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Abstract: This work presents the Water Energy Point Absorber (WEPA), which is a heaving single-
buoy point absorber optimized for a specific site off the west coast of Sardinia Island. The aim of the
study is to present the optimization process undertaken to identify the best configuration in terms
of performance and cost. The optimization is carried out thanks to a simulation tool developed in
Matlab-Simulink environment and verified through to the commercial software Orcaflex. Simulations
are performed in the time domain with the installation site’s waves as input. The hydrodynamics
parameters are computed thanks to the commercial software Ansys Aqwa and given to the model as
input. The yearly energy production is computed as output for each configuration. Several parametric
analyses are performed to identify the optimal Power Take Off (PTO) and buoy size. Among the
main findings, it shall be mentioned that the PTO-rated torque has a strong influence on the energy
production, higher PTO-rated torque proved to have better performance. The optimal hull size is
strictly related to the incoming waves, and for the given site the smaller hulls are performing better
than larger ones. The hull height, hull mass and hull draft have little impact on productivity. Finally,
a comprehensive techno—economic analysis is performed, showing that the best configuration can be
identified only after a detailed feasibility study and rigorous cost analysis.

Keywords: wave-energy conversion; single-buoy point absorber; parametric optimization; time-
domain simulations; matlab; simulink; techno—economic analysis

1. Introduction

Due to the negative impacts of fossil fuels, great attention has been dedicated to
renewable energy sources in the last years. Wave energy is a promising source of clean and
abundant energy due to its enormous potential, however, much work still has to be carried
out before proving it to be economically competitive. The earliest wave-energy patent was
filed in France in 1799 [1], and since then, several others have been submitted along with
books and scientific articles. Despite the great scientific effort, to date no wave-energy
conversion technology is proven to be commercially ready for large-scale production. One
of the greatest challenges is the energy yield estimation in a real sea environment and the
associated costs [2]. Estimating Wave Energy Converter (WEC) performances and costs at
an early stage of development is crucial to decide whether to drop or further investigate
the technology, avoiding money and time waste [3,4]. A cost analysis shall be carried out
here, including field information and considering the whole life cycle of the device, from
the construction to the end of life. Today, thanks to the increasing computational power
and the more advanced mathematical models, helpful simulation tools can be developed to
reach optimal solutions for specific wave climates [5,6].
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1.1. Objective

The objective of this paper is to present the new single-buoy heaving wave-energy
converter, “Water Energy Point Absorber” (WEPA), which is unique in its category. To prove
its novelty, a comparison with the most similar existing WEC is provided. Furthermore,
this article exposes the methodology used to optimize WEPA for a specific case study. The
optimization is performed thanks to a simulation tool developed in matlab-simulink and
a parametric study. The parametric optimization study is based on a set of sensitivity
analyses on the main WEC’s parameters. The optimization process described in this paper
fills the gap of current studies as it includes an advanced feasibility study and techno-
economic analysis. It is shown that an effective techno—economic optimization can lead to
a final design for a given site in a relatively short time.

This work should provide a valuable research contribution to the scientific community
and companies operating in the wave-energy field that need to design and build a full-scale
prototype, as it provides an optimization process applied on a real case study including a
techno—economic analysis.

1.2. Wepa Concept

The wave-energy converter described in this paper is WEPA, which stands for “Water
Energy Point Absorber”. It has the main objective of producing electricity and freshwater
from desalination. It has been developed thanks to the experience that Politecnico di Torino
and its spin-off company, Wave for Energy, have gained in recent years in the offshore
energy sector, in particular, thanks to the Inertial Sea Wave Energy Converter (ISWEC)
development [7,8]. The WEPA architecture is simplified to the maximum extent to increase
reliability and reduce maintenance. The goal is to drastically reduce the costs in order to
reach economic sustainability and marketability in the shortest possible time.

The working principle of WEPA is efficient and straightforward—it harvests energy
from the relative motion between the buoy and the seabed. Most of the energy is extracted
from the buoy heaving motions, however, motions on other degrees of freedom can also
marginally contribute to the energy production. The production tether is fixed to the seabed
on one side and is wrapped around a grooved drum inside the hull on the other side. The
tether is made out of a highly rigid fiber rope and it enters inside the hull in the central
bottom part. As can be seen in Figure 1, each time the buoy climbs up to the wave crest,
moving with positive velocity (from STEP 1 to STEP 3), the tether is unwinding and the
drum is forced to rotate. While each time the buoy slopes down in the wave trough, moving
with negative velocity (from STEP 3 to STEP 5), the tether is winding around the drum
thanks to a spiral spring or the generator used as a motor.

