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Managementsamenvatting
Een aanzienlijke hoeveelheid duurzame energie moet op zee worden opgewekt vanwege ruimte
gebrek op land. Daarom is 21 Gw windenergie op het Nederlandse gedeelte van de Noordzee
gepland. Dit biedt de mogelijkheid om drijvende zonnepanelen te integreren tussen de
windturbines. Er worden momenteel verschillende drijvende zonnepanelen constructies ontworpen
die geschikt zijn voor de offshore omstandigheden. Dit onderzoek bestudeert de weg naar
grootschalige implementatie van 38Gw drijvende zonnepanelen op de Nederlandse Noordzee vanuit
een technisch, economisch, beleidsmatig, ecologisch en planologisch perspectief om de
energietransitie te versnellen.
Het installeren van wind- en zonne-energie in de verhouding 1:1 qua capaciteit, is economisch en
technisch de meest aantrekkelijke optie op de Noordzee. Met deze methode wordt slechts een
relatief klein deel van de totale opgewekte zonne-energie curtailed, terwijl het reeds bestaande Net
op Zee wordt gebruikt. Dit leidt tot een enorme vermindering van de eenmalige kapitaaluitgaven.
Dit onderzoek identificeert de volgende cruciale ontwikkelingen die moeten worden ondersteund
om grootschalige uitrol van zonne-energie op zee mogelijk te maken.
•

•

•

•

•

•

De grootste technologische uitdaging is het ontwerpen van een constructie dat 25 jaar
opperationeel kan zijn en minimaal onderhoudt nodig heeft wat resulteer in lage OPEX
kosten. Grote windparken ver op zee worden dan economische aantrekkelijk waardoor
grotere uitrol van zonne-energie op zee mogelijk is.
Verdere kostenreductie kan worden gerealiseerd door het Net op Zee en windturbines
dusdanig te ontwikkelen dat toekomstige duurzame energiebronnen, zoals zonne-energie
probleemloos kunnen worden aangesloten op het net. Dit vereist extra investering in het
heden om toekomstige duurdere aanpassingen aan het Net op Zee te voorkomen.
Verdere business case voordelen kunnen worden gerealiseerd door zonne-energie op zee te
combineren met wind op zee en een elektrolyser. Windenergie is een intermediaire energie
technologie en zonne-energie op zee geeft de elektrolyser extra operationele uren, wat
resulteert in een kortere terugverdientijd van de elektrolyser.
De aanvaring tussen schepen en windparken op zee, zoals in het verleden is gebeurd, moet
tot een minimum worden beperkt om een zonne-energie systeem van 25 jaar te garanderen.
Het vergroten van de capaciteit van de noodsleepboten is een slimme en flexibele oplossing
in vergelijking met het plaatsen van een vangrails op zee.
Het ecosysteem van de Noordzee is zeer complex en meer ecologisch onderzoek is nodig.
Voornamelijk omdat er relatief weinig milieukennis over de Noordzee beschikbaar is. Echter
is er maar slechts een relatief klein deel van de Noordzee nodig om een significante
hoeveelheid zonne-energie te generen. Tegelijkertijd kan er alsnog substantiële
kostenreductie worden gerealiseerd door economisch schaalvoordeel. Minder dan 6% van
de ruimte tussen een windpark op zee, ten groten van 20 Gw, moet worden afgedekt voor
38 Gw zonne-energie op zee.
De bovenstaande punten kunnen alleen gerealiseerd worden als er door het ministerie van
Economische Zaken & Klimaat meerjarenbeleid wordt ontworpen. De eerste stap hiervan is
het creëren van één gedeelde visie uit de vele verschillende visies die organisaties hebben,
variërend van 25Gw tot 400Gw zonne-energie op zee in 2050. De joint factfinder methode
kan hiervoor worden gebruikt.

Deze zes acties versnellen de uitrol van 38Gw zonne-energie op zee en daarmee de (Nederlandse)
energietransitie. De technische oplossingen worden geleverd door acht start-ups en sommige
worden zelfs ondersteund door olie- en gasreuzen. Dit geeft aan dat zonne-energie op zee een
serieuze oplossing is voor een schone en duurzame planeet.

Managerial Summary
Due to land scarcity in the Netherlands, a significant amount of suitable energy must be generated
offshore. Therefore, 21 Gw of offshore wind is planned for the North Sea, which offers the option to
integrated solar panels between the wind turbines, called offshore solar. Different photo-voltaic (PV)
constructions are currently designed that are suitable for offshore conditions. This research studies
the road towards large-scale implementation (38GW) of offshore solar on the Dutch North Sea from
a technical, economic, policy, ecological and spacious planning perspective to accelerate the energy
transition.
Installing offshore solar and wind in the ratio of 1:1 in terms of capacity is the most attractive option
from an economic and technical perspective. With this method, only a relatively small amount of the
total generated electricity is curtailed, while the already installed grid infrastructure is used. This
results in a tremendous reduction in capital expenditures.
This research identifies the following crucial developments that must be supported for large-scale
offshore solar.
•
•

•

•

•

•

The biggest technological challenge is designing a structure that requires minimal
maintenance, resulting in low OPEX costs. Large wind farms far out at sea will then become
economically attractive, allowing for a larger roll-out of offshore solar.
Additional cost reduction can be realised by developing the Dutch North Sea grid and wind
turbines, in such a way, that future sustainable energy sources can be installed smoothly.
This means that extra investments must be made presently to prevent later expensive
adjustments to the offshore grid.
Further business case advantages can be realised by combining offshore solar with offshore
wind and hydrogen infrastructure. Wind energy is an intermediary technology, and offshore
solar provides the electrolyser with additional operations hours, resulting in a shorter
payback time.
The collision between shipping and offshore wind farms, as happened in the past, must be
reduced to the minimum for offshore solar's safe and long-term operation. Increasing the
capacity of the emergency tugs is a bright and flexible solution compared to installing crash
barriers.
The ecosystem of the North Sea is highly complex, and further ecological studies must be
conducted, mainly because only relatively little environmental knowledge is available about
the North Sea. However, only a relatively small area of the North Sea is needed for a
significant amount of energy while still substantial cost reduction due to economies of scale
advantages is realized. Less than 6% of the space between a 20 Gw wind farm needs to be
covered for 38Gw offshore solar.
The above points can only be realised if a long-term policy is created by the Ministry of
Economic Affairs & Climate. The first step is to create one shared vision out of organisations'
many different views that range from 25Gw up to 400Gw in 2050. The joint fact-finder
method can be used for this purpose.

These six actions accelerated the (Dutch) energy transition by realizing 38Gw of offshore solar. The
technical solutions are provided by eight start-ups and some are even backup by oil and gas giants.
This indicates that offshore solar is a serious solution for a clean and sustainable planet.
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Introduction
Most sustainable energy technologies, such as wind and
solar, need a tremendous amount of land to operate,
which results in land competition. Therefore, projects
are realised in the Netherlands, where PV panels are
installed on inland waters. Because most of the earth's
surface is covered with water, off-shore PV systems offer
tremendous potential for accelerating the worldwide
energy transition. This research gives more inside into
the global potential of offshore solar by conducting a
case study on the Dutch North Sea. More precisely, a
roadmap is developed that identifies which actions have
to be taken to realise 38 GW of offshore solar.

Solar
In the last decade, we have observed that solar PV
transformed worldwide power systems (Ahmed et al.,
2020). Graph 1 shows the increase of installed capacity
worldwide and the installed PV capacity needed to reach
a net-zero emission scenario by 2030. The graph clearly
indicates that, besides the success of solar PV, there is
still a long way ahead. In addition, scientific research has
indicated that the additional amount of solar PV capacity
that needs to be installed can form serious land
competition with other land activities such as croplands
(Adah et al., 2019).

Floating solar
Therefore floating solar PV panels are installed on water
instead of land in the Netherlands, offering several
advantages. Such as the natural cooling of water
reflection of sunlight on the water surface, thereby
increasing the PV panels' efficiency, Yadav, and
Sudhakar, 2016). Furthermore, it is important to make a
clear distinction between PV on inland waters and
offshore PV (further mentioned as offshore solar), such
as in the North Sea. Both have their advantages and
challenges.

Graph 1; current PV installed capacity (light blue bars) and amount of
capacity that needs to be installed to reach the net-zero emission
scenario of 2030 (dark blue bar) (IA, 2020).

Inland waters
This category includes lakes, drinking reservoirs, and
rivers. An example is the project of Zwolle, where 27 MW
is realised on a lake, making it the biggest floating solar
project in Europa. In addition, China is currently the
record holder of a 320MW floating solar on a water
reservoir in Shandong. Besides these projects, there are
hundreds of floating solar projects on inland waters
worldwide. These are clear signs that floating solar on
inland waters is starting to prove itself and is currently
moving out of its pilot phase to large-scale
implementation.

Offshore solar
On the other hand, offshore solar is another challenge
due to extremer conditions, such as higher waves and
saltwater. But there are also clear advantages. Recent
studies have shown that the cable infrastructure of
offshore wind parks can be shared with offshore solar
and optimise cable use, called cable pooling. This is
mainly possible due to the observation that wind and
solar, in general, complement each other (Golroodbari et
al., 2021). In addition, offshore solar can be implemented
on a larger scale than inland waters. At last, there is no
visual amenity for offshore solar on the sea, which
reduces public resistance. Besides the mentioned
projects, there are no large-scale offshore solar projects.
This is an indication of why offshore solar is still a niche.

Rijkswaterstaat
This research is developed in association with
Rijkswaterstaat, a governmental organisation that grand
licenses for operating on the Dutch Nord Sea and
coordinates the stakeholders' interests. Therefore, it
holds the ideal position to help the Ministry of Economic
Affairs and Climate in achieving the Dutch climate goals.
Rijkswaterstaat is, therefore, part of realizing multiple
floating solar projects. A few of these projects are
Zonnenpark Slufter (100MW potential), Kreekraksluizen
(45MW Potential), Zonne-energie IJsseloog and Zon op
het Ijsselmeer. All these projects are located on inland
waters. Rijkswaterstaat is also interested in exploring the
possibility of offshore solar on the North Sea, especially
in combination with offshore wind parks that offers the
option of cable pooling. Furthermore, Rijkswaterstaat is
in contact with commercial parties that develops
offshore solar. At last, Rijkswaterstaat is interested in
having a clear view of what kind of steps must be taken
and by which organisation to realize a significant amount
of capacity on the North Sea.

Research Question
The goal of this research was developed by having
discussions with experts working at Rijkswaterstaat. The
1

organisation grants licenses for floating solar-related
projects and is interested in its development and
barriers. However, Rijkswaterstaat does not have the
resources to analyse what the action of different
organisations needs to be for accelerating the
implementation of offshore solar. Therefore, the
following research question was developed:
How can 38 GW of offshore solar in 2050 on the
North sea between offshore wind farms be
realized by focussing on what each organisation
in the organizational network of offshore solar
needs to achieve to lift the technical, social,
economic and ecological challenges to accelerate
the Dutch energy transition?

Research Relevance
The 38 GW is not chosen arbitrary but is based on the
minimum expected offshore wind energy that will be
installed in 2050 for the North Sea (Den Ouden et al.,
2020). Choosing the same amount of capacity for
offshore solar as offshore wind is a logical choice. This is
because, for a 752MW offshore wind farm, cable
infrastructure is installed that has a capacity of 700MW
(Golroodbari et al., 2021). But because wind farms rarely
operate at their peak level (due to maintenance of wind
turbines or wind speeds that are not attractive), the
capacity factor of the cable is approximately 50%.
Furthermore, wind and sun complement each other,
which means that one occurs after the other (see
literature section for further explanation). By
implementing offshore solar platforms between
offshore wind farms, the cable infrastructure can thus be
optimized (called cable pooling) and profiting a more
constant energy output to the grid. Stabilizing and
increasing the Dutch energy grid with sustainable energy
is a relevant challenge. Therefore, the relevance of
exploring the option of large-scale offshore solar in the
North Sea is justified.

The Bigger Picture
Comparing offshore solar with other popular energy
technologies and how it can contribute to the energy
transition makes the potential of offshore solar
comprehensible. The bigger picture is to make the
expected total energy demand in 2050 sustainable,
which ranges between 1.866 PJ and 1.181 PJ, according
to the scenario studies of Berenschot (Den Ouden et al.,
2020).
The coalition agreement of Rutte IV describes that two
new nuclear power plants of 1500 MW each must be
installed beside the existing 500 MW, which results in a
total of 3.5 GW (Middelweerd, 2021). A nuclear power
plant, in general, generates electricity all year long. This
results in a total energy generation of 110.4 PJ/year.

