust West
Ten noorden van de Waddeneilanden
IJmuiden Ver

4.0002

TOTAL 2030

10.839

2030
2030

2

1,0 GW existing, 9,9 GW to
be materialized (RVO, 2020)
After the SDE subsidy period of 15 years economic motivations will
determine whether lifetime extensions, repowering or decommissioning
is considered.
2
Potentially to be corrected for overplanting.

The space required to produce wind energy in the North
Sea ahead of 2023 is illustrated by Figure 3-4. The electrical
infrastructure is presented as well. At the time of writing, a
final decision has not yet been made on the sections for the
electrical connections and the transmission cable landing
points for the IJmuiden Ver and North of the Frysian Islands
(TNW) wind farms. There are several options, which is why
they are not presented in the following map.
Ahead of 2030, incremental innovations have played an
important part in reducing the cost of offshore wind.
The role of these innovations in current and future
developments is described in Section 2.4. In the long term,
other technologies will have a role to play alongside wind
energy. Incremental innovations in respect of both wind
energy technology and innovative technologies will
continue to make an important contribution to cost
reduction beyond 2030. The various innovative
technologies, such as offshore floating solar PV systems,
are analysed in Appendix A1.
The Egmond aan Zee and Prinses Amalia wind farms will
be 23 and 22 years old, respectively, in 2030 and reach the
end of their service lives before the start period covered in
the NEO. It is technically possible to extend the service life
of these wind farms or to repower them.

1

COBRA
NORNED

TN W

Eemshaven-Delfzijl

IJmuiden Ver
HKN

3.3.2.2 Hydrogen
Several hydrogen electrolysis projects are planned between
now and 2030. These are mainly onshore projects and will
involve scaling up MW-sized projects and programmes to
GW-sized ones (ISPT, 2020). The PosHYdon project is an
example of an offshore project (PosHYdon, 2020).
At present, there are no specific targets that can be used
to support offshore electrolysis. However, the Climate
Agreement contains a target for 3-4 GW electrolysis
capacity by 2030.
Based on current specific plans, the energy produced by
planned offshore wind farms will be electricity (Min. EZK,
2019), (DNV GL, 2020). The basic assumption of this study is
therefore that no major offshore hydrogen production will
take place before 2030. Offshore hydrogen production may
develop quickly using onshore technology, so it is possible
it will be implemented before 2030. This study assumes
electrolysis capacity in the North Sea will amount to
100 MW by 2030.

HKW
H KZ
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Figure 3-4 Offshore wind and electrical infrastructure in the
North Sea in 2030
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3.3.2.3 Innovative technologies
The NEO envisages that the following innovative
technologies will be in operation in several pilots by 2030:

OFFSHORE
FLOATING SOLAR
PV SYSTEMS

AQUATIC
BIOMASS FOR THE
PRODUCTION OF
BIODIESEL

AIRBORNE
WIND ENERGY
(AWE)

3.4

3.4.1
Further details concerning the innovative technologies
and the selection thereof, as well as the characterisation of
innovative technologies, may be found in Appendix A1.2.
At present, there are no policies other than the innovation
policy or capacity targets for the scaling up and
implementation of these innovative technologies.
Following the Crosswind consortium's announcement, after
winning the recent Hollandse Kust (noord) tender, that it
would be using floating solar PV systems, several pilots will
be conducted in the period between now and 2030.
There is potential for around 100 MW for offshore floating
solar PV systems and aquatic biomass by 2030.
Expectations are that AWE will realise the same potential
by 2035. These estimated capacities are key figures that are
based on the methodology elaborated upon in Appendix
A1.2.2.
Offshore floating solar PV systems and aquatic biomass
innovative technologies could use the space between wind
turbines in wind farms. This could enable a 1 MW floating
solar plant to be connected to every offshore wind turbine
during the pilot phase (Witteveen & Bos, CE Delft, 2019).
Later on, floating solar PV farms could be built on a larger
scale in the space between wind turbines.
Offshore floating solar PV systems could also use wind
farms' electrical infrastructure, as part of an arrangement
known as cable pooling, which would result in significant
cost savings (Witteveen & Bos, CE Delft, 2019).
Aquatic biomass is considered to be a seaweed-like crop.
This source of carbon can be used for many applications,
including for the production of synthetic fuels. Those fuels
are used in shipping and aviation, sectors that find the
conversion to alternative fuels such as hydrogen or
electricity difficult, and could also find their way onto the
food and cosmetic markets. Biomass will be put to
high-grade use in the main and the residues from earlier
processes to lower-value use, such as incineration.

Physical system integration

Renewable energy generated in the North Sea will be
integrated into the onshore electricity system via direct
cable connections. The initial opportunities for synergy will
be exploited by means of TenneT's 'offshore plug socket'
approach, in which the energy produced by several wind
farms is connected in clusters via a single HVAC station and
connected to the mainland.
FOSSIL ENERGY

3.4.1.1 Oil and gas extraction
Production of conventional energy (oil and gas) has already
been integrated into the existing onshore network. The oil
and gas fields still operational in 2030 will be able to export
their products to the existing gas grid, for which sufficient
capacity is available without restriction (DNV GL, 2020).
The 2019 Climate and Energy Report forecast is being used
at the starting point for the NEO (PBL, 2019). Its point of
departure is an annual natural gas production rate of
11 billion m3 or 387 PJ by 2030. The demand for oil and gas
in the Netherlands will therefore be significantly greater
by 2030 than offshore production (PBL, 2019), so no
constraints as regards marketing are envisaged.
3.4.1.2 CO2 storage
Various obstacles are impeding the reuse of existing gas
pipelines to transport CO2 from land to a platform for
injection into an empty gas field. Pipelines run from the gas
fields to a main discharge line. The main discharge line will
remain in use for as long as a gas field is connected to it.
The closure of some gas fields does not necessarily mean
they will be accessible from land via the existing gas
system. In addition, interviews indicate the technical
condition of most pipelines is unknown, making it difficult
to determine the risk entailed in reuse and remaining
service life. Economic interests could prompt the
installation of new pipelines for integration of CO2 storage
into the (also yet to be built) onshore system.
The platforms to be used for CO2 injection already exist
and there are enough of them to be able to process the
projected quantity of CO2 (DNV GL, 2020). Government
intervention and active policy will be required to guarantee
this infrastructure remains available. Current operators are
responsible for sealing and removing the wells and
platforms and will do so on a market-driven basis. Once
wells have been sealed and platforms removed, it is very
complex and costly to make gas fields accessible again for
CO2 storage. Sealing off empty gas fields is a choice
already open to operators and may have a significant
impact on whether storage capacity becomes available.
In addition, if wells are to be kept open for the longer term,
it may be necessary to appoint an infrastructure manager
to cover risks before CO2 storage begins, because
commercial parties might not be prepared to bear the risk
of keeping wells open for the longer term.
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The potential national and international supply of CO2 will
be significantly greater than the CO2 capture projects due
to be operational by 2030, so no constraints as regards
supply are envisaged. The available storage capacity in
the North Sea is significantly greater than the storage
quantities envisaged, so no technical constraints in this
area are foreseen (EBN & Gasunie, 2017). Some of the
capacity due to become available before 2030 could
possibly be used for CO2 imports, but future prospects
for this are uncertain at present. That uncertainty and the
associated costs must be weighed against the desirability
and potential benefits of keeping this infrastructure
available for the longer term.
It is important to guarantee the transmission pipelines
connecting to platforms and storage sites do not become
a physical obstacle in future. Simply making the
infrastructure large enough to accommodate the current
scale of CO2 capture projects (such as 2.5 Mt for Porthos)
would make future expansions of CO2 storage capacity very
cost-intensive, and the infrastructure could be made larger
than required in the construction phase at relatively low
additional cost (DNV GL, 2020).
3.4.2

RENEWABLE ENERGY

3.4.2.1 Offshore wind energy and offshore floating
		
solar PV systems
The planned wind farms as well as the innovative
technology for offshore floating solar PV systems will be
directly connected to the onshore electricity grid (Min. EZK,
2019). There is sufficient capacity for this, and it opens up
the opportunity for foreign exports (DNV GL, 2020).
Dyke or dune crossings will be needed for each individual
connection supplying electricity generated offshore to the
onshore electricity grid and will necessarily require space.
With a systematic approach, combined connections could
be installed and appliances such as pipe sleeves used.
Total annual electricity demand in the Netherlands will be
greater in 2030 than total offshore production (PBL, 2019).
However, there will be periods when the amount of
sustainably produced electricity will exceed domestic
electricity demand. The simultaneity of sustainable
production on an hourly basis could therefore increase the
earning potential of wind farms from 2030 (AFRY, 2020).
It is possible this will have an impact on bids for planned
wind farms before 2030. This study takes the 2030
Roadmap as its starting point and disregards potentially
declining business cases.

With increasing capacity to generate renewable energy in
the North Sea, added value will be created for a hub
function. This is elaborated on further in the analysis.
Various activities, such as the installation of connection
points for cables and pipelines, conversion to hydrogen,
if applicable, logistics facilities for construction and
maintenance, etc., could be combined at a hub.
The purpose of a hub is to accelerate the integration of
renewable energy and reduce total system costs and spatial
impact. The hub function could be performed on a
floating island, a platform, or a physical artificial island.
Market players as well as government organisations have
already put forward international initiatives in this regard
(North Sea Wind Power Hub, 2019). The energy generated
by the wind farms planned between now and 2030 will be
transmitted ashore as electricity (Min. EZK, 2019), and the
estimated time required to develop a hub is about 10 years,
making it unlikely that one will be operational before 2030.
3.4.2.2 Hydrogen
Current policy does not envisage offshore hydrogen
production taking place before 2030 (Min. EZK, 2019),
(DNV GL, 2020). The uncertainty in the forecast is due to
non-scientific sources (soft drivers, such as market trends).
Several market players operate in this area and hydrogen
could yet be produced offshore by 2030. Any hydrogen
produced could then be connected to the national H2
backbone using an offshore pipeline, which could be
in place before 2030 and have sufficient capacity for
consumption and possibly even foreign export.
The small amount of offshore production could also enable
the hydrogen produced to be blended in the existing gas
pipelines. However, there would be technical constraints, it
is not yet legally possible, and it would not contribute to the
creation of a hydrogen system. Furthermore, depending
on the blend rate, the gas flow would have to be separated
again downstream. Connection to the H2 backbone would
also provide access to onshore hydrogen storage at
Zuidwending (DNV GL, 2020).
3.4.2.3 Aquatische biomass
Aquatic biomass will be harvested by ships and processed
onshore (North Sea Farm Foundation, 2020). This will not
require direct system integration and so none is envisaged.
The structure of aquatic biomass production in the North
Sea therefore has no impact on the analysis.
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Figure 4-1 Structure of the NEO and the purpose of Chapter 4

4.1

Aims and approach of this chapter

The purpose of this chapter is to distil a set of scenarios
using the final pictures for 2050, within the scope of the
NEO. They comprise three elements: a starting point in
2030 (which was set out in the previous chapter), two final
pictures for 2050, and future paths that describe the route
to be taken between 2030 and 2050 and which are
elaborated upon in this chapter. References to the word
scenario in the following text are collective references.
Scenarios are used to provide an insight into the
opportunities presented by the North Sea and the choices
that could be made in respect of them. They therefore
serve as input for the analysis carried out in Chapter 5.
It is important to note that existing final pictures for 2050
will be used for this NEO. They have been selected based
on the following requirements:







They meet the objective of the Paris Climate Agreement,
i.e. a 95% reduction, compared with 1990 levels, in CO2
emissions by 2050.
They describe realistic developments of energy
technologies in the North Sea, which set out the entire
range, both for mature technologies and for
technologies still at the development stage which are
expected to make a significant contribution.
They sufficiently describe the impact on the energy
system and system integration.
They enjoy support and have been peer-reviewed by
a broad group of stakeholders.

It is clear from the above requirements that the scenarios/
final pictures were drawn up with targets in mind. Needless
to say, there are several possible future paths that could
lead to the same final pictures. Both the final pictures and
the future paths are used in this analysis to illustrate the
breadth of the future landscape. Policy options are set out
on that basis in the following chapter.
We will present two final pictures that satisfy the above
requirements in this chapter: an Import-dependent Final
Picture (IA), where energy production in the Netherlands is
insufficient to meet demand and the Netherlands relies on
the international exchange of energy, and a Self-sufficient
Final Picture (ZV), where the Netherlands aims to be as
self-sufficient as possible. The minimum and maximum
necessary amounts of sustainable energy produced in the
North Sea are also explored. These final pictures are based
on the scenarios from the Comprehensive Infrastructure
Survey 2030-2050 (Berenschot & Kalavasta, 2020).
The Import-dependent Final Picture is broadly in line with
the International Governance scenario presented in it. In
this scenario, the market holds sway and options involving
the lowest cost are sought at international level. A large
amount of hydrogen is imported from countries where it is
probably easier to produce. By importing hydrogen, less
wind energy is required for national electrolysis, making
this scenario the lowest in national sustainable
electricity production. Gas is mainly provided for in the
form of imported hydrogen.
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The Self-sufficient Final Picture is broadly in line with the
National Governance scenario. Here, national government
is in control and limited growth takes place; there is a role
for national heating grids and substantial electrification in
all consumption sectors. The scenario includes sizeable
levels of solar and wind power capacity, the greatest of all
the scenarios. It also involves import, in part thanks to a
stable industry sector, which electrification is making more
sustainable.
The II3050 report also contains Regional Governance and
European Governance scenarios. They differ mainly in the
assumptions made with regard to onshore demand trends.
There are only minor differences in the assumptions with
regard to generation. They have not been taken into
account for that reason. Distribution on the demand side is
presented separately in Section 4.3. These assumptions are
used in Chapter 5 to analyse the scenarios.
The II3050 scenarios of Gasunie, TenneT, and the regional
transmission system operators have been peer-reviewed
by a broad group of stakeholders and assessed by the
Netherlands Environmental Assessment Agency. Moreover,
the final pictures result in meeting the climate targets. The
peer-review process has produced realistic key points for
2050. In addition, the assumptions and results have been
assessed at system level based on several energy carriers
(electrons and molecules), are of a recent date, and take
account of system integration. Furthermore, compared with
the alternatives, the focus on infrastructure in the II3050
scenarios is important for the NEO, with the onshore
situation in respect of production and demand taken as
given for the NEO.
The resulting future outcomes used for the analysis in the
NEO are summarised in Table 4 1. The substantiation of and
background to the values in these final pictures, indicated
in the table, are explained in the following sections. The
opportunities for innovative generation are included in the
analysis because they will not yet be in the scale-up phase
by 2030 and therefore may not be able to compete with
offshore wind energy from an economic point of view.
The decision to use final pictures, and the resultant
assumptions made for supply and demand, are explained
below. The method used to draw up the future paths, and
the resultant paths, is set out in Appendix A1.

SECTION

4.2

Energy in the North Sea

4.2.1

FOSSIL ENERGY

4.2.1.1 Oil and gas extraction
The previous chapter mentions the literature remains
uncertain regarding the scale of oil and gas production in
the North Sea by 2030. Whilst the forecast in the 2019
Climate and Energy Report is used as the starting point
for the NEO (PBL, 2019), it does not provide a production
estimate for 2050.
Gas extraction in the North Sea is driven in particular by the
competitive position of Dutch gas in the global gas market.
The II3050 study applies the assumption that domestic
gas extraction will decline to 0 PJ by 2050 in each of the
scenarios. Other sources and interviews also indicate a
sharp fall in oil and gas production in the period leading
up to 2050. At most, a few fields will be responsible for
the remaining production (HCSS, 2020). EBN forecasts gas
extraction of 31.3 PJ by 2050, capped at 81.6 PJ under the
most favourable market conditions (Min. EZK, 2018). The
most obvious use to which natural gas could be put in the
long term would be for the production of blue hydrogen,
given it is inherently combined with CO2 capture. If natural
gas is used for other applications in 2050, such as electricity
production or as a raw material in the industrial sector, it
will have to be combined with CO2 capture or CO2
offsetting because of the Paris climate targets to which the
Netherlands has committed itself. Green gas would be a
more obvious choice for such applications.
If total demand for natural gas turns out higher than the
envisaged maximum amount of 81.6 PJ, attempts could be
made to stimulate domestic production by improving our
competitive position, for example, by reducing the financial
burden for exploration and drilling or reducing payments
to the state of revenue from gas extraction. It is not likely
gas extraction will be stimulated beyond domestic demand.
Since the level of domestic gas extraction is also heavily
dependent on the global gas price (which is dominated
by the major providers in Norway, Russia, and the US), the
extent of the influence the Government can exert on that
level is unclear.

TECHNOLOGY

IMPORT-DEPENDENT

SELF-SUFFICIENT

4.2.1

Conventional energy

Natural gas extraction (PJ/year)

0

0

4.2.2

Renewable energy

Offshore wind energy (GW)

38

72

4.3.2

Storage, conversion and transmission

CO2 storage (Mton/year)

4.6

26.8

Table 4-1

Overview of 2050 final pictures based on the Import-dependent and Self-sufficient scenarios
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The significant uncertainty about long-term gas price trends
means there is no clear-cut information about the reduction
rate between 2030 and 2050. For that reason, for the
purpose of the NEO, it is assumed there will be a straightline reduction (see Figure 4-2).

TECHNOLOGY

IMPORTDEPENDENT

SELFSUFFICIENT

Natural gas (PJ)

0

0

Table 4-2

Future parth for CO2 storage (Mt/year)
30
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20
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5

Gas extraction final pictures

0
2030

2035
ZV

Gas extraction trends (PJ)
450

2045

2050

IA

Figure 4-3 Future path for annual CO2 storage
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Figure 4-2 Gas extraction future paths

4.2.1.2 CO2 storage
As discussed in Chapter 2, the Government has decided to
stop granting subsidies for CCS projects after 2035.
However, this does not mean no further permits will be
granted for CO2 storage after 2035. Consequently, there
does not seem to be anything to prevent the available
space in offshore gas fields being used for CO2 storage in
the run-up to 2050 either. Table 4-3 shows the required
total amount of CO2 storage capacity for the Importdependent and Self-sufficient final pictures. This will be
released during industrial processes, the generation of
electricity in conventional power stations, and the
generation of blue hydrogen. Given the uncertainties
surrounding the use of CCS beyond 2030, a straight-line
future path has again been retained (Figure 4 3).
TECHNOLOGY
CCS (Mt/yr)

Table 4-3

2040

IMPORTDEPENDENT

SELFSUFFICIENT

4.6

26.8

Required annual CO2 storage final pictures

RENEWABLE ENERGY

The level of production of renewable energy in the North
Sea depends on the normative scenario used. The basic
assumption in the II3050 study is that all offshore energy
production will be generated by offshore wind. In the
Import-dependent final picture, this represents 38 GW
wind energy capacity. In the Self-sufficient final picture,
72 GW of offshore wind capacity is maintained (Berenschot
& Kalavasta, 2020). Those assumptions are scrutinised in the
following section (4.2.2.1).
In addition to offshore wind, there is the prospect that
innovative technologies will be able to achieve these
targets or provide additional potential. This is covered in
4.2.2.2.
4.2.2.1 Offshore wind
The Import-dependent and Self-sufficient final pictures
entail a firm offshore wind capacity target of 38 GW and
72 GW respectively. This section will examine the
circumstances in which this would be achievable. This
examination includes an assessment of whether:





sufficient space is available;
the rate of growth required is realistic;
market trends will permit it;
the burden on the environment is permissible.
Future paths for offshore wind energy (GW)
80
70
60
50

IMPORTDEPENDENT

SELFSUFFICIENT

40

Offshore wind capacity (GW)

38

72

20

Energy yield (TWh)

170

325

TECHNOLOGY

Table 4-4

Final pictures for offshore wind energy production

30

10
0
2030

2035

2040

Import-dependent

2045

2050

Self-sufficient

Figure 4-4 Future paths for offshore wind energy
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11%

21%

communication from the Government regarding its plans
between now and 2050. That way, any constraints within the
entire logistical chain can be identified and addressed in
good time, including the elements set out below:



COBRA
NORNED





TNW



Eemshaven-Delfzijl

IJmuiden Ver
HKN
HKW
HKZ

Noordzeekanaalgebied

Wind
farm zones
Windenergiegebieden
BRITNED

Rotterdam-Moerdijk

Existing
farms 2020
2020
bestaandewind
windparken
Wind
sites 2030
kavels farm
windparken
2030
Appointed
farm
aangewezen wind
windenergiegebieden
2030

Borssele

Borssele-Terneuzen

Power
Elektriciteit
Shore
landing locations
aanlandlocatie
Power
infrastructure
elektriciteit
infrastructuur elektriciteit

Realized in collaboration with RVO.nl
Gerealiseerd in samenwerking met RVO.nl
(Netherlands
Enterprise Agency)

Future
infrastructure
infrastructuur
toekomstig

production capacity of support structures (monopiles);
wind turbines;
logistics (installation ships);
production and installation capacity of export cables;
port capacity for the temporary storage of components;
cumulative ecological impact of construction activities.

Market trends also affect growth rate. The need for offshore
wind will depend on, among other things, availability, price,
and other trends in alternative technologies.
For the market to make continuous and scaled-up
investments in offshore wind production, we need to create
market conditions that deliver a sound and stable business
case for the longer term as well. It is acknowledged in the
Climate Agreement that it will be necessary to monitor
developments in energy demand. A recent report
produced by AFRY shows the revenue model for offshore
wind will already be under pressure by 2030 because of the
increasing supply of offshore wind energy in the electricity
market (AFRY, 2020).

