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Abstract—Due to the ever-increasing electricity demand, along
with the need to reduce the dependence on fossil or nuclear
resources, a growing amount of renewable energy is integrated
in the energy mix of many countries. However, the cost-effective
integration of wave energy remains difficult as its cost is still
not competitive compared with other energy sources. This paper
deals with the energy production management of a simulated
wave energy converter farm based on point absorbers that could
be installed in the vicinity of the SEM-REYV site. The approach
considers the electrothermal behaviour of the export cable in
combination with techno-economic aspects. The method can be
used to extend the power export capability of a test site at no cost,
which could be very interesting to install more marine renewable
energy (MRE) converters and/or of greater rated power. Our
study shows that exploiting the thermal inertia of a wave farm
submarine export cable, while also considering techno-economic
aspects, may lead to an increase of 18% in the annual energy
production without modifying this cable.

Index Terms—Energy production management, Marine renew-
able energy, Submarine cable, Wave energy farm.

I. INTRODUCTION

Due to the ever increasing electricity demand, along with the
need to reduce the dependence on fossil or nuclear resources,
a growing amount of renewable energy is integrated in the
energy mix of many countries [1]. Among these, numerous
maritime countries consider developing marine renewable en-
ergy (MRE) farms, and have already deployed small-scale test
sites, e.2. SEM-REYV, BIMEP, etc. [2]. It is likely that these test
sites managers would be interested in maximising the use of
their existing infrastructure by increasing the allowed installed
power capacity, while also considering the economic yield of
this extension. It is important to emphasize that the currently
used design methods are based on electrical current constraints
as already mentioned in previous papers [3], [4], rather than
on thermal constraints. In addition, they are generally based
on (near-)worst case, steady-state conditions, which is quite
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ORIGAMI project, funded by WEAMEC. It is worth mentioning that this
work could not have been possible without the help of Ecole Centrale de
Nantes, LHEEA lab, which provided us with data on sea-state sequences of
the SEM-REYV test site and precious information on the export cable.

conservative for elements benefiting from large thermal inertia
such as subsea cables, thanks to their surrounding soil. In
other words, a cable may, without exceeding its maximum
allowed temperature, transmit temporarily more current than
its rated value [5]. One can see two main impacts of taking
advantages of this opportunity : 1)extend farms or test sites
without modifying the existing infrastructures, and 2) modify
the design rules of electrical infrastructures for future farms
(floating wind turbine, Wave energy converter WEC, etc.).
This paper focuses in particular on the first point. Indeed,
the proposed study deals with a wave farm export cable,
and is intended to quantify the additional amount of energy
that could be transmitted through such an existing cable
1) without exceeding the maximum admissible temperature
and 2) considering techno-economic aspects.

II. MODELLING
A. Energy production of a wave farm

Case studies developed in this paper consider a modelled
point absorber-based WEC farm that could be installed in the
vicinity of the SEM-REV site, i.e. the French multi-technology
open sea testing site [6]. Energy production has been cal-
culated using a wave-to-wire (W2W) model that has been
implemented under Matlab-Simulink® [7]. We considered a
farm that can be composed of up to 36 identical 1 MVA
heaving buoys controlled passively, as described in [8], [9].
The power generated by the WEC farm has been determined
considering a full year sea-state sequence of the SEM-REV
site, where data was measured by measurement buoys or
reconstructed using HOMERE database [10]. Note that the
value of the WECs damping factor has been calculated to
maximize the energy production of each sea-state included
in the 12-month sequence. In other words, the value of the
damping factor is constant for each of the 143 different pairs of
wave height H, (in m) and peak period T}, (in s) that are used
to build the whole sea-state sequence, i.e. from June 2014 to
June 2015, and that are presented in the scatter matrix shown in
Fig 1. The wave power is calculated based on these statistical
indices (H and T),), and represents an approximation of the
real wave power encountered at this test site [11]. The active



Fig. 1. SEM-REV wave resource scatter matrix showing the sea-state
occurrence ratio (between O and 1) over the 12-month period considered in
this paper. The values of Hs and T}, have been averaged over 5-hour periods.
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Fig. 2. Zoom of the RMS current profile generated by a WEC farm composed
of 11 WECs considering a sequence of sea-states. One can see the high current
fluctuations while the cable core temperature shows slower variations

power flowing through the cable, and based on the mean power
of the wave front P,,, (in W/m), is estimated over periods of 30
minutes using P, is estimated over periods of 30 min using
P, =420 x H2 x T}, [12].

