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Integration of wave energy into Energy
Systems: an insight to the system dynamics
and ways forward

George Lavidas, Felix Delgado Elizundia, and Kornelis Blok

Abstract—Wave energy is a rich and highly accessible
renewable energy resource, that has largely been under-
developed. Studies from the sector have tried to show the
potential of benefits wave energy in “simple cases” or via
small hybrid systems, the large scale incorporation of wave
energy has not yet been fully investigated. Our approach
uses a fully dynamic climate driven energy system model,
which has undergone modifications to include wave energy
converters and their associated dependencies. This study
explores the system dynamics and important elements that
will be used for large scale wave energy integration; in a
fully coupled European Energy System. We explore the cost
pathways of different wave energy converters, the impact
of climate data, and the impact of transmission capacity
expansion under cost-optimal configurations of a multi-
renewable European power system. From this preliminary
approach we aim to provide the boundary conditions,
and assumptions that will govern the integration of wave
energy into the European Energy System up to 2050.

Index Terms—Wave energy, energy system modelling,
experience curves, economics

I. INTRODUCTION

HE sixth (6'*) report of the Intergovernmental

Panel on Climate Change (IPCC) has strongly
highlighted that it is urgent to decarbonise our energy
systems, if we aim to limit global warming below 2° C
degrees above pre-industrial levels [I]. Although, the
same cautionary points lead to the 2015 Conference
of Parties (COP21) commitments in Paris, the rate of
decarbonisation is still not adequate [1], [2].

The energy transition is currently being led by ma-
ture renewables such as hydro, solar, and wind, but
they come with shortcomings of their own due to
their intermittent nature, leading to challenges in order
maintain flexibility and power stability.
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Fig. 1. Approximate representation of each storage type’s techno-
logical characteristics for time duration and power output [6]

These shortcomings will be further amplified as their
share in the electricity system increases. Although,
energy storage can offer short-term flexibility for these
mature renewables, associated costs of current “re-
newable feed” battery systems are from 1500-3000
€/kWh) [3]. However, effective long term grid control
(bulk management, slow response) can occur via using
compressed air energy storage (CAES), and/or pump
hydro-electric systems (PHS), and/or thermal storage
with power conversion, and/or hydrogen with power
conversion. Batteries and flow-batteries (a subcategory
included in the definition of Batteries) can be can be an
option, but their costs (€/kWh) and land requirements
can be prohibitive [4], [5].

Multi-renewable energy systems,including emerging
technologies, have the potential to reduce the variabil-
ity of these technologies, increase power availability,
accelerate the substitution of fossil fuels and offer
additional benefits social benefits [7], [8].

Marine energy is increasingly being perceived as
an important piece of future energy systems, given
they are characterized by a stable generation profile,
predictability, and high energy density. Furthermore,
marine renewable resources are more persistent and
have higher temporal availability compared to solar
and wind resources [9]-[12].

As mature renewable technologies increase their
share in existing energy systems, the intermittency of
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solar and wind introduces volatility and unpredictabil-
ity to the system, leading to potential mismatches
between demand and supply. Given this, marine en-
ergy can support the stabilization of renewable energy
power systems with multiple variable renewable en-
ergy sources [10], [12]. Bhattacharya et al. [9], high-
lighted that a system with solar, wind, and marine
energy presents reduced generation volatility than a
system with only solar and wind, which translate into
alleviating balancing costs and reducing price volatil-
ity. Furthermore, stating that it is expected that these
benefits to be more pronounced as renewable energy
deployment increases.

Furthermore, multi-renewable energy systems,
which include marine energy, are linked to the
advancement of multiple United Nations Sustainable
Development Goals (SDGs), such as SDG 7-Affordable
and Clean energy, and SDG 13 - Climate Action.
Furthermore, renewable energy penetration increases
energy diversity, supports decarbonization targets, and
reduces import dependency. The latter is particularly
relevant for Europe given the recent developments
of the Russian-Ukraine war and the respective
implications on energy imports, highlighting the need
to end Europe’s dependence on Russian fossil fuels.

Recently, Potapenko et al. [13], Rojas et al. [14]
examined the integration of wave energy into energy
systems for various regions, underlying the positive
potential role of wave energy.

A. Novelty

In this study we will briefly present a heavily
modified fully dynamic and climate driven Energy
System model (PyPSA-MREL-TUD) based on Python
for Power System Analysis for Europe (PyPSA-Eur),
that simultaneously includes three different types of
wave energy converters. Unlike, past efforts we have
used a pure power matrix approach that represents
fully the stochastic natures of wave energy, following
international research and standards.

