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Abstract: When designing “multi-MW arrays” of Wave Energy Converters (WECs), having a low
number of converters with high individual power ratings can be beneficial as the Operation and
Maintenance (O&M) costs may be reduced. However, having converters of small dimensions or small
power ratings could also be beneficial, as suggested by previous works, due to a reduction in material
costs as compared to power production, and the use of small, inexpensive vessels. In this work, a case
study investigating the optimum size of WEC for a 20 MW array is performed. Analysis is carried
out based on the CorPower Ocean technology. In this case study, firstly a Levelized Cost of Energy
(LCOE) model is created. This model incorporates the latest Capital Expenditure (CAPEX) estimates
for CorPower Ocean’s 250 kW prototype. Using this techno-economic model, several sizes/ratings of
WEC are tested for use in a 20 MW array. Operational Expenditure (OPEX) is calculated using two
different calculation approaches in order to check its influence on final indicators. OPEX is firstly
calculated as a percentage of CAPEX, as shown in previous works, and secondly using a failure-repair
model, taking into account individual failures of WECs in the array. Size/rating analysis is carried out
for several European locations in order to establish any dependence between site location and optimal
WEC size/rating. Several metrics for techno-economic assessment of marine energy converters, other
than LCOE, are compared in this work. A comparison of several devices with each these metrics is
performed within this study.

Keywords: wave energy; techno-economic assessment; LCOE; sizing; optimal rating; metrics

1. Introduction

The marine energy sector is an emerging industry that is still in the early stages of development.
Two sources of marine energy that have been identified as having significant potential to contribute to
the European energy system are tidal streams and ocean waves [1,2].

The problem that marine energy faces is that it is not yet cost competitive with offshore wind,
which currently delivers a lower LCOE [3]. Whilst marine and offshore wind are not competing for
the same resource, they do compete for investment from utility companies that want to deliver clean
energy for the lowest possible cost [4]. It is therefore important that the LCOE of marine energy
is driven down to levels comparable with offshore wind, thus allowing marine energy to secure a
foothold as part of the future world energy mix. Moreover, some authors were found to account for
risk in an LCOE analysis by considering the probability of a return on the investment for different sized
wave farms through calculation of the Value at Risk (VaR) and Conditional Value at Risk (CVaR) [5].
Also, O’Connor et al. [6] studied the OPEX costs for wave energy projects, and Guanche et al. [7]
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analysed the uncertainty of financial indicators for wave energy farms, giving a good overview of the
economic situation of the sector.

The marine energy sector is not yet considered mature, with prototypes being deployed as proof
of concept devices [1]. Offshore wind technology, on the other hand, builds to a large extent on
established solutions from on-shore technology, and has thus been able to mature more rapidly and
attract capital investment. Commercial-size offshore windfarms have already been deployed at several
locations around the North Sea and the rest of the world [8]. In order for marine energy to compete with
offshore wind, a significant investment is required to increase the learning rate and drive down costs to
competitive levels [9]. The IEA provides a LCOE value for offshore wind of around 120 £/MWh [10],
significantly lower than current estimates for ocean energy. However, the offshore wind sector has
seen a significant cost reduction in recent years, providing an insight into the level of cost reduction
that can be achieved by the marine energy sector.

When designing “multi-MW arrays” of Wave Energy Converters (WECs), having a low number
of converters with high individual power ratings can be beneficial as the Operation and Maintenance
(O&M) costs may be reduced. However, having converters of small dimensions or small power ratings
could also be beneficial as suggested by De Andres et al. [11] due to a reduction in material costs as
compared to power production, the use of small, inexpensive vessels, and a lower learning process
cost. This paper, however, only took into account the hull costs (cost of the external structure) for its
comparison and did not carry out a full LCOE study for the comparison.

Regarding techno-economic assessment, a detailed study was recently published that presents
a methodology for the design and economic analysis of four Marine Energy Conversion (MEC)
technology point designs. The O&M Strategy Module includes a failure matrix (measure of reliability)
for device and infrastructure (BOS) components, which accounts for the likelihood of failure of each
component along with the requirements for the repair as well as the number and unit cost of service
trips. Many techno-economic analyses have been carried out to assess the feasibility of marine energy.
De Andres et al. [12] conducted a study investigating the effect of differing development strategies on
LCOE. Furthermore, consulting engineer Julia Fernandez Chozas has developed a tool to standardise
the process for calculation the LCOE of wave energy developments, allowing input variables to be
changed in order to investigate the effect of design changes on the final LCOE [13]. While these
examples show that large amounts of work have been done to investigate the effect of device and
deployment parameters on the LCOE, the studies do not directly address the assessment of full-scale
rating for WECs.

The aim of this paper is to determine the optimal size, in terms of economic performance, of a
given wave energy converter. This problem can be split into two parts: static; and dynamic. Looking
firstly at the static problem, the aim is to determine an optimal device size once the marine energy
sector has fully matured to deliver the lowest possible cost of electricity. With the dynamic problem,
the aim is to determine the best strategy for upscaling marine energy devices to an optimal size within
a fully matured market, in such a way as to minimise the cost of learning and the amount of investment
required to make marine energy competitive with other renewable technologies. In this paper, for the
sake of simplicity, the static problem will be analysed based on a specific wave energy converter.

