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Abstract

Dynamic rating is an approach which implies to operate an electrical network closer to its
thermal limits. This approach may be very beneficial for wave farms, as they are expected
to present a highly fluctuating electrical current profile while benefiting from the large
thermal inertia of the soil where their export cable will be buried. However, as the imple-
mentation of this approach is still in its infancy for offshore wind farms, it may be expected
that the first wave farms, under the form of small-scale test sites, will be sized with respect
to electrical current limits at a first stage. This sizing may be upgraded at a second stage
when design methods will have included dynamic rating. However, this raises the question
of the economic feasibility of this two-step approach, which is studied in this paper. Also,
performing such a techno-economic analysis requires developing an electrothermal model
of the export cable able to represent its transient response in a sufficiently precise man-
ner while requiring also a reasonable computing time. In this perspective, a comparative
analysis between several electrothermal modelling methods is also desctibed in this papet.

The electricity sector is to become more and more sustainable.
This will be achieved through various ways, such as by inte-
grating more and mote renewable energies into the grid, but
also by minimizing the use of natural resources necessary for
electrical systems, for example in maximising the use of already
existing infrastructures [1]. This emerging trend in distribution
and transmission system operators will lead to their systems
being operated increasingly closer to the infrastructure technical
limits. In particulat, cables are expected to be operated closer
to their maximum allowed temperature which constitutes the
limiting factor. Such an approach can postpone, ot even prevent,
time-consuming and costly grid reinforcements. In this perspec-
tive, the so-called “dynamic rating” approach is progressively
being adopted by grid operators and applied primarily to over-
head lines (hence the term “dynamic line rating”) [2], although
it is envisaged to be applied to transformers as well [3, 4]. In this
concept, the maximum current allowed for a piece of equipment
is adjusted dynamically with the ambient conditions (including
ambient temperature, solar radiation level, wind speed, etc.).

For underground or submarine cables, ambient conditions are
relatively stable with time. However, the large thermal iner-
tia provided mostly by the soil allows to apply dynamic rat-
ing as well. Under these conditions, a current greater than the
steady-state, rated current can be applied on a temporary basis
on the cable without its temperature exceeding its maximum
allowed limit. Exploiting this thermal inertia may allow to design
cables for a rated current below the maximum current they
would have to transmit, therefore reducing the need for natu-
ral resources. It may also allow to increase the maximum level of
current an existing cable may transmit, thus increasing the use of
existing infrastructures. Some works have investigated dynamic
cable rating applied to offshore wind farms and the resulting
benefit was proven to be significant [5, 6]. However, wave farms
are expected to generate current profiles far more variable than
the ones produced by offshore wind farms. Under these con-
ditions, the benefit of applying dynamic rating to these farms
is therefore expected to be even more significant than in the
case of wind farms. However, only few studies have focused
on the techno-economic optimisation of wave farm electrical
infrastructures, and, excluding the authors preliminary work [7],

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

propetly cited.

© 2021 The Authots. /ET Renewable Power Generation published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology

LET Renew. Power Gener. 2021;1-10.

wileyonlinelibrary.com/iet-rpg 1


https://orcid.org/0000-0002-2911-3178
mailto:Anne.Blavette@ENS-Rennes.fr
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/iet-rpg

2 |

BLAVETTE ET AL.

none of them have addressed the exploitation of thermal inertia
[8—10]. Hence, this paper proposes to address this question in
the perspective of maximising the use of existing infrastructures.

This work considers a fictive, but assumed already existing
wave energy test site. The number of wave energy converters
(WECs) assumed to be integrated in this farm is assumed to
comply with steady-state, electrical current constraints, that is
the maximum current flowing through the export cable does
not exceed its rated value. This approach is the one that is mostly
applied nowadays and which is based on standards such as IEC
60287 [11, 12]. However, it may be envisaged that after some
years of use, once design methods will have evolved in order
to include dynamic rating, the site owner may be inclined to
increase the number of WECs above the rated number in order
to fully exploit its infrastructure, and therefore to increase its
revenues. This raises the question of the profitability of such an
approach: would it be profitable to add, as a second stage, mote
WECs to an already existing wave energy test site? A case study
was carried out on this question and its results are described in
this paper.