(Rijksdienst voor Ondernemend Nederland)

Figuur 4-5 Offshore wind and electrical infrastructure in the
North Sea towards 2050

There is sufficient space in the Dutch part of the North Sea
to achieve the Import-dependent and Self-sufficient final
pictures (Klimaat Energie Ruimte, 2018). The relevant areas
are shown in Figure 4-5, including existing wind farms in
2020, wind farm sites planned for development by 2030,
and the wind farm zones designated for 2030. The surface
area required for the Import-dependent and Self-sufficient
scenarios is also shown for indicative purposes.
An average growth of 1.5 GW/year and 3 GW/year,
respectively, is required to achieve the offshore wind
energy capacity goals for ID and SS by 2050. This is greater
than the current growth rate of 0.97 GW/year (period
2020-2030) but, comparatively speaking, markedly lower
than the growth rate of offshore wind energy in Europe
between 2009 and 2019.
The past shows that, where future prospects are sufficiently
guaranteed, industry is able to scale up and make the
necessary investments. The delay caused by the time that
elapses between a decision to invest and actual
construction sometimes leads to surpluses or shortages in
the market, with high prices or stagnation in supply as a
result. Such scaling up also requires timely and clear

There are various ways of improving market conditions, for
example, by stimulating additional (flexible) demand or
directly connecting offshore wind energy with P2X. Another
possibility would be to opt for alternative forms of tender
procedures or to apply forms of price support that protect
producers from fluctuations relative to the average market
price.
4.2.2.2 Innovative technologies
This section describes the potential contribution
innovative technologies could make in 2050. The II3050
study does not envisage the use of innovative renewable
energy sources in the North Sea making a significant
contribution to energy supply. The potential described here
therefore, in part, replaces the contribution offshore wind
makes; alternatively, it could be regarded as supplementary
renewable energy potential.
What if new technologies such as floating solar PV systems,
Airborne Wind Energy, or aquatic biomass experience
growth comparable with that of offshore wind energy?
The list of innovative renewable technologies (Appendix
A.1.1) shows that, after 2030, those innovative technologies
will be sufficiently mature to be able to contribute to energy
supply from the North Sea. The winner of the tender for
the Hollandse Kust (noord) site has announced it intends to
demonstrate a floating solar PV farm from 2030.
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In principle, floating solar PV systems, Airborne Wind
Energy, and aquatic biomass compete with the space
available for offshore wind. To maximise the potential,
consideration could be given to joint use with other parties
entitled to use the North Sea. For example, floating solar PV
farms and aquatic biomass systems could be operated in
wind farms. The turbines are more than a kilometre apart.
A floating solar PV farm could then use the wind farm's
electrical connection. The difference in the supply profile
of these technologies could lead to a better matching of
supply and demand and better use of the connection
capacity. In an optimisation study for the European
electricity network, an optimum ratio of sun to wind of 1:4
has been calculated for the present day (Zappa, 2018).
Such optimisation studies are yet to be conducted for
the North Sea. Aquatic biomass could also share space,
infrastructure, and logistics with the fishing industry or
mussel farmers.

Appendix A1.2 contains an analysis of the possible growth
path of the three technologies. Based on the estimated
starting point in 2030 and a growth factor founded on a
historical growth factor for offshore wind, it is anticipated
that, by 2050, installed capacity for floating solar PV and
aquatic biomass will each reach 10 GW, to give a combined
total of 20 GW, with Airborne Wind Energy making an
estimated contribution of 1.4 GW. It is important to note
the energy yield of 1 GW of offshore wind energy is greater
than 1 GW of solar PV by a factor of 4 to 5. This must be
taken into account in the event of a replacement.
By 2040, the total contribution will be less than 10 GW,
which means there is sufficient time to monitor the trends in
these technologies and, for example, assess every five years
whether industrial application is a possibility.

Since the innovative technologies mentioned are still at an
early stage of development, it is difficult to describe a future
path in the run-up to 2050 for them at this point. Successful
development will require a number of minimum conditions
to be met:








The technology must be sufficiently well advanced to
be capable of being rolled out without major technical
problems;
Industrial production with sufficient scale must be
possible;
The energy yield must make a significant contribution;
The technology must be sufficiently competitive against
other sources, or there must be the prospect of a cost
reduction that would justify temporary support;
The environmental impact must be known and
acceptable. In line with the environmental impact reports
for offshore wind, consideration could also be given to
the impact on hydraulics and geomorphology, other
sea users, birds and marine life, and maritime and
aviation safety.

If these conditions are met through the use of the right
technology and choice of location, these technologies
could make a contribution of similar size to offshore wind.
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4.3

Trends in enery demand

To obtain an insight into the need for and necessity of
system integration, the available volumes for production
and conversion by 2050 should be compared against
projected demand in 2050. Once again, the minimum and
maximum levels from the II3050 study have been used.
However, the NEO will not use a fixed assumption for
demand for each scenario but rather consider the full range
between minimum and maximum levels in each scenario
in order to take account of the impact in all circumstances.
This way, the possible variations on the demand side in
2050 will be fully covered within the scenarios.
DEMAND

MINIMUM
(PJ)

MAXIMUM
(PJ)

Electricity

690

863

Hydrogen

12

494

Gas - primary

0

363

Gas - final

14

102

Table 4-5

Minimum and maximum levels of demand in the
Dutch Energy System for each energy type from the
II3050 study

Table 4 5 and Figure 4 6 contain an overview of the
minimum and maximum end use levels from the II3050
study. They are composed using a combination of different
scenarios. In addition to end use, hydrogen can also be
used as an energy carrier before ultimately being converted
into electricity. This is not taken into account here.
Final energy requirement II3050 (PJ)
900
800
700

863
690

600

494

500
400

363

300
200

121

102
14

100
0

Electricity

Hydrogen

Gas - primary

Gas - final

Figure 4-6 Ranges between the maximum and minimum energy
requirement per energy carrier based on the scenarios
in the II3050 study (Berenschot & Kalavasta, 2020)

Whilst Section 4.2.1.1 states it is envisaged that no gas
will be extracted in the North Sea by 2050, there is still a
(limited) final demand for gas as a fuel or raw material of
14-102 PJ in the II3050 study. This demand could be met
with natural gas or green gas. A range of 0-363 PJ gas
extracted from the North Sea. Lastly, the II3050 study

applies a range of 73-442 PJ to demand for green gas for
electricity production. Given this involves green gas, this
demand will not be met by gas from the North Sea and
receives no further mention in the analysis.
IMPORTDEPENDENT

SELFSUFFICIENT

0

0

Final demand for (green) gas (PJ)

14-102

14-102

Primary demand for natural gas (PJ)

0-363

0-363

Natural gas extraction (PJ)

Table 4-6

Gas extraction and demand in 2050

Since no natural gas is extracted in the Netherlands in
either scenario, the full demand will have to be met through
the production of green gas or imports. As the full range of
demand in 2050 will be significantly lower than today's
demand, no constraints are anticipated in the area of
imports. In the event imported natural gas is used, it will
have to be combined with CO2 capture or CO2 offsetting.
A vision on the desirability, if any, and consequences of
long-term dependence on imports could assist in making
the decision as to whether to import gas. If it is decided
to give natural gas a (limited) role in the energy supply in
2050, it may be beneficial, from the perspective of
economic efficiency and global emissions reduction, to
meet domestic demand as far as possible with gas
extracted from the North Sea.
This would fall within the demand range of 14-102 PJ.
Based on existing expectations for gas extraction in the
North Sea, it will not be possible to meet the demand for
363 PJ of natural gas for the production of blue hydrogen.
However, one of the scenarios uses the importation of
363 PJ for the production of blue hydrogen (Berenschot &
Kalavasta, 2020).
The demand figures mentioned above exclude synthetic
bunker fuels and kerosene. The II3050 study states that,
even in the event of maximum energy production in the
North Sea, the need for imports will remain if the demand
for those fuels is to be met. This means, if the aviation and
shipping sectors are included, the total demand for
renewable energy in the Netherlands is higher than
assumed in the II3050 study. This energy could be
produced abroad and imported by the Netherlands.
Alternatively, demand could be met with additional
domestic production. In addition to this additional
domestic demand, there may also be a sales market for
domestic production in other countries. Previous analyses
have shown there is a heavy focus on renewable
electricity and hydrogen in Belgium and Germany but the
options available to those countries to produce and
generate their own electricity and hydrogen could be
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limited (DNV GL, 2020). They are actively seeking
collaboration with the Netherlands in this regard, including
via interconnectors for electricity and possibly connecting
hydrogen backbones. This combined demand could lead
to the creation of a wider sales market for North Sea
production beyond the assumptions in the II3050 study.
If supply and demand could be aggregated physically and
in time, production in the Netherlands could compete in
terms of costs with comparable production in surrounding
countries. No market modelling has been performed for
this in the NEO.

4.4

Physical system integration

Simultaneity of supply and demand is also important to
system balance. Both supply and demand can be
controlled when an imbalance is likely to occur. Supply can
be controlled, for example, by regulating production units
up or down, adjusting imports/exports, or by using storage.
This is applicable to both electricity and hydrogen.
Alternatively, conversion between chains could be used,
such as, for example, Power-to-Gas (hydrogen production)
or Power-to-X (examples include the production of heat,
chemicals, or synthetic fuels). In the latter case, additional
electricity demand will lead to additional supply in another
chain, which could help to maintain balance in both chains.
This may also have economic advantages in the event of
higher prices in another chain, or because storage in
hydrogen, for example, might be less expensive than
comparable storage in batteries. It should be noted that
an assessment of onshore flexibility options is beyond the
scope of this NEO. The following section deals first with the
phasing out of oil and gas production and the resultant options for CO2 storage. This is followed, in Section 4.4.2, with
a discussion of the available system integration options
for the renewable energy produced in the North Sea; the
parameters which will play a part in the further optimisation
of production are covered in greater depth in Chapter 5.

4.4.1

FOSSIL ENERGY

4.4.1.1 Oil and gas extraction
Ceasing gas production on the Dutch Continental Shelf will
release a significant quantity of infrastructure which could
possibly be used for alternative forms of transmission and
storage. Infrastructure can be divided into three different
types: wells, platforms, and pipelines. Their reuse is for
the most part possible. With a few adjustments, wells and
platforms could be reused, provided it can be verified that
the integrity of the wells concerned is up to standard. The
greatest value lies in the reuse of wells because they make
up the bulk of the costs for the development of new fields
(> 50%). Platforms are linked to individual gas fields and
could be reused as soon as gas extraction stops. Reuse of
gas pipelines is more complex. Several production sites
will often be connected to the same main pipeline, which
means they can be reused only when the last production
site connected to it ceases production. That said,
consideration is being given to sites where, for example,
the re-routing of gas is a possibility or, if the site has parallel
pipelines, one of the pipelines could be unlocked.
However, even when capacity is available, there is no
guarantee it will be possible to reuse pipelines for
alternative forms of transmission. That is because additional
factors such as age, condition, and the material used will
have a bearing on reuse potential. The laying of new
pipelines might be necessary because of quality
requirements, or this may even be more advantageous in
the long term. This is also the basic assumption made in
many projects, one which is shared by, among others, the
Ministry of Economic Affairs and Climate Policy. A case-bycase analysis will be required before any reuse. This gas
infrastructure and the underlying gas fields could be reused
for the storage and transport of CO2 or hydrogen.
To make use of the opportunity to reuse infrastructure,
timing is crucial. Once wells have been closed, it is
impossible to reopen them, and the greatest potential
cost-saving opportunity could be lost. At present, there is
no statutory time limit for when the infrastructure has to be
removed after cessation of production. However, a removal
plan does have to be submitted to the State Supervision
of Mines. Infrastructure is usually removed within a period
of four to five years, with the closure of wells being the first
step in the process. Removal operations generally begin
relatively quickly after cessation of production because of
the ongoing costs incurred by the operator. At present, the
Government has no means of delaying the removal of
infrastructure or any control over its removal. Nor can it
reserve the infrastructure for reuse. If there is no prospect
of reuse, empty gas fields will be abandoned and will no
longer be available for storage.
The need for CO2 transport and storage is explained in the
following section; hydrogen is covered in Section 4.4.2 on
renewable energy.
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4.4.1.2 CO2 storage
The analyses of storage capacity conducted by EBN and
Gasunie show it is anticipated that approximately 1,450
Mt (~85%) of the total capacity (1678 Mt) will already have
been released by 2030 (EBN & Gasunie, 2017).
For storage capacity to be available, it is essential existing
infrastructure can be reused and that it is not dismantled
earlier. The reuse of infrastructure is discussed in more
detail in Section 5.3.2.3.
In the Import-dependent final picture, the annual demand
for CO2 storage will fall to 4.6 Mt per year by 2050. Based
on a straight-line decrease, including Athos' and Pathos'
requirements between now and 2030, this will result in a
total cumulative need for storage capacity of 201 Mt as
compared with the potential 1678 Mt. No problems
regarding the timely release of that storage capacity are
expected either. If CO2 continues to be stored at the same
rate after 2050, the capacity will be sufficient for 321
additional years of storage. If maximum use can be made
of the available capacity before 2050, through CO2 imports,
for example, capacity will be available for an additional
74 Mt per year on average. Consideration could be given
to supplementing storage capacity with imports until at
least the level of 2030 is reached in order to make optimum
use of the existing infrastructure.
In the Self-sufficient final picture, demand for CO2 storage
will rise to 26.8 Mt per year. This brings the cumulative
storage capacity required to 434 Mt. The rate of 26.8
Mt could then be maintained for a further 46 years, or, if
required, the space could be used for an additional 62 Mt
per year.
IMPORTDEPENDENT

SELFSUFFICIENT

CO2 storage in 2050 (Mt/year)

4,6

26,8

Cumulative storage demand
by 2050 (Mt)

201

434

Offshore storage capacity for
CO2 (Mt)

1678

1678

Table 4-7

Demand for CO2 storage relative to total capacity

To ensure the stable development of CO2 storage, a vision
could be drawn up regarding the role of CCS in the energy
system in 2050. This involves the capture of CO2 during
industrial processes, electricity production, and the
production of blue hydrogen. Furthermore, a decision
whether to use additional CO2 storage capacity for foreign
imports needs to be considered from both a political and
economic perspective. Lastly, insight into the future role of
CCU in the Netherlands and its impact on the infrastructure
to be built is also relevant.

Cumulative development CCS (Mt)
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Total storage capacity

Figure 4-7 Development of cumulative demand for CO2 storage
capacity relative to total capacity

In the Netherlands, CCS is regarded as a temporary
measure because most industrial and other processes can
be converted to renewable energy (electric or hydrogen),
but at present there are no mechanisms for phasing out
the use of CO2 storage. It will be possible to issue grants
until 2034, which means it is unlikely the use of CCS will
have declined substantially by 2050 without more
economically attractive alternatives becoming available for
the market, such as large-scale availability of inexpensive
green hydrogen or economically viable CCU. Were there
to be a business case for the use of CCS, there could be
significant growth in that use through imports. Previous
analyses have shown that, in Belgium and Germany, for
example, there will be a substantial demand for CO2
storage beyond 2030, and the options available to those
countries are relatively limited (DNV GL, 2020). CO2 imports
from other countries, by ship, for example, could also be an
option. The Netherlands is an attractive option and only a
few alternatives are available, such as the Northern Lights
project in Norway. The connection the Netherlands
currently has with neighbouring countries for the transmission of natural gas and other raw materials, which means
corridors and pipelines that could be used for CO2 already
exist, could give the Netherlands a good starting position.
Preparations will have to be set in motion if the decision
is made to import CO2. This will require policy on the
construction of infrastructure (pipelines or landing points
for ships), possibly the appointment of an infrastructure
manager, the resolution of issues concerning the ownership
of and liability for stored CO2, and a policy that prevents
existing gas wells from being closed at short notice.

41

4 - SCENARIOS FOR 2050

In conclusion, there is sufficient capacity to meet the
demand for CO2 storage. However, offshore infrastructure
will have to remain available for reuse if this storage
capacity is to be unlocked in a cost-efficient way. Reusing
wells is the most efficient option, given that interviews
indicate they are responsible for more than 50% of
investment costs. The big difference between capacity
demand and the volume available means keeping all
infrastructure available will lead to unnecessary costs.
The starting point should be to retain infrastructure that can
still be put to a useful purpose; where that is not the case,
it should be removed. Figure 4 8 shows that, in an average
cost and availability scenario (see also Section 3.3.1), a
significant number of gas platforms will become available
well before 2028. For this reason, an assessment should be
made of the amount of infrastructure required to meet the
need for CO2 storage and how that need can be met in the
most cost-efficient way. Preparations could also be made
to facilitate the retention of infrastructure, for example by
attaching conditions to the payments operational fields
make to the state or by drafting new legislation. A specific
picture of the cumulative demand for CO2 storage will be
needed to carry out that assessment. This will require a
concrete vision on the role of CO2 storage beyond 2035
and the role of CO2 imports from abroad.
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4.4.2

RENEWABLE ENERGY

To attain the climate goals, the Netherlands will have to
invest in producing large amounts of renewable energy.
Integrating that quantity of energy is a huge task which can
be accomplished in a couple of decades. The transmission
capacity required could lead both to bottlenecks in the
high-voltage grid and to space constraints as regards the
amount that can be connected physically. Bottlenecks in
relation to transmission capacity, if any, will depend on
the landing points for offshore wind, as well as the local
situation in terms of demand and available flexibility.
Space constraints will depend on both available space and
the technology used for transmission and feeding in of
the wind energy produced. Until 2030, that energy will be
brought ashore in the form of electricity. The limit of the
present alternating current concept will be in sight around
2030, owing to the greater distance from the connection
(DNV GL, 2018a). The power produced by IJmuiden Ver
wind farms will therefore be brought ashore using directcurrent technology (HVDC). The present generation of
cables is limited in capacity to approximately 2 GW. Without
an increase in transmission capacity per cable, this would
result in a situation in 2050 where dozens of cables would
be scattered over the seabed and would then have to cross
the Dutch coast in order to be connected to the national
electricity grid. Expectations are that the capacity per
cable will increase in the future to at least 3 GW, which will
limit the spatial impact to a certain extent. Nevertheless, it
is possible that space-related bottlenecks will arise even
with higher cable capacities. Should electricity-related or
space-related bottlenecks arise, there are various possible
approaches that could be taken to resolve the problems,
both onshore and offshore. Solutions provided by the North
Sea include the creation of hubs, connections with other
countries, or conversion and transmission using hydrogen.
The optimum composition of solutions will also depend
on onshore developments and should also be weighed
against alternative onshore solutions.
The Unlocking potential of the North Sea (North Sea Energy
Offshore System Integration, 2020) report contains an
overview of the future possibilities available in the North
Sea or on the coast which can be used to resolve system
integration problems. They are illustrated in Figure 4 9.
Those options are described briefly below. The various
system integrations are analysed in more detail in Section
5.3 in order to determine whether and to what extent they
will be required to resolve bottlenecks.
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Figure 4-8 Offshore gas production and infrastructure
towards 2030 (EBN, 2019)
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Figure 4-9 Offshore integration concepts (North Sea Energy Offshore System Integration, 2020)

CONVERSION AND TRANSMISSION OF HYDROGEN
Electricity can be used to convert water into hydrogen
using electrolysis. Naturally, energy will be lost during that
process, but transmission, integratio,n and use of energy
are good reasons to use conversion. It can take place either
onshore or offshore. Desalination is required if sea water is
used offshore. The hydrogen can then be brought onshore
via pipelines. The advantage of hydrogen is the
transmission capacity of a pipeline is greater than that of
a HVDC by roughly a factor of 10. This means that the
number of transmission corridors and intersections of the
coast can be reduced substantially. The reuse of pipelines
also creates little or no additional impact. The costs of
hydrogen transmission are less dependent on distance than
those incurred when transmitting electricity, because the
costs per km are lower (DNV GL, 2020). The additional costs
of conversion and the energy loss that occurs in the process
counterbalance those lower costs.

In the II3050 study, the demand for capacity for the
conversion and storage of hydrogen is modelled on the
basis of specific combinations of supply and demand.
Since the scenarios in this study differ from those in the
II3050 study, the conclusions in the II3050 study as regards
those capacities cannot be reused. In addition, the
modelling of the demands is examined in more detail in the
current II3050 programme than in the existing publication.
There are various options for where conversion to
hydrogen can take place. For instance, some conversion
could take place in offshore facilities (North Sea Wind
Power Hub, 2019). This is an integral part of cost
optimisation, which also includes transmission and storage.
Four different options are put forward in literature:




Furthermore, hydrogen can be stored in large quantities
(unlike electricity) and thus contribute to seasonal storage.
This means hydrogen could be stored in, among other
places, large-scale underground caverns and possibly in
exhausted gas fields (0.1-10 TWh). The latter option also
involves a number of technical uncertainties that require
further examination.



direct conversion in offshore wind turbines;
electrolysis on offshore gas and other platforms;
electrolysis on artificial islands;
onshore electrolysis.

Alongside cost optimisation, space constraints will also play
a part in the applicability of the different options. They are
discussed in more detail in Chapter 5.
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ENERGY HUBS
Several different parties are examining integrated solutions
for system integration beyond 2030. One example is the
NSWPH consortium, which is looking into a system
involving collection sites (hubs) and major transmission
connections (spokes) (North Sea Wind Power Hub, 2019).
The advantages of this concept are that energy is
transmitted to the site with the greatest need, greater
reliability, and therefore lower projected costs.
Additionally, the transnational interconnection of the hubs
in what are known as meshed grids would provide
advantages regarding the integration of electricity
produced into the market, since it would mean the energy
could be sold when the electricity price is at its highest and
there would be no congestion on the electricity grid.
Denmark has recently announced it intends to construct
hubs such as these in both the North Sea and the Baltic Sea.
An energy hub could provide a way of collecting large
amounts of offshore wind energy and transmitting it ashore
using HVDC connections. The HVDC converter stations
that would be needed for direct-current transmission to an
onshore facility could be built on the hubs. A hub could
be built in the form of a platform or an artificial island.
The decision on the optimum form will be influenced by,
for example, space-related factors, planned service life,
and the potential option to reuse existing structures.
The Government has concluded that using an artificial
island to connect IJmuiden Ver before 2030 is too great
a planning risk and has opted for a concept involving
offshore HVDC platforms (Min. EZK, 2018). A connection
concept via an island may well be feasible in future. Further
important technological developments are required for the
development of an electrical HDVC network. Expectations
are this will be achievable after 2030 (Promotion, 2020).
Energy hubs could also be used to accommodate
electrolysers for the offshore conversion of electricity to
hydrogen. Islands could also fulfil other functions as
renewable energy develops, including that of an offshore
port, a temporary storage facility during construction, and
an operational base for maintenance work.
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Figure 5-1 Phased representation of the steps in the analysis

5.1

Aims and approach of this chapter

The purpose of Chapter 5 is to obtain an overview of the
possible role the North Sea might play in 2050 and the
technical possibilities and economic considerations for the
integration of North Sea production into the Dutch energy
system.
Two analyses were used to gain these insights:
ANALYSIS OF
ENERGY TYPE

ANALYSIS OF
SYSTEM INTEGRATION

In the analysis of energy types, a comparison is made
between the NEO's production scenarios and the projected
demand in 2050 for natural gas, CO2 storage capacity,
electricity, and hydrogen. This analysis was performed on
the basis of annual volumes in a 'what if' approach, where
the significance for the system if the minimum or maximum
demand referred to in Section 4.3 is realised is examined
for each scenario. This analysis provides an insight into the
North Sea's potential contribution to the energy system
in 2050 and the remaining role for energy production
onshore, imports, or exports. It also addresses the
secondary effects of combinations of supply and demand
and the preconditions that will be required for those
combinations to succeed. The potential contribution of
system integration in these different circumstances is
assessed as well. This analysis does not use calculations
on an hourly basis and does not deal with the optimum
balance between the production of electricity and
hydrogen in the different scenarios.