This research focuses on 38 Gw offshore solar that can
operate 1200 hours/year, resulting in 164.16 PJ/year. In
comparison, nuclear energy operates 8760 hours/year.
This means that 1 GW of nuclear can be replaced by 7.3
GW of solar energy (= 8.760/1200).
Note that the 1200 full load hours suggest an increase
in full load hours compared to land-installed PV panels,
which is true because of favourable weather conditions
such as fewer clouds formation. Offshore solar can
therefore be a significant contribution to the Dutch
energy transition, especially because the potential of
offshore solar can reach 220.32PJ/year with 51 GW.
This 51 GW is the maximum potential of offshore solar,
according to TNO (Folkert et al., 2017). In addition,
because offshore solar uses PV panels that have shown
already tremendous learning curves, large-scale
offshore solar is estimated in 2030, while construction
of a nuclear power plant takes at least 15 years.
Offshore wind technology is installed on a large scale,
with 21 Gw planned in 2030. Some sources mention 60
Gw offshore wind in 2050. (Rijksoverheid, n.d.).
Offshore wind operates, in general, 4000 hours/year
(DNV GL, 2022), which results in 864PJ/year.
Total energy demand in 2050
range between

1.181 and 1.866 PJ/year

3.5 GW with 3 nuclear power plant
generated*

..

110.4 PJ/year
Possible in 2037
(Import technology)

38GW offshore solar generated

.

164.16 PJ/year
Large scale possible in 2030
(export technology)

60GW offshore wind generated

864 PJ/year
Large scale realized in 2030
Figure 1; comparison of different energy technologies (calculations
and data are explained in the text) (own creation).
*based on two new nuclear power plans of 1500Mw and one of 500
Mw (Borssele).
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•

Characteristics of research
This research uses a two-pronged strategy. First, a
conceptual model is developed inspired by the Multilevel perspective framework of Geels (20018) and two
additional theories. This model is the lens that creates
focus in the research context and constructs indicators
that can identify economic, social, technical and
ecological challenges.
Secondly, a stakeholder analysis is conducted by
interviewing the organisations that participated in
realizing offshore solar on the North Sea. The
stakeholder analysis uses the developed indicators to
identify what the barriers exactly are. This strategy is
used to analyse what kind of activity each organisation in
the network of organisations needs to start to realize 38
GW of offshore solar in 2050.
Therefore, this research is practice-oriented. Other
reasons why this research is practice-oriented are the
following. (I) The broad goal of the research is to realize
offshore solar on the North Sea which is, in the end, a
practical activity. (II) The knowledge and information
that are analysed in this research are used to develop a
roadmap that describes which activities organisations
must start to realize offshore solar. Therefore, parts of
the intervention cycle are used. (Verschuren,
Doorewaard, and Mellion, 2010).

Intervention cycle
Because of the broadens of the research context
compared to the available time, only the problem
analysis, diagnosis, and solution of the intervention cycle
are used. In the following parts, each of these three
concepts is described and how they are used in the rest
of this thesis.

Problem analysis
The offshore energy that is needed for achieving the
Dutch climate goals cannot be realized with wind farms
only because the currently installed wind farms already
show negative ecological effects. Offshore solar can be a
solution to still reach the climate goals but is currently
not widely recognised by policymakers as a serious
option. The mentioned negative ecology effects are
problematic because the Dutch climate goals were
introduced to precisely reduce the negative effects that
human activity has on earth ecology. This is a problem
for, among others, Rijkswaterstaat because they manage
the waters of the Dutch North sea and are responsible
for a healthy ecology.

Diagnosis
Now the problem is clearly described, the diagnosis can
be formed by developing sub-research questions that
help answer the main research question.

•
•
•

What is the current state of offshore solar on the
North Sea, and what are the challenges that the
literature indicates.
Which organizations are participating currently
in the floating solar network, and what are their
activities and responsibilities?
What are the technical, ecological, economic and
social challenges that the organisations in the
network experience?
What are the activities that each organisation in
the network needs to undertake to realize 38 GW
of offshore solar in 2050?

By identifying the current state of offshore solar on the
North Sea, a clear overview is developed of what still
must be done to achieve the 38 GW. Factors such as the
current price per electricity ratio are discussed, and how
offshore solar can be installed between offshore wind
farms. By also focusing on the ecological aspects, it
becomes clear what still needs to be done before
Rijkswaterstaat can grant commercial parties the
licenses to operate on the North Sea to realize offshore
solar.
Large-scale offshore solar on the North Sea cannot be
released by a single organization but needs multiple
organizations from different sectors. All these
organisations, with their activities, direct or indirect,
interacted with the barriers that hinder the realization of
offshore solar. It is, therefore, helping to identify what
the organisational network of offshore solar is.
When challenges and the network are identified, it also
becomes clear which organization can solve the
challenges that another organization experiences and
what, thus, the intervention must be.
The diagnosis can further be described by the following
parts:
• For the literature review, the Multi-level
perspective (MLP) framework of van Geels
(2002) and additional literature are used to
develop a conceptual model.
• The conceptual model is used to develop
indicators for identifying possible challenges
that are used in semi-structured interviews.
• The stakeholder analysis is used for interviewing
organisations and mapping the network of
offshore solar.
• The methodology section describes how the
empirical found evidence is collected.

Solution design
The final phase of this research focuses on developing
recommendations for Rijkswaterstaat by using the
results of the previous phases. Concrete steps are
3

constructed regarding what and which organization
must do to realize 38 GW offshore solar.

Spacious planning

Thesis structure
The direction and the focus of this research are discussed
in the introduction section. What follows is the literature
research that describes the current state of floating
solar, organisations that participated in the network and
the challenges for large-scale implementation that the
literature indicates. In addition, the Multi-level
perspective of Geels (2002) is used and related literature
is studied to develop a conceptual model that constructs
indicators for identifying possible challenges for
implementing offshore solar.
Section three describes the conceptual model that
especially is developed for this research and is therefore
case-specific. Additionally, propositions (sustained
predictions about offshore solar) are developed. The
methodology explains how the data is collected, and the
validity of the research is justified.
In the result section, the challenges are written down
together with an overview of the network.
In the discussion section, the collected challenges are
linked to the propositions to discuss their correctness.
With this approach, a valuable recommendation and a
roadmap is formulated that is not only interesting for
Rijkswaterstaat but the whole organizational network of
offshore solar.

Literature review
This section exits out of the following components. (I)
Describing the currently available literature on offshore
solar on the North Sea from different viewpoints. (II)
Studying the Multi-level perspective framework,
Strategic Niche Management and Demonstration
Project theory in more detail to identify what the
indicators are for identifying possibilities of moving
offshore solar out of the niche level into the regime. (III)
Mapping the organisational network. This is necessary
for developing a conceptual model that helps to identify
the possibilities of stimulating offshore solar.

Photo 1; impression of a large-scale installed hybrid offshore windsolar farm (Oceans of Energy, 2022).

Photo 1 gives an illustration of the spatial properties of
a hybrid offshore wind-solar farm. By combining the
space that is used for wind farms with offshore solar,
the available land is used to the maximum. In addition,
a space of a 500-meter radius around the wind turbines
and 250 meters on either side of the infield cables must
remain free around the wind turbines to safely carry
out the required maintenance. A corridor has been
constructed in the Borssele Wind Energy Area, which
can be used both during the day and at night for ships
up to 45 meters without dangerous cargo (Pondera
Consult, 2020).
It is important to note that the area of the current wind
farms, such as Borselle, is not only reserved for wind
energy but also for four other practises (Ministerie van
Binnenlandse Zaken en Koningsrelaties, 2020). These
are the following:
•
•
•
•

Mariculture (including shellfish and
crustaceans, and seaweed)
Other forms of sustainable energy generation
and storage (including solar or tidal energy)
Nature-enhancing projects (e.g. oyster
recovery, shelters for fish, artificial reefs)
Passive fishing (including crabbing baskets and
lobsters)

Figure 2 gives an illustration of the area that is reserved
for certain practices that are described in
Gebiedspaspoort Borselle. Because other activities also
require space, the potential of offshore solar is affected.
The estimates that are made for the potential of
offshore solar in the literature range between 25 and 51
GW (Folkert et al., 2017). As an example, with 45 GW of
offshore solar, 154 PJ can be generated on 250Km2,
which covers only 0.4% of the total area of the North
Sea (Folkert et al., 2017). Because the area is also
reserved for other sustainable energy systems, as the
four mentioned above, it must be studied what
consequence this has for the potential for offshore
solar.
4

Photo 2; Oceans of Energy offshore solar platform on the Dutch
North Sea (Oceans of Energy, 2022).

Technical

Figure 2; in yellow, the area that is reserved for other sustainable
energy than wind energy (Pondera Consult, 2020).

Economics

Hybrid offshore wind-solar farms have multiple
technical benefits. Firstly, installing the PV panels
between the wind turbines makes it possible to connect
the PV panels to the same grid connection as the wind
turbines. The cable infrastructure (owned by the high
voltage grid operator Tennet) is already installed for
offshore wind and can therefore be optimized what is
called cable pooling. Golroodbari et al. (2021)
calculated that the cable capacity factor is 49.94% for
the Dutch wind farm Borssele but could be 88% with an
installed solar capacity of 1.9 GWp. Table 1 supports
this statement by giving the relationship between
installing multiples of 100 MWp capacity to a 752 MW
wind park. Only when the sun and wind are both active
competition on the cable can occur, and curtailment is
necessary for not overloading the cable.

Graph 2; LCOE of offshore solar systems calculated by Oceans of
Energy (Vlaswinkel, 2021).

Oceans of Energy, a startup that focuses on offshore
solar, currently make use of the subsidy HER+ and DEI+
for their offshore solar platform. Graph 2 gives an
impression of the so-called Levelized cost of energy
(LCOE), the net current cost of electricity generation,
that must be brought under the 0.05 €/kWh to make
offshore solar compatible with fossil fuel energy
technologies. Oceans of Energy argues that the SDE+++
subsidy is necessary for realizing 0.05 €/kWh
(Vlaswinkel, 2021). The commercial party is the owner
of the first offshore solar system that was installed on
the North Sea (see photo 2). For scientific integrity, it
must be mentioned that Vlaswinkel works at Oceans of
Energy.

Table 1; the relationship between adding multiple of 100 MWp to a
752MW wind farm with a 700MW grid connection (Golroodbari et
al., 2021).

The frequency and intensity of curtailment depend on
several factors such as cable capacity, the intensity of
wind and sun, extra installed PV capacity and already
installed wind turbine capacity. Fortunate, wind and sun
are generally not active at the same time. Graph 3
supports this statement by showing that wind and solar
are negatively correlated, which suggests that
curtailment is not likely not happen frequently.
5

PV efficiency
The efficiency of solar cells is a key driver in reducing
the cost of solar energy (Polman, 2016). Therefore, it is
justified to also study the expected increase in
efficiency of solar cells that are necessary for future
hybrid offshore wind-solar farms that are also
economically attractive. Wafer-based crystalline Si solar
modules dominated the world market with a market
share of >90% and have shown high reliability for at
least 25 years (Polman, 2016). This research assumes,
therefore, that the current developed offshore solar
platforms also use Silicon-based PV cells.
Graph 3; the correlation between wind speed and solar radiation on
the North Sea, hourly data from 2005 (Golroodbari et al., 2021).

Other benefits are studied by López, Rodríguez and
Iglesias (2020), that concluded that a combined hybrid
offshore wind-solar farm could increase the capacity
ten times, and the energy production per unit surface is
even seven times higher respectively. Also, the power
output is smoothed by 63%, which is favourable for
realizing a stable electricity grid. It must be mentioned
that this case study was done in Spain, which means
that the findings cannot be generalized to the North
Sea. Nonetheless, the study gives an impression of what
the benefits can be of a hybrid offshore wind-solar
farm.
Also, Golroodbari and Sark (2020) used a mathematical
model for comparing the relative annual average output
of energy for land and sea-installed PV systems. The
results show that the system performance increased by
an average of 12.96% on an annual basis compared to
the land-based system. This is due to factors such as
natural cooling of water, fewer obstacles that cause
shades and relative less dust than on land. Figure 6
illustrates these results.

Graph 3; performance ratio for both floating and land PV systems
(Golroodbari and Sark, 2020).

When studying the silicon cells' efficiency potential, the
S-Q model suggests a theoretical limit of 33.3% in
photovoltaic energy conversion efficiency for singlejunction solar cells with an optimum semiconductor
bandgap of 1.34 eV (Polman, 2015). The current record
efficiency of these silicon cells is around 25% and
therefore suggests that there is still room for
improvement to reach the maximum efficiency of
33.3%. However, literature about solar cell
improvement indicates that the absolute general
improvement of silicon cells is only 0.04 to 0.09%
between 2010 and 2016; graphs 4 and 5 support this
statement. Note in graph four that the blue line is
almost completely flat. Because efficiency is a key driver
to reducing the cost of solar energy and thus bringing
the LCOE under the 0.05 €/kWh, the question can be
asked if other types of solar cells must be used for
realizing an offshore hybrid wind-solar farm that is
economically attractive. The study by Trapani, Millar,
and Smith (2013) concluded that thin-film PV does not
only have the potential to be more economically
attractive than crystalline silicon PV but also compare to
offshore wind turbines (if installed at altitudes ranging
between −45°S and 45°N), this is mainly due to the
lower maintenance costs of thin-film PV.

