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Executive Summary
Offshore wind is an indispensable source of energy in the transition to a CO2-free
energy system and one of the key elements in the Dutch government’s climate policy.
The TKI Wind op Zee Program 2019-2020 gives a concise overview of the bottlenecks
that can be foreseen for large-scale generation of offshore wind energy and the
innovation challenges to address these bottlenecks. The innovation program divides
these challenges into three program lines: Cost Reduction and Optimisation,
Integration into the Energy System, and Offshore Wind and the Environment. Each
program line is further divided into several relevant research topics. The TKI Wind op
Zee stimulates and facilitates research into these innovation questions by advancing
cooperation, financially supporting innovation projects with subsidies, organising
network events, and disseminating knowledge.

This document has been translated from the Dutch version. In case of any unclarities the Dutch version is leading.
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1 Introduction
The TKI Wind op Zee contributes to the societal challenge “Energy Transition and
Sustainability” (“Energietransitie en Duurzaamheid”) as formulated in the letter to
parliament “Towards mission-driven innovation policy with impact ” (“Naar
missiegedreven innovatiebeleid met impact”) dated 13 July 2018. The energy
transition, with the objective of 95% CO2 emission reduction in 2050, is largely
dependent on large-scale generation of renewable energy from offshore wind farms.
The projections by ECN and the Netherlands Environmental Assessment Agency
(PBL) that are part of the Energy Agenda from the Ministry of Economic Affairs and
Climate show that the transition will require between 11,5 GW and 18,6 GW of offshore
wind energy in 2030 and between 35 GW and 75 GW offshore wind energy in 2050.
The TKI Wind op Zee uses the estimate of 60 GW in 2050.
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The necessary growth in yearly installation and decommissioning of wind turbines, as
well as the cumulative power generated, is displayed in the graph below.

Figure 1. Projections of offshore wind turbine installation and decommissioning between 2019 and 2050.

Evidently, this acceleration in scaling up wind capacity will not be possible in the longer
run with the current technologies available. The required high volumes of wind turbine
installation will encounter several bottlenecks, such as high costs, implementation rate,
integration of vast amounts of electricity into the energy system, use of offshore space
(such as shipping), and negative ecological effects. The innovation challenges the TKI
Wind op Zee program faces lies in solving these bottlenecks and thus contributing to
the successful implementation of large-scale offshore wind energy. Tackling these
challenges will not only lead to generating much-needed renewable energy, but also
contribute to a profitable offshore wind industry and more jobs.

1.1

Research and Innovation Program

The research topics within the TKI Wind op Zee are divided into three program lines
that address the identified bottlenecks:
1. Cost Reduction and Optimisation
2. Integration into the Energy System
3. Offshore Wind and the Environment
These three program lines correspond to our goals for the offshore wind energy sector:
affordable, reliable, and sustainable energy. Innovation in the program line Cost
Reduction and Optimisation will deliver affordable energy to industry and consumers,
program line Integration into the Energy System will focus on providing energy reliably,
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and the program line Offshore Wind and the Environment aims at minimising any
negative effects, or even having a net positive contribution, from offshore wind energy
on spatial claims and the North Sea’s ecology.
Goal

Bottleneck

Program Line

Affordable

High costs offshore wind (i.a.
maintenance, storage)

Cost Reduction and
Optimisation

Reliable

Dependence on wind, network
capacity, energy storage, grid
connection

Integration into the
Energy System

Sustainable

Limited space, ecological impact,
large reduction CO2 emissions
necessary

Offshore Wind and the
Environment

These program lines from the TKI Wind op Zee research and innovation program focus
on technical, as well as social, environmental, economic, and institutional research
questions at all TRLs (Technology Readiness Levels). In the short term (results within
the next five years) the emphasis lies on making smart incremental innovations
available for the acceleration, acceptation, and safety to execute large-scale projects.
In the medium term (results available before 2030) we require structural innovations to
achieve further cost reductions and increase integration into the energy system and the
environment. This could be accomplished by higher capacity factors of wind farms, new
foundation technologies, digitisation, and robotisation of installation and maintenance
work. Research focusing on the long term (results available after 2030) examines
potential breakthrough technologies such as airborne wind energy.
Besides organising the research and innovation program, the TKI Wind op Zee works
on topics such as the Human Capital Agenda (HCA), Socially Responsible Innovation
(SRI), SME-support, and internationalisation. The TKI Wind op Zee initiates and
supports R&D consortia such as the research program GROW, SME/start-up support
with the Offshore Wind Innovators, and those starting SRI activities. In addition, the TKI
Wind op Zee participates in developing onshore and offshore research and
demonstration facilities such as the innovation site Borssele V and the demonstration
sites in the Port of Rotterdam.
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1.2

