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Abstract

Background: Our oceans remain one of the last untapped source of
renewable

energy. The predictability and reliability of ocean energy technologies
could con-

tribute significantly to the global energy transition. By 2022, ocean
energy, and

in particular wave and tidal energy have reached a pre-commercial
phase in their

development.

Methods: This study investigates the potential progression of the
wave and tidal

energy sector in the next three decades based on the offshore wind
sector in the

past three decades. Two different models were developed from the
yearly capacity

increase of offshore wind in Europe and applied to the wave and tidal
energy sector.

Results: According to both models, the 40 GW 2050 target for ocean
energy set by

the European Commission in 2020 could be reached if European
coastal countries

adopt supportive policies for both technologies immediately. A
sensitivity analysis

shows further that a small delay right now will have tremendous
negative impacts

to fulfill the EU goals and the contribution of ocean energy to the
energy transition.

Conclusions: In conclusion, the ocean energy sector shows a strong
growth potential and is capable of supporting the European and
global climate targets substantially by 2050. Learnings from the
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offshore wind sector can help scope and
support the growth of ocean energy technologies.
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Introduction

Ocean energy could contribute significantly to a reliable “Net
Zero Emmission” energy system by 2050'. Wave and tidal
energy are the two most advanced technologies in the ocean
energy sector. Their predictability and reliability can help to
improve grid forecasts and generally balance the grid to the
demand. Also, the global resource potential for tidal and
wave energy is around 30,700 TWh?, which is higher than the
total world-wide electricity consumption in 2019°.

In 2020, the European Commission has set three targets regard-
ing the cumulative capacity of ocean energy commissioned:
100 MW in 2025, 1 GW in 2030 and 40 GW in 2050*. The
European SET plan aims for a Levelized Cost of Energy
(LCoE) of 100 EUR/MWh for tidal energy and 150 EUR/MWh
for wave energy by 2030°. The capacity target and the LCoE tar-
get are highly interlinked and co-dependent. A higher installed
capacity leads to cost reduction and performance improve-
ments due to learning-rates and economy of scale. A lower
LCoE in turn leads to more capacity installed due to a more
competitive business-case.

By beginning of 2022 one-third of the time for the 2025 tar-
get has already passed but only 2% of the 100 MW goal in the
EU have been reached. However, around 112 MW of tidal and
wave power are in the project pipeline in European waters
(excluding the United Kingdom) and could be deployed by
2025°% Moreover, according to Ocean Energy Europe (OEE)
which used the Compound Annual Growth Rate (CAGR)
methodology, between 1.5 GW (low growth scenario) and
2.88 GW (high growth scenario) of tidal and wave capac-
ity could be deployed by 2030’. Regarding tidal power LCoE
reduction, Offshore Renewable Energy Catapult (OREC)
states that it could be around 181 EUR/MWh for a total of
100 MW installed, 108 EUR/MWh at 1 GW installed and 94
EUR/MWh at 2 GW installed®.

The development of the ocean energy sector is accelerating
according to the past year deployments and positive policy
developments in the EU*, US’ and UK'". Assuming that the
wave and tidal energy sectors are on the brink of commercial
feasibility, it is important to model the sectors potential con-
tribution to the energy system in the next decades. To do so,
the capacity growth of the more mature bottom-fixed offshore
wind sector can be applied to the expected growth of ocean
energy. The offshore wind and ocean energy sector share
many comparable aspects regarding installation environment,
required supply chain, operation and maintenance proce-
dures and electrical infrastructure. The offshore wind sector
has been growing exponentially in Europe since the 1990s. In
2021, almost 26 GW of offshore wind are commissioned and
100 GW more could be deployed by 2030'".

In this study, the three decades of offshore wind deployment
from 1990 to 2020 are analysed to draw various forecast sce-
narios on the operating capacities and LCoE reduction for
wave and tidal energy until 2050 in Europe. Based on the
forecast of the development of the tidal and wave energy
sectors the feasibility of meeting the European ocean energy
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targets regarding the capacity deployed and the LCoE is evalu-
ated. The behaviour of the offshore wind market is further
linked with policy support mechanisms showing the neces-
sity of supportive policies for ocean energy technologies in
European coastal countries.

Methods

The wave and tidal energy sector development trajectories
in this paper were based on the offshore wind growth in the
past three decades. A database listing all the offshore wind
farms in the pipeline, under-construction, commissioned and
decommissioned within Europe was used. Only bottom-fixed
offshore wind farms were considered as the offshore floating
wind sector in 2022 was still at the early stage of commercial
deployment. The first offshore wind array commissioned in
Europe was named Vindeby and was installed off the coast
of Denmark in 1991. The reference year for the offshore wind
sector was consequently set to 1991. Both commissioned
and decommissioned offshore wind farms were considered for
the study.

In total, the data from 119 offshore wind farms was used to
compute the results from eight different countries (BE, DE,
DK, FI, IE, NL, SW, UK) from 1991 until 2021. An expo-
nential growth curve and doubling time model was deducted
from this dataset and applied to the wave and tidal energy sec-
tor. For both technology types the starting year and value
equaling the offshore wind sector in 1991 were carefully
assessed.

Starting values and years

Between 2010 and 2021, 30.2 MW of tidal stream energy con-
verters have been installed in Europe since 2010, of which
11.5 MW were in the water in 2021 and 12.7 MW of wave
energy converters have been installed, of which 1.4 MW were
in the water in 2021">. A database of all those deployments
was used to define the starting year and value.

First, the status of the technology developers in the database
was checked and companies who have since dissappeared or
are hibernating for a prolonged time-period were filtered out.
Second, the starting dates of entering the pre-commercial
phase for both the wave and tidal sector were established based
on publicly available data. The basic characteristics of the
pre-commercial phase are: existence of Power Purchase Agree-
ments (PPAs), first array installations, increased investor inter-
est and policy support. Third, the starting year was matched
with the cumulative capacity of still operating technology
developers in that year resulting in the starting value.