This raises also a second question regarding the type of
models required to perform a techno-economic analysis, as dif-
ferent modelling approaches ate available and provide different
trade-offs in terms of precision and computing time. The com-
puting time corresponding to each approach needs indeed to be
evaluated carefully before starting the type of techno-economic
analyses targeted in this papet, as they require long simulations
over one year at least. In other words, the temperature of
the export cable should be assessed over one year at least,
which may lead to a prohibitive computing time with some
highly-detailed models. Also, some approaches, such as the one
described in IEC standard 60853 [13], were not developed with
highly variable, long and non-cyclic current profiles in mind,
such as the ones found in wave energy. Hence, it is necessary
to assess the precision of each model and their burden in
terms of computing time at a first stage, in order to select the
most suitable one. In this perspective, a comparative analysis
between several electrothermal models is petformed in this
paper.

The paper is organized as follows : Section 2 describes the
different models used in this paper while Section 3 details the
two case studies. The first case study focuses on a comparative
analysis between several electrothermal models, and the second
one on the techno-economic analysis mentioned eatlier in this
introduction. Then, Section 4 describes the results and Section 5
concludes the paper.

2 | METHODS
2.1 | Wave farm infrastructure and wave
climate

The test site considered in our case studies is the French multi-
technology, open sea test site “SEM-REV” operated by Ecole
Centrale de Nantes [14]. This test site is located off Le Croisic,
France and includes a 24 km-long submarine export cable, as
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FIGURE 1 Map of the SEM-REV test site. The continuous green and red
lines represent the onshore connection, while the dotted green line represents
the submarine export cable. Figure modified, courtesy of Ecole Centrale de
Nantes

shown in Figure 1. This cable is designed for a maximum tem-
petrature of 90 °C. Although exceeding this temperatute may
in practice lead to a negligible amount of additional aging,
this may constitute a breach in insurance/guarantee contracts,
thus rendering the test site owner potentially legally respon-
sible in case cable failures, linked or not to this accelerated
aging. Therefore, the possibility of exceeding the maximum
allowed temperature of 90 °C will not be considered in this
paper.

Time series of the significant wave height /7, (in m) and of
the peak period 7 (in s) for this particular site, and at the tem-
poral resolution of 30 min, were provided for this study. This
data combines both on-site, buoy-measured data as well as re-
simulated data using the HOMERE database [15]. The wave
power spectral density is calculated based on these statistical
indices (#7; and 7}), and leads to an approximation of the real
wave power encountered at this test site [10].

The sea-state time series were then used to simulate the sea
level at 36 different locations, each representing the position
of a potential wave energy converter. The sea level time series
were then used as inputs in a wave-to-wire model of a passively-
controlled, 1 MW-rated point absorber already described in
a previous work [7]. This resulted in individual time series of
the electrical power for each WEC, thus allowing to simulate
the electrical power profile of a fictive wave farm including up
to 36  WECs which could be installed in the vicinity of the
SEM-REV test site. During each sea-state defined by a (/,
1,) couple, it was considered that the optimal damping factor
maximising the energy conversion for the considered sea-state
was applied to the WECs. Finally, electrical current time series
were obtained by assuming that the wave farm would deliver
power at a unity power factor under a phase-to-phase voltage of
20 kV.

2.2 | Cable electrothermal models

The thermal response of the submarine export cable to a
given electrical current profile can be simulated by several types
of electrothermal models, all presenting a different trade-off
between computing speed and precision.
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FIGURE 2
environment, including the boundary conditions, as implemented under
Matlab for the RC models (not to scale)

Tlustration of the discretisation of the cable and its direct

Finite element method (FEM) models have the capability to
represent reality with a high level of accuracy, therefore lead-
ing to potentially very precise results. However, they are often
quite computing time-hungry. So-called “RC” models, based
on the thermal—electrical analogy, may present a dramatically
reduced computing time for a potentially acceptable loss of pre-
cision. Last, but not least, simplified models, such as the ones
proposed in IEC standards 60287 and 60853-2, may provide
interesting results in a fraction of the computing time required
by the other two types of models mentioned earlier. The objec-
tive of this section consists in detailing the different models
(FEM, RC, IEC 60287 and 60853-2) which wete analysed for
the techno-economic analysis described later.