This topic has been investigated by a number of authors in the past. For instance, O’Connor et al. [14]
give an investigation of several differently rated versions of the Wavestar and Pelamis devices. One
conclusion was that multiple smaller rated devices produced higher energy outputs and capacity
factors at all locations and for both device types. From an economic perspective, however, the most
attractive returns occurred when using larger rated devices. Several power ratings for a Wavestar
inspired device have also been investigated [12]. Although it was concluded that having converters
of small dimensions or small power ratings could be beneficial, in terms of the efficiency of the
conversion devices, tuning to the specific location is recommended. This paper, however, only takes
into account OPEX as a percentage of the CAPEX. Furthermore, the scaling of CAPEX was not
performed following a scaling law.
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This paper will present a case study of the techno-economic performance of an inherently resonant
point absorber wave energy converter with several ratings. Performance will be tested at various
locations in order to check the location dependency of the rating decision. Furthermore, two approaches
to OPEX calculation will be followed in order to check the dependency of device rating on OPEX
assumptions. All assumptions and the techno-economic model will be explained in greater detail in
the Methodology (Section 2), while the Results (Section 4) is split into three subsections: results for a
20 MW wave farm; a sensitivity analysis based on CAPEX and OPEX; and a device comparison with
various metrics.

2. Methodology

In this section the tools and assumptions that have been used to perform a device rating analysis
are explained. Firstly, an explanation of the device and the rating adaptation for the power matrices is
given. Secondly, the economic tool used for this analysis is presented following O’Connor et al. [6]
and, finally, the sites examined in this study are described.

2.1. Device Specifications

CorPower Ocean’s Wave Energy Converter (WEC) technology belongs to the point-absorber
category, with a heaving buoy on the surface absorbing energy from ocean waves while being connected
to the seabed using a taut mooring line. It provides pneumatic pre-tension between the mooring and
the buoy to enable a lightweight system. A novel phase control technology called WaveSpring widens
the buoy’s response bandwidth, and thereby also increases the power capture [15]. The absorbed wave
energy is converted into electricity using a new type of mechanical direct drive PTO, located inside the
buoy (see Figure 1).
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Flywheel and
generators

Gear box

Pre-tension
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Tidal
adjustment
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Figure 1. Schema of the Corpower device.

A key component is a cascade gear box, capable of efficient conversion of linear-to-rotating motion
with high durability. The cascade gear has a design principle similar to a planetary gear box, dividing
a large load into a multiple of small gears, arranged to allow conversion of linear-to-rotation motion
in combination with a gear rack. A dual set of flywheels/generators provides power conversion and
temporary energy storage for power smoothing. Generators and power electronics are standard
components known from the wind industry, enabling well-known grid connection architecture.
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The units are designed to operate autonomously by a Programmable Logic Controller (PLC) located on
the PTO, with an interface for remote control and data acquisition to shore over fibre and a radio link.

This WEC incorporates a pneumatic pre-tensioning system that reduces the mass of the oscillating
body, thereby giving a high natural frequency of oscillation. Advantages of this technology stem
from an increase of annual energy capture by +300% for a given point absorber size, and a reduction
of required materials/mass by 40% for the absorber (primary structure) as compared to the chosen
benchmark derived in Babarit [16].

Due to the commercial sensitivity of the data, the power matrix cannot be included within this
paper. However, it should be noticed that the power matrix is smooth (not peaky) with the rated power
within sea states corresponding to high wave periods (12-17 s) and high wave height (4.5-7.5 m).
However, the scatter plots obtained from Chozas et al. [13] of the five selected sites have been included
in Figure 2 in order to help the understanding of the scaling operation, as well as the differences
between sites.
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Figure 2. Wave climate scatter plots for the five selected sites (number of occurrences per year).
EMEC (top left), WaveHub (top right), Bimep (mid left), Yeu (mid right), and DK North Sea Point 2
(bottom) [12].

2.2. Techno-Economic Model

The underlying goal of this paper is to ascertain the optimal size for a marine energy converter
in terms of economic performance. The first step that must be taken then is to select an adequate
indicator that represents the economic performance of a device. Various reports by leading bodies
in marine energy development were found to frequently refer to LCOE when detailing the cost of
production [3,17].

LCOE is defined as the total capital, operational, and maintenance costs associated with the
generation, discounted to present day value, divided by the electricity generated to the grid throughout
the technology’s operational life [11]. Equation (1) shows this, where LCOE is the levelised cost of
electricity, CAPEX is the capital expenditures, OPEX is the operational expenditures, WEC production
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(often named Annual Energy Production—AEP) is the annual electricity production, 7 is the lifespan
of the system, and r is the discount rate:

n OPEX
CAPEX + L1, G720

n _ WEC Production; ° @
t=1 (1+1)f

LCOE =

It is clear that LCOE is a widely used concept throughout the energy generation industry and
so, in order to stay consistent with the industry and allow comparison of the performance of marine
energy devices with alternative forms of electricity production, LCOE should be used.

In this case, the COE calculation tool from Chozas et al. [13] was used as the reference modelling
tool. This tool was used mainly as a basis for met-ocean conditions (scatter plots) and scaling of the
power matrix.