Furthermore, we have incorporated floating wind,
with additional characterisation for limits of their in-
stallation as distances to coast and depth variations.

Subsequently, we apply the new model for the whole
European grid to assess the sensitivities and obtain
preliminary results for impacts that wave energy will
have on country systems. The PyPSA-MREL-TUD runs
with a foresight to simulate a 100% European Energy
System for the horizon of 2030, 2040 and 2050, consid-
ering relevant cost reductions per technology used.

II. MATERIALS AND METHODS

Python for Power System Analysis (PyPSA) is an
investment and operational optimization model of the
European power network which minimizes total an-
nual system costs considering the variable and fixed
costs of generation, storage, and transmission given
a set of technical and physical constraints expressed
mathematically. It is a partial equilibrium model that
can optimize both short-term operation and long-term
investment of the European power system as a linear
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Model Inputs

Linear Optimal Power
Flow

Fig. 2. The pipeline of the PyPSA optimisation approach, now
including wave energy

problem, employing the linear power flow equations
[15], [16].

A solved model provides optimized locations of
generation, storage, and transmission capacities as well
as the optimal dispatch of the components. The model
also provides the levels of congestion of the network,
levels of curtailment, and nodal electricity prices. Fig-
ure 2| presents a general overview of the PyPSA-Eur
model, displaying visually the model inputs, outputs,
constraints, and decision variables. The overview high-
lights the novel addition of wave energy, described in
the following

To assess the wave power potential within the
model, five climate wave variable have been included:
Significant wave height (H,,0), energy period (T,10),
mean zero-crossing (17,02) Peak wave period (Tpear),
and peak wave direction (Pkg;r) (if available in the
power matrix). We have also included the option of
directionality in the event that a directional power
matrix is known. These variables allow for the charac-
terization of a given sea state, and in combination with
a WEC power matrix (with and without directional
information), are used to estimate the power output
of a device [17].

E, = P(Hpo,, NTij O Pkair, ;) - PMij - AT (1)

where AT is time, T are either the number of
Tpear/ Tmio/ Timo2 and H,,, significant wave heights,
and directionality clusters, for different latitudal and
longitudal locations (3, j).

A. Wave energy converters (WECs)

Wave energy converters (WEC) are described by dif-
ferent principles of operation, that has lead to variety
of devices. Besides, the operational mode of a WEC,
the deployment depth are other key distinguishable
characteristics of WECs. There are devices suitable for
shallow, nearshore, and farshore water conditions, and
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these are usually related to their power extraction mo-
tion [18], [19]. Hence, in order to have a more detailed
approach three (3) different WEC are simultaneously

considered (see in AppendixA|[Figure 9):

o a Farshore flexible attenuator (750kW) WEC appli-
cable at depths 50-150 m.

o A Nearshore point absorber WEC (1000 kW) op-
erating in depths ranging from 20-80 m.

o a Shallow (600 kW) device operating in waters
with a maximum depth of 20 m, represented by
a terminator surge-oriented device.

B. Floating wind

Another modification in the PyPSA pipeline is the
inclusion of floating wind. Currently, only bottom fixed
wind is included as offshore renewables, but we have
opted to also include floating wind concepts in the
model to capture the latest developments. While, this
is another addition in the model, we do not consider
it as not as novel as the WEC integration.

C. Wave climate data sensitivity

Whilst working on the wave energy integration,
we encountered that the use of re-analysis datasets is
widespread, there are significant drawbacks that much
be taken into account While they represent a useful
source to draw an initial mapping of the renewable
resource, there are some important limitations to con-
sider when interpreting the results of an analysis based
on these data sources. For the testing and assessment of
PyPSA-MREL-TUD we have used the ERA5 and CFSR
database (ERA5 results are presented in this study).
However, in the analysis process several observations
were noticed.