2.2.1 | Finite element method model

A 2D FEM model was developed under COMSOL and is
detailed in a previous work [7]. It includes a strong coupling
between the “heat transfer in solids” module (ht) and the “mag-
netic fields” module (mf). It should be emphasized that this
model was validated against experimental simulations on a sam-
ple of the cable which is actually deployed at the SEM-REV test
site. It will be used as the reference for the models compara-
tive analysis.

222 | RCmodels
So-called “RC models” are based on the well-known thermal—
electrical analogy [17]. In this paper, the cable and its environ-
ment were discretised in numerous elements containing ther-
mal resistances and capacitances, as illustrated in Figure 2. The
boundary conditions of the thermal problem are also defined in
this figure.

The model was implemented in Matlab, and is based on the
general heat equation:

06
P,Cp0) 5 = VK®)VE) + 0 )

where p,, is the mass density of each material and % is the thet-
mal conductivity taken from IEC standard 60287-2-1. The tota
Joule losses inside the cable are computed from the electrical
model and defined by O; = /V r,J?dV, where ] is the elec-
tric current density. The armour and screen losses were com-
puted with respect to IEC standard 60287-1-1. Non-linear laws
of cooling on the external boundaries were also used to model
the heat transfer in sea water as:

Qr = b(Ae> X 5X (ew - e;) (2)

where 8, is the soil temperature of the RC element adjacent to
the sea water, S is its area, 8,, is the sea watet temperature, H(A9)
is an effective non-linear convection coefficient expressed in
W | (Kn?), and AO = 6, — O,. Term h(AB) is based on mate-
rials data and formulae given in IEC standards 60287, and is
defined by the following equation:

x(©)

~“r

h(A8) = % 0.15 X [Ra(AB)]'/3 3)

whete Ra(AB) is the Rayleigh number which depends on the
difference between the considered boundary temperature and
the sea water temperature. It is defined as:

3
gﬁA@L{b

Ra(AB) = o
h

)

whete gis the acceleration due to gravity, B is the thermal expan-
sion coefficient of the fluid, 2 is the characteristic length, » is
the kinematic viscosity and &, is the thermal diffusivity.

Three RC models were developed. The first one includes the
relationships (sometimes highly non-linear) with temperature
of the different materials thermal characteristics (resistance and
capacitance) and will be referred to as “Model 1”. The second
RC model includes only the linear relationship with temperature
of the conductor thermal characteristics, while the other charac-
teristics are supposed to be constant. This model will be referred
to as “Model 2”. The last model, referred to as “Model 3,
is similar to Model 2, but transforms the input current pro-
file into time series of 30-min RMS values, and computes the
temperature profile based on this transformed time series. This
is intended to reduce significantly the required computing time
compared to Model 2.

223 | Model based on IEC standard 60287

According to IEC standard 60287-1-1, the conductor tempera-
ture O, of a cable subjected to a constant curtrent of RMS ampli-
tude / can be expressed as:

6[ = eﬂ/}i/i + (]2R + 05%)E (5)
+[PR(1 + ) + WyuT

+ PR+ + ) + Wiln(Ty + 1)
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TABLE 1  Numerical values of the parameters used for the models based on IEC standards 60287 and 60853

Description Name Numerical value Unit
Thermal resistance (insulation) A 0.4749 K/W
Thermal resistance (filler) 1 0.2725 K/W
Thermal resistance (internal sheath and armour mats) 13 0.0455 K/W
Thermal resistance (soil) 7; 0.4687 K/W
Loss factors 4,4 0, 0.0487

Equivalent thermal resistances 14, 1p 0.1583, 0.3205 K/W
Thermal resistances 7,1, 0.0914, 0.3874 K/W
Factors a, b 0.0104, 8.1 x 10~ K/W
Equivalent thermal capacitances 04,08 792.8, 2.950 J/K
Soil diffusivity ) 714 x 107 m?/s
Soil thermal resistivity P, 0.7 K m/W
External cable diameter D, 0.0893 m
Ambient temperature S 12 °C
Cable burial depth L, 1.5 m

where 8, is the ambient temperature, R the conductor resis-
tance, W, the dielectric losses, 71 to 7, the different thermal
resistances composing the cable and the soil, 44 and 4, loss fac-
tors due to the induced currents in the screens and in the armour
and 7 the number of conductors.