2.3. Assumptions

As previously mentioned, LCOE will be the main parameter used in this techno-economic study.
However, for “low to medium TRL technologies”, some assumptions need to be made due to a lack of
data and in order to simplify the sizing study:

e  Power matrices are scaled with the Froude scale (further explained below).
e  For all ratings, the device is in survival mode in sea states where Hs > 10 m.
e No interaction effects are considered among devices (q factor = 1).

e CAPEX s scaled based on the following equation:

CAPEX, = CAPEX; x ScaleSc@le parameter 2)

where CAPEX; corresponds to the CAPEX of the 25 kW device, Scale corresponds to the scale of
the device calculated through the rated power conversion, and Scale parameter corresponds to
the CAPEX Scale parameter that is further explained below.

e 1st OPEX calculation approach:For the sake of simplicity, and due to the absence of adequate
O&M data for wave energy converters, OPEX is calculated as a percentage of the CAPEX.
O’Connor et al. [6] showed different figures of OPEX calculated as a percentage of CAPEX. In this
case, following Guanche et al. [7], it was assumed that the initial OPEX was 8% of CAPEX.

e 2nd OPEX calculation approach:As a second approach, OPEX is calculated based on the real cost
of the repair actions through the life-cycle of the device. The assumption of one major repair being
performed every two years is used. Costs are based on consultations with a vessel company in
Orkney. It is assumed that the same type of vessel is used for the repair action, independently of
the rating of the device.

e  For both OPEX approaches it is assumed that OPEX is the same for all locations.

e The same level of availability is assumed for all locations, and is taken to be 95% based on
Guanche et al. [17].

e Itis assumed that the wave energy farm is designed for a 20-year life-cycle.

e A discount rate of 8% has been chosen following Guanche et al. [7].

o A feed in tariff of 375 Eur/MWh has been selected, as this is the current feed in tariff in the United
Kingdom for wave and tidal projects.

e Itis assumed that this will be the first 20 MW farm developed and so the selection of interest rate,
availability, and OPEX has been made with this in mind.

e A learning rate is applied to CAPEX due to bulk production. In this case, as the first units
produced, a factor of 0.82 is selected as suggested as an optimistic scenario in Guanche et al. [7].
For OPEX, a learning rate of 0.92 is applied (normally OPEX shows slower learning than CAPEX).
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2.4. Power Matrix Scaling Methodology

In order to produce the power matrices for different ratings, the procedure explained in
De Andres et al. [11] has been used.

In order to assess the different ratings of the device at different sites, the original power matrix
was scaled. Froude similitude was utilised, in which the Froude number (Fr) was kept the same for
different sizes of device. The Froude number is one of the important fluid flow dimensionless numbers
(DN) and is defined by Equation (3):

Fr=—— 3)

Vel
where v is the fluid velocity, g is the gravitational constant and / is the length. The dynamic system is
assumed to be linear with the Froude number being equal for both the model and the prototype: i.e.,
Frq = Fry as represented in Equation (4):

01 D2

gl \/sh

)

The Scale Factor is A = [/l based on Froude similitude. Force is defined in Equation (5)
and velocity is defined in Equation (6). This results in the power being expressed in terms of A
in Equation (7). The wave heights scale linearly with the scale ratio (Equation (8)) and the wave period
scales as a square root to the scale ratio (Equation (9)).

F
Force: —L = A3 5)
133
Velocity : a_ VA 6)
(%)
Power : Ll — A2 7)
P
Wave height scale = A 8)
Wave period Scale = A0S 9)

This allows the calculation of the scale ratio A when scaling from one power matrix to another.

The scaled matrices chosen for the case study are 25, 50, 100, 250, 500, 750, 1000, and 2000 kW.
Scaling was based on the original 250 kW power matrix. With this method the device response remains
the same, with the spread over the frequency range similar.

Step 1. Scaling of power outputs

The values of power output in each cell were initially scaled in proportion to the original
power matrix.

Step 2. Scaling of the wave height and wave period axis

For each of the power matrices that were scaled, the scale factor was determined using
Equation (7), taking into account the power rating of the device at 250 kW (as it is considered the
base for the power matrix). The values of wave height on the y-axis were scaled linearly based on
Equation (8). The values of wave period on the x-axis were scaled based on Equation (9).

Step 3. Removal of excess rows and columns when downscaling

A correct power matrix must have only one column or row value for each bin. When downscaling
(e.g., 0.75 MW to 0.25 MW), some columns or rows will have two or more values. This excess must be
removed so that only one remains. This is performed through an interpolation.

Step 4. Insertion of extra rows and columns when upscaling

As a result of upscaling, there will be fewer rows and columns than in the original power matrix.
This requires extra rows and columns to be inserted via interpolation so that there is one column
representing the values for each column bin and one row representing the values for each row bin.
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Step 5. Interpolation of power output values

The individual power output values in each cell were proportionally scaled by interpolating the
y-axis and x-axis using the old and new values of the wave height and period axis, respectively, and
the power output values from Step 1.