Graph 4; Illustration of PV cell efficiency improvement over time
(NREL, 2020). Note that the blue line is almost completely flat,
showing little improvement in efficiency. This plot is courtesy of the
National Renewable Energy Laboratory, Golden, CO.
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solar and should be taken into account before
implementation (Hooper, Armstrong and Vlaswinkel,
2021). However, offshore solar has no visual impact like
wind turbines because they are placed flat on the
surface and are therefore not visible from the shore
when placed between offshore wind farms.

Network
Figure 3 is an illustration of the organizational network
and will be expanded when conducting the results.
Most of the organisations presented in figure 3 are
interviewed one or several times.

Graph 5; average rates of improvement in solar cell efficiency
between the years 2010 and 2016 (Green et al., 2016; Geisz et al.,
2013; National Renewable Energy Laboratory, 2019).

The paper of Folkert et al. (2017) studied what further
the main technical challenges can be for realizing
offshore solar:
•
•

•
•

Wave and wind resistance of the offshore solar
systems. This concerns the design of the system
itself and the anchoring method.
Relationship between design and logistics. How
can the system be designed in such a way that a
rapid construction of the floating solar park on
location is possible? How do we find the right
balance between off-site production of system
components, transport costs and construction
on location? How can maintenance work be
minimized through optimal design?
Longevity and reliability under damp and
corrosive conditions.
Design aspects related to implementation and
costs. This concerns, among other things,
optimization of the cooling effect, coherence of
sun-tracking or bifacial, choice of the tilt angle
in relation to wind load and irradiation
optimization.

Figure 3: organizations that participated in realizing offshore solar
(own creation).

Ecology
The literature indicates several ways in which offshore
solar can impact the ecosystem of the North Sea
positively and negatively. It must be mentioned that the
north sea is a complex system and these effects are
only a possible expectation of ecologists. Additional
ecological studies must test these expectations in the
field. Table 2 gives a summary of these effects.

Sociology
From a social viewpoint, offshore solar can be attractive
since more than 50% of the entire world population
lives within 100 km of an oceanic coast. The energy
production of offshore solar can therefore be used for
these regions (Golroodbari and Sark, 2020). However,
social resistance occurred when offshore wind turbines
were installed in the North sea due to public concerns
about ecosystem impact (what is justified as the
following section describes). Therefore, it is likely that
social resistance is also going to happen with offshore

Possible negative effects

Possible positive effects

Anchoring and cable impacts on
the substrate due to tidal
changes

Energy infrastructure attracts
larger and more mobile
species such as crab, lobster
and fish

Disturbance during installation,
including sediment
resuspension

Species use the offshore
structures as stepping stones
to colonise larger areas

Blocking sunlight penetration
(change chlorophyll-a
concentration*)

Reduction in algal blooms
increases water quality

Electromagnetic field effects

Decrease in evaporation rate

The reduction of oxygen has an
impact on organisms, and
methane or other greenhouse
gases are released from the
sediment

Reduced turbidity, which is
beneficial for light availability
underneath the platform

Leakage of metals by damage
of PV system

Emerging of artificial reefs

Change in oxygen and
phosphate concentration

Change in water temperature
and nitrogen concentration

Table 2; Dominant effects that offshore floating can have on ecology
(Hooper, Armstrong and Vlaswinkel, 2021; Deltares., 2020).
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*literature does not indicate if this is a positive or negative effect.
**effect mentioned in literature about inland waters, not the sea.

The work of Karpouzoglou, Vlaswinkel, and Van Der
Molen (2020), Deltares (2020) and Hooper, Armstrong
and Vlaswinkel (2021) mention that the reduction of
sunlight due to PV platforms is the primary threat to the
ecosystem. Therefore, this effect is studied further.
The study used a computer model to get an indication
of what the effect is on the ecosystem when PV
platforms are installed on the North Sea (Karpouzoglou,
Vlaswinkel, and Van Der Molen, 2020). They concluded
that up to 20% coverage of the model surface with PV
platforms, change in specifies production is less than
10% (Graph 7a). Coverage of more than 40% indicates a
sharp decline in species production and eventually
collapse of the whole ecosystem (graph 6b). It must be
mentioned that the PV platforms must not be all
connected but that some free space between the PV
platforms is available so that some sunlight can still
reach the water. In addition, the ecosystem affects the
PV systems as well, such as biofouling. Resolving this
effect is critical for ensuring system performance
(Hooper, Armstrong and Vlaswinkel, 2021).

temperature and stratification of deep waters, (III) the
nutrient richness and the type of sediment, (IV) the
oxygen concentration and (V) the risk of oxygen
deprivation of the soil. In addition, Stowa mentioned in
a rapport that the ecological effects are relatively low or
none when the ratio of PV panels/water area is below
10%. This is promising for the North Sea because the
area that needs to be covered with offshore solar for 38
GWp is relatively small compared to the total area of
the North Sea (Stowa, 2018). Currently, there is not yet
a tool developed for the North sea that is similar to the
one that Deltares developed for inland waters. Such a
tool would be valuable for monitoring the ecosystem of
the North Sea.
Besides offshore solar having an impact on the
ecosystem, the ecosystem also has an impact on the
offshore PV panels, which must be studied as well.
Oceans of Energy mention that its system has already
experienced waves up to 9.8 meters and a wind speed
of 105km/hr (Vlaswinkel, 2021). The literature indicates
several ways how the ecosystem impacts offshore solar
systems. The first one is the extensive colonisation of
fouling organisms on the surface of PV systems which
results in performance reduction (Nall et al., 2017;
Harris et al., 2013). Also, the dissipation of heat from
cables may be affected by the growth of organisms
(Narayanaswamy, 2013). This all can increase
maintenance costs (Edyvean, 1987). At last, the
knowledge gap remains on how salt impacts the PV
system (Hooper, Armstrong and Vlaswinkel, 2021).

Research Gap
Graph 6a: the relationship between PV platform coverage area and
specify the primary reduction, <20% coverage area shows <10%
species production.

Graph 6b: the relationship between PV platform coverage area and
specify the primary reduction, >40% coverage area shows serious
disruption of the ecosystem.

Furthermore, the research institute Deltares has
developed a software tool that indicates what the
ecological effects can be when inland waters, instead of
the North Sea, are partly covered with PV panels. The
tool for inland waters includes the effects of (I) the
growth of aquatic plants and algae, (II) the water

There is a significant amount of literature available that
studies floating PV on inland waters such as lakes,
reservoirs and canals. This technology is already
implemented in real life. The project near the Dutch city
Zwolle is an example where 26 MW of floating solar is
realized on a lake. Furthermore, China is currently the
world record with a 320GW of floating solar on a water
reservoir. To realize such projects, a significant amount
of scientific research is done for floating solar on inland
waters. Some of the top scientific journals have
discussed the topic from different perspectives. McKuin
et al. (2021) published in Nature on how floating solar
influences the evaporation of canals waters from a
techno-economic viewpoint. Solomin et al. (2021)
studied which other energy technology can be
combined with floating solar on rivers, reservoirs and
lakes. Oliveira-pinto and Stokkermans (2020) did a case
study and focused what the expected enhanced
performance of floating PV systems when placed on
inland waters. And so there is a large extent of other
scientific literature that focuses on floating solar for
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inland waters (Goswami et al., 2019; Mittal, Saxena and
Rao, 2017; Sanchez, 2021; Lee et al., 2021; Sujay, Wagh
and Shinde, 2017; Liu, Kumar and Reindl, 2020; Banik
and Sengupta, 2021). Some are case studies, and some
study floating solar from economic, ecological or
technical perspectives.
But only a handful of literature is available that studies
offshore hybrid wind-solar farms. Golroodbari et al.
(2021) is an important theoretical study that focuses
mainly on the technical and economic calculations
concerning floating solar on the North Sea. This thesis,
on the other hand, is more practical and interviews
organisations to develop a roadmap for the
implementation of 38 GW of offshore solar. Such
research is not yet published, which makes this work
relevant for filling up the research gap.

The Multilevel perspective framework
The previous section described multiple studies that
focus on offshore solar, each with its perspective. Some
studies focused on the ecological impact of offshore
solar, some studied the LCOE for realizing a positive
business case, and others focused on the technical
aspects such as optimizing the cable infrastructure.
While all these studies are valuable, there is a pitfall
that each research uses its lens and therefore only
studies tiny aspects of a broader topic, such as offshore
solar. For valuable recommendations for the
implementation of offshore solar, a framework is
necessary that studies offshore solar from multiple
perspectives, as most energy transition studies require.
This is what the Multilevel perspective (MLP)
framework of van Geels (2019) describes. It combines
different perspectives, economics, technical, policy,
culture, markets, user preference etc., to study how
innovation, in this case, offshore solar, can become a
mainstream technology. The framework, therefore,
serves as a heuristic tool to analyse patterns that occur
in a social-technical transition (van Geels, 2011).
The MLP framework assumes that technology never
operates on its own but always needs an infrastructure
to bring value to society. A smartphone is useless when
there is no electricity supply to charge it or when there
is no internet connection to download apps. This is true
for offshore solar as well; by only installing PV panels on
the waters without a connection to the grid, safety
regulation for the maintenance of the panels or subsidy
(in the niche phase) for realizing a positive business
case, offshore solar cannot bring value to society in the
long term. Graph 8 illustrates the MLP framework and
uses three dimensions to explain how technology
operates in society.

Graph 8; a detailed version of the MLP framework with interactions
between different levels (Geels, 2018).

Niche
The niche exists out of a protected environment where
radical innovations are developed (Geels, 2002). The
innovation is not yet compatible with the existing
technology and must often be protected from the open
market with the use of subsidies. Innovation is often
developed with trial and error, which results in user
uncertainty; most innovation is not successful in this
stage, which means that start-ups often fail. The
learning process needs to take place to improve the
technology and adjust it to the regime. After a certain
time, the innovation has grown to a certain extent that
it can compete with the existing market (van Geels,
2002).

Regime
The Regime is formed by the existing infrastructure.
Such as technoscientific knowledge, physical
infrastructure, sectoral policies, routines, user
preferences, practices, different markets and
supporting technologies. In the beginning, these are still
stable because there are linked together by the
alignment and coordination of different actor groups
(Van Geels, 2004). They are constructed in such a way
to fulfil a certain societal function. When these
elements are stable, innovation is only incremental.
Radical innovation from the niche level has still
problems aligning and becoming part of the regime
(Geels, 2001).
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Landscape
The landscape contains slow-changing trends such as
climate change, societal values and prices of raw
materials. These slow-changing trends influence the
regime and the niche level, but the landscape does not
get influenced (or only a little) by the regime and niche
(Schot and Van Geels, 2008). Only in the course of
decades, the landscape can get influenced by the
regime and niche level. For example, fossil-fuel
innovation technologies were embedded in the regime
and influenced the landscape level by warming up the
earth's climate for decades.

Articulation of expectations, visions and goals must be:
•
•

Building of social networks:
•
•

Socio-technical transition
The literature indicates how innovation can successfully
become part of the regime. The first momentum is built
up at the niche level using strategic niche management.
When innovation starts to improve in terms of its
economics, technical and social aspects, the innovation
starts to become ready to leave its protected
environment. But to align itself with the current
infrastructure, pressure from the landscape on the
regime is necessary. With this pressure, the regime
starts to become fragile, and a window of opportunity
emerges where a radical innovation can become part of
the regime (Geels, 2002). What follows is a stabilisation
phase where the innovation starts to become aligned
with, for example, safety policies, supporting
technologies and users' preferences. Final, innovation
can also become part of the landscape in the long run,
such as fossil fuel technologies have done, making the
world highly dependent on fossil fuels.

Strategic Niche Management
Now that is described how technology operates in
society from a system perspective, two extra theories
must be studied to give a more zoomed-in view. These
are strategic niche management (SNM) and the theory
of Demonstration Projects developed by Bossink (2015).
Both theories are used for developing indicators that
test the development of offshore solar in an empirical
setting.
SNM is a theory that studies which factors influence
niche development and is therefore suitable for
studying the development of offshore solar. Based on
evolutionary economics literature and the development
of past technologies, researchers (Elzen, Hoogma, and
Schot, 1996; Kemp, Schot, and Hoogma, 1998; Geels
and Schot, 2008) have identified, among others, three
main factors for successful niche development and subfactors for each.