This standard has been generally used by gtid operators
and designers for cable sizing, based on the maximum cur-
rent max(/(¢)) that may flow through the cable, regardless
of its potentially varying nature, and of the cable potentially
significant inertia. Hence, this may lead to highly conservative
estimates. In this paper, Equation (5) was used to calculate the
maximum temperature that may be reached by the cable if it
had no inertia, that is if steady-state conditions were achieved
instantaneously. The results obtained with this model will be
used as a worst-case reference in the models comparative
analysis.

224 | Model based on IEC standard 60853

Contrary to IEC standard 60287, which was intended for con-
stant current profiles and steady-state conditions, IEC standard
60853 details the procedure to simulate the transient thermal
response 8,.(#) of a cable subject to a potentially varying current
profile, which is expressed as:

0.(t) = 0.+ 6,() + a(1)8.(t) ©)

where 6,(#) is the transient temperature tise above the ambient
of the cable external surface, 8,(#) is the transient environmental
temperature rise and () is the attainment factor. As the tem-
perature is dependent on the Joule losses, themselves dependent
on the temperature, the temperature is calculated iteratively by

re-updating the Joule losses once a new temperature is calcu-
lated, until the temperature reaches convergence.

Calculating the transient temperature rise of the cable exter-
nal surface O,(#) requires reducing the cable to a simple
equivalent single-phase ladder thermal model, itself further
reduced to a RC two-cell model including two thermal resis-
tances 74 and 7p, as well as two capacitances Q4 and (Op.
The numerical values obtained for these parameters are listed
in Table 1. Following this, the cable external surface transient
response can be calculated as:

©.() =W X[L,(1 =)+ T,(1 =) )

where # is the time, and parameters 4, b, 7, and 7, can be calcu-
lated based on the following formulae:

4= —x ®)
b= —x )
I,=-1, (10)
T, =T, (an

o= —— (12)
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m=—— 13)

I, = (14)

L= 1
. — 15
where
2XMy = 04X (Ty+ 1p) + Op X 1p (16)
Ny = 04X 0p X Ty X T 17)
As for the attainment factor a(#), it can be expressed as:

TX(1—eY+ Ty x(1—e”

wy = BXAZ D+ X A=) -

i+ Ty

Finally, the environment transient tesponse 6,(#) can be cal-
culated as:

6,0)=w x 2o —£i s Ei L
) = 47 "\Toxoxs (& Sx¢

19)

where W =3R(I(£))*(1 + A; + A,) is the thermal flux gener-
ated by the three conductors, p, is the soil thermal resistivity,
J its thermal diffusivity, /., the cable butial depth and term £/
represents the integral exponential function.

2.3 | Economical models

As wave energy technology is still in its infancy, no wave farm
has been deployed yet. Therefore, operational experience feed-
back and precise techno-economic data are unavailable. Hence,
the data on which our techno-economic analysis is based relies
on cost estimations described in a report by Sandia National
Laboratories [18]. This report describes “Marine Energy Con-
version reference models” for different types of WECs, and
includes a comprehensive analysis of the different CAPEX and
OPEX related to each model. Sandia’s estimations on point
absorber costs were considered in this research work, where
it was assumed that WECs were available on the market and
that their production had reached an industrial production level,
therefore leading to significant economies of scale. It should be
emphasized that the techno-economic analysis proposed here is
based on simple techno-economic models which may require to
be refined by economists, especially once more realistic figures
become available. It should also be noted that it was assumed

in this study that the farm electrical infrastructure (e.g. export
cable, umbilicals, substations, etc.), being already existing, was
already paid for, so its costs were not considered in this study:
only the costs directly related to the additional WECs (including
their transport, deployment and maintenance) were considered.