It should be underlined that the study presented in this paper represents just the first step in
the sizing decision for the full-scale prototype. Because the original power matrix was optimized
for 250 kW, the subsequent matrices obtained by applying the Froude law will be penalized. Taking this
into account, the power matrices of the different ratings will be obtained numerically for future studies.

2.5. CAPEX Scaling

As previously mentioned, a scaling factor was assumed for CAPEX. In order to compute this
parameter, an individual Scale parameter was computed for each of the modules, which are subsystems
within the CorPower Ocean WEC. This subdivision of modules has been done depending on the
functionality of each of the systems (see Table 1). The scale parameters of each module have been
calculated depending on the nature of the module. For the modules related to force, a scale parameter
of 3 was applied, while for the modules related to power, 3.5 was applied following Froude’s law.
On the other hand, for the modules related to surface, a parameter of 2 was used, while for the modules
related to longitudinal quantities a factor of 1 was applied.

It should be noted that, for instance, in the case of the Tidal module, a scale parameter of 0.5 has
been applied. This is because the tidal module is required for the small-scale prototype. However, for
the larger scale prototypes, due to the longer stroke of the PTO, the need for the tidal module will
be diminished.

Table 1 shows the Scale parameter used for each of the modules. In the end a weighted scale
parameter was calculated depending on the budget for the individual modules.

Table 1. Scale parameter for each of the modules.

Module & Parts Scale Parameter

M1_Pretension
M2_Wave_Spring
M3_Gearbox
M4_Flywheel
Mb5_Generators
M7_6 Control & Power_Electronics
MB8_Software & Communications
M9_PTO frame, boxes and routing
M10_Buoy
M11_FAT_Rigs
M12_Cooling_System
M13_Lubrication_System
M14_Humidity_System
M15_Gas_Refill_System
M16_PTO_Frame
M17_Hydraulic_Power_Pack
M21_Tethers
M22_Anchors
M23_Tidal_Module
M24_Umbilical & connectors

Weighted Scale Coefficient 2.39

o W W
H-mwwwrouw»—u—u—xmm»—xb_liﬂwwww

3. Sites

For this study five sites have been chosen in order to determine the techno-economic performance
of the device in different locations (Figure 3). The met-ocean data (scatter plots) for these sites have
been obtained from the techno-economic tool [12]. Table 2 shows the characteristics of the sites in terms
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of resource, water depth, and distance to shore. These locations were selected due to the availability of
data and to give a good spread of characteristics (especially with regards to resource at 12 kW /m to
28.5 kW /m). Figure 2 shows the scatter plots for the different sites chosen [12].

Table 2. Site characteristics.

Location Mean Power Waver Depth Range Distance to Shore
EMEC (United Kingdom) 28.5 kW/m 12-50 m 1-2 km
Wavehub (United Kingdom) 16 kW/m 50-60 m 16 km
Bimep (Spain) 21 kW/m 50-90 m 1.7 km
Yeu Island (France) 26 kW/m -
DK, North Sea point 2 (Denmark) 12 kW/m 31m 100 km

o United 3

Kingdom Denmark

DK, North Sea point 2

Ireland

Nelherlarlnds

¥ Wavehub Ueiglumg . Germany
3 ;

4 el .
Ry \__ CzechRep
< /

* Yeu

France £

A

>

; |
oo
J

L

Figure 3. Sites.

4. Results

The results of this study will be given in three subsections. Firstly the analysis of indicators for a
20 MW wave farm with several device ratings is presented. In this case, OPEX is calculated following
the first approach previously mentioned.

Secondly, the influence of the two OPEX calculation approaches as well as the CAPEX scale
parameter is investigated. In this case, the lowest LCOE rating option is shown with the objective of
checking the impact of these assumptions on the final sizing decision. Finally, in a third subsection,
indicators are calculated for several devices taken from Babarit [15].

4.1. The 20 MW Farm Analysis

For this case study a 20 MW wave energy farm was analysed with different power ratings of the
CorPower Ocean device. In order to make it to the 20 MW rating, different numbers of devices were
used for each rating (800, 400, 200, 80, 40, 27, 20, 14, and 10 devices respectively).

Figure 4 shows the annual power production for each of the 20 MW arrays. It is shown that the
annual Energy production is higher for devices with smaller ratings. This is due to the Froude scaling
of the power matrices.
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When dealing with smaller ratings the devices work at rated power a larger proportion of the
time, and thereby the capacity factor and the total energy capture are larger. On the other hand, when
dealing with large buoys that have high power ratings, the devices work most of the time at only
a fraction of their rated power and thereby give a lower total energy capture. As can be seen, the
CorPower Ocean device has a similar performance in Wavehub and Bimep for the low ratings (25 to
100 kW), despite the different average resource. Wavehub met-ocean characteristics are a good match
for this device, as the occurrences are concentrated on the low Hs—low T, area. It is noticeable how,
in Wavehub, the smaller rating versions perform much better than the high ratings. In contrast, for
instance in Yeu, the medium rating version performs as well as the small rating version

It is noticeable that EMEC is the location with the highest resource, although for some ratings
(especially low ones) the energy delivery is poor compared to other sites. This can be explained by
observing the characteristics of the scatter plot, as explained by [18]. The occurrence distribution and
the energy distribution at EMEC are disjointed, which means that a large part of the annual available
energy will be brought by a reduced number of sea states. Sea states with an energy period T between
5.5 and 6.5 s make up nearly 50% of the annual occurrences, while they only represent 16% of the
annual available energy. Most of the energy comes from high-energy, low-probability sea states that
are not captured by the CorPower Ocean device. It should be noted that the specific device model
being studied had been equipped with a PTO optimized for the lower end of the wave period range.
A PTO optimized for longer waves would likely perform better at EMEC. It should be emphasized
that the reference power matrix is optimized for Yeu and this penalizes the other locations. For future
studies the power matrices will be calculated numerically and will be optimized for each location.