Based on the production scenarios defined in the NEO,
capacity and space constraints in the electricity grid beyond
2030 will be unavoidable unless steps are taken before
2030. Various technical possibilities are available to deal
with these constraints, both within the electricity grid and
through the use of system integration. It is important to
prepare an integral assessment framework that directs the
decisions made as to which technical possibilities would
best serve the energy system in the Netherlands in 2050.
The second section of this chapter sets out the first steps
towards that assessment framework. It begins with an
assessment of potential constraints, the technical solutions
available, and how those solutions would help to resolve
the constraints. After that, the considerations underpinning
an integral assessment framework based on the
information currently available are outlined. Gaps in the
available knowledge, the steps that will need to be taken
so that further decisions can be made and the role that
ongoing research projects could play in the process are
also addressed. No modelling is used in the NEO itself,
so the focus is on a comprehensive reflection on existing
knowledge.

5.2
		

Analysis for the energy type and electricity
and hydrogen

Chapter 4 outlines final pictures for 2050 and future paths
for the development of sustainable energy production, the
extraction of natural gas, and the storage of CO2. This is
followed by a reflection on the technical feasibility of the
final pictures presented. In practice, however, uncertainty
remains on the developments that will actually take place
between now and 2050, and a technically feasible final
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picture is no guarantee that it will in fact be achieved.
One of the main drivers behind the development of
technologies in the North Sea is the development of
onshore demand, as well as the North Sea's role in meeting
that demand. This section aims to provide a picture of the
impact of presented final pictures based on the current
expectations regarding demand trends. The resultant
contribution made by the North Sea to meeting onshore
energy demand is also illustrated using Sankey diagrams.
Although it does not provide answers regarding the
optimum ratio of energy types or definitive conclusions on
the desirability of trends in onshore demand and North Sea
supply, this analysis does help to frame the range of supply
and demand trends and also provides the preconditions
and considerations to be factored into decision-making
processes.
The production of offshore electricity could be used to
meet electricity and hydrogen demand. The purpose of
this section is to examine the potential contribution of
sustainable energy produced in the North Sea. To this
end, the production totals in the Import-dependent and
Self-sufficient scenarios, combined with the minimum and
maximum projected demand as set out in Section 4.3, will
be used. Together, they form four possible combinations
of supply and demand in which the North Sea's role will
shift. They are grouped by scenario in the description, and
conclusions are also drawn for each scenario. The purpose
of this analysis is to obtain an insight into how great a role
the North Sea might play in each of the scenarios, the
balance that would have to be met by onshore production
or import, and under which preconditions these production
scenarios are considered feasible.
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Figure 5-2 Illustration of the four possible routes

This assessment looks at meeting electricity demand in
the form of hydrogen based on annual volumes. As far as
hydrogen is concerned, it is assumed electricity will be
converted to hydrogen with an efficiency rate of 75%
(DNV GL, 2018a). A rate of 50% is taken as the basis for the
conversion of hydrogen into electricity, which is slightly
lower than the maximum return of STEG power stations
(Thorbergsson, 2012). This analysis will use ‘what if’
approaches and looks at the consequences of using the
entire offshore wind energy output to meet electricity or
hydrogen demand before meeting demand for the other
energy type. This approach is used to create a picture of the
projected maximum levels of onshore production, imports,
and exports, which should be factored into decisionmaking processes concerning the North Sea's role. In the
event of electricity surpluses, it could be decided to use
some of that surplus to produce synthetic fuels for aviation
and shipping, including kerosene and bunker fuel. This is
excluded from the scope of this analysis.
Limitations to the analysis
In practice, electricity and hydrogen demand will not be
met based on the extreme levels set out in the analysis but
will also be dependent on supply and demand trends and,
therefore, market prices on an hourly basis. Even if
surpluses were to occur on an annual basis in the analysis,
shortages could arise on an hourly basis and vice versa.
The following analysis does not examine the system
dynamics required to deal with imbalances on an hourly
basis. In addition, it will be necessary in practice to add
additional conversion steps including accompanying losses
within the system (related to temporary storage, for
example), and transmission losses will occur. Conversion
and transmission losses are disregarded in this analysis.
Lastly, the impact of, for example, final demand in
relation to heat, biomass, etc.,is not taken into account
in the Sankey diagrams. A more comprehensive analysis
which takes account of national and international demand
trends and the need for and availability of alternative forms
of flexible electricity demand will be required to do justice
to the complexity and dynamics of the future system in a
substantiated way. This type of research is currently being
carried out within the NSWPH.
Furthermore, this analysis is based on a ‘copper plate’,
where it is assumed electricity can flow from any generation
site to any purchase location with no capacity constraints.
The possible occurrence of constraints based on expected
trends will be assessed in Section 5.3.
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5.2.1

IMPORT-DEPENDENT SCENARIO

MINIMUM DEMAND
ELECTRICITY

HYDROGEN

Potential supply from the North Sea (PJ)

738

554

Minimum demand (PJ)

690

121

Table 5-1

Potential supply basded on 38 GW of offshore wind
energy combined with minimum end use of
electricity and hydrogen

What if electricity demand is met in full first?

End users' minimum demand for hydrogen is 121 PJ. To
meet that demand, 161 PJ of electricity is required, leaving
a surplus of 577 PJ of electricity. If that is brought ashore in
the form of electricity, the bulk of electricity demand could
be met, leaving a remaining demand of 113 PJ. This is
equivalent to 3.6 GW base load production, or the
production of 12.6 GW of onshore wind energy (2500
full-load hours), or 31.5 GW of onshore solar power
production (1000 full-load hours). If all the available power
is converted into hydrogen, this means a potential surplus
of 433 PJ of hydrogen (with no account taken of losses
resulting from the storage of hydrogen). This could be
exported or converted into electricity via G2P. Using G2P
would result in 217 PJ of (flexible) electricity production,
leaving a shortage of 473 PJ to be met by onshore
production or imports.
MAXIMUM DEMAND

Offshore wind: 738 PJ

G2P: 434 PJ
Electrolysis: 48 PJ
Onshore/import: 85 PJ

Heat: 12 PJ
Hydrogen demand: 121 PJ

Figure 5-3 Import-dependent scenario combined with minimum
demand. What if electricity demand is met first?

End users' minimum demand for electricity is 690 PJ. With
this level of demand, a supply of 738 PJ means electricity
demand will be met in full from the North Sea, with a
surplus of 48 PJ of electricity. That surplus could be
exported or converted into hydrogen. Conversion into
hydrogen would meet 36 PJ of the total hydrogen demand
(end use), leaving a remaining hydrogen demand of 85 PJ.
That remaining demand could be met using onshore
production or imports.
What if hydrogen demand is met in full first?

Electricity demand: 690 PJ

Hydrogen: 555 PJ
Electrolysis: 738 PJ

HYDROGEN

Potential supply from the North Sea (PJ)

738

554

Demand (PJ)

863

494

Table 5-2

Potential supply based on 38 W of offshore wind
energy combined with maximum end use of
electricity and hydrogen

What if electricity demand is met in full first?

Offfshore wind: 738 PJ

Electricity demand: 863 PJ

Onshore/import: 619 PJ
Hydrogen: 494 PJ

Hydrogen demand: 494 PJ

Figure 5-5 Import-dependent scenario combined with
maximum demand. What if electricity demand is
met first?

Onshore/import: 473 PJ

Offshore wind:
738 PJ

ELECTRICITY

Electricity demand: 690 PJ

G2P: 434 PJ
Heat: 400 PJ

Hydrogen demand: 121 PJ

Figure 5-4 Import-dependent scenario combined with minimum
demand. What if hydrogen demand is met first?

End users' maximum demand for electricity is 863 PJ.
The production of 738 PJ is not sufficient to meet electricity
demand, and there will be a shortage of 125 PJ to be met
by onshore production or imports. This is equivalent to
4 GW of base-load electricity production, 14 GW of
onshore wind energy, or 35 GW of onshore solar power.
In addition, the demand for 494 PJ of hydrogen will have to
be met by onshore production (blue hydrogen) or imports.
This is equivalent to the continuous production or
importation of 15.7 GW of hydrogen.
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What if hydrogen demand is met in full first?

Onshore/import: 833 PJ

Electricity demand: 863 PJ

G2P: 60 PJ

Offshore wind:
738 PJ

Hydrogen: 554 PJ
Electrolysis: 738 PJ

Hydrogen demand: 494 PJ

Our dependence on foreign supply means we will need
an international market for hydrogen that is sufficiently
liquid to be able to import hydrogen at any time for a
competitive price. Alternatively, hydrogen demand could
in part be met by blue hydrogen from the importation of
natural gas, but the natural gas import level envisaged
in the scenarios (363 PJ) might not be sufficient to meet
hydrogen demand in full.
5.2.2 SELF-SUFFICIENT SCENARIO
MINIMUM DEMAND

Heat: 214 PJ

Figure 5-6 Import-dependent scenario combined with
maximum demand. What if hydrogen demand
is met first?

ELECTRICITY

HYDROGEN

Potential supply from the North Sea (PJ)

1296

972

Demand (PJ)

690

121

Table 5-3

With a demand of 494 PJ of hydrogen (end user) and the
potential production of 554 PJ, hydrogen demand can be
met in full from the North Sea. This will require 659 PJ of
the offshore wind energy produced, leaving a surplus of
79 PJ of electricity. Once electricity demand has been met,
784 PJ of electricity demand will be left over for onshore
production or from imports. This is equivalent to 24.8 GW
base load, 86.9 GW of offshore wind energy, or 217.2 GW
of onshore solar power. This is higher than the present
installed production capacity, including full use of the
interconnection capacity.
Conclusion regarding the Import-dependent scenario
The Netherlands' degree of dependence on imports is
strongly linked to demand trends. Should demand develop
in line with the minimum levels, the bulk of the total energy
demand could be met based on this production scenario
for the North Sea, and the remaining demand would be
met by onshore production in the form of electricity or a
limited amount of blue hydrogen, with production of
renewable electricity being the obvious choice. In this
situation, it is also likely there will be sufficient surplus from
the North Sea for the production of green hydrogen.
As demand increases, so will the degree of importdependence. It should also be noted that meeting
hydrogen demand from the North Sea would place a
heavy burden on the onshore electricity system, requiring
a significant increase in onshore electricity production and/
or interconnection capacity. With high demand and limited
domestic production, the more obvious option would be
to focus on meeting electricity demand from the North Sea
and on importing hydrogen. The reason for this is that
transmitting large quantities of molecules over great
distances is less expensive than transmitting electrons,
and thanks to the storage option, there is less need for
real-time matching of supply and demand.

Potential supply based on 72 GW of offshore wind
energy combined with minimum end use of
electricity and hydrogen

Elektricity demand: 690 PJ
Offshore wind: 1296 PJ
Hydrogen demand: 121 PJ
Elektrolyse: 606 PJ

Hydrogen surplus: 334 PJ

Heat: 151 PJ

Figure 5-7 Self-sufficient scenario combined with minimum
demand. What if electricity demand is met first?

When production in the Self-sufficient scenario is combined
with minimum demand, there is no difference between
‘what if’ arguments focused on electricity and hydrogen,
because North Sea production is sufficient to meet final
demand for energy in full. The total electricity production in
the Self-sufficient scenario is 1296 PJ, which is sufficient to
meet the final demand of 690 PJ. Once electricity demand
has been met, there will be a surplus of 606 PJ of electricity.
161 PJ of electricity is required to meet the 121-PJ demand
for hydrogen, which means that, after energy demand has
been met in full, there will be a surplus of 445 PJ of
electricity or 334 PJ of hydrogen. This is equivalent to
14.1 GW of continuous exportation of electricity or 10.6 GW
of continuous exportation of hydrogen – with no onshore
production of electricity and no account taken of
fluctuations in supply and demand.
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Hydrogen: 972 PJ

Offshore wind:
1296 PJ

G2P: 851 PJ

Electricity demand: 690 PJ

The balance of hydrogen demand that will have to be met
by onshore production or imports amounts to 169 PJ.
This is equivalent to 5.4 GW of continuous production or
importation of hydrogen

Electrolysis: 1296 PJ
Hydrogen demand 121 PJ

Heat: 750 PJ

What if hydrogen demand is met in full first?

Onshore/import: 624 PJ
Electricity demand: 863 PJ

Onshore/import: 265 PJ

Figure 5-8 Self-sufficient scenario combined with minimum
demand. What if full conversion to hydrogen
takes place first?

Only once all electricity produced has been converted to
hydrogen and only G2P is used to meet electricity demand
will North Sea production have to be supplemented with
onshore production or imports. The high conversion losses
incurred with both P2G and G2P are the reason for this.

G2P: 478 PJ
Hydrogen demand: 494 PJ
Offshore wind:
1296 PJ

Electrolysis: 1296 PJ

Heat: 563 PJ

Figure 5-10 Self-sufficient scenario combined with maximum
demand. What if hydrogen demand is met first?

MAXIMUM DEMAND
ELECTRICITY

HYDROGEN

Potential supply from the North Sea (PJ)

1296

972

Vraag (PJ)

863

494

Table 5-4

Potential supply based on 72 GW of offshore wind
energy combined with minimum end use of
electricity and hydrogen

What if electricity demand is met in full first?

Electricity demand: 863 PJ
Offshore wind: 1296 PJ

Electrolysis: 433 PJ

Onshore/import: 169 PJ

Hydrogen demand: 494 PJ

Heat: 108 PJ

Figure 5-9 Self-sufficient scenario combined with maximum
demand. What if electricity demand is met first?

The total production in the Self-sufficient scenario is 1296
PJ, which is sufficient to meet the final electricity demand
of 863 PJ in full. Once electricity demand has been met,
there will be a surplus of 433 PJ of electricity for export or
conversion to hydrogen. Conversion to hydrogen will result
in the potential production of 325 PJ, which will not be
sufficient to meet the total final hydrogen demand.

To meet the final hydrogen demand of 494 PJ in full,
659 PJ of electricity will be required. This means there will
be a surplus of 647 PJ once hydrogen demand has been
met. If it is brought ashore in the form of electricity, the
bulk of the total final electricity demand could be met.
The shortfall that will need to be met by onshore
production or imports amounts to 226 PJ, which is
equivalent to 7.2 GW of base-load electricity production
or imports, 25.1 GW of onshore wind energy, or 6.28 GW
of onshore solar power. If all electricity produced using
offshore wind is converted into hydrogen, there will be a
surplus of 478 PJ of hydrogen. It could be exported or
converted into electricity via G2P. If the latter option is
chosen, it will allow 239 PJ of (flexible) electricity
production, which will result in an electricity shortfall of
624 PJ.
Conclusion regarding the Self-sufficient scenario
With the production totals in the Self-sufficient scenario,
a large part of electricity and hydrogen demand could
be met from the North Sea, and even, in the event of low
demand, the entire demand. If account is taken of onshore
production and fluctuations in supply and demand, this
production scenario is likely to produce surpluses. In the
event of high demand, there will be surpluses on an hourly
basis, in particular; with low demand, in addition to
temporary surpluses resulting from fluctuations,
volume-based surpluses will occur as well. Fluctuations on
an hourly basis could possibly be resolved within the electricity system by unlocking demand response. However, if
demand remains low in the Netherlands, exports could play
an important role. As described earlier, the production of
synthetic fuels could create additional demand for
renewable energy. Exportation is one potential economic
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opportunity, but several preconditions will have to be met
if it is to be unlocked. For example:





There must be sufficient demand for sustainable energy
abroad;
The international market price will have to be high
enough;
Energy produced in the Netherlands must be
economically competitive with that produced abroad;
Sufficient export capacity must be available.

Although it is likely demand for renewable energy abroad
will be sufficiently large based on the Paris targets to which
every country Europe is committed, we do not yet have
enough information about the expected development of
international market prices and whether they would
support a business case for energy produced in the
Netherlands.
If there is insufficient market opportunity or prices are too
low, there is a real chance there will be too little interest
from the market in investing in and building offshore wind
facilities. Consequently, the capacity and production
volume described in the Self-sufficient scenario may not be
realised. This aspect is discussed in further detail in Chapter
5.
Moreover, lower demand and higher production levels
will also require additional transmission capacity to be
unlocked. Depending on international developments and
whether there is a need for electricity or hydrogen, this
could be achieved by reinforcing existing electrical
interconnections, converting gas interconnections for
hydrogen, or constructing new interconnections for
electricity or hydrogen.

5.3

Analysis of system integration

Based on the analysis of energy type, it can be concluded
the North Sea could make a significant contribution to the
energy system in 2050. However, the analysis of energy
type assesses only the annual balance between supply and
demand and does not address the question of what
contribution from the North Sea is economically possible,
or what the optimum ratios are. As a result of the energy
transition between now and 2050, production in the North
Sea will grow to several times today's level. Unless the
current energy system evolves, it is likely this will lead to
constraints in the energy system. There are various
possible solutions that would avoid this and would enable
all sustainable energy produced in the North Sea to be
integrated into the energy system. The possible solutions
may be found onshore and offshore. They include solutions
that would seek to exploit the use of electricity further and
also those that focus on conversion to hydrogen.
Potential literature-based options for the integration of
energy produced in the North Sea are explained in Section
4.4. These options have been summarised and
incorporated into an overview of the various chains in
Figure 5 11. An assessment framework is required if the
best solution or best combination of solutions is to be
decided on. In this study, we opted to examine two facets:

PHYSICAL INTEGRATION

MARKET INTEGRATION
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Physical integration addresses possible capacity and space
constraints, the options available to deal with them, and
how likely they are to be sufficient to meet the capacity and
space challenges in full. The economically optimum
combination of solutions could then be sought within the
options offered by the physical system. Section 5.3.2 on
market integration will therefore examine the possible
costs, benefits, and secondary effects of the various
possible solutions. The emphasis is on the offshore
solutions that will have to be weighed against onshore
alternatives in a later study.
The current uncertainty ahead of 2050 as regards demand
and onshore production means we do not have enough
information to draw conclusions about constraints and
optimum solutions with any confidence. However,
substantial research that could guide policy and help
identify the necessary next steps has already been done.
This section provides an overview of what is already known,
what it means, and what still has to be done to obtain
definitive answers. Two basic principles have been applied:




We need to create a comprehensive picture of the full
chain from production to consumption, including options
that would allow exchanges between chains (e.g.
conversion of electricity to hydrogen).
To avoid lock-ins, it is important to consider what would
be best for the entire chain in 2050 rather than
optimising for individual cases or for the short term.

There is an inclination to direct studies and decision-making
at individual constraints, business cases, or optimisations in
a small part of the energy system, creating a risk of
reactive policy aimed at combating symptoms of the
energy transition without considering the full underlying
challenge. Although this may save costs in the short term,
it could lead to lock-ins that will be inefficient in the long
term. It is therefore essential that well-founded decisions
are made based on the system as a whole and the long
term.
5.3.1 PHYSICAL INTEGRATION
5.3.1.1 Production
The production of offshore wind energy in the Importdependent and Self-sufficient scenarios has a significant
impact on the space available in the North Sea. The amount
of space available for the production of offshore wind
energy is part of the decision-making process in the North
Sea Programme. The purpose of this section is to provide
an insight into the potential space required for production
in the two NEO scenarios, which might serve as input for
further discussions.

The need for space in the North Sea for offshore wind could
be met based on two possible philosophies. If economic
optimisation is the option chosen, wind turbines will be
positioned further apart to limit wind farm losses.
Depending on the type of turbine, the optimum planting
density is about 6 MW/km2 (ECN , 2018). If the decision is
made to make maximum use of the space, greater losses
and higher costs will be accepted in exchange for
additional production within the same dimensions.
In the II3050 study, a maximum of 10 MW/km2 is applied for
this philosophy. For the 38 GW production capacity in the
Import-dependent scenario, this will lead to a gross use of
space between 3,800 km2 and 6,300 km2, which is
equivalent to 7-11% of the Dutch Continental Shelf. For the
72 GW in the Self-sufficient scenario, this will be between
7,200 km2 and 12,000 km2, which is equivalent to 12-21% of
the Dutch Continental Shelf.
When space is allocated, account should also be taken of
other functional uses in the North Sea, with multipurpose
use of space being one of the basic principles.
For instance, certain functions of the North Sea could be
wholly or partially combined with the production of
offshore wind energy. Examples include certain types of
fishing or measures aimed at enhancing the natural
environment. Another option would be to combine the
production of offshore wind energy with other forms of
energy production, such as floating solar PV systems and
aquatic biomass.
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5.3.1.2 Conversion and transmission
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Figure 5-11 Linked chains for production, transmission, conversion and use of different energy types

The renewable energy generated in the North Sea has
to be brought ashore where it can be integrated into the
energy infrastructure before being supplied to end users.
To substantiate the choices made in the Climate Agreement
and the 2030 Wind Energy Roadmap, TenneT conducted a
study into the available transmission capacity to the
electricity grid and the maximum amount of offshore wind
energy that could be integrated by 2030. It concluded
that, in addition to the 3.5 GW of offshore wind energy
determined in 2015, additional capacity would be available
between 2024 and 2030: an additional 7 GW in coastal
zones and 3 GW inland. In the 2030 Offshore Wind Energy
Roadmap, it was finally agreed that 6.1 GW of that capacity
would be used. This means, based on the present network
and electricity demand, roughly 3.9 GW of additional
capacity is available on the transmission network used to
feed in offshore wind energy. If electricity demand remains
unchanged, an increase in the amount of offshore wind
energy produced beyond 2030 will soon lead to capacity
constraints. It was agreed in the Climate Agreement that a
decision could be made to scale up renewable electricity
should electricity demand rise. That decision will be made
in 2021, when we will have a clearer idea of the level of
electrification in other sectors. Since an increase in demand
in the industrial clusters in the coastal regions is a
precondition for expansion of supply as compared with the
level set out in the roadmap, it is unlikely any bottlenecks
will occur before 2030.