The first, and probably most obvious limitation is the
spatial resolution of global models, typically ranging
from 0.5° to 0.25° (= 0.3° in the case of ERA5 wave
product), which is equivalent to ~ 55 km to ~ 27 km.
Thus, it could be generalized that the closest output
from the models’ gridded data is about 20 to 30 km
offshore. In most cases this corresponds to deep water
conditions, where wave propagation is not affected by
interactions with the surrounding bathymetry. In some
regions where these models compute results for shal-
lower depth conditions (e.g. North Sea), they normally
do not properly resolve bathymetric features which can
easily be translated to an over or under estimation of
wave heights [17]], [20], [21]

Another important element to take into account,
which has a direct impact on the model’s output, are
the different choices of forcing fields [22]-[24] phys-
ical parameterizations and their adjustment to reduce
model errors [25]-[28]. The latter point requires special
attention, since the “tuning” of models could be done
to improve overall performance of wave databases.
Such tuning can include the wave growth, quadruplets
interactions, non-linear terms, depth induced breaking
etc, which can significantly alter the accuracy of a
dataset [20]. Hence, wave and wind databases with >

20 Km resolution should be used only for reconnais-
sance energy density characterisations (coarse assess-
ment), and not to operational or power estimates, as
they do miss out on many important elements [29].

For further development, the runs of PyPSA-MREL-
TUD are planned with use 2 Km wave data and 2-5
km wind data, to minimise discrepancies in resource
estimations.

D. Economic sensitivity

As the PyPSA-MREL-TUD model was being devel-
oped, we noticed a very sensitive behaviour to the
cost modelling assumptions [30]. Given the plethora
of options in the 100% renewable energy system, the
WEC cost sensitivity is highly influential. Therefore to
realistically consider the 2030, 2040 and 2050 future
horizon, we have adapted all technological costs via
learning curves and external cost databases.

Penetration of wave energy under the renewable
energy scenario is not only dependent on its cost but
also the cost of competing renewables such as wind
and solar, which have achieved relevant cost reductions
over the past decades.

For this reason, technological learning, the process
under which cost reductions are achieved as a result
of production growth, is considered in this study for
wave energy devices. Technological learning is mod-
elled through the one variable factor-learning curve
approach. Learning factors that can influence cost re-
ductions are; learning by doing; learning by research;
learning by interaction and knowledge diffusion; learn-
ing by upscaling manufacturing capabilities; and learn-
ing by upsizing of a product [31].

This approach is utilised to estimate the capital cost
of wave energy in the 2030, 2040, and 2050 horizons,
serving as the cost based scenarios to explore the
penetration of WECs. In addition, WEC cost reductions
and the forecasted costs are modelled as an exogenous
variable and serve as a parameter for the PyPSA-
MREL-TUD model, with learning effect, when the cost
of the first unit is unknown, can be written as:

P
Py

Where C); is the cost per unit after the cumulative
production of P; units, Cps is the cost per unit after the
cumulative production of P, and b is the experience
index, which defines the effectiveness with which the
learning takes place. The formulation implies that after
each doubling of production, the price is multiplied by
a factor of b, called the progress rate (PR). The learning
rate is defined as 1-PR and refers to the reduction
fraction after each doubling. A progress ratio of 90%
equals a learning rate of 10% and thus means that unit
production cost would decline by 10% and reach 90%
of its original value whenever the production doubles
[31].

A learning curve visualizes the costs decrease by a
constant fraction with each doubling of the total num-
ber of units. Given the lack of information for “real”
learning rates, a variable learning rate was used to

Cp? = Cpl : ( )b ()
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Fig. 3. Total projected capacity additions of wave energy 2020-2050

estimate the potential cost reductions more realistically,
with a learning rate of 12% used between 2020 and
2030, 8% between 2030 to 2040, and 4% between 2040
and 2050. A similar approach has been used by Lavidas
in 2019 [7], but the reduced effective of the learning
rate is to represent the mature renewable energy en-
vironment that wave energy is placed. The absence of
real learning rates for WECs, and the fact that WECs
will not probably follow the steep learning reduction of
wind prompted us to apply this conditions. With this
approach we are aiming to simulate long-term market
conditions, as effectiveness will decrease with more
experience gained.

We also took care to project the potential cost reduc-
tions in line with the future estimated installed capacity
of the Offshore Renewable Energy Strategy, the ambi-
tion is to reach 40 GW of installed capacity of ocean
energy (such as wave and tidal) by 2050, 1 GW by 2030,
and 100 MW by 2025 [32], see The 40GW
includes only EU Members States, for the inclusion of
the UK we have added another 10 GW. The Offshore
Energy Strategy does not differentiate between wave
and tidal capacities, but for this effort, we consider that
all GW will be wave in Europe as the tidal potential is
not integrated into the model yet. Nonetheless, the 1
GW target may even be conservative, as based on an-
nounced projects, the ocean energy pipeline expects 2.4
GW in Europe (no technology breakdown information
were given) and 2.9 GW worldwide by 2030, in line
with the optimistic scenario of the JRC market study
on ocean energy [33].