B. Thermal modelling of the export cable

To reinforce the applicative aspect of our method, which
considers real sea-states data of the SEM-REV site, and to
focus on a real-life example, our case studies considered the
24 km, 20 kV export cable, which is physically installed in the
SEM-REV test-site [6]. As in previous studies, the cable core
temperature is calculated using an experimentally-validated
2D electro-thermal model developed in Matlab [4], [5]. The
whole model, which is composed of the cable and the soil,
has been discretized into a thermal equivalent electric circuits
composed of thermal resistances and thermal capacitances.
This approach, which is used to model thermal transient of
varieties of devices, has already proved its worth in terms
of the accuracy of the results and reduced computing time
[13]-[15]. In addition, it allows to model the heat diffusion
within the cable and the soil in order to calculate the time-
temperature profile of the cable. It is important to note that
the temperature changes are smoothed by the thermal inertia
of the cable and the soil. This model helped us to evaluate
the cable current carrying capacity I.. ~ 330 A that can
be transmitted continuously without exceeding the maximum
temperature 7),,,, = 90 °C for these XLPE-insulated cables.

C. Economic models

Wave energy converter technologies are not yet mature, and
due to the lack of existing wave energy farms and industrial
WEGCs, operational experience feedback and precise techno-
economic figures are unavailable. However, in 2014, Sandia
National Laboratories developed its Marine Energy Conver-
sion reference models, where a comprehensive estimation of
the CAPEX and OPEX related to point absorber-based WEC
farms is presented [16].This served as a baseline for our
proposed techno-economic study in which we considered that
WEC technologies were available on the market and had
reached an industrial production level. Our approach is based
on simple techno-economic models which may require to be
refined by economists, as well as once more realistic figures
become available. It is worth mentioning that we did not take
into account the export cable costs, nor the rest of the wave
farm infrastructure (e.g. umbilicals, substations, etc.), as they
are supposed to be already installed in this virtually available
WEC farm, i.e. the farm is not physically implemented and the
presented figures are only the results of numerical simulations.
The starting point is the evaluation of the annual energy
production (AEP) of additional number of WECs N;{, EC
and the calculation of the mean annual revenue per extra WEC

Ra:
AEP x FIT
%A: _—

1
Niveo .
The feed-in tariff (FIT) has been first assumed to be between
200 and 600 €/MWh, which is representative of FITs that
could be used to encourage the MRE development in different
countries [17], [18], and then extended up to 1000 €/MWh to
break even. The first step is to determine the manufacturing
costs of the WEC structure Myt in €/yr, which take into
account device access, reaction plate, vertical column and
surface float:

Mtryct = Cstruct X Cyr7 (2)
B D2FE x PWEC X in
where, C, = MO ) 3)

where, Clgruer 18 the cost of the structure , which has
been evaluated to 6070 $/kW considering an industrialized
production (more than 100 WECs). The conversion between
US Dollars and Euros is estimated using the mean value of
the last 5 years mean conversion rate (from 2014 to 2019),
ie. D2F = 0.89 €/USD [19]. Term Py gc corresponds
to the rated power of a single WEC in kW, and AMO
represents the amortization period, which is 20 years, i.e. the
typical estimated service life of a wave farm. As the costs are
calculated using a 2014 cost breakdown analysis, the term
in represents the inflation rate until 2020, which is 5.2%
[20]. In this study, we also considered that extra WEC(s) are
financed without extending credit or any additional subsidies.
Next step is the evaluation of the Manufacturing costs of the
power conversion chain Mpc ¢ in €/yr, which includes all the
components that converts the wave movements into electricity,
i.e. PTO, generator, transformer, power converter, dynamic



cable, etc. . The costs related to some parts of the hydraulic
and electrical costs are removed since we consider direct drive
point absorbers with no energy storage.

Mpcc = Cpcc X Cy, “4)

where, C'poc is the cost of the whole power conversion chain
(PCC), which has been evaluated to 1110 $/kW. It is also
necessary to take into account the manufacturing costs of the
moorings and the associated buoyancy and anchoring system
(Mmoov") in €/yr :

Mmoor —moor XOyT’ ) (5)

where, C,,00r has been evaluated to 1651 $/kW. Then, one
has to consider the deployment and installation costs (DI) of
both the additional WECs (NVJ{, pc) and their mooring systems
with :

DI = Cr(Ny; pe) X Cyr (6)

where C7 is the cost of installation in $/kW that highly
depends on Ny, ., as depicted in Fig. 3. The last item to
consider is the operating, maintenance and monitoring annual
costs OMM in €/yr. Term OMM depends on the total
number of WECs N{2% . that are installed in the farm, as
depicted in Fig. 4.