As well as possible constraints in connection and storage
capacity, it is also likely a continuous increase in the
production of offshore wind energy could create space
constraints in the present infrastructure. Such constraints
could occur with regard to cable corridors, dune crossings,
and connection in substations. The basic principle of the
analysis in this section is therefore that, without adjustments
to the system, the increasing growth of offshore wind
energy will lead to capacity and space constraints.
Adjustments to the system that might help to resolve
capacity constraints could be made to various parts of
the energy system, both through system integration and
through modifications to the network, by reinforcing the
grid, for example. The various options for adjusting or
connecting chains are set out in Figure 5 11. Which
solution proves the most appropriate will depend on the
extent of the capacity problem and the location. For
example, solutions close to the customer, such as local grid
reinforcement, will be an option for local constraints.
Moreover, the ability to make adjustments is heavily
dependent on where the load develops, which means local
constraints can be avoided by deliberately developing
additional loads at feed-in points. In addition, feeding-in
further inland could be an option if local constraints occur
at the coast. However, if constraints on a national scale
arise, it will be inefficient to resolve them at local level.
For such constraints, solutions that are closer to the source
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will be more efficient relatively speaking, because they
could have a greater impact on a national scale. Examples
include the use of meshed grids and offshore hubs, which
will make it possible to limit peaks in wind production, and
the accompanying pressure on the network, by exchanging
energy with another country.
Converting electricity to hydrogen is a possible
supplement, or alternative, to solutions within electricity
chains. This could be done onshore and offshore. Onshore
electrolysis can be used efficiently to resolve regional
constraints in capacity thanks to the proximity of substations
and may also produce synergy gains in the form of heat
supply. As far as space is concerned, however, there is a
limit to the amount of onshore electrolysis that can take
place if the limit for cable corridors and dune crossings has
been reached. A single connection (hydrogen only) or a
hybrid connection (hydrogen and electricity) can be used
for offshore electrolysis. The single connection will be less
expensive in terms of investment, thanks to the savings
made on the electrical connection. However, if this route
is used, all the electricity produced will be converted to
hydrogen at the hub concerned, irrespective of electricity
demand and the electricity price at the time. Using a hybrid
connection will require additional investments in exchange
for the flexibility provided by being able to supply
electricity or hydrogen. That flexibility will make it easier
to respond to demand and price fluctuations and will also
contribute to system stability. Another way of limiting costs
would be to opt for a smaller capacity for the electrical
connection (e.g. 10% of the peak capacity of the connected
wind energy production). This would ensure a certain
degree of flexibility in the supply of electricity, as well as
lower costs and better use of the electrical connection.
As well as additional costs, possible space constraints
should also be borne in mind before opting to use hybrid
connections.
The same principles applied to capacity constraints also
apply to space constraints. If constraints are small and local
in nature, it may be possible to resolve the problem close
to the customer. This could be achieved, for example, by
using gas-insulated switchgear (GIS) in substations instead
of air-insulated switchgear (AIS). GIS costs are higher than
those for AIS, which is why AIS is currently used as standard.
However, since GIS systems are smaller, relatively speaking,
more capacity can be integrated into the same substations.
Another option would be to build additional substations.
It is likely there will be sufficient space for this, but a
decision to use space for substations should be weighed
against other potential uses for this space, such as for
electrolysers. In coordination with other users of the North
Sea, such as the shipping industry, sufficient space must be
reserved for cable corridors and dune crossings.

Technical advances, through the use of higher voltage
levels and higher capacities per cable, for example, will also
enable several potential space constraints for cables to be
resolved naturally.
The optimum solution or combination of solutions will
depend on onshore developments ahead of 2050 with
regard to demand, supply, market prices, and availability
of flexibility. It will be important to identify the options
available within the system so they can later be subjected
to economic optimisation. This will require additional
studies into ways of resolving capacity and space
constraints, the identification of any constraints, and how
they compare based on costs.
An important step as regards the space aspect will be made
in the Critical Energy Infrastructure Programme (Min. EZK,
2020g). An analysis of the space required for national
infrastructure will be prepared as part of that programme,
based on a comprehensive assessment of national and
international interests. Existing information on spatial
integration from the scenarios in the II3050 study
(POSAD/Generation Energy, 2020) will be used for the
analysis, and infrastructure will be assessed for electricity,
fuels, and heating, with the focus on the integration of
those systems. However, the North Sea does not fall within
the scope of the programme, so it is recommended that
a comprehensive analysis be performed for onshore and
offshore infrastructure. Account will also have to be taken
of the designation of wind farm zones within the North Sea
Programme.
Until such a national programme is in place, various
preparatory steps could be taken in order to ensure a wide
range of future technical options is kept open and to
prevent lock-ins from occurring in the short term.
For instance, the Critical Energy Infrastructure Programme
analyses the spatial integration of offshore wind energy as
regards landing points, and this could be expanded to
include an analysis of available space offshore in the form
of cable corridors and dune crossings. The maximum
available space could also be determined. That space could
then be reserved to avoid limiting the potential number
of electrical connections from the outset. Consideration
could also be given to maintaining adequate scale when
allocating new wind farm zones. For instance, using several
sites could ensure flexibility in the choice of technology to
be used for the connection is maintained. The fact is that
independent business cases for conversion and
transmission require the scale to be adequate. Using
sites that are too small creates reliance on the technology
chosen for the first site. This would enable us to respond
better to developments in electricity or hydrogen demand
through future sites.
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5.3.1.3 Storage and reuse of infrastructure
There are several functional uses for the storage capacity in
offshore gas fields. Unlocking storage capacity might also
enable use to be made of existing infrastructure due to be
decommissioned between now and 2050. An assessment
must be made of the extent to which use can be made
of the available storage capacity and infrastructure and
whether this could lead to competition between CO2 and
hydrogen.
Two forms of storage have been examined for hydrogen:
storage in salt caverns and storage in empty gas fields.
The Netherlands Organisation for Applied Scientific
Research has estimated that 60 billion m3 (179 TWh) is
available in offshore gas fields, 14 billion m3 (43 TWh)
onshore in salt caverns, and 93 billion m3 (277 TWh) in gas
fields (ECN & TNO, 2019). Offshore salt caverns have been
identified, but they are not yet suitable for hydrogen
storage, and their potential storage capacity is unknown.
Of the two storage options, salt caverns are more
technologically advanced whilst the suitability of gas fields
requires further research. If gas fields prove suitable, it
is likely, based on the provisional estimates in the II3050
study, that there will be sufficient onshore storage capacity.
However, this will depend on supply and demand trends
and the projected use of hydrogen. For instance, a decision
may be made to keep strategic storage stock, as is currently
done for natural gas. In that case, the need for storage will
rise significantly. If it proves technically possible to store
hydrogen in gas fields and there is a high demand for
hydrogen storage, gas fields beneath the North Sea could
possibly be used for this purpose. However, it is likely
onshore storage capacity will be used first, so any
competition with CO2 storage would not occur until later in
the 2030-2050 period. In addition, hydrogen will normally
be stored in fairly small fields and CO2 in larger ones, thus
limiting competition for gas fields.
The reuse of existing infrastructure could be an efficient
way of unlocking offshore storage of CO2 and hydrogen.
Infrastructure can be divided into three different forms:
wells, platforms, and pipelines. Whilst reuse is often
possible in a technical sense, there are technical or
economic constraints when it comes to reusing pipelines.
As well as economic benefits, there are also space-related
advantages to their reuse. The feasibility of their use will
have to be investigated further at the level of individual
pipelines.

Thanks to ample availability of infrastructure and
anticipated limited use of offshore hydrogen storage, little
competition for wells and platforms between CO2 and
hydrogen is expected. If offshore hydrogen storage does
take place, there may be competition for pipelines used for
transmission and other purposes between hydrogen and
CO2. We will be able to draw clearer conclusions about the
need for offshore hydrogen storage when more is known
about the demand for hydrogen storage and the suitability
of gas fields, at which point we can assess whether there
may be competition for pipelines. Should this prove to be
the case, an assessment framework could be created to
assess the two energy types. However, since it is expected
that only a limited part of storage capacity will be used for
CO2, competition between the two is unlikely.
Platforms could be used not only for CO2 or hydrogen
storage, but possibly for offshore electrolysis as well (as
is being considered in the PosHYdon project (PosHYdon,
2020)). This would depend on the type of platform and the
amount of available space. At present, there is no
information about the number of platforms that could
possibly be reused for electrolysis. If offshore electrolysis
were to be performed on platforms, there could be synergy
gains with offshore hydrogen storage.
The reuse of infrastructure therefore appears possible
in many cases. Little information is available at present
regarding the suitability of individual parts of infrastructure.
Performing additional studies into the suitability of offshore
infrastructure for reuse is recommended (North Sea Energy,
2020b). Wells, platforms, and pipelines would be included
within the scope of any such study.
Lastly, consideration could be given to drawing up policy
to prevent de-activation, closure, and removal of offshore
infrastructure. Alternatively, additional conditions could be
set, attached to the payments of natural gas revenues to the
state during the operational phase of projects, for example.
Compensation that may have to be paid for continuing
operating costs incurred for keeping infrastructure available
should be factored in when policy is drawn up.
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In the long term, the outlook for renewable energy is
favourable. A recent system integration study (European
Commission, 2020a) notes that electricity will provide 50%
of total energy consumption in 2050. Estimates show
renewable energy's share in that will amount to 84%.
It is also anticipated that hydrogen as an energy carrier
will represent 14% of the final consumption of energy.
The production of green hydrogen will require 25% of
electricity generated.
These figures cannot be translated directly to the Dutch
situation, but it is likely electricity and hydrogen demand
will also need to increase substantially in the Netherlands if
the climate goals are to be reached.
System integration is not limited to offshore wind, but it is
an essential element in maintaining the financial
feasibility of offshore wind farms. For that reason, the
contours of system integration are dealt with here and
presented as preconditions:
5.3.2 MARKET INTEGRATION


The development of offshore wind has been extremely
successful. Installed capacity is growing fast and, thanks to
technological and regulatory innovation, there have been
significant cost reductions, so wind farms can be built in
the countries bordering the North Sea without subsidies.
This makes offshore wind an important mainstay of climate
policy.





In spite of this success, there are concerns about the
long-term financial feasibility of offshore wind. A recent
model study examined the financial feasibility of offshore
wind farms beyond 2030 (AFRY, 2020). It concluded that
financial feasibility will come under pressure. An increasing
supply of renewable energy will mean increasing hours
where there is a surplus of electricity. As a consequence,
wind farms will have to reduce their output (curtailment) or
the average value of electricity will fall. This is referred to
as the cannibalisation effect. If wind farms generate a large
amount of energy, the price will be lower, whereas a low
yield will produce relatively high prices. This is reflected
in a capture factor that may have fallen to 65% by 2050.
That means a wind farm will receive just 65% of the annual
average market price. In addition to hours where there is a
surplus of electricity, there may also be hours when
renewable sources generate too little electricity to meet
demand. Since the extended periods of time when this
happens are mainly during winter, this phenomenon is
known by the German term Dunkelflaute. It can lead to
high system costs (e.g. to keep reserve capacity available)
to prevent the occurrence of such a situation.
It is vital for energy supply and demand to remain aligned
if such situations are to be avoided. The balance between
supply and demand must be maintained in the long term
(years) and in the short term (hours).

constant growth of renewable electricity, in particular,
by continuing to encourage the technological and other
development of offshore wind, greening public
contracts, and eliminating impediments to avoid
curtailment;
further electrification of the industrial sector (lowtemperature process heat), transport, and the built
environment (heat pumps);
encouraging the use of renewable and low-carbon
molecules (either as fuel or as a raw material).

One of the major questions is how electrification can be
achieved. Setting clear targets, with a comprehensive
European policy and roadmap to accompany it, prepared
by the Commission, are regarded as important tools.
Regulations on emissions and energy use, the pricing of
external costs, and subsidising unprofitable investments are
also key policy instruments being considered by the Dutch
Government.
Renewable hydrogen is the main focus when it comes to
encouraging the use of low-carbon fuels and renewable
hydrogen. At present, renewable hydrogen represents only
a small percentage of hydrogen supply. In a recent report,
the European Commission presented a hydrogen strategy
for a climate-neutral Europe intended to serve as a
roadmap in the run-up to 2050 (European Commission,
2020b). It gives priority to the production of renewable
hydrogen using solar and wind energy. Stimulating
demand and scaling up production will take centre stage
in the period between 2030 and 2050. The ideas being
developed in the Netherlands for offshore wind combined
with onshore hydrogen production tenders fit well with the
strategy.
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According to the EC, today's energy markets are not
well prepared for system integration. We need a liquid
and transparent energy market that will facilitate efficient
exchanges of the various energy types. Today's energy
markets take different approaches to CO2 pricing, there
are different tax regimes, and the costs of sustainability
improvements and infrastructure are passed on unequally.
The EC has announced initiatives aimed at making the
energy markets fit for system integration.
An integrated energy infrastructure that will facilitate
exchanges between the different markets will also be
required if commercial markets are to be sufficiently liquid
and transparent. The creation of a hydrogen backbone is a
good example of this.
5.3.2.1 Composition of production mix
The scale of production capacity and its mix will determine
the need for and type of system integration. It determines
the capacity and volume of conversion, transmission, and
storage. As discussed in Chapter 4, both scenarios chart the
direction of projected offshore wind capacity by 2050 and
the accompanying future paths. The scenarios are based
solely on projected demand in the Netherlands and
consider only offshore wind as a means of meeting that
demand. This means they overlook the potential economic
opportunities resulting from the use of innovative
technologies and further expansion of production using
offshore wind.
Compared with the other innovative technologies that
play a part in the North Sea within the NEO, offshore wind
has the lowest Levelised Cost of Energy (LCOE) (see
Appendix A1.2.2). At the same time, there are innovative
technologies (floating solar PV systems, Airborne Wind
Energy, and aquatic biomass) with the potential to achieve
a low LCOE in the longer term, although little is known
about them at present.
In addition to the cost, there are other features that, from
the perspective of the system, influence the choice
between the different technologies. As the cost of the
energy generated falls, the relative costs of the transmission
infrastructure will increase. This means there will be greater
focus on better use of infrastructure when technology and
design choices are made.
If generation costs are the only consideration, there would
be no need to give priority to supporting the roll-out of
innovative production and other technologies. Optimising
transmission capacity and possibly sharing available space
can, however, be important drivers in promoting
diversification of production. The transmission capacity
available could be put to better use by using floating solar
PV systems within wind farms. Moreover, the quantity of
energy produced increases by surface area. Future research
must show the extent to which this additional utilisation can
be combined with the other functions of the North Sea.

A technology's adjustability and flexibility can also give
innovative and other renewable technologies a substantial
economic value. Owing to the high penetration rate of
renewable energy, that value is set only to increase in
future. The declining LCOE means market players might
find they have scope to optimise their products.
Recent wind energy tenders show the costs of Dutch
offshore wind are comparable with costs in other countries
bordering the North Sea. The average wind speed, water
depth, and distance to the coast play a key role here.
It is also important to consider transmission costs and how
they are offset (socially) when making a cost comparison.
It is impossible to predict how competitive the Netherlands
will be with the other countries bordering the North Sea.
A broader analysis to identify potential wind farm zones
based on those factors would also have to be carried out,
as would an analysis of the LCOE including infrastructure
costs or a comparison with costs in other countries.
5.3.2.2 Conversion and transmission
Within the preconditions of physical integration (5.3.1.2),
solutions for conversion and transmission could be optimised in economic terms. The optimum transmission and
conversion route could be prepared for each scenario. It is
a good idea to look at the costs and benefits of the system
as a whole and not just at a single element, as this can result
in suboptimisation at system level. Several aspects of the
costs and benefits will be explained in more detail in this
section. A full cost-benefit analysis falls outside the scope of
the NEO.
Infrastructure is required to transmit renewable energy from
sea to land. For electricity, that infrastructure comprises
transformer and converter stations and electricity cables.
The equipment used to transmit hydrogen consists of
electrolysers with pre-treatment units, compressors, and
hydrogen pipelines.
The economic efficiency of electricity or hydrogen
connections is determined by the investment costs of
the conversion stations at the beginning and end of the
connection and the conversion return, on the one hand,
and the costs of the transmission pipelines, on the other.
Their length, as well as their transmission capacity, will
determine the cost of the connections. At present,
electricity transmission is favoured over hydrogen
conversion and transmission in this weighing-up exercise
(Min. EZK, 2018). In the future, this relationship will change,
due to the falling cost of transmission and conversion
components. Further cost reductions can be expected in
electricity and hydrogen chains.
In the case of HVDC, cost reductions can be expected for
the electrical components of the converter stations and
HVDC cables. A cable's transmission capacity can increase
through the use of a higher electrical voltage. Operational
reliability could also increase further.
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In the case of hydrogen, there is significant potential for
cost reductions through the industrial scaling up of
electrolysers. This mainly concerns electrolysis units and to
a lesser extent pre-treatment equipment. A hydrogen route
could be particularly attractive when energy is transmitted
over long distances or in large amounts. From a systems
integration or physical constraints perspective, it may also
be necessary or desirable to use hydrogen to transmit
energy and to make the necessary investments for this.
The EU intends to build electrolysers with a total capacity
of 40 GW between now and 2030 (and another 40 GW in
neighbouring countries to the east or south) with
economies of scale and an insight into the cost trends in
mind. (European Commission, 2020b)
It is important that scalability of technology is taken into
account when future wind farm zones are built. For
example, the connection capacity of electricity cables is
determined by the state of the technology. The decision
was made to have two 2 GW wind farms built at IJmuiden
Ver, which matches the present capacity of HVDC cables.
The connection capacity of cables and gas pipelines may
increase in future. That will also have to be taken account
when wind farm zones are designed in order to guarantee
a good utilisation rate for the connections.
Substantial cost benefits and the same security of supply
could also be achieved by combining offshore wind farm
connections with interconnectors of electricity markets
(Navigant, 2020). A decision may be made to use an island
as a hub. Based on the scenarios, it is likely that, with an
optimum size of <20 GW, several islands will be required.
This opens up the possibility of connecting an island with
hydrogen only, combined with islands connected with
electricity. This could be a way of economising on
infrastructure. From an economic point of view, this may
be a beneficial option that requires further research,4 where
not only the costs but also the business case of the island
should be examined.
When national infrastructure is constructed as planned, to
enable the offsetting of surpluses and shortages to be put
to optimum use within the Dutch energy system, it would
be a no-regret measure for this infrastructure to also be
connected to other countries. This would keep both the
option to import and export open and encourage
exchanges with markets in other countries, generating
additional liquidity. Making hydrogen from the Netherlands

available could give countries without their own hydrogen
the opportunity to use it, which may lead to additional
demand for hydrogen. A decision could then be made to
leave the further growth of hydrogen production for export
to the market, or the Government could intervene. If it is left
to the market, supply will grow with demand and the risk
of overproduction will be small. There is a risk the required
production of green power from the North Sea will lag
behind as hydrogen demand grows because of the delay
caused by lengthy lead times. A solution involving
government intervention in respect of the production of
hydrogen linked to the production of offshore wind could
give the Netherlands a competitive advantage in the short
term, but there is a risk the Netherlands will be overtaken
in time by lower-cost production elsewhere – e.g. using
inexpensive solar power from the Middle East.
5.3.2.3 Storage and reuse of infrastructure
If the supply of renewable energy increases, the need for
storage will also increase, to cope with daily and seasonal
fluctuations in supply and demand. Determining the size
of the storage and conducting an economic cost-benefit
analysis fall outside the scope of the NEO. In many cases,
the role of hydrogen is seen as a supply buffer for seasonal
storage. A description of the physical limitations for
hydrogen storage for the SSand ID scenarios is given in
5.3.1.
Having been commissioned by NSWPH, Navigant
examined the role of hydrogen in an international
electricity network that connects wind farms in the North
Sea (180 GW) with the electricity networks of surrounding
countries (Navigant, 2020). Based on an hourly market
model, they conclude that investment costs could fall
considerably if use is made of interconnectors to connect
markets and hydrogen storage to ensure continued stability
of the system. No distinction is made between onshore and
offshore storage.
At present, no information is available concerning the
relative costs of onshore hydrogen storage compared
with offshore hydrogen storage, but based on logistical
challenges, it is likely onshore hydrogen storage will be less
expensive than offshore storage. It is therefore also safe to
assume it will be cheaper to store hydrogen in salt caverns
than in gas fields. However, we recommend further research
be carried out before the long-term strategy for hydrogen
storage is determined.

4
It is conceivable that a hydrogen-producing island could later be provided with an electrical connection to enable supply at times of
peak electricity prices. Since such price peaks will coincide with times of low electricity production, this connection need not be
dimensioned to the full installed capacity but rather only a fraction of it. The option's business case should be weighed against the
availability of onshore flexibility.
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Reuse of infrastructure may result in cost savings in
unlocking the storage and transmission of both hydrogen
and CO2. This will largely involve the reuse of wells and
platforms. The reuse of pipelines is not possible or costefficient in all cases. Whether or not a pipeline can be
reused and whether laying a new pipeline might be a
better option will have to be assessed on a case-by-case
basis (see also Appendix A2.3 for supporting information).
In making that assessment, it would be advisable to also
consider potential competition between the storage of
CO2 and hydrogen and the competition between offshore
electrolysis and platforms for CCS.

5.4

Conclusions

It can be concluded from the ‘what if’ combinations of
minimum and maximum demand with the production scenarios that the best balance is achieved when the volume
of North Sea production is aligned with demand. For both
the combination of minimum production and minimum
demand and the combination of maximum production and
maximum demand, a significant proportion of total energy
demand can be met from the North Sea.