For the tidal sector, 2016 was established as the year where
the sector entered a pre-commercial phase. The dominating
contribution came from Nova Innovation, Tocardo and the
SIMEC Atlantis project (including tubines from Andritz
Hydro). All three technology developers started to install the
first turbines of larger-scale projects at that time. Together
they had 3.05 MW installed which was considered the start-
ing value for tidal energy in 2016. Additional active European
technology developers who were not considered because
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they were in 2016 still more in a demonstration phase or
deployed outside of Europe include Schottel Hydro, SME,
Sabella, and ORPC.

For the wave sector, 2020 was established as the year where
the sector entered a pre-commercial phase. In 2020 the
constructions of the first MW scale systems started. Some
prominent examples are the Corpower Ocean Wave Energy
Converters array in Portugal, the Wello system in Spain and
the full-scale demonstration of the Irish developer Ocean
Energy in Hawaii. Others like EcoWavePower, Seabased and
AW Energy demonstrated large-scale devices or arrays with
power purchase agreements and showed a large project
pipeline. Combined with several additional offshore tested
technology developers a critical mass of wave energy compa-
nies has been reached. Altogether this means that the entrance
into a pre-commercial stage started in 2020. Altogether
those companies had a cummulative capacity of 6.11 MW
in 2020, which was chosen as the wave model starting value
(Table 1).

Table 1. Tidal and wave developers taken into
consideration to choose the starting values.

Tidal developers
Tocardo (NL)
Nova Innovation (UK)
SIMEC Atlantis Energy (UK)

Wave developers
40South Energy (IT)
AMOG (AU)
AW-Energy (FI)
CorPower Ocean (SW)
Crestwing (DK)
Eco Wave Power (SW)
Floating Power Plant (DK)
Fred Olsen Ltd (UK)
GEPS Techno (FR)
Hace (FR)
Havkraft AS (NO)
Marine Power Systems (UK)
Ocean Energy (IE)
Resen Energy (DK)
Seabased (IE)
SINN Power (DE)
Voith Hydro (DE)
Wave for Energy (IT)
Wavenergy (IT)
Wavepiston (DK)
Waves4Power (SW)
Wedge (SP)
Wello Oy (FI)
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An important difference between offshore wind and some bot-
tom-fixed tidal systems on the one side and wave energy
devices on the other side is the ease by which the later can
be deployed and towed back to shore for maintenance or
improvements. Therefore, the cumulative capacity of compa-
nies still actively operating in the sector was used as the starting
value for the wave energy sector, while only pre-commercial
deployments were used for the tidal energy sector.

Growth curve model

The first model - named “Growth curve model” - was devel-
oped based on an exponential fitting of the offshore wind
cumulative capacity over the years. Firstly, the data was col-
lected and only offshore wind farms commissioned and
decommissioned between 1991 and 2021 in Europe with
bottom-fixed foundations were taken into consideration. Sec-
ondly, the offshore wind turbine capacities were summed for
each year and the decommissioned offshore wind turbines
were subtracted whenever they have been decommissioned.
Thirdly, a cumulative sum over the years was computed.

In order to apply the growth curve from the offshore wind sec-
tor to the ocean energy sector curve fitting was applied. The
curve fitting was performed to achieve the highest correlation
between the function and the real cuve, determined by the
coefficient of determination R?> values. The most appropriate
function identified was an exponential split into three ten-year
intervals (coefficients of determination between 0.915 and
0.993) : the “lag phase” from 1991 until 2001, the “kick-off
phase” from 2001 until 2011 and the “growth phase” from 2011
until 2021 (and still going). If no intervals were considered
an even higher average coefficient of determination was
achieved (0.988). This, however, showed bad correlation with
the datapoints in early years with low cumulative capacity.
While the small values only led to small total derivation, the
difference to what was really deployed was a factor 10 in the
first 10 year interval (namely the “lag phase”). While this
divergence did not weigh strongly for the overall correlation
calculation it had a too strong influence on the prediction
of the early growth of the sector.

A larger number of intervals led to a better fit to the data
of offshore wind deployments, but it also led to undesired
effects. Especially as specific local events in the offshore
wind energy sector gained a too large weight in the curve fit-
ting. This was not in line with the purpose of predicting a
European growth trend for ocean energy.

The exponential coefficients of the growth curve were
obtained by using the curve_fit Python function, applied to the
following equation:

bt bt
Py =axe y+Pcum,0_a*e - (M
where a and b are the two coefficients computed by the
curve_fit function, P~ the cumulative capacity in MW, 7 the
number of years since the year of reference, P yand 7 the first
values of the interval. '
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The coefficients of the three exponential functions were then
applied to the wave and tidal energy sector. Depending on the
starting point, a 30-year period was not always sufficient to
reach 2050. In that case, the remaining years were extrapolated
with the exponential coefficients of the last interval.

The coefficient of determination R> was computed using the
following equation:

2
R2 —1- zi(ydataset,i - yfitting,i) 2)

— 2
Zi(ydataset,i - ydataset)

where y, . is the offshore wind cumulative capacity (from
the dataset), y, ~is the mean of the offshore wind cumu-
lative capacities for each interval and YViing. is the offshore
wind cumulative capacity given by the model. The closer R?
approaches 1 the better the correlation between the dataset
and the applied function. R? values above 0.9 are acceptable.

Doubling time model

The second model was based on the number of doubling
events during the 30-year period. A doubling event is defined
as the doubling of the installed capacity of the renewable
energy technology globally or in a certain area. The doubling
event computation is frequently used when analysing the
behaviour of a sector. In the renewable energy sector, it is
typically used for learning rates but it can also be useful for
other techno-economic calculations.

The doubling time method is equivalent to the Compound
Annual Growth Rate method which is used in other studies
forecasting the growth of the ocean energy sector’.

Not only the number of doublings were computed but also
the length of time between two doublings. These values gave
the opportunity to have a more relatable idea of how a sector
is growing. It was computed using the following equation:

n2

T,=(,—t)*—

a=-4 0 3)
a4

where, T, is the length of time between two doublings, ¢, the
first year of the interval, 7, the last year of the interval, g, the
cumulative capacity for the first year of the interval in MW
and g, the cumulative capacity for the last year of the interval
in MW.