Summary of the Program Lines

The TKI Wind op Zee research and innovation program consists of three main program
lines: Cost Reduction and Optimisation, Integration into the Energy System, and
Offshore Wind and the Environment. Each of these program lines will be described in
more detail in the following Chapters 2-4.

Cost Reduction
and Optimisation

Despite the recent cost reduction of offshore wind it remains
necessary to pursue further reductions through innovation to
reduce societal costs of energy, mitigate the increase of
location costs and risks related to the prices of raw materials
and interest. Integration into the energy system (such as
energy storage) will also lead to higher costs. The aim of cost
reductions is to reach production costs of 30-40 €/MWh in
2030 and substantially lower in 2050. Optimisation of wind
turbines, foundations, cables, installation work, and
maintenance is required to enable the scaling up to 60 GW in
2050 with an installation rate of 2-3 GW per year.

Integration into
the Energy
System

Large-scale generation of offshore wind energy will requires
advancement of integration into the energy system. The goal
of this program line is to develop new components, products,
tools, and services that will permit the integration of large
amounts of offshore wind energy into the energy system
against the lowest possible societal costs. Factors such as
energy transport, conversion, storage, and coordinating
supply and demand will play an important role. The horizon for
implementing innovations will be between 2020 and 2040.

Offshore Wind
and the
Environment

Building 60 GW of offshore wind capacity will significantly
influence the ecology and the use of the North Sea. This
program line aims to resolve any resulting issues and enable
the production of large amounts of wind energy. Researching
the interaction between technology and ecology will be of
great importance in realising the scaling up of offshore wind.
Innovations in the realm of multi-functional use of the available
space can contribute to a more efficient and safe use of the
North Sea.
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2 Cost Reduction and Optimisation
Despite the recent cost reductions for offshore wind energy, the necessity to innovate
and bring costs further down remains. The risk of prices increases is not imaginary: steel
and copper prices are subject to business cycle changes and international trade politics.
The development of interest rates and financing costs is also uncertain. New locations
for offshore wind farms will most likely be further from shore and in deeper water. The
higher revenue from a favourable wind climate will not always weigh up against the
higher installation investments and maintenance costs. Moreover, the integration into the
energy system (e.g. energy storage) will bring additional societal costs.
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The Electricity Sector Table contribution to the ‘Proposal for key points of the Climate
Agreement’ (“Voorstel voor hoofdlijnen van het Klimaatakkoord”) contains the goal to
further reduce offshore wind energy costs to 5 ct/kWh in 2024 and 3-4 ct/kWh in 2030.
In this program we incorporate these goals: reducing production costs to 30-40 €/MWh
in 2030 and substantially lower in 2050. These objectives are partly determined by the
affordability for industry for further electrification (e.g. electrolysis for H2 production). It
is clear that there are also opportunities to add value to the production of offshore wind
energy, such as storage and conversion of energy, delivery of ancillary grid services,
etc. This will be further elaborated in the second program line.
Optimisation in the production, transport, installation and maintenance of wind turbines,
foundations, and cables is necessary to be able to scale up to ±60 GW in 2050 and
install 2-3 GW per year. Innovation focuses on optimisation and acceleration, as well
as new technologies and materials. New developments in digitisation and ICT are
essential aspects in this area. Additionally, optimisation of raw material use is an
important theme and the origin of raw materials and related societal impacts. The
program aims to develop circular solutions in maintaining and decommissioning wind
farms, so that (parts of) turbines can be recycled.
In the last few years a significant cost reduction has taken place. To continue this there
is a short term focus on optimising the current technologies used. On a medium term
basis, the focus will lie on developing new technologies (TRLs 4-9 with offshore
demonstration), and in the long term radical innovations are expected (TRLs 2-6 with
pilots). To achieve radical innovations in the long term, carrying out fundamental
research now is crucial to build up knowledge concerning the wind climate and
turbulence, geology, aero- and hydrodynamics, control systems, electricity conversion,
ecology, societal aspects, risk modelling, and the development of new materials. This
aligns this program to the academic research program “NWA Energy Transition Route”
(“NWA Route Energietransitie”).
R&D topics for the program line Cost Reduction and Optimisation are:

1. Foundations

3. Network and Digitisation

www.tki-windopzee.nl
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Figure 2. Overview of the program line Cost Reduction and Optimisation.

2.1

Foundations

The topic Foundations fits closely with the existing strengths of the Dutch offshore wind
industry. Research in this program line focuses on developing knowledge of the
surroundings, such as dynamic soil-construction interaction, effects of extreme waves,
tides, and wind on the wind turbines and foundations. The objective is that foundations
can be designed and manufactured more efficiently and life cycle aspects can be better
assessed. Furthermore, this topic includes the design and development of innovative
foundations concepts that can contribute to cost reduction (investment, transport and
installation, maintenance, and decommissioning). Specific topics that fall under this
theme include:
•
•
•
•
•
•

Improvements in site investigations and modelling location data (such as wind,
wave and tide, and soil) that lead to improvements in design.
Improvements in (integral) design methods, tools, and standardisation, including
modelling, validation, and certification.
Developing monopile technology for the next generation wind turbines in deeper
water.
Cost reduction of floating foundations, also for shallow waters.
New, more efficient foundation concepts and improved connection methods
between tower, transition piece, and foundation.
Application of new materials, such as corrosion and fatigue resistant materials.

www.tki-windopzee.nl

11/24

TKI Wind op Zee Program 2019-2020

•

•

2.2

Life cycle design: optimisation of designs and products for manufacturing,
transport and installation, maintenance, or end-of-life aspects (life time extension,
repowering, decommissioning, and recycling).
Development of knowledge about degradation processes (such as corrosion) and
developing efficient protection systems in which environmental aspects are taken
into account.

Wind Turbines and the Wind Farm

This topic has an important place within the TKI Wind op Zee program because of the
strong knowledge base (tower design, wind turbine control, blade design etc) and
supply industry for OEMs (e.g. transmission systems, bearings, and blades). We are
also starting to see new activities in the field of developing and producing offshore wind
turbines.
Research on this topic is on the one hand focused on developing knowledge on the
environment (in particular the wind climate) by improving wind measurement and
modelling the wind climate and the interaction with rotor blades and construction –
factors necessary to achieve more efficient designs, lower operational costs, and a
better integral life time prediction. On the other hand, the wind turbine and wind farms
themselves can be objects of research and the development. Within the topic, research
is focused on optimising the existing technology and researching potential
breakthrough technologies in the next generation of wind turbine technology and
components (such as vertical axes and airborne wind energy). Research mainly
focuses on:
•

•

•

•

Improving knowledge on wind climate and wake effects by e.g. measurements
and modelling, including research on the effects of a wind farm on the wind
climate.
Multidisciplinary analysis and optimisation on the field of individual wind turbines,
wind farms, and larger wind areas or zones, e.g. aerodynamics, materials, and
control.
Innovation of wind turbine components and production techniques focusing on
larger wind turbines and higher capacity factors (e.g. blades, bearings,
transmission systems, generators) to improve the lifespan, reliability, yields, and
maintenance for both onshore and offshore applications.
Developing and demonstrating the next generation of wind turbine technology
(e.g. wind turbines with alternative energy conversion that improves energy
transport and storage, multi-rotor turbines, vertical axes, or airborne wind
energy), as long as this technology has passed the proof-of-concept phase (TRL
3).
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2.3