When the relative balance in the scenarios is skewed, it
presents both an economic opportunity and a risk.
Depending on the preconditions, it is possible to exploit
opportunities or minimise risks. If the minimum production
level of the Import-dependent scenario is combined with
maximum demand, there will be significant dependence
on foreign supply and a risk of insufficient foreign supply
at an acceptable price. On the other hand, the
combination of maximum production and minimum
demand in the Self-sufficient scenario will lead to surpluses
for which there will need to be sufficient demand in other
countries, at a sufficiently high price to be able to sell
them. There is too little information available at present to
make concrete predictions about developments abroad. It
would therefore be advisable, in the short term, to maintain
a balance between domestic supply and demand, while
responding flexibly to developments in other countries and
adjusting policies when economic opportunities arise.
That said, it is possible to remain proactive and direct
trends in other countries to a certain extent and to ensure
all lines of development remain open. This can be achieved
by factoring in potential developments in other countries
when developing the national energy system in the run-up
to 2050.
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As discussed, increasing production of offshore wind
energy could create space and capacity constraints.
In addition, in all combinations of supply and demand,
when onshore and offshore activities are combined, it is
likely there will be surpluses in the total volume of
electricity produced. Space and capacity constraints and
surpluses on an hourly basis could be resolved both within
the electricity system itself and through the use of
hydrogen.
Linking a national hydrogen backbone onshore could result
in greater foreign demand for Dutch hydrogen. Thereafter,
supply growth could be left to the market, or it could be
deliberately controlled by, for example, linking hydrogen
production to offshore wind. That could produce a
competitive advantage but comes with the risk of foreign
hydrogen production becoming less expensive over time.
However production and demand ultimately evolve, the
Dutch energy system will have to be adjusted to that
evolution. It is also clear the North Sea could be an
important engine for national and international energy
supply and that, in time, there will be a role for electricity
and/or hydrogen. Based on current information, it is
impossible to determine the optimum ratio between the
two energy types. Several pieces of this full-scale puzzle
have already been identified, and others are being
examined. Once the studies have been completed, those
pieces can be added to the puzzle. For instance, the Critical
Energy Infrastructure Programme will result in a full
overview of possibilities as regards space, which can then
be used as input for studies to identify how to make
optimum use of those possibilities. This will require an indepth understanding of the impact different production
tion and demand scenarios could have. The first steps in
this direction have been made in the 2030 Flexibility Study
conducted by the II3050 working group. Lastly, a picture of
an economically optimum energy system that takes account
of the costs and benefits of various potential chains – from
production to sales – and that shows how potential
constraints can be resolved is required. Studies to help
produce that picture are being carried out by, among
others, the NSWPH and within the North Sea Energy
programme. The results of the studies will have to be
combined in a national outlook and roadmap for the
phased roll-out of the energy system ahead of 2050, with a
clearly delineated role for the North Sea.
While uncertainty remains regarding the future optimum
situation, steps must be taken to ensure potential
technical solutions are not stifled and to prevent lock-ins
from occurring through the Government's or industry's
failure to undertake preparatory actions. Undertaking such
actions is therefore a no-regret step.

As well as undertaking studies, they include reserving space
for offshore cables and guaranteeing sufficient scale when
allocating wind farm sites. More practical experience
with offshore electrolysis and innovative production
technologies needs to be acquired, both to assess
feasibility and to unlock cost reduction. Cooperation with
other countries could be sought actively, as this could
accelerate the scaling-up process and bring costs down
faster. Regulatory preparations also need to be made for
the use of offshore meshed grids and energy hubs, and
policy for the retention of offshore infrastructure needs to
be drawn up. It is recommended an assessment be carried
out to establish the technical and economic suitability of
offshore wells, platforms, and pipelines.
In addition to these preparations, a national vision on the
future roles of electricity, hydrogen, natural gas, and CO2 is
required. It should centre on the role of these energy types
in 2050, where we want to be with them in 2050, and how
we can achieve that. This vision should be the product of
consultation between the Government, producers,
infrastructure managers, major consumers, and other
stakeholders. It is also important that the challenge facing
the Netherlands is clear to all those involved – to at least
double electricity production in 20 years and make major
adjustments to the system to support that. This vision
building process should address the following aspects







government intervention versus market forces;
electricity and hydrogen ratio;
natural gas extraction and imports, linked to the
production of blue hydrogen;
the role of CO2 storage beyond 2035 and the
desirability of CO2 imports;
relevant interfaces, such as division of space, ecology,
working capital, and financing.

The matter of government intervention versus market
forces combined with the electricity and hydrogen ratio will
be the most important aspect. For instance, electricity and
hydrogen chains comprise production, demand, and
infrastructure for transmission, conversion, and storage.
These chains can only be optimised if some of the variables
are known. Supply and demand are generally the driving
factors, and infrastructure is optimised accordingly.
However, this will be difficult in the long term because
of the significant inherent uncertainty. An optimum
position can be maintained only if all three elements evolve
as hoped. There could be some form of government
intervention in respect of all three elements, but the right
balance must be found.
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The advantage of broader government intervention is that
it makes it easier to work towards the system optimum;
the disadvantage is it means responses to developments
in the area of costs or innovation are less efficient. The risk
is that short-term choices will have to be made, creating
lock-ins, and they may prove sub-optimum in the long term.
On the other hand, leaving developments to the market
without government intervention means there is a risk of
developments taking place based on short-term rather than
long-term optimisation, which similarly creates lock-ins.
There is also a risk the costs and benefits of sustainable
solutions will not evolve fast enough, meaning the market
will not meet sustainability objectives naturally. Intervention
in the market may still be required at a later stage in order
to ensure the Paris goals are met by 2050.

A decision as to whether North Sea production will be used
primarily to meet electricity demand or hydrogen demand
is an essential part of this vision. An early focus on the
production of hydrogen is not an economically optimum
move in the short term – market prices for electricity are
expected to be too high in 2030 to build an independent
business case for green hydrogen production (ISPT, 2020).
If developments are left entirely to the market, with no
subsidies being applied, there will not be sufficient
hydrogen available by 2030 to keep it open as a
decarbonisation option for the industrial sector. This will
give the industrial sector the choice of using electrification
as a means of decarbonisation, which could then lead to an
increased need for electrical offshore wind connections as
well as other options open to that sector, including leaving
the Netherlands, CCS, or the use of biomass. To respond
to growing and fluctuating electricity supply, demand will
therefore have to become more flexible, which may be
at the expense of the number of hours with low market
prices for electricity and could have a negative impact on
a potential business case for electrolysis. Conversely, too
great a focus on hydrogen in 2030 means there will be less
affordable green power in the market to keep electrification
open as an option, which could create a lock-in situation for
green hydrogen.
It is important to mention that lock-ins are not necessarily
a bad thing. Given the great uncertainty ahead of 2050,
the main risk is that the wrong decision will be made as a
short-term measure, and adjustments that have to be made
later may be more expensive than continuing on the wrong
path. That is why it is important to make decisions based
on accurate data and to find a good balance between
government intervention and leaving developments to the
market. To avoid lock-ins, it is important not to focus too
early on hard objectives that will be difficult to adjust later
on but rather to remain flexible so as to be able to respond
to developments in the area of technology and economy
and in other countries. That said, it is important to create
sufficient clarity regarding the direction to be taken, as this
will manage the expectations of the various stakeholders as
regards what everyone else is doing and avoid a situation
where the Netherlands fails to meet its objectives for 2050.
Do not rush into decisions, but rather remember that doing
nothing is also a decision.
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Conclusions and identified transition actions and choices
are described in Chapter 5. The systematic structure means
they are all focused on individual elements of the chain
between production and consumption or based on
individual energy types. This chapter brings all those
elements together to form a whole that is greater than the
sum of its parts. To that end, the chapter has been divided
into three different parts:



CONCLUSIONS:
A summary of the key conclusions based on the
analysis, including the assessment framework used
to weigh up the space-related and economic aspects
of the various technical options.



DECISIONS AND TRANSITION ACTIONS:
The ‘buttons’ that can be pressed and which will have
an impact on the energy system in 2050, including
the order in which those buttons become relevant
and possible lock-ins. A lock-in occurs when a
particular technology or transmission medium is
chosen or policy is introduced that limits or fixes the
long-term choices for the rest of the energy system.
It should be noted that a lock-in is not necessarily a
situation to avoid. For instance, a positive choice to
install lots of offshore wind capacity is regarded as a
lock-in because it will have a considerable bearing
on the need for other transition paths.



REFLECTION ON OTHER COUNTRIES:
Reflection on potential developments in other
countries that may be relevant to choices and actions
relating to the Dutch part of the North Sea and its
role in the 2050 energy system.

Bij deze concl With regard to these conclusions, transition
actions, and reflections, it is important to note action will
be required of parties throughout the chain if the goals
are to be achieved. It is also important market players,
infrastructure managers, customers, and the Government
each take responsibility for their own actions.

6.1

linked in both scenarios, with the extent and form of the link
being the most important issue, they are discussed jointly.
The discussion of electricity and hydrogen begins with a
general overall conclusion, followed by a presentation of
the key conclusions from the underlying analyses.
6.1.1 NATURAL GAS
In the scenarios, there will still be limited demand for
green or other gas as a fuel or raw material (14-102 PJ) and
potential demand for natural gas for the production of blue
hydrogen (0-363 PJ) by 2050. This demand could in part by
met from the North Sea, with green gas and imports being
the main alternatives. Both the Import-dependent scenario
and the Self-sufficient scenario envisage 0 PJ of gas
extraction in the North Sea by 2050. The market anticipates
the possibility of gas still being extracted in the North Sea
to a limited extent in 2050. The amount of gas extracted in
the North Sea will depend on market conditions, which are
expected to worsen in the run-up to 2050 and thus create
a situation where it no longer makes economic sense to
produce remaining gas volumes. A significant decline in
gas extraction is therefore expected. Nevertheless, based
on market conditions, EBN anticipates 31.3 PJ of gas, rising
to a maximum of 81.6 PJ in the best-case scenario, being
extracted in 2050. From an economic perspective and with
a view to supply security and the avoidance of methane
leaks abroad, it would be desirable to meet domestic
demand as far as possible with our own gas extracted from
the North Sea for as long as this remains possible. Since
domestic gas extraction is primarily dependent on the
global market price, the Government’s influence on this is
limited. Continuing to promote additional exploration and
drilling and providing financial opportunities to support
the profitability of production would seem to be the most
important measure.
6.1.2 CO2


Conclusions

The following set of conclusions is based on the analysis
in Chapter 5 and the underlying scenarios. No distinction
has been made between the analyses of technology,
energy types, and system integration so that
comprehensive conclusions can be drawn. The subdivision
is based on the different energy types, since they
represent the chains that will be interlinked through system
integration. There are dependencies between natural gas
and CO2, but they will be discussed separately because
the chains are not integrated into the NEO in any of the
scenarios. Since the electricity and hydrogen chains will be





In all scenarios, sufficient storage capacity is available
in offshore gas fields to meet cumulative demand for
CO2 storage. CO2 is primarily stored in fairly large fields
owing to its permanent nature and the projected volume,
whilst the temporary storage of hydrogen primarily takes
place in smaller fields. This limits competition between
hydrogen and CO2 storage.
Once CO2 has been stored as envisaged in the scenarios,
sufficient capacity will still be available to import CO2
from abroad and store it, if there is the political will to do
so and a business case for it.
Significant cost savings can be made by reusing existing
offshore infrastructure for the transport and storage of
CO2. The main cost savings lie in the reuse of wells and
platforms. However, costs may also be attached to the
retention of infrastructure for reuse, such as costs for
ongoing maintenance. Those costs will have to be
weighed against the potential benefits.
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A lot of infrastructure will become available before 2030
– the equivalent of about 1,400 Mt of the total 1,678 Mt
of capacity. Depending on the scenario, the cumulative
maximum of the total demand for CO2 storage will
be 434 Mt by 2050. This makes keeping the full range
of infrastructure available inefficient from a cost
perspective. Hence the need for a clear vision on total
storage capacity required for CO2, which must be
aligned with the release of infrastructure for cost
efficiency purposes.
Some of the capacity due to become available before
2030 could possibly be used for CO2 imports, but the
future prospects for this are uncertain at present. That
uncertainty and the associated costs must be weighed
against the desirability and potential benefits of keeping
this infrastructure available for the longer term.
Policy and direction are required if the idea of keeping
wells open and retaining other infrastructure is to be put
into practice. In addition, if wells are to be kept open for
the longer term, it may be necessary to appoint an
infrastructure manager to cover the risks before CO2
storage begins, as commercial parties might not be
prepared to bear the risk of keeping wells open.
The reuse of pipelines will produce fewer cost savings
than the reuse of platforms and wells, but it could
accelerate the completion of projects – for example,
because no new permits will be required. Since the
option of reusing pipelines often depends on, among
other things, material and age, a more integral
assessment of suitability is required for individual
pipelines. As well as the reuse of pipelines, this
assessment could also consider the possible reuse of
corridors, which could speed up the permit process for
new pipelines.
The energy required for offshore CO2 storage (MW scale)
is small compared with offshore wind energy production
(GW scale). Consequently, the supply of power to
storage facilities for CO2 need not be factored in for
offshore wind.

6.1.3 ELECTRICITY AND HYDROGEN




In both scenarios in the NEO, hydrogen as well as 		
electricity could have an important part to play in the
integration of offshore wind. Expectations are that, in
time, transmission of energy from the North Sea will take
place using hydrogen as well as electricity.
This conclusion was reached based on several different
perspectives:

		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		

Depending on the development of demand versus
supply, there may be surpluses of produced
electricity in both scenarios. Given existing demand
for hydrogen, those surpluses could be used to meet
national hydrogen demand. Conversion could take
place both onshore and offshore. Converting more
hydrogen than is required is undesirable from an
energy point of view, owing to the substantial
conversion losses made when energy is converted.
The optimum situation would therefore be a mix of
electrons and molecules, aligned with demand. Further
research will be required to identify exactly where that
optimum situation lies.
Without adjustments to the system, increasing growth
of offshore wind could result in capacity and space
integration bottlenecks. There are various potential
solutions, both for electricity and for hydrogen, which
will limit the impact on space or add flexibility to the
system. There is too little information available at
present to make a detailed assessment, and research
is underway to identify spatial and system integration
options. Until the information is available, it makes
sense to undertake the necessary preparations, but
avoid making any final decisions.
Sizeable cost reductions are expected in respect of
both HVDC electricity transmission and hydrogen
production and transmission. It is difficult at the
moment to predict the trend and what will ultimately
be the most economic solution. Furthermore, the most
economic solution will also have to be examined at
system level.
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6.1.3.1 Need for and composition of production
 In all cases, offshore wind will continue to perform an
important role in energy supply in 2050. The growth
rate required to achieve the final targets for offshore
wind production is feasible in both scenarios.
 The fact they are lagging behind in terms of global
up-scaling means innovative technologies such as
floating solar PV systems, aquatic biomass, and Airborne
Wind Energy will be unable to compete with offshore
wind in the North Sea in 2050 from a cost point of view.
However, the use of those technologies could produce
additional benefits, including more efficient use of space,
balancing of the grid, optimisation of connection
capacity, or an increase in the total number of full-load
hours of electrolysers.
 Floating solar PV systems, in particular, could prove a
useful addition to North Sea electricity production
because, as regards space, they can be combined with
offshore wind and play several roles. For example, they
can make better use of the infrastructure by connecting
to the electricity cables in offshore wind farms.
 As well as cost trends, volume, composition, and the
timing of the up-scaling of production from the North
Sea must be aligned with national and international
demand trends and onshore alternatives.







6.1.3.2

Assessment framework
to optimize:

Conversie entransport
Physical integration


100% ELECTRICITY

Market integration

H2
100% HYDROGEN

Figure 6-1 Indicative space for the assessment framework used
to weigh up the energy types electricity and hydrogen

The analysis shows a combination of electricity and
hydrogen transmission will be desirable. The proportion
in which the two options should be used and how they
will evolve over time relative to each other are the main
questions requiring answers.
It is essential to avoid considering each case based on
individual aspects, such as the best method for
connecting an individual wind farm, and instead consider
what will be required for the entire energy system in 2050.
This will require an integral assessment framework for the
various options. The NEO has sought to meet that
requirement, but it is limited in terms of the assessment of
onshore alternatives – they are mentioned where possible,
but they are not elaborated upon. The key factual
conclusions are explained in this section.

Electric transmission is more energy efficient because
it involves no conversion stages, but it will result in
electricity system constraints. Expectations are that
conversion and hydrogen transmission will become a
lower-cost solution to such constraints over time.
However, were all the North Sea electricity production
to be converted to hydrogen, it is unlikely enough
electricity would be produced to cover demand in the
electricity sector. This means a combination of electricity
and hydrogen transmission is the optimum solution,
with the proportion being determined mainly by
technical constraints and economic optimisation.
Electricity transmission constraints can in part be
accommodated in various parts of the chain between
production and end use. For instance, options are
available closer to end consumers, such as reducing
the spatial footprint and seeking additional space.
Alternatively, solutions closer to the production part of
the chain, such as international connections in the form
of meshed grids, could be chosen. Solutions close to the
end use part of the chain cost relatively little in the event
of minor problems but can quickly become expensive if
the constraints increase. Solutions closer to the
production part of the chain will face higher investment
costs but will become relatively less expensive as
capacities grow and may even be cost-saving.
In both scenarios, the constraints are so stringent that
solutions close to the consumption part of the chain are
likely to provide only minor alleviation. This makes
meshed grids the most favourable solution, which may
result in savings on costs compared with traditional
connections, whereas the others will lead only to
additional costs (Navigant, 2020). The use of meshed
grids will help to share peak capacity at international
level, enabling a smaller connection to the Dutch grid
to be used and infrastructure to be put to better use.
It will also have a positive impact on the revenue model
for offshore wind by providing access to a wider and
more liquid market. However, it will not be possible to
connect and consume all North Sea production as
electricity or convert it to hydrogen onshore. This means
offshore hydrogen production will probably be
necessary. The precise ratio between the amount of
energy to be transmitted as electricity or hydrogen
will depend on economic optimisation between the two
options. In time, this would have to be integrated into an
integral assessment framework including developments
and alternative developments onshore.
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It is economically efficient to use offshore hubs when
transmitting electricity and hydrogen on a large scale.
They may be located on offshore platforms or energy
islands. The use of energy islands is the most
economically efficient option if the period of use is
sufficiently long. In terms of dimensions, islands with
a capacity of 2-5 GW appear to be more advantageous
than larger islands with 20 GW capacity (North Sea
Energy, 2020b). However, it is possible there will be
benefits of scale beyond 5 GW – the optimum size of an
island still requires further research. Optimisation for
different types of connection should also be taken into
account.
 Offshore hubs could be connected onshore with an
electrical connection, a hydrogen connection, or a
combination of the two. Previous studies have shown
a connection using electricity only is less expensive
than a combined connection – in particular because
of the additional infrastructure costs. However, a
combined connection, which does not need to be
dimensioned to peak capacity, may also produce
benefits for the onshore system in the event of limited
wind production or when prices are high. A connection
involving hydrogen only was not considered here.
With the optimisation of individual cases and based on
the current energy system, the exclusion of a hydrogenonly hub is a logical choice. However, given the final
picture for 2050, when hydrogen demand will be greater
than in 2030 and the costs of hydrogen conversion and
transmission will fall, dividing islands into islands for
hydrogen, electricity, and a combination of the two,
could be desirable. This way, electricity and hydrogen
demand could be met in the most cost-effective way.
A system analysis along these lines is also being
conducted by the NSWPH consortium. It also makes
the roll-out of offshore infrastructure for conversion and
transmission modular, which means it will be possible to
respond flexibly to technological trends and demand.


 Two



forms of storage for hydrogen are currently being
examined: storage in salt caverns and in empty gas
fields. Storage in salt caverns is further advanced
technologically, and the suitability of gas fields still
requires further research. Should gas fields prove
suitable, there would have to be sufficient onshore
storage capacity for full demand in the run-up to 2050.
If they turn out to be unsuitable, offshore salt caverns
could be examined as an option if required. However,
the disadvantage of salt caverns are lengthy realisation
periods and potential logistical challenges involved in
having to process extracted salt in the preparatory phase.
There is a significant amount of offshore infrastructure
in the form of wells, platforms, and pipelines that could
possibly be reused. Reuse is valuable because of the
cost and time savings that can be made when
implementingprojects; the reuse of wells and platforms
is the main area where cost savings can be made. It will
be possible to use this infrastructure for CO2 storage,
in particular, especially if it is decided to store hydrogen
onshore.

Optimum use of hubs for electricity, hydrogen, or a
combination of the two (including potential consequences),
will depend on whether the vision decided on is based on
electrons or molecules and is explained in more detail in
the reflection.
6.1.3.3 Storage and reuse of infrastructure
 A significant quantity of storage capacity that could be
used for the storage of hydrogen or CO2 is available
in the North Sea. The two energy types focus on different
fields: hydrogen on smaller fields and CO2 on larger
ones. Offshore competition is therefore limited.
 In view of the planned hydrogen backbone and
associated storage, the most beneficial course of action
would be to make the best possible use of onshore
storage capacity first. It should also be borne in mind
there might be a lack of public support for onshore
storage technologies.
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6.2

Decisions and transition actions

Chapter 5 contains a range of potential and necessary
actions to be undertaken to make the energy system more
sustainable by 2050, with areas of overlap in the North
Sea. Lengthy completion times mean the various options
will usually have to be weighed up against each other well
before measures are implemented. For this reason, it is
necessary to have a picture in mind for when decisions
need to be made and an idea of which decisions will have
the greatest impact. The first essential decisions that have
to be made will have the greatest impact on the North Sea
energy system. They will determine which follow-up options
remain open and which do not.
The policy options have been subdivided into two
categories in this section, based on completion times and
the timing of constraints:




decisions that need to be made and actions that need to
be undertaken before the scope of the NEO takes effect
in 2030;
decisions that need to be made and actions that need
to be undertaken at different times during the term of the
NEO.

The aim of the NEO is to provide an insight into possible
developments in the period 2030-2050, with a particular
focus on the period 2030-2035 – following on from the
current '2030 Offshore Wind Roadmap'. The lengthy
realisation times for technical projects (about five years for
offshore wind projects and 10 years for infrastructure
projects and islands) means actions and decisions having
an impact on this critical 2030-2035 period will generally
have to be set in motion or taken before 2030. For this
reason, the focus is on identified decisions and actions to
be made and undertaken in the period before 2030.