Robust, one dominant vision must be shared by
many actors.
Specific, if expectations are too general, they do
not give guidance.
Powerful incumbent actors have joined to
support the network, bringing additional
resources to the network.
There is a broad network where the voices of
stakeholders are addressed. Outsiders are
present to enable a broader view, questioning
cognitive frames and reducing lock-in pathways.

Learning processes at multiple dimensions:
•
•
•

Technical aspects and design specifications.
Infrastructure and maintenance networks.
Societal and environmental effects.

Geels and Schot (2008) explain that vision and goals
must be created that attracts attention and other actors
that can support the niche. The expatiations must be
matched with realistic goals to avoid disappointment.
Also, the vision, on the one hand, must be flexible to
adjust it to the circumstances, but, on the other hand,
actors must also be persistent with their vision when
the going gets tough. A network must be built that
articulates the views that each organisation has, and
eventually, one dominant view must be developed that
is shared with all actors. Learning processes include not
only the collection of data and facts, so-called firstorder learning but also changes in assumptions and
cognitive frames. e.g. second order-learning (Grin and
van de Graag, 1996).

Demonstration Project
Because the niche still exists out of demonstration
projects, such as the king eider of Solarduck (see photo
4) or the system of Oceans of Energy, the
demonstration project theory of Bossink (2015) can be
used in addition to the SNM theory for getting a more
“zoomed in” view. The additional factors of the
demonstration project theory are the following:
•

•
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Cost reduction of new technology. The
demonstration project can be a tool to reduce
the financial costs of new clean technology
(Bossink, 2015).
Policy, regulation, and legislation in favour of
innovation. Policy, regulation, and legislation
are seen as a tool that can encourage clean
technological innovation (Bossink, 2015).

•

Use of innovation labels. This involves
introducing standards for clean technologies
because the specifications of new clean
technologies often change constantly. After a
certain time, there is a demand for
standardization; Innovation labels can solve this
problem (Bossink, 2015).

Conceptual Framework
Based on the MLP framework, SNM and the
demonstration project theory, a conceptual framework
is developed that helps the researcher in developing
questions for the stakeholder analyses. The conceptual
model is a visualisation of how offshore solar can
become part of the regime and, more specific, which
factors influence the development of offshore solar. This
conceptual model helps the researcher in answering the
following question: “how can Rijkswaterstaat stimulate
the factors in the niche that contributed to the
development of offshore solar”?
The SNM literature argues that the niche level is
influenced by three dominant factors. The first one is
that expectations about offshore solar, which are
communicated to the public and external parties, must
be closely matched with realistic goals that internal
organisations can realize. If this match is not sufficient,
disappointment can rise, and a drop in support can be
the result. Secondly, the SNM literature argues that
learning processes for offshore solar must take place in
different areas for developing offshore solar. Thirdly, the
creation of a broad network that also shares one
dominant view of how offshore solar must be realized is
crucial. The demonstration project theory gives
additional factors for the upscaling of offshore solar,
namely standardization of designs, the demand of the
market for innovation, cost reduction of the technology
and favourable regulation developed by the
government.
The top and middle of the conceptual framework are
based on the MLP framework, illustrating how the
different dimensions influence each other. The bottom
part represents factors from the demonstration project
and SNM literature, which is the main focus of this
research. The methodology section describes the specific
indicators that are used for studying these factors that
enable niche development in more detail.

Figure 4: a conceptual framework that shows at the bottom the
factors that influence the niche development of offshore solar (own
creation).

Propositions
Based on the literature review and the conceptual
model, propositions can be developed that describe
substantiated expectations that are tested in an
empirical setting. Table 3 gives these propositions with
references.
Propositions

Explanation and references

Spacious planning on the
North Sea can be
problematic. Is floating solar
still economic attractive if
large-scale implementation is
not possible due to surface
area competition?

Governmental documents
describe the spacious planning
of the North Sea. Multiple
(innovative) projects are already
realised or planned. Such as
wind farms, the growth of
seaweed, fishing, mariculture,
nature reserve and shipping.
Can several of these activities be
combined in the same area?
(Ministerie van Binnenlandse
Zaken en Koningsrelaties, 2020).

Powerful actors have not
(yet) joined the network.

The literature review explains
that dominant incumbents in
the energy sector, such as Shell,
have not yet joined the
network. Start-ups,
technical/ecological research
instituted and governmental
organisations are dominant in
the current network (Zon op
water, n.d.).

Technical challenges remain
for rapid large-scale offshore
solar, which results in the
search for a dominant design.

Introduction interviews with
experts of Rijkswaterstaat
mention that anchoring the
system can be challenging with
the existing infrastructure for
wind farms.
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Folkert (2017) explains that the
longevity of PV systems and
their reliability under damp and
corrosive conditions remains a
challenge.
Combining a hybrid offshore
wind-solar park with
hydrogen storage offers
multiple benefits.

Hydrogen storage results in a
more stable energy grid and is
especially attractive for far
(+100km) energy parks (Peters,
Vaessen, Meer, 2020).

Offshore solar may have
fewer negative ecological
effects compared to PV
systems that are installed on
inland waters (only
hypotheses).

Coverage ratio of offshore PV
systems is significantly lower
than PV systems that are
installed on inland waters.

Learning effects take place in
some but not all dimensions.

Strong learning effects take
place in the following
dimensions: business (reduction
of LCOE), infrastructure
(optimizing cable
infrastructure), and technical
dimension (first offshore solar
platform survived several
storms) (Golroodbari et al.,
2021; Vlaswinkel, 2021).

Table 3; the left column shows the propositions that are made, and
the right column gives further explanations and references (own
creation).

Methodology
This section explains how the results of this research
are conducted. Furthermore, the scope of the case
study is discussed together with the stakeholder
analysis and used indicators for interview questions.

Case study
Because this work studies the implementation of
offshore solar on the North Sea, this research can be
classified as a single case study where the unit of analysis
can be classified as the upscaling of offshore solar to 38
Gw. This is done by studying the practices that contribute
to the niche development of offshore solar, including the
concepts derived from the demonstration project and
SNM literature. Furthermore, the following research
boundaries are set to define what is included in the
research and whatnot.
•

•

The research context is not limited to
Rijkswaterstaat
but
focuses
on
the
organisational network of offshore solar, which
Rijkswaterstaat is only part of.
The theories of SNM and demonstration project
theory are used to identify how Rijkswaterstaat
can support the niche of offshore solar.
landscape characteristics, as discussed in the

•

•

•

MLP framework, lay outside the scope of this
research due to little practical value for
Rijkswaterstaat.
The research focuses on realizing hybrid offshore
solar-wind farms (floating solar platforms
between wind turbines) on the Dutch territorial
waters of the North Sea.
This
study
focuses
on
developing
recommendations for Rijkswaterstaat. The
findings, conclusion and recommendations can
be used for developing an extended offshore
solar roadmap.
Field experience is conducted for a better
understanding of the research context, e.g.
visiting pilot projects.

Transferability
A common problem with single case studies is that the
transferability of the conclusion cannot be applied to
other research contexts. This is, however, not the case
for this research because of the following reason: the
conditions of the North Sea are extreme (saltwater,
relatively low sunlight intensity and high waves). The
consensus in the field is, therefore, that if offshore solar
is possible on the North Sea, it is possible on most seas
in the world. Therefore, exploring the possibility of
offshore solar on the North Sea does contribute to the
worldwide development and implementation of
offshore solar on other, less extreme seas.

Indicators and triangulation
This study makes use of the SNM and Demonstration
project theory of studying different central concepts
concerning offshore solar. These central concepts must
be analysed by making use of specific indicators that are
tested in an empirical setting. Table 4 gives an overview
of the central concepts and their indicators.
Furthermore, triangulation must be applied to confirm
the data that is collected (Nacy Carter et al., 2014).
Therefore, the same interview questions will be asked to
different stakeholders on the same topic. A commercial
party can make a statement that is not completely
corrected due to a conflict of interests. Asking the same
question to a research instituted increases, therefore,
the reliability of the research.
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Demonstration
project
concepts

Indicators

Innovation
labels &
Standardization

Is the industry so far developed that ISO
and IEC guidelines are present? Is a
dominant design already established? How
many (commercial) parties and different
designs are currently on the market?

Favourable
policies,
regulations &
legislation

Is their regulation for spacious planning for
offshore solar on the North Sea? Does the
Dutch government and EU provide
subsidies, and how fare are these subsidies
helpful for commercial parties? How is the
spacious planning organised on the Dutch
North Sea, and how does that influence the
potential of offshore solar?

Cost reduction
of new
technologies

How can cost reduction of offshore solar be
realized? To what extent does the law of
Moore’s law economic of scale apply to
offshore solar?

SNM Concepts

Indicators

A clear vision
that is shared
by many actors

Are goals set for the future? Is their one
dominant vision of the potential of offshore
solar, or do have stakeholders different
expectations? Is their “common ground”
about certain topics?

The presence
of social
network

Have powerful incumbent actors joined the
network of offshore solar? Is there a broad
network that results in different views so
that the risk of lock-in pathways is reduced?
Are consortiums present where parties
work together?

Interviewees
The main source of knowledge for this research is semistructured interviews. This is the most applicable
strategy for studying abroad and complex topics such as
the realisation of offshore solar (Gray, 2019). In addition,
learning processes generally rely on growth in tacit
knowledge, the knowledge that is hard to write down on
paper. Semi-structured interviews offer the possibility to
discover tacit knowledge by not sticking to certain
questions. In this way, opportunities can present
themselves to discover important topics that address
learning processes. Semi-structured interviews also give
broader and richer data compared to more survey-style
questions (Rabionet, 2011). In this way, the interviews
provide more valuable data.
Furthermore, the interviewer can build trust between
him and the respondent by addressing confidentiality
and the purpose of the research. The value of the
interviews can also be increased by sending the
interview questions to the responder before the
interview take place. This gives the responder time to
develop a deeper answer than when the responder
needs the answer the questions the moment the
interview takes place. For conventional reasons, the full
transcribe of the interviews can be retrieved by
contacting the researcher and will only be shared if the
interviewee in question gives permission.
At last, after each interview, the question is asked if the
responder knows other interesting organisations and
persons that can be interviewed, also called snowball
sampling (Verschuren and Doorewaard, 2010).

Stakeholder Analyses
Learning
processes in
multiple
dimensions

•

•

•

Technical aspects: what is the
development of the Levelized cost
of energy (LCOE). What are the
critical materials for different
designs, and what are the different
R&D projects?
Infrastructure & Maintenance: to
what extent is the current
infrastructure on the North Sea
developed for offshore solar?
What kind of adjustments are
needed for offshore solar? What
kind of role can hydrogen play in
realizing offshore solar.
Societal & environmental effects:
what are the social concerns of
offshore solar, and are the
significant effects that offshore
solar has on the local ecosystem?

In total, ten interviews are conducted with nine
different organizations. These organisations can be
classified into three categories: commercial parties,
governmental organisations and research institutes.

Governmental organizations
This category exists out of the following organisations:
•

•
•
•
•
•

Table 4; operationalization table based on the theory of SNM and
Demonstration
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Rijkswaterstaat
o Department: Zee & Delta
o Department: Scheepsvaart
Veiligheid
Ministerie van Economische zaken en
klimaat (EZK)
Ministerie van Infrastructuur en Waterstaat
Rijksdienst voor Ondernemend Nederland
(RVO)
Dutch Coast Guard
Tennet

Rijkswaterstaat is the first organisation where
interviews are conducted. The department of
Rijkswaterstaat, which is responsible for authorizing
permits for offshore solar and spacious planning, is a
good place to start because they know other
organisations that operate on the North Sea, enabling
the opportunity to contact these organisations. RVO
stimulate commercial parties and entrepreneurs in the
Netherlands and know which parties operate in the
market of offshore wind and solar on the North Sea.
Therefore, this is the second organisation that is
interviewed. EZK Is responsible for boundary conditions
and developing policies for economic and climate
affairs. They are an interesting party because, in the
end, they must develop the policy for 38Gw of offshore
solar in 2050.
Tennet is the owner of the high voltage electricity grid
in the Netherlands and also (partly) owner of the cable
infrastructure of offshore wind farms in the North Sea.
This means that they are a necessary party for providing
the cable infrastructure for offshore solar.

Research institutes

Oceans of Energy is the only party that has realized an
offshore solar platform on the North Sea and has
therefore collected a lot of tacit knowledge. They are
maybe the most important organisation that is
interviewed. Therefore, two interviews are conducted
with this organisation.
SolarDuck is another commercial party that also focuses
on realizing offshore solar on the sea. They have a
different technical solution for realizing offshore solar
than Oceans of Energy, which makes them valuable for
not getting a too narrow view of possible technical
solutions.