Network and Digitisation

Network and Digitisation focuses on lowering costs and optimising wind farm
performance by improving the connection to the electricity grid and ICT infrastructure.
The technological challenges are in the field of cabling, HVAC-HVDC, reactive power
compensation, DC switch equipment, power electronics, and electronic protection and
control (SCADA). Digitisation research investigates the role that digitisation and ICT
can play in scaling up offshore wind energy and in developing applications and
technologies such as IoT, Artificial Intelligence (AI), big data, and robotisation in
combination with value chain integration from generation to usage of renewable
energy. Aspects like data acquisition and communication and OT/IT integration can be
part of such research projects. Cybersecurity is a crucial topic in digitisation to ensure
the energy supply’s safety. Research mainly focuses on:
•

•
•
•
•
•

•
•

2.4

Increasing the availability and capacity of the grid connection, consisting of interarray network, transformer and converter stations, and export cables.
Subsequently, increasing the capacity of the wind farm as a whole by improving
the interaction between wind farms and the grid.
Research on life cycle aspects of the grid connection, such as degradation
models and monitoring, life time extension, reuse, and recycling.
Decreasing costs of the grid connection by standardisation and grid code
compliance (among which harmonic resonance).
Developing and demonstrating smart control options at the level of a wind
turbine, wind farm, and substation.
Utilising wind turbines and wind farms to provide ancillary services.
Developing sensor and data communication options in the wind farm (above and
below the waterline) that contribute to optimisation of activities during installation
and exploitation by digitisation, such as collecting and processing data and
deployment of (autonomous) robot technology.
Automation and integration of control systems of offshore wind farms and the grid
connection to achieve higher availability and lower costs.
Developing innovative security concepts by applying ICT in both physical and
cyber security.

Transport, Installation, and Logistics

The topic Transport, Installation, and Logistics aligns with the existing strengths of the
Dutch offshore and maritime industry. Research on this topic focuses on new and
improved installation techniques to improve efficiency and reduce costs of the transport
and installation process. It also investigates the possibility to develop the next
generation of installation and maintenance equipment and vessels, including
autonomous shipping and robotised installation and maintenance. An additional theme
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is focused on reducing emissions resulting from installing and maintaining offshore
wind farms. Examples of research questions are:
•

•
•

•
•

2.5

Developing new specialised vessels, equipment and tools that reduce costs or
optimise the installation, maintenance, or decommissioning of foundations,
cables, scour protection, and wind turbines (e.g. single-lift installation methods).
Optimisation of the installation process by improving the instrumental and
monitoring application of AI and big data analytics.
New installation methods for the next generation wind turbines so that costs will
be reduced, safety will be improved, and with a net positive contribution to the
environment.
Developing improved decommissioning methods so that costs will be reduced
and the environment is impacted positively.
Research on optimising infrastructure (such as ports and offshore facilities) and
the logistics chain, especially for large-scale installation at greater distances from
the shore.

Operations and Maintenance

Within this topic two factors play an important role: costs and reliability. Between onefourth and one-third of offshore wind energy costs are related to operating and
maintaining the wind farms. Operations and Maintenance (O&M) could be further
optimised, also by scaling up the sector. This has become an important point for cost
reduction. Reliability and availability of offshore wind farms will become increasingly
important as we move to a production capacity of ±60 GW. Production failure of large
volumes could have dire consequences. In addition, spatial aspects play an important
role on the busy North Sea, increasing the importance of minimising maintenance
activities. The long-term goal is to reduce costs by increasing availability (zero
downtime) and decreasing maintenance (zero on-site maintenance).
Both large and SME companies in the Netherlands are active in the area of O&M, a
market that provides many opportunities. Dutch knowledge institutes are similarly
active and have a strong position. Effective maintenance can increase the availability of
wind turbines, which leads directly to higher production and lower energy costs
(Levelised Cost of Energy). Moreover, this topic researches cost efficient designs of
wind turbines. It also seeks to develop concrete products, methods, and tools that can
reduce costs and increase availability. Specific topics that fall under this theme include:
•
•

Developing new maintenance methods and equipment that can accelerate the
process, reduce costs, or increase effectiveness.
Improving safety and crew performance (such as human factors), including
improved training and instruction options.
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•