AEP (MWh per year) for differentlocations and
device ratings (20 MW array)

B EMEC Wavehub Bimep Yeu W DK North Sea Point 2

120,000
. loo,000
&
= 80,000
z
£ oo
o | | RN

50 100 250 500 750 1,000 1,500 2,000

Rated power individual device (kW)

Figure 4. Annual energy production of the 20 MW arrays for each rating.

The comparison between Wavehub and DK North sea Point 2 should also be emphasized. Both
locations have a similar resource level (16 and 12 kW /m), although the performance is completely
different for some of the device ratings. For instance, the 25 kW device gives a farm AEP that is
1.5 times higher at Wavehub than in DK North Sea (while the resource is only 1.3 higher). This is
due to the favourable distribution of the sea states in Wavehub, matching with the CorPower Ocean
device performance.

As an alternative way to compare performance, Figure 5 presents the capture width ratio of the
different converters (in this case for a single device). Capture Width Ratio (CWR) is a measure of the
effectiveness of conversion with respect to the incident wave resource and the size of the device (see
Babarit [15] for definition). It is calculated from the dimensions of the device, the available resource,
and the annual energy production. The lower the CWR, the worse the conversion effectiveness and
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vice versa. In this figure some tendencies are clearly shown. For instance, all curves initially increase
before holding steady.

WR for different locations and device ratings

e EVIEC Wavehub
Bimep Yeu
s K. Miorh sea Point 2
70
60
50
= 40
s
L 30
20
10
4]
0 500 1000 1500 2000 2500

Rated power individual device (kW)

Figure 5. Annual average capture width ratio (CWR) for different locations.

This means that the effectiveness of conversion is higher with higher ratings until they reach a
threshold. In general, for most locations, higher CWR corresponds to ratings between 500 and 1000 kW.
If the optimum CWR is computed for each of the locations it can be seen that they are different within
a considerable range. This leads to the same idea previously mentioned about the site dependence of
the rating decision, specifically that the CWR value for different ratings is site-related.

On the one hand, and checking the differences among locations, Bimep is the location with the
highest CWR for all ratings except for 25 kW. On the other hand, EMEC is the location with the lowest
CWR for most ratings (except 2000 kW).

In this analysis the LCOE as well as the financial indicators were calculated for the 20 MW wave
farms. It should be noted that CAPEX was calculated using the procedure previously mentioned with
the Scale factor. Also, OPEX was calculated following the first approach previously mentioned, taking
OPEX as a percentage of CAPEX.

Figure 6 shows the LCOE of the analysed device for each of the ratings at each location. It is
noticeable how the location DK, North Sea point 2 is the one with the highest LCOE for all ratings and
shows a high difference compared with all other locations. This difference comes from the difference
in the resource (12 kW/m as compared to other locations that have a resource of around 20 kW /m).
Furthermore, it should be highlighted that for all locations the LCOE is higher for higher ratings.
This contrasts with the results previously presented in the CWR figure. In the last comparisons all
the locations had optimum ratings in terms of CWR at around 1000 to 2000 kW. In the LCOE case the
minimum LCOE corresponds to the lowest rating option for all the locations.

This is due to the CAPEX and OPEX calculation. CAPEX is scaled with a scale factor of 2.39 as
previously explained and OPEX is calculated as 8% of CAPEX. If these costs are compared to the AEP
for all locations (Figure 4), it can be seen how the decrease in power production for the higher ratings
is not balanced by a decrease in costs.
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Also, the fact that OPEX is related to CAPEX in this approach means that the higher the rating
the higher the OPEX, and so the benefit of maintaining a lower number of units to achieve 20 MW is
not shown.

It is also noticeable that most locations have a fairly constant slope except for EMEC. As explained
before, EMEC’s met-ocean conditions have a mismatch between energy and occurrences. The scatter
plot in Figure 6 does not fit very well with the low ratings versions as the high power area of the power
matrix is centred on the high H;, high Te area.

In Figure 7 the Net Present Value of the 20 MW array is shown for all considered ratings.
This figure shows similar results to the previous LCOE analysis. The differences between locations
shown in the previous graph are highlighted here. The NPV is negative for DK North Sea Point 2 for
all ratings considered in this study. It is also noticeable that rating options from 500 kW to 2000 kW
have both positive and negative NPV depending on the location.

LCOE for different locations and device ratings (20 MW array)

e EMEC st \Wave hub Bimep Yeu === DK Morhsea Point2

16
14
1.2

1

0.8
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0.6
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0
0 500 1000 1500 2000 2500

Rated power individual device (kW)

Figure 6. LCOE for a 20 MW array.