The 30-year period was again split into six five-year inter-
vals to have a sufficiently high coefficient of determination
(R? = 0.995). A five-year interval was chosen and the growth
rate inside the interval was assumed constant. The values
used to compute the number of doublings were the same as for
the growth curve scenario, i.e. the cumulative capacity over
the years of the European bottom-fixed offshore wind farms,
minus the decommissioned offshore wind turbines.
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The number of doublings were computed using the following
equation:
k)
In—=
4
N=_ T “
n2

where N is the number of doublings, ¢, the cumulative capac-
ity for the first year of the interval in MW, g, the cumulative
capacity for the last year of the interval in MW.

The number of doublings from the offshore wind sector was
applied to the ocean energy sector using the following equation:

q=q,%2" (5)

where ¢ is the new value of the cumulative capacity for the last
year of the interval and ¢, the cumulative capacity value for
the first year of the interval.

Between the two boundaries of the 5-year interval, the
growth rate was assumed constant and the curve followed an
exponential growth following the equation displayed below:

€t
q()=qo*2"=gyxe"" (6)

where ¢(#) is the cumulative capacity after a timeinterval t, g,
is the cumulative capacity for the first year of the interval, T,
the length of time between two doublings (known thanks to
the offshore wind sector computing), r the constant growth
rate and ¢ the length of time in years.

Similar to the growth curve model and depending on the start-
ing point, a 30-year period was not always enough to reach
2050. In that case, the remaining years were extrapolated
with the average of the number of doublings for the last three
intervals known.

The real offshore wind cumulative capacity and the trendlines
from both models are displayed in Figure 1. The coefficients
of the trendlines and the number of doublings displayed
within the figure were then used to compute the forecasts for
the ocean energy sector.

The coefficients of determination R*> for the exponential fittings
of the offshore wind cumulative capacity in the growth curve
model and the doubling time model were all above 0.9 (and
even higher than 0.95 for two intervals of the growth curve
fitting and the doubling time fitting) which means that both
models were close to the original dataset.

Levelized Cost of Energy forecast

In addition, the growth model for wave and tidal energy were
combined with the LCoE forecast of OEE based on an ORE
Catapult analysis™® (2). The LCoEs were computed depending
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Growth curve model
2011-2021 Trendline

Doubling time model
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Figure 1. Offshore wind cumulative capacity over the commissioning years. (1) Growth curve model. The fitting curve is split into
three ten-year intervals: the “lag phase”, the "kick-off phase” and the “growth phase”. The coefficient of determination is higher than
0.9 for the three intervals. (2) Doubling time model. The whole period is split into six five-year intervals in order to follow the original
dataset closely. The global value of the coefficient of determination is higher than 0.99 which indicates that the model is close to the

original dataset.

Table 2. LCoE forecast from OEE.

Cumulative Tidal LCOE Wave LCoE
capacity (MW) (€/MWh) (€/MWh)

1 616 702

5 489 546

10 361 387

20 267 269

50 214 207

100 181 168

200 154 136

500 126 110
1,000 108 92
2,000 94 81

on their capacity which was aligned with the expected
commissioning year. The OEE dataset covers the LCoE for
a cumulative capacity between 1 MW and 2,000 MW, any
year with higher capacities then 2,000 MW was therefore not
considered.

These data points have been transferred into a curve by lin-
early interpolating between the values given in the table. The

cumulative capacity expected according to both models for
each year between 1 MW and 2,000 MW are then compared
to the curve to spot when there are matches between the
LCoE forecast and our models. The LCoE given by the curve
is then the one that can be expected for the commissioning
year that goes with the cumulative capacity.

Results and analysis

In order to understand the growth of the ocean energy sector
in the next three decades the exponential growth and doubling
time function were established for offshore wind (Figure 1)
and applied to the ocean energy sector. In 2016 and 2020 the
starting capacity for tidal energy was estimated to 3.05 MW
and the one of wave energy to 6.11 MW, respectively. Com-
bining the starting capacities and years of wave and tidal with
the exponential growth curve of offshore wind resulted in
two growth curves per technology (Figure 2, Figure 3).

The tidal energy sector entered its pre-commercial phase
in 2016. Therefore, the amount of capacity that could be
commissioned in the upcoming years according to the models
is higher than for wave energy. The analysis showed that around
50 MW in 2025 (half of the European target) and between
320 and 600 MW in 2030 would be achievable. Between 2040
and 2044, 10 GW could be deployed and in 2050 between
40.3 and 44.7 GW of tidal power could theoretically be
reached.

The wave energy sector reached its pre-commercial phase about
four years after the tidal energy sector in 2020. Therefore,
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Figure 2. Expected tidal cumulative capacity over the commissioning years. (1) Growth curve model - (2) Doubling time model. Both
models returned values with the same order of magnitude: between 46 and 58 MW could be deployed in 2025, between 323 and
594 MW in 2030 and between 40.3 and 44.7 GW in 2050. The red line displayed on the figure represents the tidal energy technical
potential limitation in Europe which is around 20 GW. This limitation will be reached between 2044 and 2047 according to the models.
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Figure 3. Expected wave cumulative capacity over the commissioning years. - (1) Growth curve model - (2) Doubling time model.
According to both models, between 16 and 35 MW of wave power could hit the water by 2025, between 89 and 119 MW by 2030 and
between 26 and 32 GW by 2050. As the wave energy technical potential in Europe is not expected to be reached by 2050, the sector will
likely keep growing significantly after 2050. The wave energy resource potential limitation (around 100 GW) is outside the graph boundaries

and will not be met by 2050 according to both models.

the deployed capacities in the upcoming years are lower than
for tidal. In 2025, between 16 and 35 MW could be com-
missioned and between 89 and 119 MW in 2030. According
to both models, 10 GW could be in the water in 2044. In
2050, between 26 and 32 GW of wave power could be
deployed in Europe.

Assessment of the resource potential

The results of the model were compared to the energy resource
potentials to verify if the results are realistic. Depending on
the technologies used to produce electricity, the efficiency
varies. Therefore, there is a difference between the theo-
retical resource potential, which covers the total extractable
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amount of energy, and the technical resource potential, which
includes limitations of current technologies.