Discuss types of data
Although interviews will be the main source of
information, this research cannot completely rely on
one source of information. Therefore, scientific
research papers and grey literature is conducted
besides the interviews, which offers the opportunity to
validity if a certain statement in an interview is correct
and supported by another source. In this way, the
viability of the research is increased. Sources of grey
literature and scientific papers are the following:

The following organisations can be classified as research
institutes and are mainly interviewed for environmental
effects and technical-related topics of offshore solar.
• Nederlandse Organisatie voor Toegepast
Natuurwetenschappelijk Onderzoek (TNO)
• Maritiem Research Insituur Netherlands
(MARIN)
TNO has done a lot of technical research in floating
solar, most for inland waters. They have also realized a
field lab project where floating solar is placed on a
Dutch lake. This organisation is valuable for collecting
technical knowledge.
MARIN is a test basin where commercial parties can test
their offshore solar design. MARIN is one of the world's
largest institutes for hydrodynamics and marine
technology research through simulations, model
testing, full-scale measurements and training. SolarDuck
and Oceans of Energy both tested their design at
MARIN, making them an interesting party for an
interview.

Commercial parties
The commercial parties operating in the market are the
ones that focus more on the practical implementation
of offshore solar. They can have a significant amount of
tacit knowledge that can be used to investigate what
the learning curves are. The following commercial
parties are interviewed:
• Oceans of Energy
• SolarDuck

•

•

Grey literature
o Governmental documents of EZK, RVO
and Rijkswaterstaat.
o TNO documents
o Consultancy rapports
o Centraal bureau voor statistiek (CBS)
o International Renewable Energy Agency
(IRENA)
o Universal Smart Energy Framework
(USEF)
Scientific search engines
o Web of Science
o WorldCat
o Google Scholar
o Microsoft Academic

Data analysis methods
The findings of these three different sources will be
compared with the proposition that is mentioned in the
literature review section and the literature that resulted
in these propositions. Furthermore, the interviews will
be recorded, and transcriptions software will be used
for analyses.

Results
In the previous section, central concepts related to
offshore solar are described. These are learning
processes, visions of stakeholders and organisational
network of offshore solar. This section gives an
overview of the empirically collected data and is not yet
interpreted. First, standardization aspects are
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addressed, such as the different offshore solar designs.
Secondly, the market demand is addressed, followed by
a regulation aspect such as the financial subsidy for
offshore solar, the spacious planning of the North Sea
and the steps for requesting a permit for offshore solar.
The following section describes how the cost of
offshore solar can be reduced, which is collected in
interviews. Thirdly, the different viewpoints of
stakeholders are mentioned, which, as one will read,
differ gradely. Next, the organisational network and
consortiums are described. Finally, the technical and
infrastructure, together with ecological and cultural
aspects, are addressed.

Innovation labels & Standardization
Different designs
Currently, worldwide eight different commercial
organisations focus on developing offshore solar, and
three of them are Dutch. Each of them has its own
design, and most of those can be classified as a direct
on-the-water design or off-the-water design. The
different disadvantages such as wave slamming (waves
that hit the PV panels), the growth of algae, expensive
components and the current state of development are
addressed. In addition, there are currently IEC and ISO
guidelines/norms for floating solar near-shore and
inland water, but a coherent framework for such
guidelines and norms is not yet present for offshore
systems (TKI Wind op Zee, 2022).
Oceans of Energy
The system of Oceans of Energy can be classified as a
director of the water design, as photo 3 illustrates.
Because the whole system is lying on the water’s
surface, with no space in between, waves can easily hit
the PV panels, which is called wave slamming. This can
damage the PV panels but also cleans them from bird
extraction. In addition, the growth of algae can occur
but can be prevented by using the right coating.
Because the PV panels are in close contact with water,
the design is more expensive to withstand seawater,
but cheaper floaters of the system can be used for this
design as well. Currently, Oceans of Energy is the first
party that did install a floating solar system on the
North Sea. The company is a Dutch start-up that was
founded in 2016 (Oceans of Energy, 2022).

SolarDuck
SolarDuck chose a triangle design that is (a few meters)
from the water, which means that strong, expensive
floaters must be installed but with the advantages of
installing ordinary PV panels that offers the possibility
of mass production. The on-scale design (17x17x17
meter of 65Kw) is of the water, which means less wave
slamming of seawater on the PV panels and less algae
growth. In addition, the triangle construction allows the
system to move up and down around three different
axes, which means less force on the system compared
to the square design of Oceans of Energy, which has
only two axes (Interview CTO & Co-Founder SolarDuck).
The company has developed an on-scale design and is
planning to install a seaworthy system on the North Sea
soon. Note that SolarDuck instals its PV panels aimed at
the sun, suggesting an increase in efficiency, while
Oceans of Energy installs the PV panels flat on the
water surface (SolarDuck., z.d.-b). SolarDuck is part of
Damen Shipyards that was founded in 1927, which
indicates that they have a significant amount of
maritime expertise.

Photo 4; The King Ieder, the prototype of SolarDuck that is floating
at the Waal (SolarDuck, z.d).

Swimsol
Swimsol also has an of the water design that is
approximately one meter above the water. They focus
on installing near-shore floating solar around tropical
islands near the equator where less wave slamming
occurs. They have the advantage of an increased
amount of full load hours compared to the North Sea
(Fasihi and Breyer, 2020). Swimsol argues that their
platforms can survive waves of tropical shallow-water
lagoons, as well as the currents, tides, extreme UV, and
humidity, and it is corrosion-proof. Because of the
nearshore conditions, Swimsol has already realized
several projects with success. However, the design of
Swimsol is not suitable for the conditions of the North
Sea (Swimsol, 2022). The company is located in Austria.

Photo 3; the system of Oceans of Energy that was floating on the
North Sea (Oceans of Energy, 2022).
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Photo 5; off-the-water design by Swimsol, 25 kW per platform
(Swimsol, 2022).

Ocean Sun
The design of Oceans Sun is based on aquaculture,
which requires intensive maintenance costs (Interview
CTO & Co-Founder SolarDuck). In addition, wave
Slamming and the growth of algae can easily take place
with such a design, but the PV panels are directly cooled
by the seawater resulting in an increase in PV efficiency.
In addition, they use modified silicon solar PV modules
attached to a thin, flexible membrane that floats. Ocean
sun focuses mainly on inland waters of nearshore
locations and has only recently started experimenting
with offshore locations. It must be mentioned that
Oceans Sun had multiple successful pilot projects but
that one project had some issues with its floaters, which
resulted in the partial submission of the system. The
company is currently investigating how such issues can
be prevented in the future (Ocean Sun, z.d.). The
company is a commercial party, is located in Norwegian
and is part of Statkraft, which is working with
hydropower.

Photo 7; the hydro-lock system of the start-up Heliorec (Bellini,
2022).

Bluewater Energy & Genap
The companies Bluewater Energy and Genap also
choose a rectangular design that can be classified as an
on-the-water design (which means grow of algae and
wave slamming), but they use thin-film PV panels that
are flexible and can adapt to the waves (interview
senior scientist TNO, 2022). This offers the advantage
that a simple mooring system can be used, and the PV
panels are less sensitive to the wind (TKI Wind op Zee,
2022). Their prototype is installed in a field lab at
Oostvoornse lake and consists of 2 floats measuring 7 x
14 meters with 20 Kw peaks of solar panels. The two
companies are both located in the Netherlands and are
commercial parties (TNO, z.d.).

Photo 8; design of Bluewater Energy and Genap, a design that is
based on flexibility (TNO, z.d.).

Photo 6; design based on aquaculture of Ocean Sun (Ocean Sun,
z.d.).

Heliorec
This French startup is using a so-called hydro-lock which
makes it possible to host water and thus increases the
weight of the system, which reinforces the stability of
the system. The company argues that the
manufacturing costs are around 4 euro/kg. Heliorec has
an installation near Oostende currently and signed a
partnership agreement with Dutch maritime giant Van
Oord to evaluate if floating solar arrays can be used to
power unmanned survey vessels. The company focus on
near-shore locations (Bellini, 2022).

Moss Maritime
Moss Maritime is experimenting with an of the water
design and is still in an early stage of development with
an on-scale design of 1:13, as photo 9 illustrates. The
pilot will span 80 x 80 metres and will be 3 metres
above the water surface, which means less wave
slamming and algae growth, but more materials are
properly needed for the floaters. But an off-the-water
design gives space for air to move between the
platform and the water surface. The company is located
in Norwegian, is part of Italian EPC contractor Saipem
and also works together with Equinor for a pilot. While
Moss Maritime is a relatively small company, Equinor
and Saipem are both world leaders in the oil and gas
industry (Garanovic, 2021).
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moorings in water depths greater than
approximately 100 ft, e.g. the North Sea.
F) CALM: less surface needed on the water surface
area.
G) Lazy-S: increase the geometric compliance of
the mooring system.

Photo 9; the design of Moss Maritime, 1:13 scale (Garanovic, 2021).

Tractebel
Tractebel is the leader of a consortium that exists out of
Jan De Nul Group, DEME, Soltech and Ghent University.
The consortium mainly focuses on research and
development and is not focused on commercial
applications. Their short-term plan is to install their
design near the coast of Oostende. Their design is also
made of water, which reduces the effect that saltwater
has on the PV panels. Currently, there is not yet a
prototype developed, but only a scale model is tested
under marine conditions, as figure 20 illustrates.
Tractebel is the engineering company of the France
energy giant Engie (Tractebel, 2019).

Photo 10; design of Tractebel that is on-scale (Solar Magazine,
2021).

Learning processes
Technical aspects
Mooring constructions
Figure 5 shows the different mooring concepts that are
currently used or developed for offshore floating
systems. Each of these concepts is more suitable than
the other, depending on the characteristics of the seas.
Some of the characteristics (Davidson and Ringwoodv,
2017; Flory, Mascenik, Pedersen, 1972) are described
below:
A) Taut, taut-line systems are usually quite stiff,
both in horizontal and vertical directions.
B) SALM: offers the possibility for great balance in
the horizontal direction.
C) Catenary: higher footprint area on the seafloor.
D) Multi-catenary: extra string offers a more stable
position of the system.
E) SALM: offers considerable investment savings
compared to conventional single point

Figure 5; illustration of the different mooring systems that are
currently available (adopted from TKI Wind op Zee, 2022).

LCOE Development
It is difficult to estimate the LCOE of energy because
little data is available for calculating the LCOE.
Especially the CAPEX and the OPEX are two variables
that are important but are currently unknown because
only one offshore solar project has been realized. TNO
estimates the LCOE of offshore solar in 2030 to be 0.25
- 0.3 €/kWh for a 10 MWp system and 0.15 - 0.2 €/kWh
for a 100 MWp system (TKI Wind op Zee, 2022).
PV cells developments
One option to reduce the LCOE is to increase the energy
yield per square meter by using multijunction solar cells
that have a higher efficiency than standard PV cells. This
innovation makes it possible to increase efficiency by up
to 47.1% (NREL, 2020). The concept is based on making
use of multiple p-n junctions that are made of different
semiconductor materials. If multijunction solar cells
become cost-effective, it offers the possibility of being
combined with offshore solar to reduce the LCOE.
However, the dominant five semiconductor materials
that are suitable for multijunction use are expensive,
making them, from an economic perspective, not an
interesting option because they increase the LCOE.
Perovskite is a material that is not expensive but shows
problems with stability (Professor solar energy, TU
Delft, 2022), making them unsuitable for 25 years of
installation on the sea.
Although, it must be mentioned that the technology of
tandem solar cells first must be fully developed and
only then can it be combined with offshore solar.
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interviews with Oceans of Energy, three possibilities for
connecting offshore solar to the grid were mentioned:
•
•
•

Figure 6; Illustration of how different semiconductor materials
observe different wavelengths of light (Friedman, 2010).

Critical components and materials
Connectors are especially vulnerable to corrosion and
salt deposition because they exist out of rotating parts.
These components must be tested extensively so that
reparation at the shore can be avoided, which
otherwise will result in an unacceptable OPEX cost.
Long explosion to repetitive lead forces can lead to the
degradation of materials. This asks for long-term testing
of materials and components because the lifetime of
offshore PV systems must be at least 20 years.
Furthermore, recycling purposes should be taken into
account in the materials chosen so that circularity of
offshore solar can be realized after the end of life (TKI
Wind op Zee, 2022).
Ecological friendly fouling is another important aspect
to take into account so that the growth of algae can be
avoided. In the past, inland floating solar systems
subsided due to algae growing because the floaters
were not developed for the extra weight of algae
(Interview CTO & Co-Founder SolarDuck, 2022).
For all materials, end-of-life criteria must be
determined. One of the criteria that are commonly used
for offshore materials is the reduction of 25% in
thickness. Any further reduction asks for the
replacement of the materials in question. TNO,
however, argue that the criteria of 25% should be set
even lower for specific materials to ensure the
survivability of the structure. Remote structural health
monitoring, e.g. sensors that profit (big) data about the
conditions of the system, can be a significant help for
optimizing the material choice, especially with machine
learning (TKI Wind op Zee, 2022).