NPV for different locations and device ratings (20 MW array)
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Figure 7. Net present value for the 20 MW array.
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4.2. Sensitivity Analysis: CAPEX and OPEX

The analysis performed in the last section is based on some assumptions regarding CAPEX and
OPEX scaling. This section intends to perform a sensitivity analysis in order to check the dependency
of the results on the assumptions.

Firstly, the CAPEX scaling function is going to be validated. The CAPEX scaling factor was
calculated before based on some expert feedback for each of the modules (see Table 1). However, this
factor is uncertain as the only way to calculate it properly is to have a budget for each of the rating
options (which is unrealistic at this stage of development of the prototype). Due to this uncertainty,
it was decided to perform a sensitivity analysis of the results with different CAPEX scaling factors.

Secondly, the OPEX was calculated as a percentage of the CAPEX following [6,7]. However, this
approach is inaccurate as it relies on the CAPEX calculation and does not take into account the number
of devices per MW, which is a key parameter for the sizing study.

In the second OPEX calculation approach it is assumed that every WEC has an inspection every
two years, for all ratings tested in this case study. These inspections consist of a WEC retrieval, WEC
inspection/repair on shore, and a WEC redeployment. Apart from this inspection, two other secondary
inspections are budgeted: a general corrosion and biofouling inspection every two years and a diver
mooring cleaning inspection every five years.

This OPEX calculation has been performed based on consultations with local maintenance
companies in the Orkney Islands but was set as standard for all locations.

Table 3 shows the rating associated with the lowest LCOE for each of the sites and scaling factors,
while Table 4 shows the same but with OPEX calculated with the second approach.

Table 3. Rating option (kW) associated with minimum LCOE with OPEX calculated with the

first approach.
Scale Parameter EMEC Wavehub  Bimep Yeu DKNorth Sea Point 2
0.5 2000 250 250 500 250
1 100 100 250 250 100
15 100 25 100 100 100
2 25 25 25 25 100
2.5 25 25 25 25 25
3 25 25 25 25 25
3.5 25 25 25 25 25
4 25 25 25 25 25

Table 4. Rating option (kW) associated with minimum LC with OPEX calculated with the
second approach.

Scale Parameter EMEC Wavehub Bimep Yeu DKNorth Sea Point 2
0.5 2000 2000 2000 2000 1500
1 2000 1500 2000 2000 1500
1.5 2000 1500 1000 1000 1500
2 2000 500 1000 100 1500
2.5 2000 500 750 750 1000
3 1000 500 750 750 750
3.5 1000 500 750 500 500
4 500 500 500 500 250

Table 4 shows how, in general, the ratings chosen with this OPEX calculation are much higher
than under the first option. The second approach to calculate the OPEX benefits the higher ratings, as
a low number of units (10 units for the 2000 kW case) makes it to 20 MW. This benefits a lower OPEX,
as a lower number of vessels/transits are needed during the whole lifetime of the project. On the other
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hand, the low rating versions are decremented by the fact that a large number of devices (and then a
large number of operations) are required to make it to 20 MW.

Notably, it has been assumed that the same type of vessel is used for all ratings. This assumption
is partially inaccurate as, due to device size, different vessels are likely required for the 25 kW and the
2000 kW options, for example. However, due to the absence of data and in order to maintain simplicity,
it was decided to proceed in this manner. If different vessels were considered this would probably
disadvantage the high rating options as their OPEX would be higher.

With respect to the CAPEX scale factor, Table 3 shows that the rating choice depends on the scale
factor but only for factors from 0.5 to 1.5, as for the higher factors the lowest rating (25 kW) is chosen.
In this case, as OPEX and CAPEX are directly linked, the low rating versions are favourable.

In both tables it can be seen that the higher the Scale parameter, the lower the lowest LCOE
rating version. This is due to the fact that AEP is higher for the low rating versions and if CAPEX
scaling increases then the low-rated versions are benefited. In general, both tables show that the results
are very dependent on initial assumptions and for a detailed study, an accurate CAPEX and OPEX
calculation are required in order to avoid large uncertainties in the results.

4.3. Metrics Comparison among Devices

In the previous sections, LCOE was chosen as the metric to perform the sizing study. However, as
noted in the previous section, many assumptions are required in order to compute the LCOE, mostly
due to a lack of data.

Depending on the Technology Readiness Level (TRL being a method of estimating technology
maturity of Critical Technology Elements (CTE) of a program during the acquisition process) of the
prototypes, these LCOE assumptions can be more valid or closer to reality. However, for low to medium
TRL prototypes it is sometimes difficult to use sensible assumptions due to the lack of data. Some
authors such as Pascal et al. [19] suggest the use of other indicators (e.g., TPL (Technology Performance
Level), or TRL-TPL-matrix) in order to demonstrate the commercial readiness of a prototype. Other
authors such as Babarit [15] used indicators related to mass, surface, and energy in order to measure
the performance of a particular device.

Within the latest attempts to find alternative metrics to LCOE, the Wave Energy Prize developed
Average Climate Capture Width per Characteristic Capital Expenditure (ACE) as a way to measure the
commercial performance of a prototype for low TRLs, Weber [18]. RST represents the Representative
Structural Thickness, US Department of Energy [20].