For tidal energy, the technical resource potential limitation
taken into consideration for this study is 20 GW*3.

The 20 GW limitation for tidal cumulative capacity could be
reached in 2044 for the growth curve scenario and in 2047
for the doubling time scenario.

For wave energy, the technical energy potential in Europe
is around 95 GW (Schliitter et al.'*). According to both
models, this limitation is not expected to be reached by 2050.
Therefore, the expected cumulative capacity for tidal and
wave energy combined could reach between 46.6 and 52 GW
in 2050.

European targets

According to the models, wave and tidal capacity will be cru-
cial to meet the 100 MW target by 2025 set by the European
Union. The remaining capacity (less than 30 MW) could be
partly filled with salinity gradient power plants, OTEC power
plants or floating solar modules.

In the same way, the 2030 target of 1 GW will not be reached.
Depending on the model considered, between 44 % and 68 %
of the target could be filled with wave and tidal energy
(Figure 4). The remaining capacities would need to come
from other ocean energy technologies.

According to both models, the 40 GW target by 2050 is
expected to be overtaken by 6 to 12 GW. Furthermore, adding

500

400
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200

100 EUR/MWh target

Expected Levelized Cost of Energy (EUR/MWh)
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floating solar, salinity gradient and OTEC capacities, the
2050 target can be even further overtaken. Important to note
is that the UK was considered to contribute to the European
targets.

Levelized Cost of Energy forecast

Following the methodology given above, the expected LCoE
over the commissioning years for each model and each
technology are computed (Figure 5).

74 % |
2025
81% |
100 MW
68 % |
2030
44 %
1GW
+17 %)
2050
30% |
40 GW

O Growth curve model O Doubling time model

Figure 4. Completion percentage of the European targets.
According to both models, the 2025 and 2030 targets will not
be reached. Yet, the 2050 target could be overtaken. In order to
get closer to the 2025 and 2030 targets, intensive support from
European coastal countries are needed.

==@== Growth curve model - Tidal
Doubling time model - Tidal
=0 Growth curve model - Wave

Doubling time model - Wave

2030

2035

Commissioning year

Figure 5. Expected LCoE over the commissioning years (the OEE dataset give the LCoE between 1 MW and 2000 MW of
cumulative capacity). The 100 EUR/MWh target set by the European Commission could be reached, for both technologies, around
2035. The wave LCoE is higher than the tidal LCoE for the first capacities deployed but as more capacities hit the water, the LCoE for

both technologies comes closer together.
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It is generally accepted that a five-year delay between tidal
LCoE and wave LCoE will occur’. Yet, according to the
models, the delay should be around five years during the first
commercial deployment phase and then could shorten gradu-
ally until 2035 where the LCoE for both technologies will
likely be equivalent.

The European Commission set targets for wave and tidal
energy LCoE in the SET Plan®: 100 EUR/MWh for tidal energy
and 150 EUR/MWh for wave energy by 2030. The targets
for 2030 will be sligtly delayed. According to both models,
the 100 EUR/MWh target for tidal energy could be reached
between 2033 and 2035 and the 150 EUR/MWh target for
wave energy could be met in 2031. The forecasts given by
OEE and in this study show consistency with the new-
est developments in tidal energy. In particular the award of
41 MW of tidal energy in the UK at a strike price of 208
EUR/MWH aligns well with the predicted 214 EUR/MWh
for 50 MW",

Growth curve model
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Sensitivity analysis of both models

A sensitivity analysis was conducted for both models to under-
stand how the models react when the starting year and the
starting value vary (Figure 6). Three different starting values
(1 MW, 5 MW and 10 MW) and three different starting years
(2015, 2020, 2025) were computed.

The variation of the starting year moves the curve to the left
or to the right for both models. Therefore, as the growth is
exponential, the expected capacity in 2050 changes drasti-
cally. For the growth curve model, if the starting year happens
five years before, than the operating capacity in 2050 would
be multiplied by 2.2. On the contrary, if the starting year hap-
pens five years later, than the operating capacity would almost
be reduced by half. Regarding the doubling time model,
the variation is even higher. A decrease of five years in the
starting year leads to a 3.2 times higher capacity and an
increase of five years leads to a 2.3 times lower capacity.
The variation of the starting value does not have a significant

Doubling time model
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Figure 6. Sensitivity analysis of both models. - (1) Growth curve model, varying parameter=starting year - (2) Doubling time model,
varying parameter=starting year - (3) Growth curve model, varying parameter=starting value - (4) Doubling time model, varying

parameter=starting value.
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effect for the growth curve model as it is only moving the
curve up or down by the difference of the starting capacity.
Therefore, a 5 MW variation of the starting value leads to a
5 MW difference in 2050, which is insignificant compared
to the GW scale at this point. For the doubling time model, the
variation of the starting value has a significant effect. If the
starting capacity is doubled, then in 2050 the expected capac-
ity will be doubled too. The starting year and the starting
value are intrinsically linked but this analysis clearly high-
lights that a few years delay in the start of the commercial
journey will significantly influence the operating capacities in
2050.

Offshore wind support schemes

In 2022, five countries lead the European offshore wind market:
Belgium, Denmark, Germany, the Netherlands and the United
Kingdom with various offshore wind support mechanisms
(Figure 7).

The average length of time between the awarding of an off-
shore wind farm and its commissioning is around five years'.
Therefore, the effect on capacity installed of new sup-
port schemes only materializes five years after. To reach the
European targets for ocean energy but also for offshore wind,
shorter commissioning times are required. This result is
consistent with the 5-year delay between the establishment
of a new support scheme and the commissioning of offshore
wind farms in various European countries (Figure 7). There-
fore the ocean energy sector does not only need subsidies
but also needs to reduce the time needed for commissioning
of new offshore farms. The latter can be accomplished by an
already established offshore supply chain, usage of satellite
data to shorten MetOcean campaigns, a detailed generally
agreed on ocean spatial plan and parallel permitting proce-
dures instead of cascading ones taking all offshore renewables
into consideration.