Infrastructure & Maintenance
Grid connection
The development of the grid connection on the North
sea also called Net op Zee is important for offshore
solar and other multi-users between wind farms. In the

inter-array cables; are the cables that connect
the offshore wind turbines to the AC platform
of Tennet.
Wind turbine connection; direct connection to
the wind turbines; adjustments to the turbines
are needed.
Tennet platform connection; the cable of the
offshore direct connection to the Tennet
platform.

The last option requires adjustments to the Tennet
platform, which require extra financial investments and
adjustments to the construction plans of the platforms.
These are probably higher when the adjustments need
to be done in the future at sea. Oceans of Energy argues
that the electricity grid on the North Sea and wind
farms currently have to be developed in such a way that
connection options are available for future multi-user
activities. However, Tennet explained in an interview
that the current state of affairs must justify an extra
investment in the developments in their future
platforms.

Figure 7; illustration of the electricity grid on the North Sea that
must be adjusted for multi-users (Noordzeeloket, z.d.-b).

Hydrogen infrastructure
The organisations Energienet, Gasunie en Tennet have
studied what the most attractive options are for power
to gas (P2G) infrastructure on the North Sea. They
concluded that offshore electrolysis is technically and
economically feasible compared to onshore P2G.
Interesting is that besides installing a hydrogen pipeline
that goes from the electrolyser offshore to the onshore
transformation station, still an electricity cable is
installed of 2Gw (Tennet, Gasunie, & Energienet, 2022).
Installing offshore solar on top of offshore wind
strengthens the business case of the electrolyser
significantly compared to the production of hydrogen
with wind energy only. This is because the full load
hours of the electrolysis offshore can be increased from
approximately 5000 up to 6000 full load hours (Ecofys,
2018). The electrolyser is an expensive device, and by
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increasing the full load hours, in other words using the
device more often, the payback time of the electrolyser
is shorted. Table 5 shows that with additional full load
hours, so by installing offshore solar, the electrolyser
LCOE is reduced significantly.
Price of
1 Mw
electrolyser

Full
load
hours

2 million
euro

1000

Number of
MWh over
the lifetime
of the
electrolyser*
30.000

LCOE
electrolyser
price/
produced
KwH
6,66
cent/kwh

LCOE of 1Mw
solar park +
LCOE
electrolyser**
9,99
cent/kwh

system of Oceans of Energy also was
located, experience problems with
enforcement; public boats sail right through
the farm (Interview Policy Officer Maritime
Safety, 2022).
A significant amount of data was gathered in the
interviews with ecologists. Their main concern is the
impact the PV systems have on the ecology due to the
block of sunlight, which can have an impact on the
growth of organisms. Other concerns are described in
table 6.

2 million
2000
60.000
3,33
6,66
euro
2 million
3000
90.000
2,22
5,55
euro
2 million
4000
120.000
1,66
4,99
euro
2 million
5000
150.000
1,33
4,66
euro
2 million
6000
180.000
1,11
4,44
euro
2 million
7000
210.000
0,95
4,28
euro
2 million
8760
262.800
0,76
4,09
euro
Table 5; data about the LCOE reduction as a result of the instalment
of an electrolyser with additional full load hours.
*Based on a 1MW electrolyser that generates 1.000 MWh per year
and 30.000 Mwh in 30 years and with extra load hours even more.

Key concerns

Explanation

Additional pressure on the
ecosystem

The ecosystem of the north
sea is already under
pressure due to human
activities (offshore wind,
fishing industry, shipping,
sand extraction, military
exercise, etc.). Especially the
fishing industry has changed
the ecosystem of the North
Sea completely. The concern
of ecologists is that offshore
solar, once again, puts an
additional amount of
pressure on the ecosystem
that is already under
pressure.

What are the cumulative
effects of multiple activities on
the North Sea?

Ecologists indicated that the
ecological effects of each
individual human activity
could be measured and
studied, but research also
must investigate what the
cumulative effects are of all
human activities on the
North Sea because the
cumulative effects are
greater than the sum of
each individual effect.

A computer model must be
built that describes the
ecosystem of the North Sea.

For a clear understanding of
the direct and indirect
effects on the ecology,
computer models must be
developed that describe,
calculate and predicts the
effects of offshore solar.
Such a model should be
updated constantly and
further developed with new
data that is derived from
each upscaling step that
offshore solar undertakes.
Especially with the fact in
mind that we still have a
limited overview of the
ecosystem on the North Sea
and therefore do not know
what will happen if we use

**Based on a 1MW solar park, a lifetime of 30 years generates 1000
full load hours and an investment of 1000.000 euros. Results in an
LCOE of 3.33 cent/kWh

Societal and environmental effects
Two main social effects are identified in the data
gathering process.
•

•

•

•

Offshore solar has no visual pollution
because size is determined in the horizontal
direction and not in the vertical direction,
as is the case for wind turbines.
More than 50% of the entire world
population lives within 100 km of an
oceanic coast. The energy production of
offshore solar can therefore be used for
these regions (Golroodbari and Sark, 2020).
Offshore wind is seen as a more attractive
sustainable technology because it is a socalled proven technology compared to
offshore solar. The upscaling of offshore
wind from 10 to 21 Gw on the Dutch North
Sea is an indication of this view
(Noordzeeloket, z.d.).
The North Sea farm, an offshore location
for experimental innovations where the
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the North Sea more
intensively.
Ecologists must be included in
the design process

Ecologists have to be part of
the preliminary exploration,
exploration, planning and
construction. In other
words, be part of the whole
realisation process.

Change in primary production
can occur but is highly
determined by location

The research of Hooper,
Armstrong and Vlaswinkel
(2021) mentioned that up to
20% coverage of the model
surface with PV platforms,
change in specifies
production is less than 10%.
Ecologists indicated that a
10% reduction in primary
production is significant but
is highly determined by the
location.

The ecosystem of the North Sea
is not homogenous

Some locations in the North
Sea have a richer ecosystem
than others due to the
concentration of nutrients.
Ecologists indicated, for
example, that coastal areas
from 8 to 12 meters are
sought-after areas for birds.
The location chosen for
installing offshore solar is
therefore important and
should be taken into
consideration because the
ecology of the North Sea is
not homogeneous.

Offshore solar can start on a
small scale but can result in
massive instalments, just as is
observable with offshore wind

Decision-making v.s. knowledge
development

Ecologists are concerned
that policies begin with only
a relatively small amount of
offshore solar and that, just
like offshore wind, the end
result is that a significant
amount of offshore solar is
realised without having a
clear understanding of what
the ecological effects are.
With incremental upscaling,
we can observe the
ecological effects in time
before moving on to further
upscaling. Otherwise, we
will see the effects too late.
A balance must be
established between
knowledge building VS the
speed of decision making.

Table 6; describes the concerns that ecologists have regarding
offshore solar (Interview ecologists Rijkswaterstaat, 2022).

Spacious Planning & Subsidies
Spacious planning

Map 1: illustration of the current activities in the economic zone of
the North Sea (Noordzeeloket, z.d.).

Map 1 illustrates that a significant amount of human
activity is already in progress on the (Dutch) North Sea,
which makes the spacious planning of any activity,
including offshore solar, a challenge. These activities
(Noordzeeloket, z.d.) include the following:
•
•
•
•
•
•
•
•

Shipping
Natura 2000 (ecologically protected area)
Oil and gas platforms
Military zones
Fishing areas
Discharge area (for ships)
Sand extraction
Anchorage (for ships)

Another important aspect is the available space
between wind farms that can be used for offshore solar.
Table 7 gives an impression of how much offshore solar
can be generated between the planned wind farms.
Note that offshore solar does not need additional space
on the North Sea, which is not true for new planned
wind farms. This means that offshore solar can (partly)
be substituted for the future planned wind farms. For
example, instead of choosing 40 GW of offshore wind
20

energy, the choice can also be to choose 20 GW of wind
and 40 GW of offshore solar. This combination results in
a total generation of 140 TWh and does not need
additional space but only needs the 12% space between
existing wind farms.

parks can be
realized in 2025
(possible)
veerkrachtplan EUcovid fonds

General subsidy
for reducing the
economic impact
of corona

750 billion

GW offshore
wind

+ GW offshore
PV

Total energy
generation

The coverage
rate of space
between
windfarms

Table 8; an overview of available subsidies for offshore solar
(Vogelsang, 2021; RVO, 2017; RVO, 2019; RVO, 2022; interview
business developer Oceans of Energy, 2022).

70 GW

0

350TWh

0

20GW

0

100TWh

0

20GW

20GW

120TWh

3%

20GW

40GW

140TWh

6%

20GW

80GW

180TWh

12%

20GW

120GW

220TWh

18%

If a commercial party is interested in the space between
wind farms as described in its Gebiedpaspoort the party
can apply for a permit at Rijkswaterstaat. A
Gebiedspaspoort of a wind farm describes what a wind
farm looks like, what space is available and which
activities are preferred.

20GW

150GW

250TWh

22,5%

20GW

200GW

300TWh

30%

20GW

250GW

350TWh

37,5%

Permit requesting

The steps for applying for a permit are described below:
1. Preliminary consultation. More specific, a
discussion takes place with Rijkswaterstaat
about the activity the commercial party want to
start and what is required. This discussion is to
optimally fit the activity into the wind farm and
to make the permit application run as smoothly
as possible. An important aspect in this phase is
the effect of the activity or system on:
a. non-native species
b. the ecological carrying capacity
c. Nutrient extraction or supply
d. Additional risks for species, e.g.
attracting birds

Table 7; an impression of the offshore solar capacity that can be
installed between wind farms and the corresponding coverage rate
of the area that is covered with offshore solar panels.
* based on PV cell efficiency of 30%
* Based on 180 MW per/ km2 offshore wind farm

Subsidies
Table 8 describes the four subsidies that are currently
available for offshore solar. The MOOI, DEI+ and HER
are provided by the Dutch government, while the EU
scores are granted by the European Union.
Subsidy

Description

Total budget

MOOI
(Missiegedreven
Onderzoek,
Ontwikkeling and
Innovatie)

For innovative
projects that focus
on climate change
in partnership with
other
organisations

81.4 million

DEI+ (Demonstratie
Energie- en
klimaatinnovatie)

For innovative
demonstration
projects that
reduce CO2
emissions

70.0 million

HER (Hernieuwbare
energiesubsidie)

Innovations that
reduce CO2
instead of just
producing
renewable
(sustainable)
energy

20 million

EU-scores (European
Scalable Offshore
Renewable Energy
Source)

For wind, wave
and offshore solar
technologies so
that bankable
hybrid offshore

45 million

If the activity is on a larger scale and large-scale
effects cannot be excluded, environmental impact
assessments can be requested.
2. Pre-assessment phase. Studies if the preferred
area of the commercial party matches the area
that is described in the Gebiedspaspoort. If this
is not the case, other areas are studied that
could be an option.
3. Start formal procedure. A permit can be
requested and reviewed. Three factors are
important for requiring the permit besides the
regular assessment criteria of the Water Act.
a. Safety aspects:
i. Construction is designed in such
a way that the risk to people
and the environment
throughout the entire life cycle
is acceptable.
ii. It is described in the application
how the structure will be
secured so that it does not drift.
iii. Offshore resilience of your
installation with is
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demonstrated; for example, a
risk analysis, tests and strength
calculations are done.
iv. A safety plan for working at sea
is described.
v. Maintenance is done during the
day.
vi. Wind farm areas are avoided in
bad weather.
b. Liability. Costs are taken into account
from any damage the organisations
may cause to turbines and/or infield
cables.
c. The party has liability insurance that
offers sufficient cover.

Cost reduction
Interviews indicate that scale advantages are the most
important factor in reducing the cost (interview
business developer Oceans of Energy, 2022). With an
increase in the installed capacity of offshore solar, the
economic expenses per offshore PV system are
reduced. Oceans of Energy, therefore, argue that a
special category in de SDE subsidy is required until
offshore solar is on a scale that Wright’s law is
favourable enough that subsidies are no longer present
(interview business developer Oceans of Energy, 2022).
An interesting finding is that with the increase of the
size of wind turbines, the area available between wind
turbines is also increased because of the wake effect.
With the increase of other human activities on the
North Sea and also other activities between wind farms,
the applicability of Moore's law can be questioned.
Although, start-ups mentioned that offshore PV systems
can be placed at the side of wind farms and can be
connected in a long rectangle (interview business
developer Oceans of Energy, 2022).
In addition, the offshore solar start-ups explained that
they want to place their installations close to the shore
because operation and maintenance (O&M) costs will
be significantly reduced due to transport cost reduction.
These O&M costs have a significant effect on the total
business case of offshore solar. Installation close to the
shore is, therefore, attractive (Interview CTO & CoFounder SolarDuck, 2022).