In order to assess whether the overplanting of WECs could
be economically profitable, and if so, up to which number of
additional WECs it would be profitable, the benefit B 4 per addi-
tional WEC per year must be calculated as a function of the
number of WECs for different feed-in tariffs. This benefit B 4
can be expressed as:

By=R4—Cy (20)

where R 4 is the annual revenue per additional WEC and C4
represents the annual expenses per additional WEC. Revenue
R 4 can be calculated as:

_ AEPX HT

+
N[VE C

R4 21)

where AFEP is the annual energy production, /77" is the feed-in
tariff, and N;EC is the number of additional WECs. The annual
cost C 4 is obtained by summing all the costs over the wave farm
lifetime (which was assumed to be equal to 20 years), divided by
this lifetime. Some of the costs composing the annual costs C 4
were provided in the Sandia report as total costs (i.e. over the
wave farm lifetime) per kW. Hence, in order to calculate costs
pet WEC per yeat, they were multiplied by term C), which can

be expressed as:

D2E X Pypc X in
e
where D2F is a US dollar to euro conversion rate, Py cot-
responds to the rated power of a single WEC, i is the infla-
tion rate between the publication year of the Sandia report
(2014) and year 2019 (as the study was conducted in the course
of 2020), AMO represents the amortisation period which is
20 years (i.e. the assumed lifetime of the wave farm). Term
D2F was selected as the average conversion rate between 2014
and 2019, and is equal to 0.89 €/$ [19]. Also, the inflation rate
between 2014 and 2019 was considered, and estimated as equal
to 5.2% [20].

The annual costs are composed of WEC structure costs
My, power conversion chain costs Mp -, mooring costs
M,

woor» deployment and installation costs D/, operating, main-

tenance and monitoring costs OMM, such as:
CA = Mrlrm + MKC + Mmaor + DI + OMM (23)

The equations defining each of these costs will now be
described. The WEC structure costs can be defined as:

M,r/r//f = C;”/rm‘ C;? (24)
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whete C,,. is the cost of the WEC structure, which has been
evaluated to 6070 $/kW. Then, the power conversion chain
costs Mp, related to the PTO, transformers, power convert-
ers, cables, etc. were calculated. As the considered type of WEC
considered in this study is a direct-drive point absorber, costs
related to hydrodynamic parts were excluded. This cost can be
expressed as:

Mpce = Crec Gy, 25)

where Cp is the cost of the whole power conversion chain,
which has been evaluated to 1110 $/kW. The manufacturing
costs of the moorings, and the associated buoyancy and anchot-
ing system, M,,,,, can be expressed as:

MM’OOV = C;}ﬂlﬂfc_;‘r (26)
where C),,,, has been evaluated to 1651 §/kW. The deployment

and installation costs (D/) of both the additional WECs and of
their mooring systems is defined as:

DI = CI(Ny, )Gy 27)

where C7 is the cost of installation in $,/kW that is highly depen-

dent on the number of additional WECs NHJ;EC,

ated to approximately 1500 $/kW. Term NL};Z ¢ is the total num-
ber of WECs minus the number of WECs (Equation (11)) in

the base case where current constraints are considered. Finally,

and was evalu-

the operating, maintenance and monitoring annual costs OMM
must be calculated. This term depends on the total number of

WECs N/

v thatare installed in the farm, and can be expressed

as:

OMM = Cop (N},

W VX D2E X Pype Xin - (28)

where Cpys was evaluated to =300 §/kW.

3 | CASE STUDIES

In each of the two case studies, the ambient temperature of the
soil and the sea water was assumed to be equal to 12 °C, which is
typical of northwestern European coastal conditions, as defined
in Berx and Hughes [21]. Simulations were performed assuming
that the export cable is buried at a constant depth of 1.5 m under
the sea bed. It is assumed that the wave farm includes 11 WECs,
leading to a maximum current close to, but not exceeding, the
cable rated current equal to 330 A.