E. Constrains and assumptions

Scope of the study is to test the implementation and
explore the hidden value opportunities and implica-
tions of wave energy under a 100% multi-renewable
power system, under a greenfield approach, and a
2030, 2040, and 2050 horizon.

The geographical scope of the current modelled sce-
narios is Europe, includes the UK, but more specifically
the network topology of the European transmission
network ENTSO-E, updated in PyPSA-MREL-TUD un-
til 2019. Under the optimization, new transmission
infrastructure cannot be placed, but existing one can be
expanded, limiting the total volume of line expansion
to 25% of existing line capacities.
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All renewable energy technologies and energy stor-
age options available in the conventional PyPSA have
been retained as well. Packing densities for WECs
follow the suggestion of 20 MW/Km? as based in
in previous studies that discussed potential packing
densities/rates [8], [34].

No limiting capacities of country profile production
constrains are considered, and pure energy flow is
assumed for Europe. The research and optimization
scenarios cover a period of one year, weather, and
electricity demand data employed are from the year
2018.

Electricity demand evolve as the years progressed.
The scaling factor was estimated using linear regres-
sion on historical electricity consumption data of Eu-
rope and forecasting it to 2050. Thus, the global scaling
factors applied to the scenarios 2030, 2040, and 2050 are
1.10, 1.19, and 1.28, respectively. This simple assump-
tion seeks to represent expected increases in demand,
but only considers historical trends. This implies that it
does not consider the expected electrification of certain
sectors due to decarbonization policies, as well as
potential efficiency gains in the future.

The network expansion constraints for 2030 and 2040
are based on the identified cross-border capacity in-
crease needs of ENTSO-E Ten-Year Network Develop-
ment Plan 2022 (TYNDP), while for 2050 an additional
25% from 2040 estimate was assumed feasible. The
TYNDP 2022 study identifies opportunities to make
Europe’s power system more efficient all over Europe.
Specifically, it identified that 64 GW of additional cross-
border capacity can be installed on over 50 borders,
representing a 55% increase in cross-border capacity.
For the decade of 2040, the study identified space for
88 GW of additional cross-border capacity representing
a 75% cross-border capacity increase from the current
network.

The 55% increase for 2030 and the 75% increase
for 2040 were taken as exogenous parameters into the
scenarios for their respective horizons. No information
was found for the 2050 network, but an additional
25% increase in cross-border capacity over 2040 was
considered feasible.

III. RESULTS

The integration of wave energy converters conver-
sion functions in PyPSA-MREL-TUD allowed for the
first power analysis software to assess the wave energy
resource across Europe’s coastlines. It estimated the
renewable wave energy capacity potentials restricted
by depth, packing rate, and derive the renewable wave
generation availability time series of the WEC devices.
Subsequently, it derive the capacity factors and power
generation potential; and ultimately consider the wave
energy resource and WECs in a cost-optimal power
flow optimization of the European power system at
the transmission network level covering the ENTSO-E
area, see Figures

The figures showcase the geographic potential of the
maximum installable capacities of each WEC device
used in the model and averaged capacity factor for the
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Fig. 4. Geographic capacity potential, yearly averaged capacity
factor, and renewable generation potential for the attenuator (a, b, c)
and Point Absorber (c, d, f) device, 2018 Europe

selected year. It is important to note that this is not
the final installed capacities, but what can ideally be
installed. This is repeated for every technology. Combi-
nation of the maximum geographic capacity from the
assumed land sea, depth restricted areas, the yearly
capacity factor, the technical maximum energy for each
WEC is estimated for the different European coastlines.

The geographic potential refers to the maximum in-
stallable capacity given input parameters of maximum
and minimum depth, land restrictions, and packing
density for each device. In reality, the realized installed
potential or practical resource depends on a variety of
factors such as array types, WEC design, and packing
density, and marine spatial planning (delimits exclu-
sions zones and areas acceptable for installation of
wave energy farms). Furthermore, these technical as-
pects ultimately depend on political, social, economic,
and environmental factors implying a balance not only
between land availability, but also conservation efforts,
landscape impact, social acceptance, and political will.

However, given our configured constraints for each
device, presents the total geographic potentials
for each device across the 24 countries with eligible
areas to exploit wave energy, as well as the European
total.