Policymakers have developed clear goals for offshore
wind. Currently, the plans describe 21 Gw of offshore
wind in the Dutch economic zone and between 60-72
Gw in 2050. The provisional plan for 2050 is 300 Gw of
offshore wind with an additional 40 Gw of blue energy
(includes tidal, wave, osmosis but also offshore solar).
For offshore solar, it was explained that they want to
have offshore solar as an option but have not made a
decision if they are really going to choose large-scale
offshore solar. In addition, it was elaborated that wind
energy is a must-have, and multi-use between wind
farms is a nice to have.
TNO indicated that the potential of offshore solar is
between de 25 and 45 Gw in 2050 in the North Sea. In
addition, they mention that offshore solar has
“substantial potential (…), but it is still in a relatively
early stage of development.” (TKI Wind op Zee, 2022, p.
41). In addition, they concluded that the TRL of offshore
solar is in the range of 4 and 5 (TKI Wind op Zee, 2022).
One of the start-ups argues that the TRL of offshore
solar is between the range of 6-7. They based the
potential of offshore solar on how much energy the
Netherlands needs in 2050, how much can be
generated on land and what the remaining energy gap
is that must be generated on the North Sea. With this
approach, they concluded that the potential for
offshore solar will be between 200 and 400 Gw in 2050.
Another start-up that is also focusing on offshore solar
has a vision of installing 2000GW/year in 2030
(interview business developer Oceans of Energy, 2022;
interview CTO & Co-Founder SolarDuck, 2022).

Social network
This section of the results focuses on the social
networks of (offshore) floating solar. Five consortiums
have described that focus on (offshore) floating solar
and work together in solving (technical) challenges. In
the interviews with SolarDuck, TNO and Marin, it was
explained that there are four large incumbents that are
direct or indirect connections to the development of
offshore solar. These are the following:
•
•
•

Vision
The interviews with start-ups, TNO and policymakers
have indicated that there is no clear vision that is
shared by all the actors. Instead, stakeholders have
different views of the potential of offshore solar that is
shortly addressed in this section.

•
•
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Equinor (Norwegian oil and gas leader, works
together with Moss Maritime).
Saipem (Italian oil and gas leader that is the
owner of Moss Maritime).
Engine (France multinational utility company,
owner of Tractebel).
Statkraft (largest Norwegian energy company,
owner of Oceans Sun).
Damen Shipyards (Dutch shipbuilding group,
owner of SolarDuck).

Sun on Sea
The consortium Sun on Sea has a great number of
members, as figure 21 illustrates, including Eneco and
Vattenfall. However, it must be mentioned that this
consortium focuses mainly on floating solar for inland
waters. On the other hand, in the last couple of years,
offshore floating solar is also a serious topic that has
been addressed (Zon op water, n.d.).

the transformer station must be strong and flexible
enough to withstand different waves and current
conditions. The research results can be applied to
theoretical concepts about the effect of North Sea
conditions on cable infrastructure and translated into
realistic solutions. The results can also be used to
optimize the design of cable protection systems (Zon op
Water, 2022).

WindForce

Figure 8; the members of consortium Sun on Sea (Zon op water,
n.d.).

In addition to the precious mentioned consortium,
there are three other consortiums that focus on specific
technical challenges for offshore floating solar. Each of
them received a subsidy of 100.000 euros (Zon op
Water, 2022).

BOC
The first project exists out of SolarDuck in collaboration
with TNO. The research focuses on the connections
between the floating solar systems above the 10 Mw
that must cope with the high waves and high winds.
These connections must be flexible and, at the same
time, a high required strength. TNO and SolarDuck will,
therefore, jointly develop a robust coupling in this
research that has both resilient and damping
properties. During the research, the spring/damper
characteristics will be determined under various
conditions on the basis of really large tests at TNO. The
calculation method to be developed will be validated on
this basis. This is expected to result in a significant
reduction in peak loads and vibration levels. This can be
beneficial in reducing the mass and costs of the
coupling and construction of PV installations (Zon op
Water, 2022).

Wind Induced Dynamics of Floating Offshore solar
(WindForce) is the name of the latest project submitted
by SolarDuck in collaboration with Marin. A large part of
the sea areas is sensitive to combinations of high wind
speeds and waves. In the North Sea, for example, a
combination of waves of 14 meters and wind speeds of
more than 32 meters per second can occur. Since
floating offshore solar parks preferable consist of large
surfaces with a low construction weight, in order to
reduce the associated costs, it is inherently sensitive to
wind loads. The combination of wind dynamics with
waves and coupled structures is at the current end of
what is possible in modern modelling techniques (Zon
op Water, 2022).

Tractebel
Tratebel itself is an international company of Belgian
origin (owned by Engie) which provides consultancy and
engineering services in energy, water, nuclear and
infrastructure. It is the leader of a consortium that
exists out of the following organisations:
•

Jan De Nul Group (a Belgian company that is
one of the largest dredging companies in the
world)
DEME (also a dredging company)
Soltech (provider and R&D of solar cells)
Ghent University

•
•
•

Summary of results
A significant amount of data is collected, and to provide
a clear overview, Table 6 gives a summary of the main
results.
Results
Seven organisations that develop offshore solar designs are
collected:

CeFlaro
The second project, Cables in Floating Solar (CeFlar),
exists out of a collaboration between Oceans of Energy
and Deltares. In the Cables in Floating Solar project,
Deltares and Oceans of Energy will investigate the
effect of waves and currents on the electricity cables of
a solar park in typical North Sea conditions. The cables
that carry the electricity from the floating solar farm to
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•
•
•
•
•
•

Oceans of Energy
SolarDuck
Tractebel
Swimsol
Bluewater Energy & Genap
Ocean Sun

•

HelioRec

Different mooring concepts are identified that are suitable for
different seas.
•
•
•
•
•
•
•

Taut-line systems
SALM
Catenary
Multi-catenary.
SALM.
CALM
Lazy-S

Key development concepts are identified:
•
•
•
•

Reducing operation and expansions (OPEX)
Innovation in tandem PV cells
Collecting additional data for LCOE calculations
Materials aspects for long-term operations

Infrastructure adaptions:
•

Three grid connection options:
1. Inter-array cables
2. Connection to wind turbines
3. Direct connection to Tennet platform
•
Hydrogen infrastructure
▪
Offshore solar on top of offshore wind
and electrolyser strengthen the business
cases of each other
Social & environmental factors
•
•
•

No horizontal pollution
More than 50% of the entire world population lives
within 100 km of an oceanic coast
Dominant ecological concern is the block of sunlight

Discussion
In the previous section, the dry data is described. This
part of the research interprets the data by discussing
the six propositions (sustained expectations) that were
developed in the literature part before the field study
was conducted. Each of the propositions is tested in the
empirical setting by collecting the corresponding data.
With this approach, a discussion can be formalized to
what extent the propositions are true, which is the main
focus of this section. Table 10 gives a summary of the
collected data for the relevant proposition.
Propositions

Results

Spacious planning on the
North Sea can be
problematic. Is floating solar
still economic attractive if a
large-scale implementation is
not possible due to surface
area competition?

Offshore solar becomes economic
more attractive when implemented
on a large-scale (interview business
development manager Oceans of
Energy, 2022). This is known as
Wright’s law (Wright, 1936). At the
same time, only a relatively small
surface area is needed for still largescale implementation, so
considerable cost reduction is still
possible (see table 9).

Powerful actors have not
(yet) joined the network.

The opposite is true; five big players
in the energy sector are identified
that direct or indirect made
investments in offshore solar
development (Interview CTO & CoFounder SolarDuck, 2022).

Technical challenges remain
for rapid large-scale offshore
solar, and as a result, no
dominant design has been
established.

Dominant design is not yet
established because it is currently
unclear which design, on the water
vs of the water design, is technical
and economical most attractive. The
technical problems that Ocean Sun
had sustained this statement (see
the result section of Ocean Sun for
further details).

Combining a hybrid offshore
wind-solar park with
hydrogen storage offers
multiple benefits.

Hydrogen storage is attractive for
long distant transport (Peters,
Vaessen, Meer, 2020), but the
nearshore installation of offshore
solar is attractive due to the
reduction in M&O costs (interview
CTO & Co-Founder SolarDuck ,
2022).

The negative ecological
effects of offshore solar are
less significant than floating
solar on inland waters.

Too little data about the ecosystem
of the North Sea is available to
make a mature judgement.
Knowledge development VS
decision-making is an important
aspect of offshore solar instalment
(Interview ecologists
Rijkswaterstaat, 2022).

Policies & regulations
•

Spacious planning is challenging due to increasing
human activity on the North Sea.
•
For 40 GW of offshore solar between a wind farm of
20 GW results in a coverage rate of 6 %.
•
Four subsidies are available for offshore solar
o DER+ (total 81.4 million)
o HER (total 70.0 million)
o EU scores (total 20 million)
o MOOI (total 45 million)
o (Possible) Veerkrachtplan EU-covid fonds
(750 billion)
•
Permit requesting for multi-use is available
Cost reduction
•

For every doubling of production, costs decline at a
consistent rate (Wreights law).
•
Reducing O&M costs is vital for realizing offshore
solar farms on the sea.
Social network
•
•
•
•
•

BOC (the connection between solar systems)
CeFlair (focus on strong and flexible cables)
Windforce (focus on wind dynamics)
Zon op Zee (partly focused on offshore solar)
Tractebel

Table 9; overview of the main collected data.
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Learning effects take place in
some but not all dimensions.

•

Development in tandem
cells is taking place and
can be beneficially for
offshore solar if they can
be manufactured price
effectively (NREL, 2020).
•
The learning effect
regarding LCOE cannot
(yet) be judged due to the
lack of projects that are
realized.
•
Different mooring
concepts are known in the
industry (TKI Wind op Zee,
2022).
Table 10; overview of the propositions and the corresponding
collected data (see for further details in the result section).

Discussing the propositions
Spacious planning
The first proposition argues that offshore solar becomes
economical attractive when installed on a large scale
but addresses at the same time that surface area on the
North Sea is becoming scarce due to other human
activities. Examples are the increase of shipping (which
increases the possibility of collision), sand extraction,
military exercise areas, nature 2000 areas, oil platforms,
fishing areas and many other activities. However, the
results also show that only a few percentages of area
surface are needed between wind farms for still
generating a significant amount of energy, making
Wright’s law still applicable so that considerable cost
reduction can still be realized. In other words, while
offshore solar needs a considerable amount of area to
realize cost reduction, this area is only a few per cent of
the total area available between wind farms.

Powerful actors
The literature study of this thesis could not identify
incumbents in the network of offshore solar properly
because there are not directly investing in offshore
solar. Support for this statement can be found in the
results section that describes that SolarDuck is a spinoff and Tractebel is the engineering agent of the largest
utility company in the world. The incumbents are
therefore operating in the background and could not be
identified on the first side. Moreover, it is interesting to
observe that such experience incumbents in the energy
sector (such as Equinor and Saipem) are investing with
their exuberant resources in offshore solar. It can
therefore be discussed that if such experience energy
incumbents are investing in offshore solar, there is true
potential hiding in offshore solar.

Dominant design & technical challenges
Two rough classifications of designs can be identified
based on the collected data, on the water design and
off the water design, with each own advantages and
disadvantages. Tables 11a and 11b interpreted the data
by making trade-offs. While the researcher is aware
that there are more factors to be taken into account,
these tables are for impression purposes.
Six organisations are found that are currently working
on offshore solar, each with their own design, indicating
that a dominant design is not yet established. More
support for this statement is that Ocean Sun had some
technical issues with its design, indicating that the
search for an optimal design is still in process. Applying
the MLP framework on this part, the transition process
of offshore solar is still far away from establishing itself
in the regime because there is still considerable variety
in designs. The innovation literature indicates that the
road off offshore solar and its establishment in the
regime is characterised by failed designs, gaining
experience and one or two organisations that capture
most of the market share (Srinivasan, Lilien &
Rangaswamy, 2006).
Advantages

Disadvantages

Less wave slamming of water
mass against PV panels (Senior
Scientist at TNO).

More susceptible to the wind
(Interview senior project
managers Marin, 2022)

Off the water, the design
creates space for air for
ecosystem life (Interview CTO
& Co-Founder SolarDuck)

The additional amount of
material for floaters results in
more expensive production
(Interview senior project
managers Marin, 2022)

Off the water results in fewer
algae growth (Interview CTO &
Co-Founder SolarDuck)

Less cooling effect of water
results in a decrease in
efficiency compared to the
water design (Golroodbari and
van Sark, 2020)

Standard PV panels can be
used that offer mass
production (Interview CTO &
Co-Founder SolarDuck)

x

Table 11a: trade-offs characteristics for off-the-water design (own
creation)
Advantages

Disadvantages

Less susceptible to the wind
(Interview senior project
managers Marin, 2022)

Coating is needed for seawater
protection (Interview senior
project managers Marin, 2022)

Cooling effect due to water
contact results in an increase
in efficiency (Folkert, 2017)

Expensive PV panels are
needed that can withstand
wave slamming (Interview
senior project managers
Marin, 2022)

Cleaning of PV panels is partly
done by waves.