Under this approach it has been determined that the total surface area adjusted for material cost
tracks most closely to capital cost, which is the most important LCOE driver for WEC devices today,
along with annual energy production (AEP). The two components that comprise the ACE ratio are
the Average Climate Capture Width that measures the conversion capacity of the device, and the
Characteristic Capital Expenditure that represents an indicative CAPEX cost based on some material
estimations (see Weber [18] for a complete definition).

In this section a comparison of several devices is shown with different indicators. The devices
have been taken from Babarit [15] and they have been compared with the CorPower Ocean 250 kW
device. The metrics selected for this comparison are the Capture Width Ratio that measures the
effectiveness of the conversion with respect to the incident resource (similar to the capacity factor in
wind energy), the kWh per kg that represents the absorbed energy per unit mass, the MWh per m?
that represents the absorbed energy per surface unit, and the ACE that is a proxy for LCOE.

The capture width ratio, the kWh per kg, and the MWh per square meter for the first eight
devices were taken from Babarit [16], while the ACE was calculated for all devices based on a thickness
assumption, a steel density, and a cost of steel per kg. For the CorPower Ocean device all the indicators
have been calculated according to the device specifications and the material (glass fibre) characteristics.

Table 5 shows indicators for each of the converters presented in Babarit [16], and the CorPower
Ocean device, for the Yeu location. This location was selected because the CorPower 250 kW device
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is optimized for this location. If attention is fixed on the Capture Width Ratio, it can be seen that the
bottom fixed oscillating flap is the one with the highest CWR, followed by the floating OWC and the
floating two-body heaving converter.

This contrasts with the kWh per kg indicator. In this case the highest figure corresponds to
the CorPower Ocean 250 kW device (by approximately an order of magnitude), followed by the
bottom-fixed heave-buoy array.

With respect to the MWh per surface area, the highest figure corresponds to the CorPower Ocean
device followed by the bottom fixed oscillating flap and the floating OWC (those devices are the only
ones that are above 1 MWh/m?).

As can be seen from the comparison of these indicators, depending on the nature of the metrics,
the results change completely. An efficient conversion (with a high CWR) does not necessarily mean
efficiency in economic terms. This concurs with the conclusion by MacGillivray et al. [9]. The new
indicator ACE (as a LCOE proxy for low TRL prototypes) pretends to collate performance and costs
together when the scarcity of data is still very important.

As Table 5 shows, the CorPower 250 kW device is the one with the highest ACE (25.92 m/Mf¥)
followed by the floating OWC (11.26 m/M¢) and the bottom-fixed oscillating flap (7.99 m/ME€). These
results are similar to the MWh per surface area indicator. Unfortunately, there are no LCOE values for
these converters in order to compare ACE with LCOE.

Table 5. Metrics comparison for the Yeu location.

. Surface Capture Width 2
RST(m)  Width (m) Area (m?) Ratio (%) kWh/kg  MWh/m® ACE (m/Mé)

Small bottom-ref heaving buoy 0.094 3 42 41 0.92 0.68 6.44
Bottom-ref. submerged 0115 7 220 13 097 088 7.38
heave-buoy

Floating fwo-body 0342 20 2120 36 03 0.79 204

eaving converter

Bottom-fixed heave-buoy array 0.0468 17 4350 17 15 0.56 2.93
Floating heave-buoy array 0.140 18 4750 11 0.67 0.79 0.61
Bottom-fixed oscillating flap 0.239 26 2020 72 1 19 7.99
Floating three-body oscillating flap 0.095 25 2160 20 0.69 0.46 5.00
Floating OWC 0.035 24 6500 52 1.6 1.8 11.26
CorPower 250 kW 0.029 8.54 328.03 37 9.05 2.21 25.92

5. Relation of LCOE to Other Indicators

In the previous section, several indicators were chosen as proxies for LCOE. It was concluded that
the different indicators give different answers/scores depending on what they measure. Therefore,
when making decisions based on these indicators, it is important to understand what they measure
and how they relate to LCOE.

As these indicators are normally used for early TRL technologies when LCOE is difficult to
calculate, the relation of LCOE to these metrics is still unknown. This section tries to identify the
relation between these metrics and LCOE in order to identify which indicators are more closely linked
and so can be used for optimization purposes.

All Corpower device rating options studied in Section 3 in each location have been plotted here.
In the following figures, LCOE (calculated with the first approach; OPEX as a percentage of CAPEX) is
plotted against other indicators. This comparison is carried out for several ratings of the Corpower
device, intending to find relations between various metrics and LCOE, although the findings are
specific to this device. Moreover, it should be highlighted that the purpose of this work is to find the
parametric relations (linear, power, or logarithmic) between the metrics, not specific numeric relations.
Taking that into account, similar relations would be expected for other devices, although future studies
will need to prove this.



Sustainability 2016, 8, 1109 15 of 19

Figure 8 shows LCOE versus CAPEX in Euros (€). This plot will be of use when taking device
sizing decisions. It should be noted that, in general, the curves have a decreasing tendency and a lower
LCOE generally means a higher investment.