Similar to offshore wind, these subsidies will allow wave and
tidal energy to mature and learn until they become profitable
without direct subsidies from the government (e.g. Dutch
offshore wind sector 2021). One way of structuring those
different support schemes and subsidies in a transparent way
ensuring the timely execution of projects, are offshore renew-
able tenders. Those tenders can specify what exactly the
government supplies, what the boundaries are and what the goal
of the tender is. A bidding system on those tenders increases
competitiveness and value for money. An important indi-
rect subsidy often interlinked with a tender structure is the
provision of the offshore grid. This comes with the positive
side-effect that the offshore grid will not only be optimized
on the project developers profit, but also on energy security
and overall system costs.

Best case scenario
If an uncompromising policy support is set quickly to assist the
tidal and wave energy sector growth, a very fast development

Open Research Europe 2023, 3:102 Last updated: 24 OCT 2023

of new or hibernating projects can be expected. It could
also lead to a consolidation of technologies with a standardi-
zation of components used in wave and tidal devices. This
standardization will further reduce the costs as supply chains
become more competitive and reliable. Moreover, the tidal
and wave sectors could benefit from the existing offshore
supply chain developed for the offshore wind sector.

By introducing support schemes to support the sector imme-
diately the “lag phase” that occured for the offshore wind
sector in the 1990s is avoided and the 2025 and 2030
European targets can be met as well.

The second phase of the offshore wind development started
around 2001 with the introduction of support schemes. When
computing the growth curve model using 2001 as the new
starting year for offshore wind and 2023 as the starting year
for both the tidal energy sector and the wave energy sector
(see Appendix, Figure 9), the 2025 and 2030 European tar-
gets regarding the operating capacity could be greatly overtaken
(Figure 8). The starting values taken into consideration
are 26.58 MW for the tidal sector and 9.57 MW for the wave
sector. These values are obtained by computing the growth
curve model using the initial starting points and considering the
expected cumulative capacity in 2023.

Discussion and conclusion

A huge amount of untapped energy is located in our oceans
and seas. Ocean energy technologies like wave and tidal
are needed to tap this last big reservoir of renewable enery
and are needed to meet a global “Net Zero Emission” energy
system. Europe is leading the ocean energy sector but the
US and China are also catching up. Only by a fast imple-
mentation of strong support policies to further develop it,
Europe will stay on top generating unique export opportuni-
ties. Doing so and taking all limitations into consideration
it is likely that both the wave and tidal sector will grow in a
similar fashion than offshore wind. In the last three decades,
more than 25 GW of offshore wind was commissioned in
European waters. This study, based on the development of the
offshore wind sector, forecasts around 50 GW of wave and
tidal operating capacity in Europe by 2050.

According to the models developed for this study, the full tech-
nical potential of 20 GW of tidal energy could be deployed
between 2044 and 2047. Following the offshore wind growth,
intermediate values between 46 and 58 MW in 2025 and
between 323 and 594 MW in 2030 are realisticly achievable .

Regarding the wave operating capacity, between 26 and 32
GW could be deployed by 2050. As the resource potential in
Europe for wave energy is far higher than that, further growth
after 2050 is likely. Moreover, between 16 and 35 MW of
wave energy could be deployed by 2025 and between 89 and
119 MW by 2030.
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Figure 7. (1) Offshore wind cumulative capacity over the years for each European country -
Belgium - (3) Offshore wind support schemes in Denmark - (4) Offshore wind support schemes in Germany -

for each MWh of electricity produced from offshore wind. The power plant operators can sell them on a specific
market and get additional revenues on top of the electricity market revenues.

A fixed sale price is guaranteed for each MWh of electricity produced.

A fixed sale price is guaranteed for each MWh of electricity produced on top of the revenue from the electricity
market.

The difference between the electricity market price and a pre-defined price has to be paid by one of the two parties
(namely the generator and the buyer). There are two different types of CfD: two-sided or one-sided. For the
two-sided CfD, if the trade price is higher than the predefined price, the seller will pay the buyer the difference and if
the trade price is lower than the predefined price, the buyer will pay the difference to the seller. In contrary, for the
one-sided CfD, even if the trade price is higher than the predefined price, the buyer will have to pay the difference to
the seller.

(2) Offshore wind support schemes in
(5) Offshore wind

support schemes in the Netherlands - (6) Offshore wind support schemes in the United Kingdom. The first figure highlights the five
European leading countries for offshore wind in terms of capacity deployed. Four different support schemes were used during the

past 20 years: Feed-in Tariff,

Feed-in Premium, Contract for Difference and Quota.
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Figure 8. Completion percentage of the European targets in the best case scenario using the growth curve model. The European

targets could be greatly overtaken if actions are taken now.

According to the models and based on the limited policy com-
mitments of FEuropean coastal countries to this date, the
European targets set for 2025 and 2030 (respectively 100 MW
and 1 GW of ocean energy) will not be met. In total, between
74 and 81 MW of wave and tidal energy could be deployed
by 2025 and between 442 and 683 by 2030. Other ocean
energy technologies such as OTEC and salinity gradient will
unlikely be enough to fill the gap in those years. In 2050, tak-
ing into consideration the tidal resource limitation, between
46.6 GW and 52 GW could be deployed, greatly overtaking
the European target of 40 GW.

Based on the results from both models and the LCoE forecasts
from OEE, the 100 EUR/MWh LCoE target for tidal energy
could be met in 2033 and the one of wave energy in 2035.
This cost reduction makes the sector cost competitive to other
energy sources. However, considering the international
developments in 2022 and the tremendously increased cost
of electricity one could argue that those technologies are
already now price competitive if being installed in arrays.

The main assumption of this study is that the tidal and wave
energy sectors will behave the same way as the offshore wind
sector did in the past. But if we want the ocean energy sector
to grow the same way than the offshore wind sector, we
need to be sure that the ocean energy sector benefits from the
same or, given the time constraint at hand, even better support
from European coastal countries. Moreover, the sooner the
supportive measures will occure, the higher the operating
capacity will be. As seen with the sensitivity analysis, a
five-year delay can lead to almost a 50 % decrease in the
operating capacity in 2050.