On purely available space (land and/or sea) criteria,
the wave energy resource is the most abundant within
Europe, especially in coastline countries. The wave
resource has the highest geographic potential reaching
approximately 20.3 TW, see Table

Furthermore, significant differences in the magni-
tude of available technical potential or energy can be
observed between landlocked and coastal countries,
driven by both the wave energy and the offshore wind
resource. Another, point to note is that the resource po-
tential of run-off rivers and hydro is constant and not
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Fig. 5. Geographic capacity potential (a), yearly averaged capacity
factor (b), and renewable generation potential (c) for the terminator
device, 2018 Europe

affected by Climate Change, however, this, in reality,
will not occur as studies have shown that decreases are
expected .

Caution is needed while interpreting these figures, as
the geographical potentials of each renewable resource
can be under conditions aggregated. This is due to the
fact that resources may share eligibility criteria for a
certain region, such as offshore wind and wave energy,
which can be combined. However, in the case between
farshore and nearshore wave energy devices, where
regions with water depths between 50 and 80 m are
eligible for both devices, capacities are not aggregated
as they will depend on sitting conditions.

For each scenario, a future, 100% renewable Euro-
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TABLE I

GEOGRAPHIC CAPACITY POTENTIALS FOR EACH DEVICE ACROSS

EUROPE [MW]
Countries Farshore Nearshore Shallow  Total
Total Europe 20306.9 14690.0 2483.4 37480.3
United Kingdom  6908.0 3855.8 3184 11082.3
Norway 2255.3 1156.7 165.2 3577.3
Ireland 2125.7 603.2 49.9 2778.7
France 1796.3 654.3 90.3 2540.9
Sweden 1688.1 1672.6 399.8 3760.5
Italy 1179.8 752.3 245.7 2177.8
Greece 744.3 398.0 96.1 12384
Finland 684.8 762.0 396.0 1842.8
Croatia 428.6 347.0 249 800.5
Spain 4235 188.1 36.5 648.2
Denmark 389.9 1202.9 377.9 1970.7
Poland 328.3 344.6 11.6 684.6
Romania 299.6 313.7 2.6 615.9
Estonia 295.6 312.1 69.2 677.0
Portugal 236.4 103.5 15.7 355.5
Latvia 222.3 284.8 30.4 537.5
Bulgaria 1129 91.8 9.9 214.6
Albania 63.3 30.1 13.2 106.6
Lithuania 56.1 91.8 2.2 150.2
Montenegro 52.8 17.5 3.0 73.3
Germany 12.3 520.5 55.6 588.4
Netherlands 29 874.0 52.1 929.0
Belgium N/A 109.7 16.2 125.9
Slovenia N/A 29 0.9 3.7

pean Electricity network was modeled via a greenfield
optimization, see The European power system
was built from scratch, except for existing hydroelectric
and geothermal capacities, which are not extendable
during the optimization and remain with a fixed ca-
pacity. For other renewables and storage technologies,
the installed capacities and their respective dispatch
at every time step are optimized depending on the
geographical and weather-dependent potentials.

In the node for each country showcases the
technology mix of generating and storage technologies
based on the power capacities, while the bus size repre-
sents the magnitude of capacity installed in that region.
Furthermore, it displays the existing and expanded
transmission HVDC and HVAC transmission lines. The
existing transmission infrastructure is shown in purple,
while the capacity expansion of certain lines is shown
in red.

In all cases we can see that wave energy has been a
positive addition to the energy mix, but predominately
as a shallow water devices. However, given the small
contribution per country mix, the pie sector is not
easily visible.

Solar and onshore wind dominated the deployed
generating technologies installed extensively across
Europe representing between 48-47% and 45-47% re-
spectively of the overall generation mix across the
different horizons. Total installed generating capacity
grew from 2.37 TW in network 2030 to 2.72 TW in net-
work 2050, following the increased electricity demand

Results Overview Network 2050

Generation Transmission Exist /Exp.
100 GW —— 20 GW

50 GW —_—— 5GW
20 GW

Technology

@ Hydrogen Storage Offshere Wind (AC) @ Onshore Wind @ Wave Energy Farshore
Battery Storage @ Offshere Wind (DC) Run of River Wave Energy Nearshore
@ Hydro + PHS @ Floating Offshore Wind (AC) Solar Wave Energy Shallow

Fig. 6. Results Overview for network 2050

inputted exogenously. This was followed by existing
hydroelectricity generation which was not optimized
or extended with an aggregated fixed capacity of 99
GW. Wave energy shallow and offshore wind Direct
Current(DC) where the two offshore technologies are
most widely deployed. However, floating wind did
not deploy as expected, due to higher costs, when
compared to bottom fixed.