STEP 3

STEP 2 STEP 4

STEP 1 / 1 \ STEP 5
Velocity 0

WAVE DIRECTION ~ »

Power extraction thanks Tether rewinding thanks
to tether unwinding to spring and motor

Figure 1. WEPA working principle.
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The grooved drum is directly connected to the generator and the spiral spring forming
the Power Take Off (PTO) system. As shown in Figure 2, the grooved drum is located in
a channel open to the sea on the lower side, and this allows the tether to enter the hull.
The spring is connected on one side of the drum and the generator is on the other side.
Thanks to a sealing system mounted on the shafts on both sides of the drum, the water
does not enter the watertight chamber where the electrical and mechanical components are
located. Therefore, only the grooved drum and a portion of the shafts are exposed to the
harsh sea environment.

GENERATOR

Figure 2. WEPA PTO system.

The generator used for this prototype is a permanent magnet synchronous electrical
machine, often referred to as torque motor, due to the low speed and high torque that
it can provide thanks to the high number of poles. Several types of PTO have already
been tested [9]. For this prototype, a direct-drive electrical generator is used, however, the
hydraulic PTO should be tested in further investigations.

To increase energy-conversion efficiency, advanced PTO control strategies shall be
implemented, as the passive control strategies (fixed PTO stiffness and damping) have
shown poor performances [10]. Thanks to PTO damping tuning, WEPA can adapt its
behaviour to the wave climate to maximize energy extraction.

Point absorbers in general, and WEPA in particular, are expected to be deployed in
arrays of several units to create wave farms [11]. This modularity feature helps reduce
costs, and thus, increases WEPA competitiveness. However, hydrodynamic interactions
shall be carefully studied to avoid power losses.

The environmental impact of the entire life cycle of a WEC shall be studied towards the
end of the design, so that all the crucial elements are already defined but eventually some
modifications can be performed to reduce the environmental impact (e.g., change from one
material to another). According to [12] the greenhouse gas (GHG) emissions of wave energy
technologies are very limited, with reference values lower than 50 gCO, /kWh. Regarding
direct environmental impacts, the WEPA mooring system has the advantage of eliminating
the portions of the line in contact with the seabed, avoiding seabed erosion. However, a
possible impact could be related to the noise of the moving mechanical components located
inside the hull.

1.3. Comparison with Existing Wave-Energy Conversion Technologies

Contrarily to wind and solar energy, wave energy is still in an early development
phase, in which several different concepts and ideas are being investigated and compared.
Some concepts may drastically differ from each other, and therefore categorization can
be challenging. However, it can be made according to three main groups differentiated
by working principle: terminator, attenuator and point absorber [13-15]. The category
“terminator” includes WECs with the larger dimension parallel to the direction of incoming
wave, “attenuator” includes WECs with the larger dimension orthogonal to the direction of
incoming wave, and finally, category “point absorber”, the one to which WEPA belongs,
contains all the devices with small dimensions compared to the predominant wavelength
of the prevailing waves. Different point absorber configurations have been developed by
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research groups and companies, and according to [16], a total of 83 point absorber concepts
have been proposed.

Among the companies that have developed heaving single-buoy point absorbers can
be found SeaBased, which has developed and tested several WECs. They use a fixed
reference point at the seabed, where the PTO, a linear generator, is also placed [17]. The
PTO is connected to the floater thanks to a mooring line; the floater is an empty buoy made
out of steel. The main difference from WEPA is that the PTO is located inside the foundation
instead of inside the buoy. Furthermore, the PTO is composed of a linear generator, while
for WEPA the translational motion is transformed into rotational motion via the grooved
drum. The reason behind this design choice is to simplify maintenance (maintenance
operations can be performed by approaching the buoy with a boat or towing the buoy in
to a shipyard). In addition, rotational generators are easier to find on the market and less
expensive than linear generators.

Worth mentioning is also Wavebob, which uses a submerged volume rather than
a damping plate as reference. However, the company closed in 2013 due to financial
problems [18].

Fred Olsen’s Lifesaver uses the heave motion (translation), and in addition, the pitch
and roll motions (rotation), as it consists of a floating buoy with circular shape that has
three mooring lines secured to the seabed. Each mooring line is connected to a PTO to
harvest energy [19]. Compared to WEPA, the Lifesaver has two more PTOs, three in total,
which may increase the productivity, but also the costs. Furthermore, the mooring system
is more complex than the one designed for WEPA, as it has six mooring lines compared to
the four of WEPA.