OMM = Conn(Nisc) X D2E x Pype xin,  (7)

Finally, the revenue per WEC Ry go can be evaluated con-
sidering the income minus the sum of all the annual expenses
(AF) described above, i.e.

> AE = Mutruct + Mpcc + Mooy + DI+ OMM (8)

Rwec =Ra — Z AL, )
III. CASE STUDY DESCRIPTION

The objective is to determine the number of additional
WECs that could be installed in this virtual farm without
exceeding temperature constraints and regarding the economic
performance of each WEC. To do so, our case study considers
a variable size wave farm (in terms of WEC number) and the
associated energy production over 12 months using sea-states
sequence of the SEM-REV test site from June 2014 to June
2015. More precisely, we performed our simulations over a
18-month period, but we only retained the last 12 months for
the analysis. Indeed, the first 6 months were considered as an
initialization step at the start of which the cable was energized
and where the observed transients (i.e. slow temperature rise
of the cable and of its environment) where not relevant for
this analysis. Retaining the last 12 months allows to consider
a wave farm under normal operationg conditions. Then, three
different scenarios are considered:

e Case 1 : The number of WEC is kept constant where
Niy e corresponds to the maximum number of WECs
that can be connected to the wave farm without exceeding
the constant current carrying capacity of the cable I, i.e.

maxr (IfaTm(t)) |N"§VEC < I (10)
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Fig. 3. Installation costs per deployment scale. The figure represents the full
cost that can be amortized over several years (20 yr in our case study) [16].
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Fig. 4. Operating, maintenance and monitoring annualized costs per deploy-
ment scale [16].

o Case 2 : N is also kept constant and corresponds to
the maximum number of WECs that can be connected to
the farm without exceeding temperature constraints, i.e.

(1)

e Case 3 : Ny’pc is allowed to vary by (de)activating
WECs between different sea-states. However, the tem-
perature constraints must still be satisfied, i.e.

maz (Teore(t)) < Thax

|nT
NWEC

max (Tcore(t)) |N"/}/“£,C(t) < Tmaz (12)

Case 1 is considered to be the initial and existing WEC farm,
where only maximum current constraints were considered to
determine the number of WECs, which has been shown to be
a conservative approach in previous work [4]. Case 2, where
Nw Egc remains constant, temperature constraints instead of
current constraints are considered. Finally, Case 3 represents
a further enhancement compared to Case 2, where variations
of Nywpgc are allowed during the simulation. Considering
the economic aspects, we assumed that the initial farm, that
is composed of 11 WECs, was already installed. Following
this assumption, its costs are not taken into account, and the
techno-economic study only considers the energy output and
associated revenues and costs of extra WEC(s).

IV. RESULTS
A. Case 1

As we can see in Table I, which summarized the simulation
results, considering current criteria in Case 1 leads us to
determine that the initial farm is composed of 11 WECs.
Indeed, it is the only case where the maximum value of the
RMS current I,,,, does not exceed I... Such a conservative
approach, i.e. based on maximum current constraint, may be
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Fig. 5. Results of the techno-economic studies regarding the mean revenue of the additional WEC(s) N‘j—v g and considering different FITs.

TABLE I
RESULTS OF THE CASE STUDY.

Number Energy Thax I'mas AEP" per extra
of WECs (GWh)  (°C)  lec  WEC (MWh)

1 39.9 68.5 0.96 0

12% 43.6 81.85 1.05 3667

13%& 472 97.8 1.14 3607
11to 13% 471 90 1.14 3536
11to 14% 502 90 1.22 3091
11to015% 527 90 131 2435
11to 16 546 90 1.40 1923
11 to 36" 70 90 2.87 771

+ Mean value calculated for each extra WEC.

* Considered as the reference case, i.e. the farm initially
installed on the wave energy site resulting from Case 1.
& Resulting from Case 2.

# Resulting from Case 3.

irrelevant in the case of wave energy farms that can generate
highly fluctuating current profiles, especially when no energy
storage is installed.

B. Case 2

According to the simulation results, it would be technically
possible to permanently add one WEC, i.e. the farm would
be composed of 12 WECs if we consider thermal constraints
instead of current constraints. Under these conditions the cur-
rent can reach up to 1.05 time /.. and the temperature remains
below 90 °C. Compared to Case 1, the energy production
is increased by 9.2%. Switching permanently to 13 WECs
is not possible because, under these conditions, the cable
core temperature would reach 97.8 °C, which exceeds the
maximum temperature of 90 °C.