LCOE vs CAPEX
e —e—EMEC
L —e— Wavehub
8 - ._-"‘ Bmep
=06 -
\‘_.___M Yeu
o — 3—3 —e—DK, North Sea Point2

40,000,000 90,000,000 140,000,000 190,000,000

CAPEX (£)

Figure 8. CAPEX (€) vs. LCOE (€/kWh).

However, this tendency does not mean that the option with highest CAPEX needs to be chosen.
When financing a marine renewables project, different financing products might be available depending
on the size of the project and sometimes a higher initial investment can mean worse financing rates.

It should be noticed that for the last part of the curve (CAPEX ranging from 140 M€ to 160 M¢)
the decrease in LCOE is very mild and so a slightly higher LCOE could mean a big decrease in the
initial investment.

From this figure it can be concluded that, although LCOE is the main indicator for
techno-economic decision making, it is also useful to take into account the amount of
investment required.

The remaining figures in this section show a variety of alternative indicators plotted against LCOE.

Figure 9 show energy per square area versus LCOE. All curves for the various sites have a
similar behaviour, although it cannot be said that a clear relationship can be established between
this indicator and LCOE. The curves have a descending tendency until a certain point but a clear
parametric relationship between these two parameters cannot be identified.
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Figure 9. Energy per surface area vs. LCOE.
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It should be noticed that these relationships are specific for the device studied within this paper
and that other, more clear relationships might exist for other devices.

Figure 10 shows the energy absorbed per mass coefficient against LCOE. As can be seen, all lines
follow a similar distribution. Different regression types have been tested for the dots and a power
distribution was found to have the highest correlation coefficient for all sites.

It should be highlighted that for all sites the regression has a similar format, a location dependent
coefficient and a number close to —0.5 on the exponent. This relation is detailed in Equation (10):

€\ Energy (MWh)\ %>
LCOE (kWh> = RDC x (Mass (kg) , (10)

where RDC is a resource/location dependent coefficient.

MWh/kg vs LCOE
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Figure 10. Energy per mass vs. LCOE.

Figure 11 shows ACE plotted against LCOE for the various locations and ratings. As in previous
figures, all curves show similar behaviour with a power relation between ACE and LCOE. In this case,
again, the relation is constant and is represented by Equation (11):

LCOE (k‘/€%> = RDC x (ACE)™?, (11)
where RDC is a resource/location-dependent coefficient.

It should be noted that these relations are found for a specific device. The main use of these
relations between LCOE and the other indicators should be for optimization purposes within the early
stages of design of a device. Both the energy per mass indicator and ACE are easily calculated and
can be the objective function for any kind of optimization performed within the device. Evidently
these relations should not be used for comparison amongst devices as the different devices might have
different numerical coefficients.
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Figure 11. ACE vs. LCOE for the different locations.

6. Conclusions

In this paper a techno-economic study of a real prototype has been developed for several
sizes/ratings of wave energy converter. The aim of this study was to define the optimum scale/rating
for a full-scale prototype in a 20 MW wave farm.

The results, in general, show a tendency for low to medium ratings (100 kW to 250 kW) to be
optimum. However, it should be highlighted that the base assumptions were found to be key in the
sizing decision. For this kind of study, a methodology to calculate CAPEX and OPEX is always required.

CAPEX and OPEX calculations are very important and, depending on the methodology used,
the sizing results might be completely different. For instance, if OPEX is calculated as a percentage of
CAPEYX, this benefits the lower rating options, while if OPEX is based on a fixed repair scheme then
the high rating options are benefited (due to the lower number of devices/repairs needed to make it to
the total rated power of the farm).

It can be concluded that the sizing decision is relatively independent of the location (within
similar resource levels). In this case study, most of the locations showed similar behaviour and had the
same optimum ratings. It should be noticed that, when locations have a low resource, then the location
becomes important for the sizing decision (this is clear from the results of DK, North Sea Point 2).

A comparison of several devices has been carried out, using different metrics taken from
Babarit [14] as a basis. These indicators are useful for low TRL technologies when LCOE requires many
assumptions to be made. The results show completely different behaviours depending on the indicators
taken into account. It was, for instance, concluded that capture width ratio is an indicator that shows
hydrodynamic effectiveness although it does not necessarily match with techno-economic performance.

Finally, a comparison of the different metrics and LCOE was performed within this work. It was
found that while energy per surface area does not have any clear relation with LCOE, both energy
per mass and ACE do. Both indicators have a power relation with LCOE with an exponent of —0.5
and a resource/location-dependent coefficient. These relations are useful for optimization purposes as
objective functions when LCOE cannot be calculated properly.

It should be noted that the results of this study depend heavily on all the assumptions, for
instance the scaling of the power matrices by the Froude law. Future research will validate this power
matrix scaling through numerical modelling. Furthermore, many assumptions have been performed
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in terms of the OPEX calculation; for instance, it should be taken into account that the same level of
availability /accessibility was taken for all locations. This assumption is partially inaccurate and future
studies will consider different levels for different locations. Due to all these uncertainties related to the
assumptions, a Monte Carlo analysis will be carried out in future research to analyse the effect of each
of the variables on the techno-economic results.
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