The growing of the offshore wind sector should be taken
as an example in terms of support schemes, but the ocean
energy sector can learn from previous misconceptions. In
particular a reduction of delays between the establishment

of a policy and when it is applied to a project and the
increased speed of permitting and consenting will be critical.
At the European level and for some European countries, the first
positive developments are visible (European ocean energy tar-
gets, European initiative to standardize and fasten permitting
procedures, UK’s contract for difference on tidal energy,
commitments of the Portuguese and Spanish government,
etc.). Overall, the ocean energy sector shows great potential
to support the European and global climate targets.

Data availability
Zenodo. European offshore wind farms and ocean energy
deployements. DOI: 10.5281/zenodo.7938413.

This project contains the following underlying data:

e Offshore_wind_farm_european_deployements.xlsx
(European offshore wind farms dataset used to forecast
the development of ocean energy in Europe in the
upcoming three decades).

e Tidal_Energy_Converters_European_deployements.xlsx
(Tidal energy converter deployments in Europe dataset
used to forecast the development of ocean energy
in Europe in the upcoming three decades).

e Wave_Energy_Converters_European_deployements.xIsx
(Wave energy converter deployments in Europe data-
set used to forecast the development of ocean energy
in Europe in the upcoming three decades)

Data are available under the terms of the Creative Commons
Attribution 4.0 International license (CC-BY 4.0).

Acknowledgements
We would like to thank Ocean Energy Europe for providing
their LCoE dataset and their ocean energy project database.

Page 12 of 21


https://zenodo.org/record/7938413#.ZGXyLnbMKUk
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Open Research Europe 2023, 3:102 Last updated: 24 OCT 2023

Appendix
= z
63771 MW 63754 MW
= 60000 M S 60000 2
) &
z z
g 2
3 34733 MW 5] 34716 MW
o 40000 o 40000
N 2
5 &
z E
g 17044 MW 5 17027 MW
° Resource limitation °
G 20000s"sssnusnnsnnsnnnnnnannnnnnn  Shaaaes 20000
= 6270 MW 2 6253 MW
B 1405 MW 9 1388 MW
3 216 MW 3 199 MW
= &
53] 0 m 0
2025 2030 2035 2040 2045 2050 2025 2030 2035 2040 2045
Commissioning year Commissioning year

Figure 9. Expected tidal and wave cumulative capacities according to the best case scenario using the growth curve model.
- (1) Tidal - (2) Wave.

References
1. International Energy Agency: Ocean power. 9. U.S. Department of Energy: DOE announces $27 million to accelerate ocean
Reference Source wave energy technology to market.
2. International Renewable Energy Agency: Innovation outlook: Ocean energy Reference Source
technologies. 10.  Amir Garanovic for Offshore Energy: UK's fourth contracts for difference
Reference Source round awards over 40MW of new tidal power capacity.
3. International Energy Agency: Electricity consumption. Reference Source
Reference Source 11, Global Wind Energy Council: Global offshore wind report 2021.
4. European Commission: An EU strategy to harness the potential of offshore Reference Source
renewable energy for a climate neutral future. 12.  Ocean Energy Europe: Key trends and statistics 2021.
Reference Source Reference Source
5. European Commission: Set plan - declaration of intent on strategic targets 13.  World Energy Council: World energy resources - ocean energy.
in the context of an initiative for global leadership in ocean energy. Reference Source
Reference Source 14.  Nyborg L, Schliitter F, Petersen OS: Resource mapping of wave energy
6. Ocean Energy Europe: Last stop to 2025 - A 2022 action plan to deliver on production in europe.
the offshore strategy’s ocean energy target. Reference Source
Reference Source 15.  Plamena Tisheva for Renewables Now: Four tidal projects to deliver 41 MW in
7. Ocean Energy Europe: 2030 ocean energy vision. UK under CFD scheme.
Reference Source Reference Source
8. Catapult Offshore Renewable Energy: Tidal stream and wave energy cost 16. Jansen M, Beiter P, Riepin L, et al.: Policy choices and outcomes for offshore
reduction and industrial benefit. wind auctions globally. Energy Policy. 2022; 167: 113000.
Reference Source Publisher Full Text

Page 13 of 21


https://www.iea.org/data-and-statistics/charts/ocean-power-generation-in-the-net-zero-scenario-2000-2030
https://www.irena.org/publications/2020/Dec/Innovation-Outlook-Ocean-Energy-Technologies
https://www.iea.org/reports/electricity-information-overview/electricity-consumption
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2020%3A741%3AFIN
https://setis.ec.europa.eu/system/files/2021-04/declaration_of_intent_pv.pdf
https://www.oceanenergy-europe.eu/files/last-stop-to-2025-a-2022-action-plan-to-deliver-on-the-offshore-strategys-ocean-energy-target/
https://www.oceanenergy-europe.eu/wp-content/uploads/2020/10/OEE_2030_Ocean_Energy_Vision.pdf
https://www.energy.gov/articles/doe-announces-27-million-accelerate-ocean-wave-energy-technology-market
https://www.offshore-energy.biz/uks-fourth-contracts-for-difference-round-awards-40mw-of-new-tidal-power-capacity/
https://gwec.net/global-offshore-wind-report-2021/
https://www.oceanenergy-europe.eu/wp-content/uploads/2022/03/OEE_Stats_2021_web.pdf
http://large.stanford.edu/courses/2018/ph240/rogers2/docs/wec-2016.pdf
https://tethys-engineering.pnnl.gov/sites/default/files/publications/schlutteretal2015.pdf
https://renewablesnow.com/news/four-tidal-projects-to-deliver-41-mw-in-uk-under-cfd-scheme-790888/
http://dx.doi.org/10.1016/j.enpol.2022.113000
https://ore.catapult.org.uk/wp-content/uploads/2018/11/Tidal-Stream-and-Wave-Energy-Cost-Reduction-and-Industrial-Benefit.pdf

O pen Research Euro pe Open Research Europe 2023, 3:102 Last updated: 24 OCT 2023

Open Peer Review

Current Peer Review Status: ¢ :

Reviewer Report 24 October 2023

https://doi.org/10.21956/0penreseurope.17180.r33209

© 2023 Breyer C. This is an open access peer review report distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.

?