For this reason, the focus is on identified decisions and
actions to be made and undertaken in the period before
2030. Post-2030 decisions and actions will have more to do
with adjusting the direction to take flexibly than deciding
on the destination. Given their critical role, pre-2030 actions
and decisions are elaborated upon in more detail and have
been divided into two categories:



NO-REGRET MEASURES are actions or decisions 		
required in both the SS and the ID scenario in order
to ensure it is possible, and will remain possible, to
make adjustments to the energy system.



POTENTIAL LOCK-INS are decisions to opt for
specific technologies that are not required in either
scenario and may hinder alternatives.

The precise timing of the following measures will depend
on the scenario and the vision on the North Sea already
discussed. The order in which the measures set out below
are to be carried out is therefore determined on the basis
of sequence and impact, i.e. when actions and decisions
become relevant to each other and what impact they may
have on the energy system in 2050. There is no underlying
sensitivity analysis or quantification, so the precise order
decided on is a subjective choice.
6.2.1 PRE-2030 DECISIONS AND TRANSITION ACTIONS
6.2.1.1 No-regret measures
Although the two scenarios in the NEO develop differently,
constraints are relevant to all scenarios. This means
constraints will have to be addressed in every case, and
it is important to ensure in the short term that decisions
are made on the basis of accurate data and that technical
solutions are not prematurely excluded. Thirteen no-regret
measures have been identified to enable progress to be
made in the decision-making process.
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13 NO-REGRET MEASURES

1

2

3

4

INTEGRATING ADDITIONAL RESEARCH TO IMPROVE FUTURE DECISION-MAKING
Determining the optimum future energy system requires knowledge of constraints, costs, and benefits in
the entire chain for each of the relevant energy types. Production, infrastructure, and demand should be
considered for those chains. Space and capacity constraints produced by supply and demand, what can
be done to resolve them, and the associated costs and benefits should also be taken into account.
Although a great deal is already known, there are also some knowledge gaps that need to be filled.
Various processes are ongoing to provide insight into those gaps, including the Critical Energy
Infrastructure Programme and the North Sea Programme, which pertain to space, the II3050 and 2030
Flexibility Study, which deal with demand and its impact on infrastructure, and the NSWPH's and North
Sea Energy's studies on economic optimisation. It is important for future decision-making that insights
gained are combined in a comprehensive overview of the 2050 energy system in its entirety.

STRATEGIC PLANNING FOR THE FUTURE ROLE OF ELECTRICITY, HYDROGEN, NATURAL GAS AND CO2
Integrating knowledge in a comprehensive overview of the energy system will set out the possible options.
A strategy for the future role of electricity, hydrogen, natural gas, and CO2 to which different stakeholders
are committed will also be required. This strategy and commitment is needed in order to give all those
involved the confidence to implement decarbonisation plans. A balance must be found between
government intervention and leaving developments to the market. Excessive government intervention
may lead to an inability to adapt to changing circumstances and trends in the area of technology and
costs. Excessive market involvement may lead to short-term, rather than long-term, optimisation.
It is recommended guidance be given, while flexibility is maintained regarding the targets for 2050.
Lastly, this strategy must take account of the North Sea's role in the energy supply desired and how
production of electricity, hydrogen, and natural gas from the North Sea compares with onshore
alternatives and imports.

EXPLORING INTERNATIONAL INFRASTRUCTURE AND THE HYDROGEN MARKET
Both production scenarios pave the way for a role for international exchange of hydrogen. A national
supply and demand mismatch will create a dependency on foreign supply, but even when there is a
supply and demand match, an international hydrogen market may lead to improved market liquidity,
which will have a positive impact on business cases for both electrolysers and hydrogen sales.
Since plans for national hydrogen backbones are in place in both the Netherlands and Germany,
connecting infrastructure and exploring markets would be a no-regret measure. In addition, preparations,
including the drawing up of common policy and quality requirements for injected hydrogen, could be
made now.

FACILITATING THE FUTURE ROLL-OUT OF MESHED GRIDS AND ENERGY HUBS
Meshed grids and energy hubs are the two most important technical solutions for improving the
integration of offshore wind production in the North Sea into the international energy market. Although
these solutions are not expected to be operational before 2030, it is important to make preparations to
enable them to be implemented after 2030. Examples of preparations include studying pricing, the
optimum set-up of bidding zones, and the physical behaviour of meshed HVDC grids. The research of
the NSWPH and the PROMOTioN project could be drawn on for this (Promotion, 2020). It is also
recommended we become party to international discussions on this subject. Consideration will have to
be given as to whether the Netherlands wishes to play a proactive role (own development) or a more
reactive one (align with plans made in other countries).
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5

6

7

8

9

ASSESSING THE SUITABILITY OF OFFSHORE INFRASTRUCTURE FOR REUSE FOR HYDROGEN
AND/OR CO2 AND THE POTENTIAL COST SAVINGS THAT COULD BE MADE
Over the long term, the reuse of existing offshore infrastructure could mean significant cost savings.
Before this can be done, an assessment identifying which infrastructure is suitable for reuse in the
transmission of hydrogen and/or CO2 will be required. For instance, not every platform will have enough
room for offshore electrolysis or enough service life remaining, and not every pipeline will be suitable for
the transmission of hydrogen (this will depend on the material, condition, and age of the pipeline).
It is recommended such an assessment be linked to the amount of infrastructure likely to be needed for
the storage of CO2 and possibly hydrogen, as well as the expected cessation of production in individual
offshore gas fields. The assessment should focus on wells, platforms, and pipelines, and be conducted
at the level of individual assets.

PREPARING AN ABANDONNED POLICY FOR OFFSHORE INFRASTRUCTURE
At present, the decision whether to decommission offshore infrastructure is a matter for the owners, which
in most cases are commercial parties. Consequently, there is a high risk infrastructure that could later be
of use will be removed before 2030. Poor economic conditions, driven by the low market price for natural
gas, mean there is a significant risk that much of the infrastructure will have been abandoned before 2030.
This is particularly relevant to wells, which are filled with concrete and have to be redrilled at great expense
after they are closed. Government intervention and policy will be needed soon if this is to be prevented.
Regulations or incentives, linked to the conditions for payment of gas revenues to the Government, for
example, could be used as a means of prevention. Other factors to be borne in mind include the
compensation that would have to be provided for keeping infrastructure available, the suitability of
individual infrastructural assets, and the envisaged amount needed in the run-up to 2050. The expense
entailed in keeping infrastructure available and the tipping point between keeping it open for longer and
building new infrastructure in the future are not clear at the moment.

DEVELOPMENT OF OFFSHORE ELECTROLYSIS
Although it is not yet possible to make a final decision between onshore and offshore electrolysis, the
offshore option could possibly be advantageous in that transmission costs would be reduced.
However, more practical experience of the technology will be required to gain a clearer picture of
technical feasibility. It could also mean a reduction in costs in the long term. It is also recommended that
potential constraints posed by legislation and regulations be identified and resolved.

CREATING MARKET CONDITIONS WHICH WILL DELIVER A SOUND AND STABLE BUSINESS CASE
FOR OFFSHORE WIND IN THE LONG TERM
Earlier studies have shown the revenue model for offshore wind will already have come under pressure
by 2030; this may be an obstacle to future investments (AFRY, 2020). As a consequence, it will be necessary
to create the right market conditions for the longer term if the final pictures for 2050 are to be achieved.
This could be done in several ways, including through tender mechanisms, demand stimulation, and a
direct connection with electrolysis.

EXPANDING THE ASSESSMENT FRAMEWORK FOR SPACE ALLOCATION FOR OFFSHORE ENERGY
PRODUCTION ZONES
In time, zones will be allocated for the envisaged production capacities as part of the 2022-2027 North
Sea Programme. In the case of offshore wind, the assessment framework for those zones may be expanded
from a LCOE-based framework to a framework based on system costs and benefits. This will enable choices
between technical and economic optimisation stemming from the vision building to be taken into account.
Technical optimisation will create greater planting density, which will result in a higher overall return or
lower use of space (approximately 10 MW/km2) but may lead to higher costs. Economic optimisation is
based on a lower planting density in order to keep the LCOE of offshore wind as low as possible
(approximately 6 MW/km2), which will make production from the Netherlands more competitive but will
require more space. For innovative technologies, this designation will depend on the possibility of
combining the space required with offshore wind or other functional uses.
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RESERVING SPACE FOR OFFSHORE CORRIDORS
Since the optimum ratio between the amounts of offshore transmission with electricity and hydrogen is
not yet known, it is important to avoid a lock-in situation prompted by a lack of offshore space for
infrastructure. It is therefore recommended that sufficient offshore space be reserved for transmission via
both electricity cables and hydrogen pipelines. An evaluation could be carried out to establish whether the
safety zone between offshore cables could possibly be restricted in future.

AVOIDING LOCK-INS DUE TO LIMITED SITE SIZE
Care should be taken when allocating space for offshore wind and during the concomitant determination
of offshore sites to ensure there is sufficient scope for independent business cases for transmission using
electricity or hydrogen. For sites developed later on, this will keep open the option to use electricity or
hydrogen for transmission, instead of creating a lock-in as regards the infrastructure built for the first sites.

PERMITTING OFFSHORE CABLE POOLING FOR FLOATING SOLAR PV SYSTEMS
Cable pooling (shared use of a cable by several forms of production) will be required for floating solar
PV systems if they are used to ensure optimum use of offshore wind infrastructure. It may also reduce
overall infrastructure costs, which will improve the revenue model of floating solar PV systems.
Without cable pooling, the costs of infrastructure in the short term are likely to be too high for successful
business cases to be made for floating solar PV systems in wind farm zones. Facilitating cable pooling will
enable offshore floating solar PV systems to be made part of tomorrow's energy supply.

FACILITATING EXPANSION OF ONSHORE HYDROGEN STORAGE CAPACITY
The decision whether to store hydrogen onshore or offshore will have an impact on the North Sea's role
in the energy transition. Onshore storage appears to be economically more advantageous than offshore
storage. To have sufficient capacity available in the run-up to 2050, it may be necessary to estimate the
capacity required before 2030, draw up plans, and prepare for it to be unlocked. Salt caverns could be
used initially. Depending on the rate at which hydrogen production develops, the capacity of onshore salt
caverns could prove insufficient by about 2035. Research into the suitability of onshore gas fields is already
underway. Should it reveal this is not an option, preparations for a switch to offshore salt caverns or an
increase in the exchange of hydrogen with neighbouring countries such as Germany will have to be made
in good time.
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6.2.1.2 Potential lock-ins
Potential lock-ins are decisions to opt for specific
technologies that are not required in either scenario and
may hinder alternatives. It should be noted a lock-in is not
necessarily a situation to avoid. A decision will have to be
made in advance to establish how desirable they are, and
the decisions considered should be weighed against
alternatives. In line with Section 6.2.1.1, this collection of
actions and decisions should also be arranged based on
sequence and impact.
1. Roll-out of international infrastructure and structure
of the CO2 market
Infrastructure will have to be made available if an active
focus on the importation of CO2 is opted for. If the
infrastructure is publicly owned, it will have to be
combined with a market mechanism. Pipelines or
arrangements to enable it to be imported by ship could
be used for CO2. Stimulating an international market and
international infrastructure for CO2 could create a lock-in
for CO2 storage during the depreciation period or
operational service life of the CO2 infrastructure.
2. Domestic gas extraction from the North Sea
The premise for both scenarios is that gas extraction
in the North Sea is heading towards 0 PJ, with a modest
demand for extracted gas or green gas still existing.
This will exclude the use of domestic natural gas and
natural gas products such as blue hydrogen.
Alternatively, it could be decided there should be an
ongoing role for natural gas, with natural gas exploration
and drilling in the North Sea being encouraged.
However, the large-scale application of onshore blue
hydrogen could keep green hydrogen out of the market
and create a lock-in for CCS.
3. Policy aimed at accelerating the completion of phase 2
of the innovation cycle for floating solar PV systems and
aquatic biomass and phase 1 for Airborne Wind Energy
Policy aimed at innovative technologies will play a part
only after an active decision has been made to use
particular technologies. This has the potential to create
a lock-in, because a number of those technologies
will compete with each other for space. If an active role
is chosen for one or more of those technologies, a
decision could be made to accelerate completion of
the research phases, including by providing funds or
additional funds for research, pilots and demonstrations
and stimulating international cooperation.
6.2.2 POST-2030 DECISIONS AND TRANSITION ACTIONS
Policy will also have to be made after the scope of the NEO
takes effect in 2030. The most important policy will involve
the periodic evaluation of how reality reflects the plans set
out in the vision on the North Sea prepared for 2030.

It could include, for example, an assessment of whether
the growth rate of innovative technologies is in line with
expectations, whether the projected cost reductions of
the various technologies have materialised, and whether
future paths or final pictures need to be adjusted.
It is recommended they be grouped in public reports,
for example, in the form of a progress monitor for
development in the North Sea. The frequency of
publication of such a progress monitor could be
determined at a later stage, but it may be desirable to link
up with the North Sea Programme and other programmes
relating to onshore or offshore spatial planning.
In addition to this periodic monitoring and adjustment,
there are several more decisions that could be taken later
on to ensure the smooth integration of North Sea
production during the later stages of the period 2030-2050.
The following list is again sorted based on sequence, and
precise timings will depend on the scenarios and the vision
defined.
1. Carrying out an assessment to identify possible overlap
between the storage of hydrogen and CO2 in offshore
gas fields, including an assessment framework for the
allocation of offshore infrastructure and gas fields
It is likely the expected competition for storage
capacity and infrastructure between hydrogen and CO2
will be limited, and (provided gas fields remain usable)
sufficient onshore storage capacity should be available
to meet projected demand for hydrogen storage. This
will, however, depend on overall storage demand, which
is yet to be identified. If it is established that onshore
storage capacity does not cover demand, or if offshore
storage of hydrogen becomes economically appealing,
an assessment framework will have to be prepared in
due course for the allocation of offshore gas fields and
infrastructure for hydrogen and CO2.
2. Policy on the accelerated scaling-up of floating solar PV
systems and aquatic biomass
Expectations are that floating solar PV systems and
aquatic biomass will be ready to be scaled up by 		
around 2035. An evaluation of the role envisaged for
both technologies in the energy supply system would
have to be planned in advance and could be used to
determine whether accelerated scaling up is to be
preferred over natural development. The quantity of
technologies required will depend on the vision on
electricity supply, as explained in Section 6.1.3.1. If the
scaling up of innovative technologies is required, a
decision may be taken to implement policy changes
that could include granting subsidies or additional
subsidies and streamlining the processes involved in
obtaining permits and space allocations.
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3. Reducing the spatial footprint of offshore transmission
connections
If electricity is used to maximise offshore transmission,
constraints as regards the space available for cable
corridors may arise on a national scale as from 2035.
Before that point is reached, decisions could be made
to reduce the offshore spatial footprint, for example, by
adjusting policy concerning the space required between
cables. The extent to which this will be necessary will
also depend on the technological development of cable
capacities and voltage levels.
4. Policy on accelerated completion of phase 2 of the
innovation cycle for Airborne Wind Energy
The considerations applied to the accelerated
completion of phase 2 of the innovation cycle for
floating solar PV systems and aquatic biomass will also
apply to Airborne Wind Energy in the period 2035-2040,
with the provision of additional funds and improved
international cooperation being among the options that
could be used to accelerate the process.
5. Policy on accelerated scaling up of Airborne Wind
Energy
The considerations applied to the accelerated
up-scaling of floating solar PV systems and aquatic
biomass will also apply to Airborne Wind Energy in the
period 2035-2040, with the provision of subsidies or
additional subsidies and streamlining processes being
among the options that could be used to accelerate the
process.

6.3

Reflection on other countries

Trends in the Dutch energy system should be considered
in a wider international context. For instance, 195 countries
have committed themselves to the Paris climate goals, and
the plans of each of those countries could have an impact
on the Netherlands. This means it is important to remain
flexible in the Dutch approach, so we remain capable of
responding to developments. Overall, three levels can be
defined when reflecting on the plans of other countries:

NORTHWESTERN
EUROPE SCALE
(area surrounding
the North Sea)

EUROPEAN
SCALE

GLOBAL
SCALE

Countries within Northwestern Europe are linked by the
North Sea, and the use they make of it varies from country
to country. For example, Denmark plans to actively produce
a surplus of sustainable electricity with the aim of selling it
to surrounding countries. Denmark has also started
building two energy hubs on islands in the North Sea.
On the other hand, some countries, such as Germany and
Belgium, make less use of the North Sea because they
have relatively short coastlines. Space is available in the
Dutch part of the North Sea for the Netherlands to follow
Denmark's example and produce a surplus of electricity for
export. Just like Denmark, the Netherlands can also build
energy hubs in the Dutch part of the North Sea. Given the
limited coastline in countries such as Belgium and Germany
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and the demand for renewable energy, there is an
opportunity to generate and export relatively
inexpensive electricity. The key consideration here is
whether the Netherlands is in a position to do this on an
economically competitive basis or whether it would be
better to link up with developments in other countries.
If the Netherlands could do this on a competitive basis,
this could be a reason to increase the target for production
from the North Sea. If it can be done at lower cost in other
countries, that could be reason to lower the production
target. This will have an impact on the international
transmission capacity required.
When Europe is considered as a whole, it is clear the focus
is likely to be on electrification, with electricity expected
to represent a 50% share of energy demand in 2050
(European Commission, 2020a). For many countries in
Europe, cost-effective production of green hydrogen is a
difficult challenge, since their access to offshore wind is
limited and this limits the availability of green power with
sufficient full-load hours for electrolysis. Nevertheless, the
EU anticipates 40 GW of electrolysis within Europe by 2030
(European Commission, 2020b), a large part of which will
be in coastal areas. With a target of 3-4 GW and an even
greater capacity planned, the Netherlands could meet a
significant share of this European target from 2030. There
are also several plans for transnational infrastructure to be
used to transport the hydrogen produced within Europe.
The extent to which those plans will be realised and what
effect they will have on international demand is not known
at present, but if these developments unlock large-scale
demand for hydrogen in Europe, the Netherlands will be
well placed to play a key role in meeting that demand. In
that case, it may be economically advantageous to increase
the target for production from the North Sea.
The creation of an international market within Europe would
also give rise to the risk of global competition. This could
lead to globalisation of the market, as is already the case
for oil and LNG. It is possible that, in time, hydrogen will
be capable of being produced at lower cost in countries
with a low LCOE, from solar energy in Africa and the
Middle East, for example, or geothermal power in Iceland
(IEA, 2019) (Agora Energiewende, 2017). If hydrogen does
start to be produced and exported in those areas, this
could put pressure on the revenue model for electrolysis
in the Netherlands and limit demand for offshore wind.
In that case, it may be more expedient to lower the target
for production from the North Sea. Should this situation
arise, any international infrastructure could then be used
for the transit of imported hydrogen, and the Netherlands
could start playing an international role comparable with
the role it currently plays for oil.

In conclusion, it is recommended international
developments be factored in when targets are set for
production in the North Sea. Consideration should also
be given to the fact that such developments will not
always take place simultaneously. Discussions about
overproduction for exports and the linking of electricity
grids are already underway and will become relevant
before 2030. The development of a European market for
hydrogen may become relevant shortly after 2030, when
national backbones have been rolled out and can start
being linked. Global competition in the area of hydrogen
supply will probably follow the emergence of international
demand, like the European market, and possibly apply
later in the period 2030-2050. It is therefore important to
consider the longer-term perspective and to steer clear of
potential short-term benefits owing to risks in the longer
term.
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APPENDIX A1 - TECHNOLOGY AND INNOVATIVE TECHNOLOGY PARAMETERS
The purpose of this Appendix is to provide an in-depth insight into the various technologies and innovative technologies
discussed in the NEO. To that end, separate fact sheets have been prepared for each technology and are included in
Appendix A1.1. These fact sheets describe the context of the technology or innovative technology, quote figures
pertaining to, among other things, CO2 reduction, costs, and use of space, and outline the future path. The feasibility
and role of the innovative technologies in the future path are demonstrated by an innovative technology system analysis.
Stakeholders/actors, environmental factors, and economic potential, in particular, are determining factors. These have
therefore been analysed for each innovative technology. Appendix A1.1 has particular application as background for
Chapters 3 and 4.
As well as innovative technologies, incremental innovation is also considered. Offshore wind is still a relatively young
technology, which will see important innovations in the decades ahead. Below are some examples (this is not an
exhaustive list):

Scaling up of offshore
wind turbines, which has
led to lower investment
and maintenance costs

Use of floating
foundations, which enable
wind energy to be
generated in deep seas

New installation and means
of transport making
transport safer and more
efficient

Modifications to electrical
connections to allow
a higher voltage,
which means fewer
cables are required

It is also essential these innovations be used when projects are implemented. Regulations must allow scope for this,
which is why it was decided to word tender requirements as broadly as possible for the last offshore wind tenders, so
that applicants were able to apply the latest technological developments.
In Appendix A1.2, the information from Appendix 1.1's fact sheets is used to explore the economic dimensions of the
various production technologies. The economic opportunities presented by the expansion of installed offshore wind
capacity and the maximum potential of the innovative technologies are also examined. Appendix A1.2 serves as
background for Chapter 5.

A1.1 Fact sheets
TECHNOLOGIES
CAPACITY OF
THE ZONE (MW)

YEAR OF
DELIVERY

Egmond aan Zee

108

20071

Prinses Amalia

120

20081

Luchterduinen

129

2015

Gemini

600

2016

At present, there are four wind farms in the Dutch part of
the North Sea: Egmond aan Zee, Prinses Amalia,
Luchterduinen, and Gemini with a total installed capacity
of 957 MW. The first wind farm, Egmond aan Zee, was
commissioned in 2007.

Borssele

1.503

2020

Hollandse Kust (zuid)

1.520

2022

759

2023

The Borssele I-V wind farms are currently under
construction (totalling 1,500 MW). The construction of the
wind farms will be completed in 2020. Subsidy-free tenders
have been submitted for the Hollandse Kust (zuid) I – IV
wind farms (totalling 1,520 MW), and they will be
completed in 2022. The Hollandse Kust (noord) wind farm
(759 MW) was tendered for in 2020 (also subsidy-free)
(Min. EZK, 2019). The following table provides an overview
of the wind farms that will be built in the North Sea by 2030
(Min. EZK, 2019).