Carnegie has developed several versions of submerged point absorbers, and CETO
6 is the latest device developed by the company. It exploits the orbital motion a few
meters below the surface to drive the PTO system and generate electricity [20,21]. Being
a submerged WEC, CETO 6 is intrinsically different from WEPA, however in the past,
Carnegie has developed several versions of CETOs with the purpose of water desalination.
The difference from WEPA is related to the fact that the CETO uses directly pressurized
water instead of electricity to power the desalination unit.

The device developed by Aquaharmonics consists of a floating buoy connected to the
seabed thanks to a mooring line [22]. The PTO is connected to a sheave that the mooring
line is wrapped around. The energy production is optimized thanks to PTO stiffness and
damping tuning [23]. The Aquaharmonics working principle is similar to WEPA; however,
the WEPA concept is based on the dual production of energy and freshwater. Additionally,
the hull shape and size is different.

1.4. Comparison with Existing Optimization Studies

Several studies have address the WEC optimization processes [24], but the main
difference is that the present study is based on a real case study. It investigates the key
parameters required to complete design and prototype construction. Many optimization
studies focused on floating single-body point absorbers do not include a techno—economic
analysis [25,26]. The work presented by [27,28] provide useful hints about the optimization
of the shape of a wave-energy collector using genetic algorithms, however, they do not
include PTO sizing, and the cost functions are simplified and do not include components
costs. The study is mainly focused on the shape optimization rather on the whole WEC
optimization. The interesting study presented by [29,30] shows an optimization process
based on an evolutionary algorithm for different WECs, however, the PTO extra cost in the
parametric analysis is not included, just the buoy cost. This provide useful information for
sizing but not for the optimal configuration selection. According to [31,32], it is important
to substitute cost proxies based on the device’s submerged volume with cost proxies based
on actual submerged surface area. However, it is not considered the cost of the internal
equipment. Furthermore, their analysis is developed in the frequency domain, while the
one presented in this study is developed in the time domain. None of the studies reviewed
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include layout constraints, due to the volume of the internal equipment to locate inside
the hull. This was found to be one of the major challenge in our work, as highlighted in
Section 3.2.2.

Finally, the remainder of the paper is organized as follows. Section 2 describes the
simulation tool, the mathematical model used, and the model verification. The main results
of the modelling and techno—economic analysis are summarized in Section 3. Finally, the
conclusions are drawn in Section 4.

2. Materials and Methods
2.1. The Simulation Tool

The WEPA design and optimization process is based on a simulation tool, developed
jointly by Wave for Energy Srl and Politecnico di Torino. As summarized in Figure 3, the
model requires as input data the hydrodynamic properties of the body (further described in
Section 2.2.2) and the irregular wave profile obtained from the site-specific statistical data,
such as significant wave height and period (further described in Section 2.2.1). A further
improvement to the model would be represented by the use of a genetic optimization [33].

Hydrodynamic analysis with ‘ Installation site climate ‘
Ansys AQWA

N Matlab Simulink 224 waves
Hydrodynamic parameters . X
simulation tool

* Time domain

* 3 DoF (pitch, heave, surge)
¢ Cummins equation

\ 4

Motions, Forces, Power and
Yearly energy produced [MWh/y]

Figure 3. Simulation tool working principle.

The simulation tool uses time-domain mathematical models based on the Cummins
equation. It uses Matlab-Simulink environment to solve the ordinary differential equations.
The following equation is used to simulate the buoy motion due to the external forces
acting on it [34-36].

(M+ Aw) - %(t) +F = Fo + Fyse + Fy + F,+ Fpro 1)

where:

M mass/inertia matrix

A added mass matrix at infinite frequency

F.  force due to radiation phenomenon

F.  wave excitation forces acting on the dynamic system
F,isc force due to viscous phenomenon

F,  hydrostatic buoyancy force

F,  mooring system pretension force

Fpro total PTO force.

Furthermore, the Fprp term, which represents the equivalent force generated by the
PTO, can be written as:

Fpro = Fpox + Fptoc 2)
where:

Fyto  restoring force due to the stiffness
Fpto,c PTO damping force.

The PTO stiffness and damping can be tuned to maximize energy production. In fact,
for each wave simulated, different damping coefficients are tested. Subsequently, during
the optimization phase, the damping coefficient that corresponds to better energy yield is
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selected. The influence of the PTO stiffness is also studied thanks to a sensitivity analysis.
The current numerical model is based on three degrees of freedom. Heave, surge and pitch
are enough to simulate an oscillating device in the sea and provide a realistic view of the
point absorber motions. The outputs of the model are the motions and forces at every time
step for the entire duration of the simulation. A simulation is performed for each wave
occurring at the installation site to cover all the sea states the WEC is statistically exposed
to. The power can be calculated according to Equation (3) from the tether velocity, the
unwinding drum velocity, and the PTO damping, which is a control parameter.