Christian Breyer
School of Energy Systems, LUT University, Lappeenranta, Finland

The manuscript presents an investigation of scenarios on how ocean energy can be scaled up in
Europe using learnings from wind offshore.

Main items:
o How the capacity of tidal and wave is linked to LCoE (as shown in Tab. 2) remains unclear.
This gap needs to be filled. This gap may be larger, as directly or at least indirectly the
learning rate seems to be required, while this aspect is not addressed in the paper so far.

> It may be supportive to highlight the existing research gap in energy system studies that
often ignore wave and tidal power, as this leads to a lower awareness of the existing
options.

More scientific literature in the field of research helps for providing more context.

In the following you find all comments in detail, while most are smaller items

Abstract:

In the Results section of the Abstract you refer to targets of the European Commission and link
then to European coastal countries. Are the ‘European coastal countries' limited to the member
states of European Union? There is a large potential in the UK, while the UK does not belong to EU-
27, and thus, the UK cannot contribute to the targets of the EC. Wording clarification may be
helpful.

Keywords:
Are ‘wave power' and ‘tidal power’ more clear to highlight the electricity harvesting aspect of the

more general term of ‘wave’ and ‘tidal’?

Introduction:
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15t paragraph: wave and tidal are the most advanced ocean energy technologies, next to offshore
wind, better to expand the wording for inclusion of offshore wind. More literature references for
the wave and tidal potential may be helpful. Gunn and Stock-Williams (20121 find up to 18,500
TWh and Mork et al. find up to 26,100 TWh (https://doi.org/10.1115/0OMAE2010-20473).
Nevertheless, the study is on Europe, thus, the potential for wave power and tidal power in Europe
would be of particular interest. You may also mention the potential of offshore wind, so that the
three technologies you focus on in the paper are all presented with their potential in Europe.

2nd paragraph: better to clarify the targets for ocean energy in addition to offshore wind, as the
latter may have separate targets, given the numbers presented.

4th paragraph: it may be worth mentioning whether in other parts in the world, in particular in
Asia, one can observe progress in the deployment of wave and tidal power. Experience shows that
a major breakthrough in other world regions may induce strong development in other regions as
well. Please check the 4th sentence for the grammar.

5th paragraph: ‘forecast’ typically describes periods up to 5 not more than 10 years, while longer
periods in the order of decades may be better described by ‘projection’ for reflecting a higher
degree of uncertainty.

It would be interesting to add one paragraph on literature on the role of wave and tidal power for
Europe. Are the two technologies mentioned in WEO reports of the IEA for Europe? Is there
scientific literature on the role of the two technologies, for Europe, or for single countries? For the
IEA WEO I checked it but only global numbers are reported in recent reports, no numbers for
Europe. On a country basis at least a recent study for the UK, which found up to 42 GW installed
capacity in the UK and Ireland until 2050 (Alvarez-Silva et al., 20163), this may be valuable for this
research as it documents a value add of wave power for the energy transition from an energy
system perspective. In the energy [rlevolution scenario of Greenpeace one can find 53 GW of
ocean energy installed in OECD Europe by 2050 (https://www.greenpeace.org/static/planet4-
canada-stateless/2018/06/Energy-Revolution-2015-Full.pdf; Tab. 13.4.18), which may be a valuable
reference, given the low coverage of ocean energy in energy scenarios. More related research
may be quite helpful for the aims of the paper.

Methods:

There is an unexpected break in the flow from the 29 to the 3"d paragraph (from wind to
wave/tidal). Having the section headline expanded to ‘Starting values and years for wave and tidal'
may ease that a bit.

p. 4, 15t paragraph: ‘power purchase agreement’ is used again as a word, while the abbreviation
PPA was introduced earlier in this section. Another example is CAGR what's again used in the long
version on the next page, while the abbreviation was introduced before. Please check for all
abbreviations that they are used consequently, once the abbreviation was introduced.

Table 1: Sweden is abbreviated with ‘SW’, while the typical convention should be ‘SE', please check
for the entire manuscript.

p. 4 right column, 39 paragraph: ‘bad correlation’ may be better as 'poor or 'weak' correlation.
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p. 5, 15t paragraph: three exponential functions are mentioned. I may be helpful to mention the
three phases so that it is explicitly clear to what ‘three’ refers.

p. 5 (and others): please check all used abbreviations whether they are introduced. For instance
OEE and ORE appears, while this should be abbreviations.

p. 5/6: section on LCoE is important for the entire paper. Please introduce the formula for LCoE.

p. 6 left column bottom: “... the values given in the table.” Which table? Please refer explicitly to the
table referred to in the paper.

p. 6: Tab. 2 is not referenced in the text, please embed it into the text. Where are the starting
values for tidal and wave LCoE for 1 MW from? These are among the most important references,
as the derived costs are directly linked to these starting values. Please discuss the validity of these
starting values, as they have a very strong impact on the results. You may consider a sensitivity for
these values. The link of LCoE to the capacity remains unclear. What formula links LCoE to the
capacities? Is a learning rate applied? If so, which value(s) and based on what reference? The Tab.
2 seems to be central, while the impact of the capacity on the LCoE remains unclear.

Results and analysis:

p. 8, 3" paragraph: it may be worth checking additional literature for the wave power potential of
95 GW in Europe. There is unpublished research with much higher values (more than an order of
magnitude more, however, for entire Europe, thus, explicitly including the UK and Norway),
therefore, other literature may also find higher values. Please also clarify for the wave power
potential for Europe, whether entire Europe (incl. the UK, Norway, Iceland, etc.) is meant, or EU-27.
For the case of ocean energy this makes a considerable difference. The best may be to clarify
across the entire paper whether EU-27 or entire Europe is meant, whenever the term ‘Europe’ is
used. In the right column it is mentioned that the UK is assumed to contribute to the EU targets.
That most important assumption is better mentioned earlier in the paper, when the term ‘Europe’
is used for the first time in the context of this paper.

p. 8, section European targets: please add per additionally mentioned category (salinity gradient,
OTEC, floating PV) at least one scientific reference. Good literature may be (please check for
yourself): Alvarez-Silva et al. (20163); Langer et al. (2020%); Shi et al. (2023°); Breyer et al. (2023°);
however, at least OTEC seems not to be that attractive for Europe given the tropical water
temperature required, while the Mediterranean may develop towards that directly due to climate
change, unfortunately.