3.1 | Comparative analysis on the
electrothermal models

In otrder to petform a comparative analysis of the different
electrothermal models, a relatively short period of time was con-
sidered, thus leading to reasonable computing times, even for

W)

Power (M

0 5 10 15 20 25 30
Time (days)
FIGURE 3 Power profile of the wave farm (1st January—31st January ,

2015) used for the comparative analysis of the electrothermal models
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FIGURE 4  Scatter matrix of the SEM-REV wave resource showing the

sea-state occurrence tratio (between 0 and 1) over the 12-month period
considered in this paper (June 2014 to June 2015)

the FEM model which is the most computing time-demanding,
The period considered in this case study spans between January
1, 2015 and January 31, 2015. The corresponding power profile
is shown in Figure 3. This period was selected as constituting
the most energetic window over a 12-month period spanning
between June 2014 and June 2015, this latter period being
retained for the techno-economical analysis.

3.2 | Techno-economical analysis

As mentioned earlier, the techno-economical analysis was per-
formed based on a wave farm power profile simulated for June
2014 to June 2015. The scatter matrix corresponding to this
period is shown in Figure 4. Based on the observations that will
be detailed in Section 4, RC Model 3 was decided to be used
for performing this study as it presents a reasonable trade-off
between precision and computing time.

In this study, the number of WECs is allowed to vary every
30 min. In other words, curtailment is allowed as WECs can be
switched on or off, in order to maximize the electricity genera-
tion while satisfying the cable temperature constraints.
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FIGURE 5 Temperature profile over January 2015 as calculated with the

three different RC models: Model 1 (non-linear thermal characteristics),
Model 2 (constant thermal characteristics, except for the linear relationship
with temperature of the conductor material), Model 3 (similar to Model 2, but
transforming the electrical current input profile into 30-min RMS time series
before calculating the corresponding temperature)

A simple strategy was used to calculate the electricity gen-
eration at each time step of 30 min. First, a given number of
additional WECs NJ;EC was considered. A simulation was per-
formed to determine whether the cable temperature exceeded
the maximum allowed temperature of 90 °C. When that was the
case, the considered number of WECs was reduced iteratively by
one WEC, until the cable temperature constraints was satisfied.
The highest number of WECs obtained through this method
was then retained to calculate the energy generation for the con-
sidered 30 min-time step, while the total costs were calculated
based on the additional number of WECs NHZJC (whether they
generate electricity or not). This allowed to simulate the poten-
tial curtailment of some WECs, thus allowing a variable number
of WECs to generate electricity as a function of time in order
to maximise the energy harvesting while satisfying thermal con-
straints. A maximum number of WECs NV + WEC equal to 36
was considered. For the sake of compatison, the study was also
conducted for a fixed number of WECs IV + WEC' ranging
between 11 WECs and 13 WECs.

4 | RESULTS AND DISCUSSION
4.1 | Comparative analysis on the
electrothermal models

The temperature profiles for the three different RC models
described in Section 2 are shown in Figure 5. In terms of max-
imum temperature, Model 1 reaches 68.8 °C, while Models 2
and 3 reach both 66.5 °C, thus leading to an acceptable loss of
precision of 2.3 °C. Regarding the entire temperature profiles, it
can be observed that the curves of Models 2 and 3 are superim-
posed. This means that simplifying the input electrical current
profile by considering only its 30-min RMS time series is suffi-
cient. It can also be obsetrved that the error between Model 1
and Models 2 and 3 is relatively negligible, whereas Model 1 is

IEC (60287)
100 —IEC (60853)
COMSOL
90 —RC

I;' lﬂ

]

Conductor temperature (°C)

| V‘M
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4) ‘JJ M‘ h‘\
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FIGURE 6 Temperature profiles over January 2015 for the FEM model
(“COMSOL”), RC Model 3 (“RC”), and models based on IEC standards
60853 (“IEC 60853”) and 60287 (“IEC 60287”)

more time computing-hungry than Model 2 and far more time
computing-hungry than Model 3.

Figure 6 shows the temperature profile for a period spanning
over January 2015 for four different models: the FEM model
developed under COMSOL, two models based on IEC stan-
dards 60287 and 60853 respectively, and RC Model 3, referred
to as “RC” in this figure, for the sake of simplicity.