P =g ©)

With:

P gross power [W]
B PTO damping coefficient [kg/s]
v tether velocity [m/s].

Torque and power are saturated using the specific PTO data taken from the commercial
products selected for the analysis. Computing the average power extracted for a specific
wave and multiplying it by its occurrence, in hours, provide the mean energy extracted
from that specific sea state. Summing up the contributions of each wave occurring at the
installation site in terms of energy produced, the yearly energy production of the device
can be computed.

2.2. Input Data

As described in Figure 3, the main input data needed to run the model are the environ-
mental conditions of the installation site and the hydrodynamic parameters of the floater
as well as the modelling parameters.

2.2.1. Environmental Input Data

The environmental input data used for this analysis are limited to wave statistical data
and the water depth of the installation site. Additionally, current and wind may affect the
hydrodynamic behaviour of the buoy, however, they are neglected in this analysis as the
impact on productivity is negligible. The combination of significant wave height and peak
period are used to generate irregular wave forces for the time-domain analysis. The wave
forces are generated using JONSWAP spectrum with peak enhancement factor «y of 3.3. The
water depth considered is 25 m. The seawater density is 1025 kg/m?>. The specific wave
input data used for this analysis are taken from [37] and presented in Figure 4.

Scatter matrix of significant height Hs and peak period Tp

12

10

Wave occurrence [%]

Figure 4. Scatter matrix of significant height, Hs [m], and peak period, Tp [s], for the case study.
Based on data available from [37].
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2.2.2. Hydrodynamic Input Data

The calculation of the hydrodynamic parameters requires a Boundary Element Method
(BEM) software. It uses a fine mesh-based spatial discretization of the wetted surface of
the hull to solve the linear potential flow problem [38]. The Hydrodynamic Diffraction
package of Ansys AQWA is used as BEM solver in this study. The drag coefficients used in
this analysis are reported in Table 1.

Table 1. Drag coefficients adapted from [39].

Cd,,Cdy Cd, Cde
0.7 1.28 0.22

2.2.3. Modelling Parameters

The dynamic simulations are run for 1200 s with a time step of 0.01 s. The Matlab-
Simulink Ode45 solver is used to compute the ordinary differential equation.

2.3. Optimization

The main optimization parameter of WEPA is the PTO damping coefficient. For each
sea state (combination of Tp and Hs), many simulations are run, changing the PTO damp-
ing coefficient. The PTO damping coefficient that corresponds to the higher yearly energy
production is selected during the optimization process, which is performed subsequently
to the simulation phase. As described in Section 2.1, the simulation tool saturates PTO
torque and power, and on the contrary, the PTO velocity is set free. During the postpro-
cessing optimization phase, the simulations with PTO velocity higher than allowable (from
generator data sheet) are discarded. Therefore, the energy yield for each wave is computed
considering the PTO damping coefficient that maximizes energy production but that does
not exceed maximum velocity and torque. This is to safeguard the generator integrity and
provide as output a reliable energy yield for each sea state.

2.4. Model Verification

The simulation tool previously described is verified with a commercial software to
evaluate its accuracy. The commercial software used is Orcaflex 11.0 b developed by Orcina.
The verification is performed both in regular and irregular waves. The same wave profile
used for the Matlab-Simulink model is imported into the Orcaflex model to ensure that the
same wave elevation is recorded. The results are analyzed in terms of relative error of the
Matlab-Simulink model respect to the Orcaflex model. The main parameter used in the
verification is the tether velocity as the energy production is estimated from the velocity, as
presented in Equation (3).

2.4.1. Regular Wave

The model comparison proved that the relative error in the regular wave is limited,
and thus, the Matlab-Simulink model is validated for energy production estimation. The
analysis is based on seven regular waves with constant height and period from 4 to 10 s
with step 1 s. For each wave, Root Mean Square (RMS) and maximum values are computed.
As shown in Figure 5, the relative errors of the RMS values are always lower than 6%.
The maximum values have higher relative errors than RMS, and this can be explained by
the fact that Orcaflex is able to better follow the peaks, however, rare peaks do not have
significant influence on average energy production. The model is therefore considered
suitable for the purpose of energy yield estimation, however, it is not suitable for WEC
sizing, where the peak loads are more important for hull and mooring system sizing.
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Matlab-Simulink model verification for regular waves