•
•

Improving sensor technology and instrumentation, monitoring and SCADA/CMS
systems of both environment parameters and components (e.g. foundation,
cables, and wind turbine components).
Applying AI and big data analytics with regards to benchmarking, predictive
maintenance, performance optimisation, and determining the remaining lifespan.
Developing and demonstrating (autonomous) robot technology for executing
inspections and repairs.
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3 Integration into the Energy System
Large-scale generation of offshore wind power will make the integration in the energy
system an increasingly critically topic. The goal of this program line is to develop new
components, products, tools, and services that will enable integrating large amounts of
offshore wind power into the energy system against low societal cost. Based on the
current plans, offshore wind energy will account for over 40% of all electricity
production in the Netherlands in 2030. Together with onshore wind and solar power
this share even rises to approximately 70%. For this to be possible, there needs to be a
very robust coordination system between the fluctuating and weather-driven supply and
the demand in the chain.
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The need for innovation is further asserted by projections that indicate that the
electricity grid will not be able to handle the amounts of wind energy that will be
produced beyond 2030. Large scale extension of the offshore and onshore grid
increases costs, takes a long time and will continue to become more difficult as wind
farms will be built further away from shore. Conversion of electricity to gas or other
products and energy storage are therefore important themes to facilitate the growing
integration of wind energy into the energy system.
Possible research topics include chain coordination, forecasting, balancing, storage
and conversion, interconnection, the grid at sea, and ancillary services. Within these
topics, both technology and business models are relevant aspects.
R&D topics for Integration into the Energy System are:

1. Large-Scale Smart
Transmission Systems

2. The Grid at Sea

3. Conversion and
Storage

Figure 3. Overview of the program line Integration into the Energy System.
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3.1

Large-Scale Smart Transmission Systems

The energy system is becoming increasingly complex because of the energy transition.
Predicting and balancing the energy chain from generation to usage will become a
challenge more frequently as the energy transition progresses. Market models for
balancing and pricing are expected to become under pressure. This theme includes
research and product development that contribute to flexibility in the energy system.
Possible research topics are:
•
•
•

3.2

Improving the balance of the energy system by monitoring and forecasting supply
and demand.
Applying ICT for the delivery of ancillary services, demand response, and
transaction processing throughout the chain (e.g. blockchain).
Economic studies on market models for an effective development of the energy
system and integration of offshore wind power.

The Grid at Sea

Connecting wind farms to the electricity onshore grid is becoming increasingly
challenging as the number of wind farms grows and the wind farms are situated further
from shore. The cables will have to bridge longer distances, which leads to greater
challenges in being able to guarantee the quality of power. International cooperation
between countries around the North Sea will become increasingly important to be able
to coordinate supply and demand. Innovation subjects are:
•

•
•

Developing and demonstrating the necessary technology for combining
international interconnection, grid connection of offshore wind farms, and other
offshore power consumers (such as electrification of gas platforms, other forms of
energy generation, or CO2 storage facilities).
Demonstrating the application of combining the international grid, offshore wind
farm grid connection, and other users of the grid at sea.
Optimising the connection to the onshore grid and large power usage centres.
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3.3

Conversion and Storage

Electric power conversion and storage are crucial building blocks for the energy
transition, but internationally these are in an early development phase for large-scale
application. Nevertheless, the energy transition is unthinkable without the possibility to
store wind energy so that the energy supply is not dependent on the wind energy
generated at that specific point in time. Research on this topic could look at:
•

•
•

Designing, developing, and demonstrating offshore energy storage technology
(e.g. batteries, pumped storage power stations, Power-to-Gas systems), both
stand alone and integrated in new wind turbine technology.
Designing, developing, and demonstrating offshore energy conversion systems
with or without a connection to an offshore or onshore electricity grid.
Developing integrated energy island concepts for offshore energy transport,
storage, and conversion technology (including electrical conversion for the net at
sea), possibly combined with logistical functions.
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4 Offshore Wind and the Environment
Building 60 GW of offshore wind capacity will have far-reaching consequences on the
ecology and spatial use at sea. At the moment, wind farms occupy 0.2% of the Dutch
North Sea, and this will increase to 2% in 2023. It is possible that the installation of 60
GW of wind turbines will cover 20-25% of all available space in the Exclusive Economic
Zone (EEZ). This program line aims to realise this ambition in a socially responsible
way (connected to the Social Responsible Innovation program). Research should
especially focus on the interaction between technology and ecology to allow scaling up
to take place. Innovations on the field of multi-functional use of space can also
contribute to an optimal use of the available space in the North Sea.
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The topic has an important relation to Program Line 1 (Cost Reduction and
Optimisation, see Chapter 2), because the costs of offshore wind energy are impacted
by environmental factors. This starts with the site selection process for which many
factors are considered (e.g. other North Sea users, visual impact, ecology). The final
choice of a location will determine costs and revenue for a large part (soil conditions,
water depth, distance to shore and port, wind climate, and wave climate). The available
space for offshore wind energy also influences this choice (e.g. total size and capacity
density).
R&D topics for Offshore Wind and the Environment are:

1. Multi-Functional Space Use in
Offshore Wind Farms

2. Improving the Ecological Value of
Offshore Wind Farms

Figure 4. Overview of the program line Offshore Wind and the Environment.
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4.1

Multi-Functional Space Use in Offshore Wind Farms

The North Sea is one of the busiest seas in the world with regards to shipping, and
besides transport there are many other activities taking place, such as commercial
fishing. Scaling up offshore wind energy can interfere with current and future use of the
North Sea by other users. Wind farms are currently taking up only 0.2% of the Dutch
North Sea, but this is projected to grow with a factor of 100 to 20-25% in 2050. The
innovation program aims at minimising the negative effects on other users and find
solutions to use the space within wind farms optimally, for example by combining
offshore wind with floating solar energy. Research projects could focus on:
•

•
•

4.2

Developing cooperation models between offshore wind farms and other users of
the North Sea to optimise spatial use. Examples include fishing, sea farming,
tourism, oil and gas extraction, and shipping.
Researching technical and economic potential, risks, and necessary
organisational and technical integration.
Carrying out offshore pilots (field labs) in which the above-mentioned participation
can be demonstrated and there is also space for ocean energy technologies such
as wave and tidal energy.

Improving the Ecological Value of Offshore Wind Farms

Scaling up offshore wind energy will have a significant impact on other users, but also
on the ecology of the North Sea e.g. the impact on birds and underwater noise impact
on sea mammals. Wind farm developers and governments are required to observe
limitations set by the EU’s Birds and Habitats directives. Nevertheless, wind farms can
also have a positive contribution on the ecology, with algae, mussels, and oysters
growing on wind turbine foundations and scour protection. By mitigating the negative
effects and strengthening positive effects, TKI Wind op Zee hopes to contribute to a net
positive effect of offshore wind farms on the ecology in the North Sea. Possible
research topics are:
•

•

•

Research, development, and demonstration of methods and technologies to
mitigate negative and strengthen positive interaction between offshore wind
farms and ecology, such as systems to monitor birds and bats near wind turbines
and deterrence systems to limit collisions.
Development and demonstration of foundation methods (including scour
protection) that improve biodiversity and limit underwater sounds, including
reusing foundations and scour protection, i.a. for other functions such as nature,
mariculture, and fishing at the end of the wind farm’s lifetime.
Reducing the CO2 footprint of offshore wind farms, caused by transportation,
installation, exploitation, and decommissioning.
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5 Conclusion
Offshore energy is an essential element in establishing a successful energy transition in
the Netherlands. The TKI Wind op Zee facilitates research, development, demonstration,
valorisation, knowledge transferral, innovation dissemination, (international)
cooperation, education, and market development – all activities aiming to stimulate cost
reduction and create economic benefits. These activities contribute to the development
of generating offshore wind energy at a large-scale and at the lowest possible societal
cost.
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The three program lines Cost Reduction and Optimisation, Integration into the Energy
System, and Offshore Wind and the Environment have been chosen, because these
themes address the potential bottlenecks for the energy transition in the Netherlands.
These themes are also the topics in which Dutch companies and knowledge institutes
are international frontrunners in research and innovation. By supporting and facilitating
relevant research and initiatives, the TKI Wind op Zee contributes to the generation of
affordable, reliable, and sustainable wind energy.
Postal Address
mailbox 24100
3502 MC Utrecht
Visiting Address
Arthur van Schendelstraat 550
Utrecht
T +31 30 73 70 541
E secretariaat@tki-windopzee.nl
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