Additional area is in contact
with water which results in an
increased amount of algae
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growth (Interview CTO & CoFounder SolarDuck, 2022)
Table 11b: trade-offs characteristics for an on-the-water design
(own creation)

Hydrogen infrastructure
Data has been collected that strengthens the
proposition that offshore solar in combination with
offshore wind and hydrogen have cumulative positive
effects. The most important factor is that by installing
offshore solar, the full load hours of the electrolyser are
increased (Ecofys, 2018 ). This result in a shorter
payback time for the electrolyser, which makes the
business case of an electrolyser on the North Sea more
attractive in combination with offshore solar (Tennet,
Gasunie, & Energienet, 2022). Visa versa, because solar
energy can be converted to hydrogen when no capacity
is available on the grid, hydrogen also strengthens the
business case of offshore solar.
Including the MLP framework again in this discussion,
the framework suggests that offshore solar can only
become part of the regime when the current regime is
de-aligned and a window of opportunity emerges. It can
be observed that the current infrastructure on the
North Sea is beginning to change with the additional
energy that needs to be stored and transported (dealignment of the regime) due to the increased demand
for wind energy (landscape pressure).

Ecological effects
The proposition state that installing floating solar on the
North Sea will have a less significant effect compare to
installing floating solar on inland waters. No judgement
can be given due to a lack of data regarding the
ecosystem of the North Sea. Ecologists suggest
developing a computer model that describes, calculated
and predicts the long-term and indirect effects of
offshore solar. It is argued that such a model should be
updated continually with the increasing human activity
on the North Sea. Furthermore, it is mentioned that the
speed of decision-making and knowledge development
regarding the North Sea ecosystem can be difficult. This
is because decision-making regarding human activities
on the North Sea must be made while little knowledge
is available about the long-term and indirect effects.
Furthermore, ecologists have indicated that offshore
solar can start on a small scale, but, just as is observable
now with offshore wind, massive upscaling can occur.
The offshore wind started with a few MW of capacity,
and the current plans describe 21 GW in 2030, as is
mentioned in the results section. However, it is unlikely
that the North Sea in the future will have the largest
offshore solar park in the world because, near the
equator, significant more sunlight is available, making

these locations fare more suitable for large-scale
offshore solar. That is the reason why the company
Swimsol is already installing offshore solar near the
equator, as the result section mentioned. But the
Netherlands has the resources available, including
maritime knowledge and financing, for developing
offshore solar, making it an interesting export product
when fully developed. From an MLP perspective, the
Netherlands is in the ideal position to develop offshore
solar so that the window of opportunity can be used
maximally.

Learning effects
While the literature shows that the average increase in
the efficiency of PV cells only increases by 1% (see
figure 8), the result section indicates that current
tandem PV cell innovation can already reach an
efficiency of 47.1%. This means that the innovation of
tandem PV panels for offshore solar can be an
important factor in reducing the amount of surface area
while generating the same amount of electricity and
reducing the LCOE if tandem cells can be manufactured
economically effectively. While Moors's law is
applicable to ordinary PV cells, it could also be
applicable to tandem cells.

Going back to MLP
An important question that must be discussed is the
following: is offshore floating solar sufficient developed
to make use of a window of opportunity as is discussed
in the MLP framework. A straightforward answer is not
possible due to the many factors that must be taken
into account. However, taking in mind that there is no
dominant design established, the increasing space
competition on the sea and the unclear ecological
effects can indicate that offshore solar is still
underdeveloped to make maximum use of the window
of opportunity when it presents itself. In addition, one
can argue that such a window of opportunity is already
taking place with the increasing energy prices and the
motivation in Europa to reduce its dependency on
Russian fossil fuels due to the war in Ukraine. But such
external effects are outside the scope of this research.
Nonetheless, such as view would suggest that support
of policymakers for the vision and further development
of offshore solar becomes urgent because the chance of
missing the window of opportunity is increasing over
time. This discussion can therefore be brought back to
the simple statement: it is now or never for offshore
solar.

Filling up the research gap
It is important to note that all the literature that is
discussed affects each other. So are the business
aspects, such as the LCOE development, highly
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influenced by the M&O, which is again linked to the
design aspect and innovation, e.g. tandem cell
innovations. It is the strength of this thesis that all these
literature topics are brought together and are extended
by the knowledge that is provided by 17 interviews that
were previously not yet written down. These two were
essential for describing how 38 GW of offshore solar
and above can be realized on the Dutch North Sea. The
managerial section explains the critical aspects of
realizing offshore the 38 Gw offshore solar.

Limitations
Although this research has collected a wide reach of
data with the use of interviews, some important parties
could not be contacted. Crosswind, for example, would
be an interesting party for an interview because they
are going to construct an 0.5 MW of floating solar farm
between their wind farm Hollandse Kust Noord.
Although there was communication between the
researcher and Crosswind, no interview could be
planned. A reason for the reticence of Crosswind could
be that Crosswind is currently in discussion with one or
two start-ups for the purchase and instalment of
offshore solar systems. Greenpeace was also contacted
to identify what their viewpoint is regarding offshore
solar, but due to time limitations, no interview could be
planned.
For the economic part of the study, limited data about
the OPEX and CAPEX of offshore solar systems could be
collected because only one offshore solar pilot project
is currently realized. As a result, limited insight is given
into the LCOE development of offshore solar. Future
research could study the LCOE development in more
depth when more offshore solar projects are realized,
and more data is available.
Because of the lack of offshore solar projects that are
installed, learning curves were hard to study. More
precise, too little statistical data was available for
concluding what the cost reduction is for every
cumulative doubling of installed capacity. The advice for
further research is to start the study when data is
available.
In addition, in total, there were ten interviews
recorded, but seven other additional interviews were
conducted. However, these last six interviews could not
be recorded due to confidential trust issues. However,
these interviews were still helpful for the research for
getting a broader and clear view of the development of
offshore solar and contributed to the quality of this
thesis indirectly. Finally, multiple presentations were
given to departments at Rijkswaterstaat, and the visit to
the congress Sunday provided the researcher with
significant data and feedback that could not be

recorded but was indirectly integrated into the
research.

Further Research
This research describes the organizational network of
offshore solar and focuses, among other things, on
consortiums where organizations work together to
solve a specific technical problem. Further research can
focus on specific organisations and study what kind of
steps or phases they need to undergo or undergo to
develop a strategy that is suitable for realizing offshore
solar on a large scale. In addition, with the upscaling of
offshore solar, the organizational network will change,
and further research can study these organizational
network dynamics.
This research has indicated that the business case of an
offshore electrolyser can have the benefits of the
additional full load hours that offshore solar provides.
Because hydrogen becomes more economical attractive
fare on the sea, while offshore solar becomes attractive
economic near-shore, further research can make a
computer model that locates the so-called sweet spot.
The OPEX of offshore solar and the hydrogen price will
be two important variables.
Wright’s law, the effect that every doubling in
production, cost decline at a consistent rate, differs in
each industry. In the aircraft industry, the effect is, for
example, 20% (Wright, 1936). Further research can
study what the exact learning curves are for offshore
solar and what the effect that has on the amount of
subsidy that must be reserved for offshore solar. More
precisely, future research can study to what extent the
following proposition is true: learning curves that have
already taken place in offshore wind and PV industries
are beneficial for the learning curves of offshore solar
due to the similarity of industries.
Ecologists have rightfully addressed the concern of the
block of sunlight and what (in)direct effects that can
have on the ecology of the North Sea. Further research
can study the ecology of the North Sea by developing a
computer model that describes, predicts and calculates
the long-term cumulative effects of the activity on the
North Sea. Such a model should be continually updated
with new data. In addition, further research can also
focus on translucent solar panels. To be more precise,
which part of the electromagnetic spectrum do the PV
panels need for generating electricity and which part of
the electromagnetic spectrum the microorganism in the
North Sea needs. A hypothesis can be that these two do
not compete with each other for the same sunlight
frequency.
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Finally, the findings, conclusion and recommendations
of this research can be used for developing an extended
roadmap for offshore solar.

Managerial Implications
The Ministry of Economic Affairs and Climate mainly
focus on offshore wind and nuclear energy for the
energy transition, which has its (dis)advantages. This
work shows that offshore solar can make a major
contribution to the energy transition with 38 GW, which
will generate more than 10.000 additional GWH
compared to the three nuclear power plants that are
planned. For making use of offshore solar, the following
implications are important for its development because
offshore floating solar is currently not ready for largescale or market implementations in terms of
technology, economics, policy and ecological research.
Learning curves, mainly in the technology domain, have
first to take place. The learning curves can be realized
by providing a location for a large-scale offshore solar
field lab that, probably, can be subsidized by the
Veerkrachtplan EU-covid fonds. Acceleration of learning
curves can be realized by studying the following
domains:
•
•
•
•
•

Verifying ecological model studies with real-life
data.
Studying the optimization of logistics with other
offshore maintains.
Studying the cost decline with each doubling of
installed capacity.
Optimization of maintenance work at sea that is
linked to design aspects.
Studying different designs under long-term
weather conditions.

With a successful pilot, implementing offshore solar in
the wind farm, Borssele can be the following upscaling
step. Currently, a Gebiedspaspoort is developed that
offers areas for offshore solar. If no other multi-use
activity is planned, the remaining areas can also be used
for offshore solar, but the locations close to the Tennet
platform are most attractive.
In this part of the upscaling phase, it becomes vital to
increase the capacity of the emerging tugboats because
storms force ships to navigate straight through
windfarms in the past.
Next, the wind farms Hollandse Kust Noord, and
Hollandsche Kust West can also be used for offshore
solar in the future because they are installed near the
shore, which results in lower O&M costs compared to
fare offshore floating solar farms. However, these two
wind farms are encapsulated between shipping lanes,
which makes the protection of the windfarms crucial,

either for the wind turbines, floating solar or any other
multi-use activity between the windfarms.
From an economic perspective, installing wind and solar
energy 1:1 between these offshore wind farms is the
most attractive option because only 8% of the solar
energy needs to be curtailed of the total generated
wind and solar energy. But because already a great
amount of wind energy was already generated at that
time, the electricity price of that 8% curtailed solar
energy is relatively low. Going above the ratio of 1:1
results in an increasing amount of energy loss for
offshore solar farms because the wind farms will
properly claim the first right to use the grid.
To solve this competition for grid and cable use, the
owner of the wind farms should also be the owner of
the solar farms. Therefore, the advice is to give market
parties that participated in the tender for new offshore
wind farms significant extra points for installing
offshore solar farms or even integrating the two
tenders of wind and solar farms into one. With this
approach, there is only one wind and solar farm owner,
which avoids conflict of interest between the two
owners.
Finally, three options are possible for installing offshore
solar that goes above the capacity of the wind farms
and thus the capacity of the cables.
•
•
•

Expanding the cable capacity
Installing a battery for storing electricity
Installing an electrolyser

From an ecological perspective, offshore solar's effects
on the ecosystem of the North Sea must be studied
further, especially the block of sunlight. Because, in
general, only a limited amount of knowledge is available
concerning the North Sea's ecosystem. However, less
than 6% of the space between a 20 Gw windfarm is
needed for 38Gw offshore solar (see table 9 for further
details). Considering that the economic zone of the
north sea is 57.000 km2, a negligible part is covered
with offshore solar while still generating a considerable
amount of energy.

Conclusion
The growth of offshore wind in the North Sea is
accompanied by an increase in negative ecological
effects, making the development of offshore solar a
serious option for subsidizing a part of the wind energy.
In this way, offshore solar can play with 38GW a major
role in the Dutch energy transition.
The roadmap for offshore solar includes the following
crucial developments (I) Reducing collision risk between
shipping and offshore solar, which means additional
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protection for offshore wind farms. (II) The ecological
effects of offshore solar systems must be studied
further, but only a relatively small area of the North Sea
is needed for a significant amount of energy and cost
reduction due to economies of scale advantages. (III)
Additional cost reduction can be realized by developing
the Dutch North Sea grid and wind turbines in such a
way that future sustainable energy sources can be
installed smoothly, meaning that extra investments
must be made presently to prevent later expensive
adjustments to the offshore grid. (IV) Long-term policy
and one vision must be created by the Ministry of
Economic Affairs & Climate on which all the parties can
agree; the joint fact-finder method can be used. (V)
Further business case advantages can be realized by
combining offshore solar with offshore wind and
hydrogen infrastructure. (VI) Tandem solar panel
innovation is promising for space reduction of offshore
solar if it can be manufactured cost-effectively. (VII).
Technological learning curves take place in small
(inland) pilot projects. However, acceleration of
learning curves is possible by realizing large-scale pilot
projects on the sea.
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