A. Power system behaviour

In general, from an overall system perspective, the
model favours allocation of solar and onshore wind
over other technologies due to them being more cost
competitive. In fact, for some cases the model favours
binary results, showcasing a fully onshore wind con-
tiguration for the UK and Denmark, or fully solar con-
figurations in countries like Bosnia and Herzegovina
and Serbia. The dominance of these technologies thus
characterizes the overall system, since PyPSA is a cost-
driven optimised. Deployment of the different storage
technologies at diverse locations is correlated and can
be explained, to a certain extent, by the deployment of
these two mature renewable technologies (wind-solar).

In Figure [7] the relationship between generating and
storage capacities. Figure [7p shows the strong corre-
lation between aggregated generation capacity and ag-
gregated storage capacity (R=0.92, R?=0.84). Of course,
electricity cannot be stored if it is not being generated,
however, generation capacity of solar and wind seems
to distinguish the type of storage technology and the
amount of capacity installed at the same location.

Although the dominance of solar and wind is
an interesting outcome of the future cost-optimal, it
hides the issues for country grid stability and re-
silience/dependence. Such cost-driven systems can of-
ten times, require significant amounts of energy. As
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an example, three countries with similar consump-
tions and vastly different energy mix characteristics
are considered. Hungary has mostly solar, onshore
and battery storage. Romania shows more diversity,
with run-of-river, hydro, wave energy shallow, offshore
wind, onshore wind, solar, with predominately battery
and Ha, see Figure

Romania’s intermittent generation time series com-
pared to Hungary are shown in Figure [8| particularly
Hungary exhibits diurnal generation patterns deter-
mined by its mostly exclusive solar generation. In con-
trast Romania’s hydro and offshore wind generation,
seems to satisfy most of its electricity demand, while
excess generation from the other technologies is mostly
exported providing monetary gains.

Another discernable difference is how excess or in-
sufficient power is balanced in each region. Romania,
with only 129 MW of storage power capacity, exports
most of its excess generation with some of it being
curtailed. Hungary, is highly dependent on energy
imports, not only to meet its electricity demand but
also to store imported power to be used during the
evening and at night (see Figure [8). Wave energy in
particular seems to enable a smoother power output
profile for Romania, and is dispatched to satisfy energy
demand not only locally but elsewhere.

IV. DISCUSSION & CONCLUSION

Solar PV, onshore wind and bottom fixed wind are
the dominant technologies installed in the cost-optimal
configurations, however, these are highly dependent
on the additional costs allocated to offshore energies
and in particular wave energy. The extra costs make
the deployment of higher power dense farms less com-
petitive, in a cost driven and free power flow system.
These costs need to be refined for marine renewables
and normalised them for the next iteration of PyPSA-
MREL-TUD.

The climate data over-estimate the shallow water
resources, skewing the potential for installation at
shallower region. The large spatial discretization is
unfavourable to nearshore devices, for which their area
is constraint and not often are not considered. For
farshore devices their production is under-estimate as
the coarse data are under-estimating wave conditions
for Hyg > 6m up to 10% and beyond that even further.
The quality of wave data is of paramount importance
both spatially and temporally, if the potential is to be
assessed.

Although the results almost satisfy the 40 GW spe-
cific target of ocean energy in the EU Strategy on
Offshore Renewable Energy, they fall extremely short
of the overall target of 300 GW of offshore energy
by 2050 with only 42.8 GW of aggregated offshore
capacity by 2050. This can also be attributed to the fact
that co-location (for now) was not supported and the
coarse domain, did not evaluate the sitting of offshore
renewables properly, as it gave priority to shallow
WEC and bottom fixed. However, we do intent to
mitigate the over-estimate in cost driven analysis for
floating wind as well.

Marine renewables presence in the energy system,
can reduce bigenerational patterns and decrease energy
dependency and energy storage costs. Most energy
system models currently have not taken into account
marine renewables, and especially wave energy. Our
PyPSA-MREL-TUD version fills the gap, but also un-
veils the limitations and next steps that need attention
prior to a full comparative analysis. Cost driven models
will be inherently biased by cheapest option, however,
in the case of dynamic system like PyPSA, the temporal
variability can be quantified positively or negatively.
This element is a plus for wave energy, but its power
production dependence on coarse data and the high
range of uncertainties in costs reduce its efficacy in
power production.

It is up to the wave energy sector to contribute to
solutions and we hope that the PyPSA-MREL-TUD will
fill the gap and unveil the untapped potential that
wave energy has in the European Energy System.
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