North of the Fryslan Islands

WIND FARM ZONE

Offshore wind
CONTEXT
Offshore wind (WoZ) is used to generate electricity, which
is then fed into the Dutch electricity grid. Offshore wind is a
mature technology and has worldwide application.

Hollandse Kust (noord)
Hollandse Kust (west)

1.400

2025

7002

2026

IJmuiden Ver

4.0002

2030

2030 TOTAL

10.8392

2030

2

957 MW at present, 9.882 MW
yet to be realized (Netherlands
Enterprise Agency, 2020)
(Min. EZK, 2020g)
Economic considerations will determine whether the decision is made to
extend the service life of this wind farm, re-power it, or decommission it once
the SDE subsidy period has ended.
2
Possibly subject to adjustment for overplanting
1
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INDICATOR
TRL

KEY FIGURE
2030

9

2050

9

CO2 savings

(kt CO2/MW)

0.35 (CBS, 2018)

Costs in 2030

(MEUR/MW) and LCOE

0.8-0.9 (Netherlands Court of Audit, 2018)
44-80 EUR/MWh globally (IRENA, 2019b) but owing to the unique conditions of the
Dutch Continental Shelf (shallow, relatively short distance to the coast, favourable wind
conditions), a lower price is possible in the Netherlands, comparable with the price
expected in Denmark of 40-50 EUR/MWh (Energinet.dk, 2018)

Cost trends

Drivers

The cost per kWh for the Hollandse Kust (zuid) I-II wind farm (2018) has fallen by 75% as
compared with the Gemini wind farm. (Netherlands Court of Audit, 2018)

2050 costs

LCOE

27-62 EUR/kWh globally (IRENA, 2019b). A lower limit of 30 EUR/MWh has been
maintained for the North Sea (Energinet.dk, 2018)
A wide range of major international companies are involved in the development of
offshore wind. This means a large amount of capital is available, which bodes well for the
achievement of future production targets.

Stakeholders/actors

Environmental factors

Spatial impact (km2/MW)

0.14 (1600 km2 for 11.5 GW) (windopzee.nl, sd)

Economic opportunities

Construction to enable large amounts of offshore wind energy to be produced will create
employment opportunities in the Dutch offshore sector and ports. For example, it is
anticipated that 2,500 FTEs will be needed for wind farm construction ahead of 2030 and
an additional 320 FTEs for the operational phase (TKI Wind op Zee, 2019). Expectations
are this number will rise should the roll-out of offshore energy accelerate in future.

Since the development of offshore wind is used as a benchmark when estimating the future paths of innovative
technologies, its future path is set out below.
FUTURE PATH
Offshore wind capacity saw an average growth rate in Europe of 22% (WindEurope, Data and Analysis - Statistics, 2020b)
(Compound Annual Growth Rate, CAGR) in the period 2009-2019. IRENA gives a global CAGR of 11.5% for offshore wind
for the period 2020-2050. A CAGR of 6.5% and 9.5% is required for the ID and SS objectives; this is within IRENA's
estimates (IRENA, 2019b). It will therefore have to be achieved by market players and facilitated through regulations.
Straight-line capacity building will require additional capacity of 1,400 MW/year for the expansion to 38 GW in 2050 and
3,100 MW/year for 72 GW.
Ten years ago, the present installation speed was not generally considered realistic. However, the market has
demonstrated it is capable of responding quickly to market and policy developments. Several market players have called
for bigger or far bigger tenders. The associated industrialisation of the entire supply chain would also produce a further
reduction in cost price. The five-year period for tenders in the Netherlands involving 700 MW (2 x 350 MW) of
development each year has also been accompanied by a faster than expected reduction in cost price. Offshore wind
developments will not stop here, and there is still a lot that must and can be done to reduce the LCOE. In the IKIA and
MMIP 1, the bottlenecks already identified – cost price, system integration, and space – have already been placed on the
agenda.
OPTIONS AND DECISIONS
The Import-dependent and Self-sufficient scenarios show growth rising from 28 GW to 62 GW in a period of 20 years.
The effect would be a growth of 1.4-3.1 GW per year, which is between twice and four times the present growth of
offshore wind (currently at 0.7 GW per year). An average growth rate of 27%, ~1000 MW/year in straight-line terms, will be
achieved in the period 2020-2030. With a turbine capacity of more than 10 MW, an annual growth of 3.1 GW means that
310 turbines will be installed per year, a rate that has already been achieved during the construction of the current wind
farms in the Netherlands. In both scenarios, the total growth rate by 2050 is less than 10%, well below the historical growth
rate of 22% for offshore wind (WindEurope, Offshore wind in Europe, Key trends and statistics 2019, 2020a).
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Future paths for offshore wind based on
a maximum CAGR of 22% (GW)
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Figure A1-1 Possible future paths for the scenarios and maximum
use based on an average annual growth rate of 2%

TABEL A1-1 OVERVIEW OF THE RATES OF DEVELOPMENT IN THE SCENARIOS AND MAXIMUM USE
The various possible paths that could be chosen based on a 22% growth rate are presented in Figure A1-1. In this figure,
the term accelerated refers to the view that the end goal must be achieved as quickly as possible by starting 2030 with a
growth rate of 22%, after which capacity will plateau. The term delayed refers to the option of waiting as long as possible,
which could potentially lead to lower costs and means it would still be possible to respond to demand trends before
working towards the goal with a growth rate of 22%. Since there is a certain amount of uncertainty in the ultimately
achievable growth rate, five-year periods have been used for the analysis. Based on the forecasting perspective, the
Import-dependent goal could be achieved in 2035-2040 and the Self-sufficient scenario in 2040-2045. According to the
backcasting perspective, it will be 2040-2045 before the end goal is achieved in both scenarios.

Hydrogen electrolysis
CONTEXT
Hydrogen is not an energy source but an energy carrier that needs to be produced from other sources. One way in which
it can be produced is through the use of electrolysis, the process of using electricity to split water into hydrogen and
oxygen. The electrically generated energy can then be transmitted onwards and used as hydrogen. Since electrolysis has
a yield rate of about 75%, some of the energy generated will be converted into heat. That heat could be reused onshore in
industrial processes or to heat the built environment. Uses can also be found for the oxygen produced.
At present, hydrogen is used as a raw material in industry, particularly for refinery processes, in the chemical industry, and
in the production of fertiliser. Additional future uses as a raw material and fuel include:








renewable fuel;
high-temperature, industrial, heat generation;
mobility (road, water);
heating for the built environment;
synthetic fuels (shipping, aviation);
as an energy buffer where the variety in generation of renewable electricity and the subsequent pressure on the
electricity grid can be accommodated by converting electricity into hydrogen;
as an energy carrier for electricity generation.

Several hydrogen electrolysis projects are planned ahead of 2030. They will mainly take place onshore and include
MW-scale pilots and scaling those pilots up to GW scale. The 1 MW pilot PosHYdon is currently underway offshore
(PosHYdon, 2020). There is no active policy to support offshore electrolysis at present, although this is the subject of
active research. Electricity will be used to land production from the planned wind farms, and offshore conversion of
hydrogen will not be implemented before 2030 (Min. EZK, 2019), (DNV GL, 2020).
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Offshore hydrogen electrolysis has the following advantages:
 Proximity to the source of renewable electricity production reduces transmission costs;
 Offshore gas infrastructure already in place can be reused. Electrolysers can be built on existing platforms, and 		
existing gas pipelines to the coast can be reused to transmit the hydrogen produced;
 Space savings for landing offshore wind.
The disadvantages include:
 Corrosive conditions and the need to desalinate feed water result in technical complexity;
 Options to use the residual heat and oxygen produced are lacking;
 Electrolysis will cost more offshore than onshore, in terms of both CAPEX and OPEX. (DNV GL, 2018a);
 It involves greater legal and ecological complexity.
Electrolysers could also be built on islands yet to be created.

INDICATOR
TRL

KEY FIGURE
2030

Onshore 9, offshore 7-8

2050

9

CO2 savings

(kt CO2/MW)

1.82 (replacement for grey hydrogen in primary use)
0.90 (replacement for natural gas in incineration processes) (DNV GL, 2020)

Costs in 2030

(MEUR/MW)

The starting point is 1.4 (TKI Nieuw Gas, 2018) (DNV GL, 2018b) with a spectrum of
0.9-1.7 (North Sea Energy, 2020b)

Cost trend

(%)

The Hydrogen Council expects a global electrolyser cost reduction of 9-13% per
doubling of installed capacity in MW from economies of scale between 2020 and 2030
(Hydrogen Council, 2020). On that basis, the Government opinion on Hydrogen is based
on the assumption of a cost reduction for green hydrogen of between 50% and 60% in
the next 10 years (Min. EZK, 2020b).
A wide range of different actors are involved in the development and use of electrolysis.
There is ample interest and available capital and no barrier to the projected scale-up of
electrolysis.

Stakeholders/actors

Environmental factors

Spatial impact
(km2/MW)

ISPT has determined that the typical footprint would be about 13-17 hectares for a GW
electrolyser (ISPT, 2020). This could be reduced further to 8-10 hectares per GW.

Economic opportunities

A potentially significant cost reduction as a result of lower transmission costs and the
possible reuse of offshore structure offers opportunities for this technology.
A major roll-out of electrolysis could strength the position of the Netherlands as a
hydrogen hub. The knowledge accumulated could possibly be used at international level.

Hydrogen storage
CONTEXT
Once produced, hydrogen can be stored onshore using various methods, with storage tanks and salt caverns being the
ones most commonly used. The technology for salt caverns has already been tried and tested in other countries, and its
use in the Netherlands is being explored at the Zuidwending natural gas buffer. The storage capacity will be sufficient for
H2 supply and demand until 2030 (DNV GL, 2020). Hydrogen could also be stored in empty gas fields and aquifers. The
suitability of empty gas fields for hydrogen storage is currently the subject of active research.
Storage capacity in empty gas fields offshore has been mapped out (TNO, 2018). There are no pilots for the use of
offshore hydrogen at present and no active policy to support offshore hydrogen storage. Storage in offshore salt caverns
is also possible in theory, but it would be logistically complex since the caverns have so far not been mined. They would
therefore first have to be prepared (leached), and a logistics chain would have to be set up to process the mined salt.
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INDICATOR

KEY FIGURE
2030

9 (onshore), offshore unknown

2050

9

CO2 savings

(kt CO2/MW)

Unknown, depends on mode of operation and use of stored hydrogen

Costs in 2030

(MEUR/MW)

Still unknown

Cost trend

(%)

Still unknown

TRL

The parties involved include Gasunie, EBN, TenneT, and NOGEPA. The Netherlands
Organisation for Applied Scientific Research and EBN are conducting research as part
of the North Sea Energy Programme.

Stakeholders/actors

Environmental factors

Spatial impact
(km2/MW)

Still unknown but estimated to be very limited. Space will be used primarily for a
compressor station, but this would also be possible onshore. Zuidwending natural gas
buffer is approximately 0.07 km2.

Economic opportunities

Integration with other North Sea countries is a possibility (DNV GL, 2020). A wide range of
storage options could strengthen the position of the Netherlands as a hydrogen hub
Existing Dutch knowledge of salt caverns and pilots (HyStock and PosHYdon) could
reduce costs.

CO2 storage
CONTEXT
CO2 can be captured in a wide range of processes, for example, in industrial processes, during the production of
electricity or during the production of blue hydrogen. The captured CO2 can be stored in empty gas fields in the North
Sea. CO2 is already being stored offshore in Norway. However, storage in exhausted gas fields, which is set to happen in
the Netherlands, is so far unprecedented. Storage beneath the North Sea is the only option open to the Netherlands for
CO2 given the absence of political or social support for onshore CO2.
The annual amount of CO2 storage eligible for SDE++ is 10.2 Mt (7.2 Mt from industry and 3 Mt from electricity
generation) (Min. EZK, 2020c). The Porthos (2023) and Athos (2027) CCS projects are very specific, with a total storage
capacity of 7.4 Mt (DNV GL, 2020). It remains uncertain whether the outstanding 2.8 Mt will be taken up; this will depend
on less specific projects such as the Aramis project (DNV GL, 2020). There are also plans to capture CO2 at the Magnum
power plant during the H2M project. Expectations are that the captured CO2 will be shipped to Norway as part of the
Northern Lights project.
INDICATOR

KEY FIGURE
2030

9

2050

9

CO2 savings 2030

(Mt CO2/MW)

7.2-10.2 (DNV GL, 2020), (Min. EZK, 2020c). No account has been taken of the energy
required for the CO2 capture process.

Costs in 2030

(MEUR/Mt)

Expectations are the combined technical costs for the capture, transmission, and storage
of CO2 will amount to 80-200 in 2030 (DNV GL, 2020).

Cost trend

(%)

Still unknown.

TRL

Stakeholders/actors

Environmental factors

State-owned enterprises, Industry and transport & storage operators (including EBN,
Gasunie, Port of Rotterdam, Shell, Air Liquide, Air Products, Exxon Mobil, Port of
Amsterdam, Tata Steel, NAM, Total, Port of Amsterdam, Equinor, Vattenfall).
Spatial impact
(km2/MW)

Limited. Offshore space use will involve only the injection platform and an accompanying
500 m safety zone. Expectations are that existing corridors will be used for pipelines.

Economic opportunities

The availability of empty gas fields for CO2 storage will open up the opportunity to import
CO2 from countries with limited capacities of their own, including Germany and Belgium
(DNV GL, 2020).
CO2 storage will boost employment in the offshore sector. No information about the
expected number of FTEs is available.
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Natural gas production
CONTEXT
There has been a substantial growth in offshore infrastructure and the number of production sites since oil and gas
extraction in the North Sea began in 1975, when the L10-A field was commissioned. At present, the Dutch offshore oil
and gas industry uses about 161 offshore production sites (mainly platforms) in the North Sea (EBN, 2019).
The 2019 Climate and Energy Report estimates offshore natural gas production will amount to approximately
11 billion m3 in 2030 (PBL, 2019). Official data of the Ministry of Economic Affairs and Climate Policy indicate a projected
production level of 11.9 billion m3, although 7.8 billion m3 will come from as yet undiscovered reserves (NLOG, 2020).
These data are subject to a significant margin of uncertainty brought about by, among other things, not knowing what
the future gas price will be (with an uncertain investment climate also playing a part). A low gas price will mean fewer
investments in exploration and the premature closure of fields currently producing gas. EBS estimates that between zero
plants (worst case, low gas price, no exploration) and 50 plants (best case, high gas price, new exploration) will still be
in operation by 2030. The Hague Centre for Strategic Studies (HCSS) forecasts offshore gas production of 10 (high),
5 (middle) and 0 (low) billion m3 by 2030 (HCSS, 2020). Limited oil and gas production is anticipated for 2050, with at
most the remaining production from a handful of fields (HCSS, 2020). In the best-case scenario, EBN envisages a decline
in production to 81.6 PJ by 2050 (Min. EZK, 2018).
INDICATOR

KEY FIGURE
2030

9

2050

9

CO2 savings 2030

(Mt CO2)

-

Costs in 2030

(MEUR/Mt)

-

Cost trend

(%)

-

TRL

EBN, NAM, Neptune Energy, Spirit Energy, TAQA Offshore, Wintershall Noordzee,
Total E&P, Dana Petroleum, ONE-Dyas, Petrogas E&P

Stakeholders/actors

Environmental factors

Spatial impact
(km2/MW)

Offshore space use will involve only the production platform and an accompanying
500 m safety zone. At present, 161 platforms, or 125 km2. Between 0 and 50 plants by
2030 (EBN, 2019), or 0-40 km2. Offshore pipelines will be in specially reserved corridors
with their own 500 m safety zone.

Economic opportunities

In 2018, oil and gas extraction was responsible for 5,600 direct FTEs and 1.14% of GDP.
These figures are expected to fall to 3,300 FTEs and 0.68% of GDP by 2030 (PBL, 2019).
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INNOVATIVE TECHNOLOGIES
Selection of innovative technologies
An analysis of the potential of innovative technologies requires a selection to be made first. Innovative technologies
must meet two criteria (TRL and significance), and those that do not meet either criteria will not be considered.
This selection will have to be revisited in a later NEO. Influenced by, among other things, targeted innovation policy,
the development of new innovations can be accelerated, making a significant contribution a realistic possibility.
The following innovative technologies have been selected based on these criteria:

INNOVATIVE TECHNOLOGY

TRL 2030

SIGNIFICANCE FOR THE NORTH SEA

Floating solar PV

6-8

High, potential for co-use of offshore wind space

Aquatic biomass

7-8

High, potential for co-use of offshore wind space

Airborne Wind Energy

6-7

Average, difficult to combine with offshore wind.
A lot of potential if offshore wind is re-powered.

Wave and tidal energy

5-9

Lacking, low current speeds and wave energy (Witteveen & Bos,
CE Delft, 2019), will result in a very limited maximum cumulative
potential of 120 MW (European Commission Joint Research Centre,
2013). Dynamic Tidal Power by means of a long dyke in the North Sea
is not considered feasible at the moment.

Osmotic power

9

Limited potential owing to limited fresh water-salt water interfaces in
the Netherlands

Valmeer pump storage station

6

Depends on scale

CONSIDER

The selected technologies are described in this section, which also includes an outline of key figures, parameters, and
a future path. This innovative technology system analysis provides an insight into their feasibility and role.
Stakeholders/actors and environmental factors, in particular, are determining factors. It should also be noted the
availability of sources that can be used to corroborate technologies' data may be limited or very limited. Hence the
partly subjective and qualitative nature of the analysis.

Offshore floating solar PV systems
CONTEXT
Floating solar panels are a technology with the potential to complement offshore wind. They could be installed between
wind turbines in the North Sea, making more efficient use of that space. Moreover, it is expected that floating solar PV
systems will be approximately 15% more efficient than onshore PV systems owing to the reflection of sunlight on the sea
and the sea's cooling effect (Deltares, 2019).
Oceans of Energy, a collaborative venture between Dutch companies and knowledge institutions, delivered the world's
first offshore floating solar farm in 2020. The present system comprises 28 panels with a capacity of 8.5 kilowatt-peak and
is floating 15 km off the coast of Scheveningen (Deltares, 2019).
Offshore floating solar PV systems could use the space between wind turbines and could be connected to wind farms'
electrical infrastructure (Deltares, 2019) (Witteveen & Bos, CE Delft, 2019). It is expected that, from 2025-2030, a floating
solar PV driver of about 1 MW will be connected for every offshore wind turbine (Witteveen & Bos, CE Delft, 2019).
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INDICATOR
TRL

KEY FIGURE
2030

6-8

2050

9

CO2 savings

(kt CO2/MWh)

Still unknown.

Costs

LCOE [EUR/MWh]

Current costs, LCOE, for the Oceans of Energy pilot are 354 EUR/MWh (Witteveen &
Bos, CE Delft, 2019). The cost trend is expected to approximate the onshore solar trend,
amounting to approximately 50 EUR/MWh in 2030 and approximately 40 EUR/MWh in
2050 (Witteveen & Bos, CE Delft, 2019).

Cost trend

Drivers

Economic feasibility will depend on the distance to the coast and whether the systems
can also be connected to the offshore wind grid connection. The transformers could then
be placed inside the wind turbines, or the solar panels could be connected directly to the
wind turbines' transformers (Witteveen & Bos, CE Delft, 2019).
Oceans of Energy, ECN, TNO, MARIN, TAQA, Ocean Sun.

Stakeholders/actors
Environmental factors

Spatial impact
(km2/MW)

0.01 km2/MW (1km2 = 100 MW) (Witteveen & Bos, CE Delft, 2019), (World Bank, 2018)

Economic opportunities

Possibility of cable pooling with wind energy, so less landfall capacity will be required.
The differing generation profiles of offshore wind and floating solar PV systems will
contribute to the balance between supply and demand. The optimum mix of wind and
sun is 74% and 26%, respectively for the whole of Europe (Zappa, 2018).
Better capacity utilisation rate for the transmission cable to land in the event of limited
wind production during the day.

FUTURE PATH
The assumption is the R&D phase will be completed by 2030 and that ~100 MW in total will have been installed in the
North Sea. The completion time for the Pilot & Demonstration phase will be equal to or even shorter than that of the
reference subject, offshore wind. The production of PV panels is already an advanced production chain with many
stakeholders, technical knowledge, and standardisation. The possibility of cable pooling with wind will also facilitate
possible acceleration but will also require technical and legal integration. A Compound Annual Growth Rate (CAGR)
in excess of 22% is a realistic rate for production scale-up, given the high level of modularity and associated options
for standardisation and production volumes; a CAGR of 43% was achieved for solar PV between 2000 and 2019
(IRENA, 2019a). The technical potential for floating solar PV systems is huge, in part because of their ability to share space
with wind, which also provides a commercial incentive for the industry. This study's estimates are therefore as follows:




R&D phase: completed in 2030, 100 MW
Pilot & Demonstration: completed in 2035, 500 MW
Production scale-up: from 2025, CAGR 22 – 43%

Aquatic biomass
CONTEXT
Aquatic biomass can be grown offshore and used for the production of biofuels, food, and other biobased products.
The optimum application and use of aquatic biomass is the subject of academic and other research. Aquatic biomass
often contains a lot of proteins and, in the case of microalgae, oils. The most high-end applications include medicines and
food supplements, and the residue is suitable for incineration and, consequently, energy generation. Since the NEO is
confined to the energy domain, total production is expressed in terms of energy here, which means the precise
application is disregarded. Several successful pilots have been conducted in the 6 km2 North Sea Innovation Lab of the
North Sea Farm Foundation. In October 2017, sugar kelp spores were deposited in a 25 m long SMAC (Scalable Macro
Algae Cultivation) module. By May 2018, the sugar kelp had grown to 1.5 m and the first 100 kg were harvested (2-3 kg
per metre) (Deltares, 2019).
The North Sea Farm Foundation has announced its intention to construct a production area of 500 km² for seaweed
cultivation in the North Sea, starting in 2030 (North Sea Farm Foundation, 2020). Details of several ongoing projects may
be found on the foundation's website.
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INDICATOR
2030

7-8

2050

9

CO2 savings

(kt CO2/MWh)

Still unknown

Costs in 2030

(MEUR/MW)
LCOE

2 MEUR/MW based on 600 EUR/tonne (NREL, 2018)
225 EUR/MWh

TRL

Cost trend

Still unknown

Stakeholders/actors

North Sea Farm Foundation

Environmental factors

1

KEY FIGURE

Spatial impact
(km2/MW)

0.35 km2/MW1 (NREL, 2018) 20,000-80,000 litres per hectare per year (European Union,
2019)
Based on shared use of space, where plants are installed within wind farms, 25% of the
space taken up by wind farms – approximately 400 km2 – could be used.
This more efficient use will therefore have no net spatial impact.