The model based on IEC standard 60287 shows a maximum
temperatute equal to 85 °C, which is slightly below the max-
imum allowed temperature of 90 °C. This is explained by the
fact that the wave farm is assumed to include 11 WECs, whose
maximum aggregated current is slightly below the maximum
allowed current. This choice was done as including 12 WECs
permanently in the wave farm would have led to a maximum
current exceeding the cable rated current equal to 330 A.

The difference between the steady-state model based on IEC
standard 60287, which implicitly does not include the effect of
thermal inertia, and the other models is extremely important. It
can indeed be observed that the maximum temperature with the
IEC standard 60287-based model is equal to 85 °C whereas the
maximum temperature observed for the FEM model, Model 3
(RC model) and IEC standard 60853-based model are equal to
65, 66, and 69 °C, respectively. This highlights that there may
be a very significant benefit in exploiting the thermal inertia
of the submarine cable, as the effect of thermal inertia is very
important. It can also be observed that RC Model 3 performs
quite well compared to the FEM model, while requiring only a
fraction of the latter’s computing time. The computing time for
all the different models is detailed in Table 2. These comput-
ing times correspond to a simulation of 7 days at a time step
of 10 seconds. The computations were performed on a com-
puter having a 4 cores, Intel Xeon W-2125 processor with a
base frequency of 4.0 GHz. However, the results obtained from
the model based on IEC standard 60853 show that this stan-
dard is quite conservative, as it over-estimates the temperature
by 4 °C, which is quite significant. Hence, selecting RC Model 3
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TABLE 2  Computing time for the different electro-thermal models
Model Computing time
FEM COMSOL 26h 44 m

Model 1 8h46m

Models 2 and 3 (RC models) 28m40s

IEC 60853 16 m 57 s
TABLE 3  Additional annual energy production (AEP) compared to the

best case with 11 WECs, ratio between the maximum current zax(/(¢)) and
the rated current /,=330 A, and maximum temperature for different WEC
numbers with (Y) and without (N) curtailment allowed

Curtailment ~ Add. AEP Ratio Max.
WEC allowed per add. max temperature
number (Y/N) WEC MWh)  (I(t))/1, °C)
11 N 0 0.96 68.5
12 N 3667 1.05 81.8
13 N 3607 1.14 97.8
11to13 Y 3536 1.14 90
11 to 14 Y 3091 1.22 90
11to 15 Y 2435 1.31 90
11t0 16 Y 1923 1.40 90
11 to 36 Y 771 2.87 90

for performing the techno-economic analysis, whose results are
described in the next section, was decided to represent the most
reasonable trade-off between required computing time and pre-
cision.

4.2 | Techno-economical analysis

The objective of the techno-economical analysis was to deter-
mine under which conditions in terms of additional number of
WECs and of feed-in tariffs adding WECs to an existing test
site could be profitable while satisfying the cable electrother-
mal constraints.

Table 3 shows the additional annual energy production (with
respect to the base case with 11 WECs), the maximum temper-
ature, and the ratio between the maximum current and the rated
current of 330 A for several number of WECs, with and with-
out curtailment. It can be observed that adding permanently 2
WECs without allowing curtailment (i.e. reaching a number of
13 WECs where curtailment would not be allowed) would lead
the cable temperature to exceed its maximum allowed limit of
90 °C. Howevet, a significant amount of energy can be hat-
vested by adding more WECs while allowing curtailment. Of
course, the higher the number of WECs, the less amount of
electricity per WEC can be generated as curtailment is applied
more and more regularly. This means that the benefit per WEC
is expected to increase at first, and then decrease with the
number of WECs.

Figure 7 shows the benefit B 4 (in k€ per additional WEC and
per year) as a function of the additional number of WECs NI-L';EC‘
and for different feed-in tariffs /77"

In the cases where benefit B 4 is positive, it can be observed
that the optimum benefit is found for the addition of only two
WECs. This is explained by the fact that the higher the num-
ber of WECs, the more often the added WECs would have to
be curtailed to prevent the cable temperature from exceeding
90 °C. Thetefore, the revenue pert WEC is expected to dectease
with the increase of the WEC number, which is observed here.