C. Case 3

First of all, we do not consider any economic aspects,
i.e. the farm is composed of 11 to 36 WECs. The results
show that it is technically possible to drastically increase
the production of energy compared to Case 1. Indeed, by
switching a variable number of WECs on or off for each

period of 30 minutes, it is possible to roughly control the
power produced with respect to the thermal constraints. Under
these conditions, the temperature is closer to the maximum
temperature of the cable over the entire considered period,
which means that the cable is approaching its optimal use.
Under these conditions, the power production is 175% more
(with 36 WECsS) than this of Case 1 while I,,,,, can reach 2.9
times I... To have an optimal use of the cable, one can add
more WECs to increase the production during the lowest wave
energy phase, but this means also that each WEC will be shed
more often and over a longer duration during more energetic
periods, thus decreasing its AE P and therefore its associated
revenue. Then, it is quite a nonsense to add WECs without
considering economic aspects. Based on this observation, we
performed a simple techno-economic analysis to determine the
optimized number of WECs that maximizes the revenue per
extra WEC without exceeding the thermal constraints of the
cable. The results of the techno-economic study are presented
in Fig. 5. The first observation concerns the optimal number
of extra WECs, which depends on the FIT. One can see that 2
extra WECs seems to be optimal for our case study when
considering economic aspects, which leads to increase the
production by 18% without any modification of the export
cable. The revenue is indeed positive, and maximal, when 2
WECs are added to the farm (FIT greater than or equal to
800 €/MWh). One can remark that the break-even point is
between 700 and 800 €/MWh. Such targeted FITs, that do not
take into account taxes, are in agreement with [16], where the
calculated LCOE for a similar WEC farm in terms of number
of WECs, i.e. from 12 to 16, is approximately 1300 €/MWh.
This means that, even with an already funded and installed
infrastructure, the decision of adding WECs to increase the
use of this infrastructure while meeting thermal constraints
must consider economic aspects, as such an approach is not
always economically viable. In particular, in the case of the
SEM-REV test site considered in this paper, applying this
approach is unrealistic due to the extremely high feed-in tariff
it would require, compared to the costs of electricity, even in
island territories [21]. It is also important to note that this
FIT estimation is made considering a small farm, i.e. the



costs are distributed only on a small number of WECs. Then,
the rentability is directly impacted by the DI and OM M
costs that decrease dramatically with the number of WECs, as
presented in Figs 3 and 4, but remains extremely high when
only few additional WECs are considered. It may therefore
be expected that increasing the power capacity of a future,
larger-scale farm, (as opposed to a small-scale test site), may
be economically viable under lower FIT levels. In this case, the
number of additional WECs may not only be of the order of
few units but maybe of ten units or so, leading to a dramatic
decrease of the DI and OMM costs per WEC. It is also
interesting to note that the SEM-REV test site presents mild
energy levels, compared to other locations where the average
wave power is three to five times more important [2]. The
SEM-REV test site presents indeed an annual average power
of 12kW/m while the Portuguese pilot zone reaches 32 kW/m
[2], and Belmullet in Ireland shows an average wave power of
nearly 70 kW/m [22]. This increased level of available energy
may render the proposed approach economically viable, even
with small-scale farms. Future work will consist in applying
the same methodology to such other locations.

V. CONCLUSION

The study described in this paper deals with the near-
optimal use of an existing MRE farm electrical infrastructure
by exploiting the thermal inertia phenomenon, while consid-
ering also economic aspects. The paper considers a 12-month
analysis of the thermal response of a wave farm export cable
considering realistic sea-state sequences of the SEM-REV test
site. It has been shown that making profitable the extension of
a small wave energy farm requires unrealistic feed-in tariffs
that are far over the maximum costs of electricity around the
world. However, it is important to keep in mind that sites such
as SEM-REYV are primarily open sea test testing sites dedicated
to test and improve MRE systems, i.e. they were not designed
for MRE farms. The method we proposed can be used to
extend their power export capability at no cost, which could
be very interesting to install more MRE converters and/or of
larger power. From a WEC farm point of view, it is important
to note that the small size of the farm considered in our
case study, that was initially designed considering maximum
current constraints and is composed of 11 WECs, can be
extended to 13 WECs with the combination of the thermal
analysis and of a simple techno-economic analysis, which
leads to an increase of the energy production of 18% without
modifying the export cable. According to these observations,
the results shown in this paper are encouraging for larger MRE
farms. Indeed, on a more industrial scale, the deployment
of more additional MRE converters allows to distribute the
installation, the operating, the maintenance and the monitoring
costs over more devices. In other words, one might draw
different conclusions with a larger farm, where a 10% increase
of power could lead to add 10 or more MRE converters,
leading to drastically lower costs per extra unit. It is also
interesting to note that there exist more energetic sites than
SEM-REYV, which offers higher average annual wave power

and for which our approach may be economically viable, even
for small-scale farms.
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