p. 8, Fig. 5: link to the (new) methods how the LCoE decline over time. What is the learning rate?
How is the cost decline calculated? It's not clear in the paper how this is calculated.

p. 10, 15t paragraph: ‘deployment’ may be better suited then ‘journey’.
p. 10, section offshore wind: it may be helpful to better explain what ‘MetOcean’ shall be.
p. 10, section ‘Best case scenario’. It may be helpful to introduce the ‘Best case scenario’ already in

the Methods section, so that readers are prepared on different scenarios or respective variations.
That may be done best in a paragraph on scenarios to be considered.
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Discussion and conclusion:

p. 10, 15t paragraph of the section. The term ‘net zero emission’ links nicely to the same from the
Introduction. It may be helpful to expand the section on ‘net zero emissions’ a bit as this is clearly
set in the European Green Deal. Different pathways are possible to reach that aim, while highly
renewable energy system transition options may be most likely, also cost-wise. This and a review
on comparable studies was published here (Breyer et al., 20227), where wave and tidal power is
missing in almost all studies, and that research gap may be documented with this overview, while
the previously mentioned paper on the UK clearly indicates that latest research may be able to
close this gap. In that regard, it may be helpful that at least for three European islands wave and
tidal power systems had been investigated as part of a highly renewable energy system and
published in scientific articles (Meschede et al., 20228: see Tab. 5), as detected for the cases of El
Hierro, Faroe, and Sardinia. Not sure whether this may be a helpful indication of upcoming wave
and tidal power systems for the benefit of the paper, as island energy systems.

You may mention, that wave and tidal power could also develop faster than wind offshore, since
many challenges (such as grid connection, O&M, harbour logistics, etc.) have been fixed for wind
offshore, thus, wave and tidal power can build on that, which should enable a faster growth
potential.

References:

Please expand the references across the paper for more scientific references in scientific journals.
The present list of references lists 16 references, thereof only one is from a scientific journal. Any
share of 25%, better 33% up to 50% of peer-reviewed journal references should be a target to
provide a broader context to the scientific literature in the field of renewables, the energy
transition, in particular in Europe, ocean energy in general, but in particular for wave power and
tidal power, and their link to offshore wind.
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Shona Pennock
School of Engineering, The University of Edinburgh, Edinburgh, UK

This paper details an analysis of the potential deployment and cost reduction trajectories for wave
and tidal technologies, based on historical wind deployment trajectories and industry-recognised
ocean energy cost reduction trajectories from Ocean Energy Europe. This is important and
interesting work, and was a pleasure to read. The paper is well structured, easy to read and
understand, and the figures are also clear and well presented.

As a general comment, this paper could do with a proof read by a native english speaker for
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grammar and wording choice. There are some small errors throughout, such as prepositions out

of pla

ce. To name one example, the third paragraph should read 'By the beginning..' and not 'By

beginning'. These small errors do not affect the reader's ability to understand the work, however.

Some further suggestions for more specific changes and improvements are below:

Introduction:
o When discussing the potential LCoE of wave and tidal in the introduction, it could be useful

Meth

to frame this in context, e.g. of the current LCoE of offshore wind, or compared to average
day-ahead electricity prices over the last decade. A reader with little knowledge of these
might stuggle to understand the importance of further cost reduction for ocean energy.
Similarly, it might also be useful to reference the current estimated LCoE of wave and tidal
in the introduction section, to give some initial context.

In the introduction you state that there have been positive policy developments in the EU,
US, and UK. It would be good to give a couple of brief examples of these for the reader, e.qg.
the millions spent in innovation funding for ocean energy through Horizon Europe, the
market-pull support schemes in the UK including the Renewables Obligation and Feed-in
Tarriffs with Contracts for Difference.

There needs to be some words in the introduction to explain the novelty of this work, and
what it adds to the existing literature. I'd also recommend that some more scientific journal
papers are referenced at this point.

ods:
For repeatability, the offshore wind database used for this analysis needs to be referenced
in the first paragraph of the methods section. The ocean energy europe database should
also be referenced in the third paragraph.

> It would add some clarity for the reader to have some kind of flow chart, or numbered list to

explain the key steps of the methodology, before explaining each stage further in the sub-
sections.

> In equation 1 I think the Pcum,0 should be replaced by Py,0 - if I have understood this

correctly.

For equation 2, I was unsure why 'y' is being used to denote the capacity figure, when 'P' is
used to denote installed capacity in equation 1. From the explanatory text it reads as if the
nomeclature is inconsistent between these two equations. It also seems that 'q' is then
being used for capacity in equations 3-6.

> It seems inconsistent that five-year intervals were chosen for the doubling time model,

when ten-year intervals were chosen for the growth model. Some further explanation is
needed to justify this.

> Infigure 1, 'a’, 'b" and 'N' should be defined in the figure caption so that a reader can

understand the figure more easily at a glance.
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Results:
o Itwould be clearer in figures 1, 2 and 3, to label the two separate graphs as (a) and (b),
rather than (1) and (2), so as not to confuse with the figure number. Likewise with figures 6,
7,and 9.

> In the caption for figure 4, it would be useful to specify that this is the percentage of the
targets fulfilled specifically by wave and tidal stream technologies.

o Infigure 6, has this sensitivity been undertaken for the wave/tidal results, or the more
general model, extrapolating from the offshore wind figures? It would be useful to have
some text to discuss how this sensitivity analysis would be reflected in the wave and tidal
technology results (e.g. by how much would the 2030 LCOE targets be delayed for each of
these sensitivity cases).

Discussion/conclusion:

> Another key assumption that is worth discussing is the cost reduction trajectory for wave
and tidal technologies. While this is based on the best current estimations of the sector, as
presented by Ocean Energy Europe, there will be a great deal of uncertainty associated with
these due to the early development stage of the sector. This cost reduction could also be
very technology specific, for example to different wave or tidal device designs. The ability to
achieve this cost reduction is also highly sensitive to the available policy support, such as
innovation funding.
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