It can also be observed that a positive benefit (i.e. meaning
a revenue greater than the expenses) is observed only from
high feed-in tariffs greater than 700€/MWh. It is interesting
to note that feed-in tariffs around the world for renewables
and in particular for wave energy, are within a range of 200 to
600 €/MWh [22, 23]. The results obtained in this analysis show
therefore that it would not be profitable to envisage adding
WECs to the existing test site considered in this study. This
result can be explained by several factors. First of all, the SEM-
REV test site presents a relatively mild wave climate compared
to other sites in the world. Its annual average power is indeed
equal to 12 kW/m only while the Portuguese pilot zone reaches
32 kW/m, and Belmullet in Ireland shows an average wave
power of nearly 70 kW/m [24, 25]. However, in the absence
of data from these other sites, the SEM-REV was retained as a
worst-case scenario from a wave climate perspective. Also, the
considered test site is rated to a relatively low level (10 MW),
which means that increasing the maximum power of the farm
by few tens of percent would lead to adding only few WECs.
Hence, costs such as transport, which represents a heavy share
of the total costs, are borne by these few WECs only, therefore
increasing dramatically the costs per WEC. In a farm rated to
a higher power level, for example a pre-commercial wave farm
of few tens of MW, the transport costs could be shared among
more WECs, therefore leading to reduced per WEC costs. In
this perspective again, considering the SEM-REV test site also
constitutes a worst-case scenatio. However, the additional costs
linked to the upgrading of the substations, cable junctions, and
of the landfall section were not considered. These sections
present a less important, but still significant, inertia than the
buried part of the submarine cable, and may therefore need to
be modified if the maximum allowed power of the test site were
increased. However, this may require a more in-depth analysis,
as these pieces of equipment may also benefit from natural
cooling in winter times when wave energy is more abundant,
while in summer times, where heating due to solar radia-
tion is more important, wave energy production may be at a
minimum.

Based on these obsetvations, it may be concluded that adding
WECs to an existing test site is not profitable under the current
conditions due to the still very high cost of wave energy tech-
nology. As these costs are expected to decrease in the future,
this analysis will have to be updated accordingly. The results also
show that, although the envisaged perspective is not profitable
under the conditions considered here, it is close to the limit for
profitability with the highest feed-in tariffs values. Therefore, a
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FIGURE 7 Benefit B in k€ per additional WEC and per year as a function of the additional number of WECs Z\f;@c and for different feed-in tariffs /77°

more detailed analysis would be required to determine whether
adding WECs to more energetic test sites, and/or presenting
a higher rated power, could be profitable. However, it is clear
that a single-stage approach, were dynamic rating is considered
initially in the design of the farm, rather than after its deploy-
ment, would be more economically competitive, as dividing the
deployment of the farm into two steps may jeopardize the eco-
nomic benefit of exploiting thermal inertia.

5 | CONCLUSIONS

This paper described two case studies on the grid integration of
wave energy in the perspective of exploiting the thermal inertia
of a wave farm submarine cable. In the first case study, a com-
parative analysis of different cable electrothermal models was
petformed. The most precise model, based on the finite ele-
ment method (FEM) and validated experimentally, was used as
a benchmark for the other models. It was shown that using an
RC model with constant thermal characteristics, except for the
conductors ones, and based on 30 min-RMS input data (referred
to “Model 3”), led to relatively precise results. However, it was
shown as well that the model based on the IEC standard 60853
was quite conservative, as a difference in terms of maximum
temperature of 4 °C was found. This represents more than 4%
of the maximum allowed temperature of 90 °C and can be con-
sidered as significant. Hence, RC Model 3 was used to perform
a techno-economic analysis involving the simulations of wave
energy generation over 1 full year at the time step of 30 min.
It was concluded that, under the conditions considered in this
study, which may represent worst-case conditions in terms of
rated power and wave climate, it is not profitable to install addi-
tional WECs at a test site as a second stage, given the still quite
high expected levelized cost of wave energy. However, this may
not be the case for more energetic test sites and/or presenting a
higher rated power. Hence, more detailed analyses are required

to determine whether adding additional WECs to such an
existing test site could be profitable. Also, it was recommended
to include dynamic rating at the initial design stage of the wave
farm, as considering it after the deployment of the farm may
jeopardize its potential economic benefit.
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