Economic opportunities

Expansion of the possibilities for Dutch biomass production. Less dependence on other
countries for raw materials for biofuels and food.

Based on a yield of 26 g/m2/day (= 9,490 tonne/km2/yr), and an energy density of 9,500 MJ/tonne or 2.64 MWh/tonne (NREL, 2018)

FUTURE PATH
The assumption is the R&D phase will be completed by 2030. The completion time for the Pilot & Demonstration
phase will be equal to or longer than that for the reference subject, offshore wind. As yet, there is no comparable
production chain onshore, and there are no obvious organised stakeholders either. Technical integration with the
offshore infrastructure will not be necessary/possible, so there are no restrictions as regards landfall. Large-scale offshore
production and processing are familiar assets in the O&G industry (FPSO). The ecological impact of large-scale offshore
biomass cultivation also require further research. Due to the potential demand for carbon-based energy carriers and raw
materials and the processing capacity already in existence, the ultimate scaling up of production will be comparable with
upward uncertainty. This study's estimates are therefore as follows:




R&D phase: completed in 2030, 100 MW
Pilot & Demonstration: longer than offshore wind, 10 years, completed in 2040
Production scale-up: from 2040, CAGR 22% or higher

Airborne Wind Energy (AWE)
CONTEXT
AWE uses the stronger and more constant winds at higher altitude. The design concept centres on an airborne device that
is used to generate electricity in a variety of ways. For instance, there are airborne devices that use the traction of the cable
tethering the airborne device to control a generator, but there are also devices with in-built generators. AWE is difficult
to combine with existing wind turbines (Deltares, 2019), making it particularly suitable for repowering, which involves the
replacement of wind turbines reaching the end of their service lives. The electrical infrastructure and foundations of wind
turbines can be reused for the application of Airborne Wind Energy. The Dutch company Ampyx Power is one of the
frontrunners in this area and has partnerships with the National Aerospace Laboratory (NLR) and the Offshore Wind
Energy Top Consortium for Knowledge and Innovation (TKI WoZ). Ampyx Power is also conducting research with RWE on
repowering RWE's first-generation wind farms (Ampyx Power, n.d.).
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INDICATOR

KEY FIGURE
2030

5-7

2050

8-9

CO2 savings

(kt CO2/MWh)

-

Costs

(MEUR/MW)

Still unknown. Potentially lower CAPEX and LCOE per MWh than Wind.

Cost trend

Drivers

Current costs unknown. Lower CapEx for AWE than for Wind, and more full-load hours
through use in the upper airspace means LCOE may be lower than for Wind

TRL

Ampyx Power, NLR, TKI WoZ, Kitepower

Stakeholders/actors
Environmental factors

Spatial impact
(km2/MW)

Prototype AP4 in 2020 has a capacity of 2 MW (Deltares, 2019). With a square safety
margin of 500 metres around the buoy (0.25 km2), this technology has an energy
density of 8 MW/km2. AWE devices operate at an altitude of 200 metres, so interaction
with aviation is limited (Ampyx Power, n.d.). Combining AWE with turbines has the
potential to increase MW/km2 levels but does require some research.

Economic opportunities

The repowering of wind turbines already has global relevance in this decade.
AWE could play a significant role and bring about potential cost savings through the
reuse of existing infrastructure and foundations. Economic opportunities can be rated as
high thanks to the frontrunner role of the Dutch company Ampyx Power.

FUTURE PATH
Expectations are the R&D phase will not be completed by 2030 but in 2035 at the earliest. Regulations and spatial
conflicts with other users (wind farms, the shipping industry, and bird migration) are hampering the construction of
prototypes.
The completion time for the Pilot & Demonstration phase will be the same as for the reference, offshore wind, and may
even be longer, given the great uncertainty. The number of parties involved in Airborne Wind Energy is very small.
The ecological impact of large-scale implementation is still unknown, and it is expected it may be great or very great.
There is a small number of individual stakeholders. The technical challenges, such as offshore conditions for the
mechanical components and the 'launch' of the airborne devices, have never been resolved. In addition, AWE is in
competition with conventional wind energy for space. The potentially low CAPEX per MWh, however, means that AWE
does have significant economic potential. No information is available regarding the OPEX per MWh.
The greater mechanical complexity means a lower CAGR than the reference figure is expected for production scale-up.
This study's estimates are therefore as follows:




R&D phase: completed in 2035, 100 MW
Pilot & Demonstration: longer than offshore wind, 10 years, completed in 2045
Production scale-up: from 2040, CAGR lower than 22%
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A1.2 Exploration of the economic dimensions of production technologies
In this Appendix, the information from Appendix 1.1's fact sheets is used to explore the economic dimensions of the
various production technologies. The economic opportunities presented by the expansion of installed offshore wind
capacity and the maximum potential of the innovative technologies are also examined. This Appendix serves as
background for Chapter 5.

A1.2.1 Expand offshore wind installed capacity
The development of additional offshore wind energy production could lead to economic opportunities for the
Netherlands, as it provides the option of exporting sustainable energy in the form of electricity or hydrogen.
The Netherlands has at its disposal a relatively large offshore area in the North Sea compared with neighbours such as
Belgium and Germany, making it relatively simple for us to produce more than we need for ourselves. The favourable
characteristics of the Dutch part of the North Sea, which is relatively shallow, mean the Netherlands can produce
electricity using offshore wind at relatively low cost. In principle, relatively low production costs and a fairly constant LCOE
give the Netherlands a good starting point in relation to international competition, although no comprehensive studies
with surrounding countries involving comparisons of LCOE including infrastructure costs have been carried out so far.
Nor has a wider assessment to identify potential wind farm zones based on wind climate been made yet. That assessment
should also take account of space constraints and other functional uses of the North Sea. If overproduction for the purpose
of exportation is favoured, we must be competitive with other countries bordering the North Sea. Denmark, where energy
that is surplus to its own sustainability targets is already being sold, is one such example. For instance, Denmark is already
selling a surplus of 8-16 TWh of sustainable energy to the Netherlands in 2020 to help it meet its target for the production
of green power in 2020 (Min. EZK, 2020a).
An assessment of options was made to gain an insight into those available to the Netherlands in terms of a further scale-up
of offshore wind potential. First, a broad estimate was made of the technical potential, after which limitations, if any, were
considered.
Both historical and projected CAGRs were examined for an estimate of the potential growth of offshore wind in the run-up
to 2050. As discussed, the historical CAGR throughout Europe was an average of 22% per year. However, it is unlikely this
growth rate will continue for the Netherlands in the run-up to 2050, and it is unlikely this would fit in the Dutch part of the
North Sea. IRENA is forecasting a global levelling off of exponential growth ahead of 2050, which will result in an average
CAGR of 11.5% between 2019 and 2050 (IRENA, 2019b). Based on this CAGR, the offshore wind energy produced by the
Netherlands in 2050 would total approximately 93 GW. Owing to differences in conditions and investment climates,
individual countries may in practice depart from IRENA's estimate, in terms of either lower or higher CAGRs.
As well as technical potential, any constraints will also have a part in determining the eventual development of offshore
wind. For instance, decisions that allow for other functional uses of the North Sea will have to be made regarding the
available space in the North Sea for offshore wind energy production. Decisions regarding this division of space are yet to
be made. The details concerning space in the II3050 study scenarios include a calculation of the total available space in
the North Sea based on fixed restrictions, including shipping routes, low-level flight routes, drilling platforms, and the
accompanying safety zones. This calculation produces a theoretical total space potential of 31% of the Dutch Continental
Shelf, which equates to 18,000 km2. It does not factor in functional uses such as nature conservation, fishing and Ministry
of Defence exercises, and it is likely that less space will actually be available.
The total available space requirement could be met based on two possible philosophies: economic optimisation or
technical optimisation. Economic optimisation will ensure more space is retained between wind turbines so as to limit
losses. Depending on the type of turbine, a planting density of around 6 MW/km2 (ECN , 2018) is the economic optimum.
Based on this planting density, 31% of the Dutch Continental Shelf would produce 108 GW of offshore wind energy.
Technical optimisation will mean the acceptance of increased losses and costs in exchange for additional production in
the same area. In the II3050 study, a maximum of 10 MW/km2 is applied for this philosophy. On this basis, 31% of the
Dutch Continental Shelf would produce a maximum of 180 GW of offshore wind energy.
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Consequently, there are several things to consider when determining what the final total production of offshore wind
energy will amount to. For instance, its geography places the Netherlands in a good position compared with other
countries, which could present an economic opportunity to export sustainable energy. However, if the technical
optimisation approach, involving minimum use of space, is selected exclusively, increased costs could reduce this
competitive advantage. On the other hand, other functional uses of the North Sea will also have to be taken into account
when space is allocated. Partial multipurpose use of space is a possibility, but it is probable that functions that cannot be
combined with offshore wind will be at the expense of the 31% maximum. The final factor to consider is the feasibility of
continuous growth in the run-up to 2050; it may be advisable not to depart too far from IRENA's projected CAGR in the
objectives defined. If the 93 GW target based on IRENA's CAGR is applied, this would mean 9,300 km2 (16%) of the
Dutch Continental Shelf being used if the technical optimisation approach is taken and 15,500 km2 (27%) of the Dutch
Continental Shelf for the economic optimisation approach. By way of comparison, the projected space requirement in
the Import-dependent scenario is between 3,800 km and 6,333 km2 (7-11%), and in the Self-sufficient scenario, it is
between 7,200 km and 12,000 km2 (12-21%).

A1.2.2 Potential contribution of innovative technologies
There are several different ways of looking at the potential role of innovative technologies. Two perspectives are
considered in this section:



What potential exists for innovative technologies in the North Sea? This will determine whether providing incentives
for their development is worth the trouble.
What is realistically achievable by 2050 and what influence, if any, could be brought to bear on that?

MAXIMUM POTENTIAL OF INNOVATIVE TECHNOLOGIES
The achievable potential of installed capacity for the three innovative technologies selected can be calculated based on
the combination of available space and production density. Publicly available sources were used for production density.
The available space determination is provisionally based on the 31% maximum defined in the II3050 study, but with the
caveat that it is likely that less space will actually be available. Table A1-2 contains the resultant maximum production for
each innovative technology. Use of these innovative technologies means there is the option of having them complement
or replace offshore wind energy. Floating solar PV systems and aquatic biomass allow for shared use of space, and their
use will not involve sacrificing additional space. Airborne Wind Energy cannot be combined with offshore wind, so its use
would mean a sacrifice of the space available for offshore wind.

ENERGY PRODUCTION

MW (p)/km2

AVAILABLE SPACE (km2)
(Berenschot & Kalavasta, 2020)

TOTAL CAPACITY (GW)

Floating solar PV

10 (World Bank, 2018)

18,000

180

Aquatic biomass

10.7 (European Union, 2019)

18,000

193

8

18,000

144

Airborne Wind Energy

Table A1-2

CAN BE
COMBINED WITH
OFFSHORE WIND

Maximum capacity of renewable energy production in the North Sea

The capacities in Table A1-2 were calculated based on the key figures, spatial impact, developments, and future paths
of the innovative technologies set out in the fact sheets in Appendix A1.1. Based on this analysis, all three innovative
technologies can be said to have the potential to make a significant contribution to energy supply in the North Sea.
DEVELOPMENT OF INNOVATIVE TECHNOLOGIES
We need to understand the current status of the technologies and how they are likely to develop in the period 2030-2050
if inclusive policy that provides the desired form of guidance for innovative technologies is to be developed.
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The method used involved charting the expected development of each innovative technology in three phases:
1. Innovation (R&D) phase. Implementation of pilot projects. Activities of parties involved in research and heavy
reliance on subsidies. Completed with a cumulative installed capacity of 100 MW.
2. Demonstration and continued development phase. Further implementation of projects aimed at cost reduction.
Activities of market players and reduced reliance on subsidies. This phase is completed with a cumulative
installed capacity of 500 MW.
3. Production scale-up phase. The pace of scale-up is compared with the growth curves of offshore wind, which saw
an average growth rate of 22% for the whole of Europe in the period 2009-2019. (WindEurope, Offshore wind in
Europe, Key trends and statistics 2019, 2020a).

The determination of the development of each innovative technology and the years when phases are implemented
are based on the key figures for the technologies stated in Appendix A1.1. The expected development of the various
innovative technologies per five-year period is presented in Table A1-3.

2020-2025

2025-2030

2030-2035

2035-2040

2040-2045

2045-2050

Floating solar PV

R&D

R&D

Demonstration
& continued
development

Production
scale-up

Productie
opschaling

Production
scale-up

Airborne Wind Energy

R&D

R&D

R&D

Demonstration
& continued
development

Demonstration
& continued
development

Production
scale-up

Aquatic biomass

R&D

R&D

Demonstration
& continued
development

Production
scale-up

Production
scale-up

Production
scale-up

Table A1-3

The innovative technologies' future paths and phases

The year in which it completes Phase 3 (production scale-up) is taken as the starting point for the analysis of a future
technology's future path. This phase begins after the ‘research & development’ and ‘pilot and continued development’
phases. At the start of the Phase, the technologies are ready for scaling up and commercial production, and a cumulative
capacity of 500 MW will be installed in the Dutch part of the North Sea.
The development of offshore wind in Europe is used for the analysis of the growth rates within the future path
(WindEurope, Offshore wind in Europe, Key trends and statistics 2019, 2020a). This has been a mature market for some
time now, with many players and also different forms of national support. The average gives a good indication of the
industrial opportunities. The average relative growth ratio for the period 2009-2019 was used as the reference figure.
This growth ratio is also referred to as the Compound Annual Growth Rate (CAGR), and offshore wind has historically
enjoyed a rate of 22% (WindEurope, Offshore wind in Europe, Key trends and statistics 2019, 2020a).
Table A1-4 shows that, with a CAGR of 22%, both floating solar PV systems and aquatic biomass could make a significant
contribution to the energy system, with a potential of 10 GW. At 1.4 GW, Airborne Wind Energy's contribution lags behind,
due to the later scale-up start date. If these technologies were scaled up further beyond 2050, the maximum potential for
all of them would be achieved between 2070 and 2080.
FLOATING SOLAR PV

AQUATIC BIOMASS

AIRBORNE WIND ENERGY

Starting point: year in which 500 MW is achieved (Phase 3 - scale-up)

2035

2035

2045

Maximum potential (GW)

180

193

144

Potential in 2050 with a CAGR of 22% (GW)

10

10

1.4

2075 - 2080

2070 - 2075

2075 - 2080

Year in which maximum potential is achieved with a CAGR of 22%

Table A1-4

CAGRs and years in which innovative technologies will reach their maximum potential
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Policy could be used to try to accelerate the scale-up if a greater contribution by innovative technologies is required.
There are two processes that could be used to do this:

1. Accelerate the first two development phases to reach Phase 3 sooner. This could be encouraged by providing 		
funds for further and more large-scale research, which would accelerate Phase 1 (R&D). In addition, space could
be reserved for demonstration projects, and the process for granting a permit should be started in good time,
so an innovative technology ready to enter Phase 2 (demonstration and continued development) does not have
to wait for space and a permit for the demonstration project before starting it.
2. Accelerate Phase 3; a higher CAGR will mean greater installed capacity. This could be done by providing funds 		
for better scale-up options, running permit processes and production scale-up in parallel to limit loss of time,
and reserving space in good time to ensure the maximum potential can be realised. When reserving space,
consideration should also be given as to whether that space could be used by another technology in the
meantime so a greater CO2 emissions reduction can be achieved by 2050.

Accelerating the completion of earlier development phases means the scale-up process can begin sooner, which, owing
to the exponential nature of the growth of sustainable production technologies, could have a huge impact on the realised
potential by 2050. This way, innovative production technologies could reach their maximum potential by 2050 in the
hypothetical scenario where scale-up is started in 2021 or 2022. With a CAGR of 22%, starting the scale-up of floating solar
PV systems and aquatic biomass just five years earlier could lead to 27 GW of capacity in 2050.
The growth of solar PV systems, which of all sustainable energy sources have achieved the highest CAGR of 43%, shows
Phase 3 can be accelerated through a higher CAGR. The high level of modularity, options for standardisation, and an
increase in production volumes were responsible for that rapid growth. Because of the features they share with solar PV
systems, floating solar PV systems are capable of achieving the same CAGR. However, this is less true of aquatic biomass
and AWE, owing to their low levels of modularity and fewer options for standardisation.
It can be concluded that combining processes 1 and 2 (accelerating Phases 1 & 2 and accelerating Phase 3) could produce
a higher potential, which will mainly affect floating solar PV systems and aquatic biomass. There will be less of an impact on
AWE before 2050, as it is expected to enter Phase 3 at a later date.
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APPENDIX A2 - SYSTEM INTEGRATION PARAMETERS
This Appendix contains separate sections that – in part to improve the readability of Chapter 5 – have been relocated to
the Appendix. They serve as supporting information and background for the analysis in Chapter 5 and may be viewed
as separate documents that are not directly inter-dependent.

A2.1 Conversion and transmission
A2.1.1 Electrolysis
ONSHORE ELECTROLYSIS
An electrolyser is scalable through the linking of units. Small-scale demonstrations achieve 300-350 MW/ha.
A study into GW-scale onshore electrolysers indicates a space requirement of 170 MW per ha (ISPT, 2020).
For cost optimisation reasons, electrolysers are built near substations and may compete for space if substations are
extended. Reuse of residual heat from an electrolyser, ~300 MWth per GW, can also be a determining factor in the
optimum location (ISPT, 2020).
The potential space requirement can be reduced by going for height and stacking units. An electrolyser with three layers
of stacked units will have a space requirement of approximately 500 MW per hectare. Additional layers are technically
possible (North Sea Energy Offshore System Integration, 2020; ISPT, 2020) but would entail substantial costs, because
the structure would have to be reinforced (ISPT, 2020) and may give rise to problems with local residents because of the
impact on the landscape.
OFFSHORE ELECTROLYSIS
Offshore electrolysis is possible, but it too is subject to space constraints. It could take place on existing platforms for oil
and gas production. At present, 160 offshore platforms with the potential for reuse remain in operation. EBN forecasts
the construction of a further 10-40 additional platforms before 2030, which will be available for reuse in 2050. This brings
the total number of platforms that could be reused for electrolysis to 170-200. Offshore platforms typically have space for
100 MW of electrolysis (North Sea Energy, 2020b), which brings the theoretical maximum potential of offshore electrolysis
on platforms to 17-20 GW. In practice, however, not every platform will be suitable for electrolysis, and a large number will
be dismantled, thus limiting total potential capacity. No information showing which platforms will be suitable and which
will not is available at the moment. The number available will also depend on how many are kept available for alternative
use. No policy exists in this regard at present.
Electrolysis can take place on offshore islands as well as on platforms. Those islands could come in the form of sand
islands as well as platforms. Their size will determine the maximum electrolysis capacity. There is a possibility of space
constraints, so the total desired electrolysis capacity should be factored in when determining the size of the islands.
The absence of industry clusters and an oxygen sales outlet make the reuse of residual heat for industrial processes less
realistic offshore.
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A2.2 Storage
CO2
EBN and Gasunie estimate there will be sufficient offshore space available for approximately 1,678 Mt of CO2 storage
(EBN & Gasunie, 2017). The estimate uses a ratio of 2.5 Mt of CO2 per billion m3 of storage capacity for natural gas, which
brings the total volume to approximately 537 billion m3 of storage capacity for natural gas. Gas fields with a volume of
>1 billion m3 were used for this estimate. The Netherlands Organisation for Applied Scientific Research has calculated
that approximately 60 billion m3 of storage capacity for hydrogen is available in offshore gas fields. A conversion factor of
0.8 between hydrogen and natural gas was used in the calculation, which means it is based on 75 billion m3 natural gas
capacity. This estimate is based on smaller fields, primarily <6 billion m3 of natural gas, so there is an overlap, albeit a small
one, between the two estimates. Based on the distribution of capacities in the estimate of the Netherlands
Organisation for Applied Scientific Research, it can be concluded that the overlap between the two capacity estimates is
approximately 40-50 billion m3.
HYDROGEN
The Netherlands Organisation for Applied Scientific Research has estimated that 60 billion m3 (179 TWh) of capacity is
available in offshore gas fields, 14 billion m3 (43 TWh) in onshore salt caverns, and 93 billion m3 (277 TWh) in onshore gas
fields (ECN & TNO, 2019). It should be noted that it is still not certain whether it will in fact be possible to store hydrogen
in abandoned gas fields, which makes salt caverns the preferred option. Should gas fields prove suitable for the storage
of hydrogen, it will mean offshore storage will not meet storage demand in all cases, but onshore storage will.
If necessary, offshore storage capacity could be extended to include offshore salt caverns as well as offshore gas fields.
They have been identified, but no estimates indicating the available capacity are available. Since those salt caverns have
not yet been used for salt extraction either, they would have to be prepared (leached) by pumping water into them,
dissolving the salt and then pumping them out before they could be unlocked for hydrogen storage. Furthermore,
discharging salt from the caverns offshore is not permitted, so additional logistical chains would have to be set up.
It could take several years before salt caverns could be made suitable for storage through this process.
No information is available regarding the relative costs of onshore hydrogen storage as compared with offshore
hydrogen storage or the advantages of unlocking storage capacity closer to the source as opposed to closer to the
customer. However, it is likely that unlocking storage capacity offshore in gas fields and in salt caverns will result in higher
costs than the offshore alternative. Added to that are Gasunie's plans to build a national backbone for hydrogen, including
storage, before 2030. This means onshore storage capacity will already be available in 2030, and costs will be incurred for
capacity expansion instead of construction. Another advantage is that onshore storage is suitable for both onshore and
offshore electrolysis, and situations involving no offshore electrolysis would avoid offshore infrastructure being built solely
for storage. A possible exception to this is where electrolysis takes place on offshore platforms, where there may be a
synergy with offshore storage owing to the shared use of platforms and pipelines. However, this will require the field
below the platform to be suitable for hydrogen storage. If it is, consideration can be given to limited offshore hydrogen
storage on a case-by-case basis.
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