(=4
(=)
I

Linear velocity [m/s]

T T T T 1
-= Orcaflex max value

-e Orcaflex rms value
-= Matlab - Simulink max value
-e Matlab - Simulink rms value

e |
8%~
w N
‘:\ ~ "‘““ |
:.\.\ —28'%' Tt -~
s * 7
_54) N ~::..“\~“ ‘. o -2]% TTe- - 0
By S
6% T i S .
i ,.;,.__._::‘g()}-:::::::::::::::.
I I ‘ ‘ -‘ | J‘l%
| 6 7 . 9 10

Regular wave period [s]

Figure 5. Regular wave comparison between Orcaflex and the Matlab-Simulink tool.

2.4.2. Irregular Wave

Linear velocity [m/s]

The analysis carried out on irregular waves shows that the model’s fidelity is not as
high as for regular waves. The number of waves tested is three, chosen among the most
productive ones. As shown Figure 6, the maximum relative error for the RMS values is
13%. In all cases, the velocities obtained with the Matlab-Simulink model are lower than
Orcaflex. The relative errors for the maximum values recorded during each simulation are
higher than RMS values, and the highest is 35%.

2.5

Matlab-Simulink model verification for irregular waves

N

1.5

0.5

T T
- Orcaflex max value

-e-Orcaflex rms value
- = Matlab - Simulink max value
- e Matlab - Simulink rms value

0
H 025m, T 4.5s
s P

H 075m, T 55s H 1.25m, T 85s
s p s p

Waves

Figure 6. Irregular wave comparison between Orcaflex and the Matlab-Simulink tool.

Overall, the model can be considered reliable for an initial optimization process, as
the short computational time allows for the screening of many configurations. To obtain
information for the WEC sizing, such as mooring lines loads, Orcaflex software or others
shall be used, as the Matlab-Simulink tool does not correctly identify the peaks [40].
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3. Results

Two principal analyses are carried out in this study to optimize the WEC for the given
site: the first involves an extensive parametric analysis of the main sizing parameters, while
the second focuses on techno—economic optimization. The first investigation includes a
sensitivity analysis on the generator sizing parameters, notably, rated speed, rated torque
and gear ratio. The second part of the work focuses on the buoy characteristics: buoy
size, height, mass and draft. Then, the control parameters are studied: PTO stiffness
and damping. Finally, some considerations on the mooring stiffness are presented. All
the analyses carried out in this study are summarized in the following subsections. To
compare the performance of each configuration, the normalized gross energy production is
presented, and it is computed as the percentage of gross energy production with respect
to the highest value of the sensitivity analysis. All the simulations are performed with
a cylindrical-shaped geometry. The mass is estimated considering the buoy volume and
half of the water density. The pretension, and thus the equivalent stiffness, is computed to
keep the draft as 63% of overall hull height. The main parameters are reported for each set
of simulations.

3.1. Parametric Analysis
3.1.1. Generator Nominal Speed and Torque Sensitivity Analysis

This sensitivity analysis aims to understand the variation in terms of performance
when changing generator sizing parameters to optimize WEPA for the given site. The two
main generator sizing parameters are nominal speed and nominal torque. Table 2 reports
the main features of the generators included in the analysis. The data reported in Table 2
are adapted from a commercial data sheet [41] to be more realistic in the PTO identification
and facilitate the subsequent prototype design. The generator used, if not differently stated,
is the 1IFW3204H.

Table 2. Main features of generators included in the analysis adapted from [41].

Generator ID Rated Speed Rated Torque Max Torque Rated Power

[rpm] [Nm] [Nm] [kW]
1FW3203E 150 750 1390 11.8
1FW3203H 300 750 1390 23.6
1FW3203L 500 750 1390 39.3
1FW3204E 150 1000 1850 15.7
1FW3204H 300 1000 1850 31.4
1FW3204L 500 1000 1850 52.3
1FW3206E 150 1500 2775 23.6
1FW3206H 300 1500 2775 47.1
1FW3206L 500 1400 2775 73.3
1FW3281E 150 2500 4050 39.0
1FW3283E 150 3500 5700 55.0
1FW3283G 250 3450 5700 90.0

As shown in Figure 7, the gross productivity is strongly influenced by the PTO-rated
torque. On the contrary, the PTO-rated speed does not significantly affect the productivity.
The generators “1FW3203H”, “1FW3204H"” and “1FW3206H" have all the same rated speed
of 300 rpm, while rated torque is of 750 Nm, 1000 Nm and 1500 Nm respectively. The
results show that the energy yield grows with the PTO torque for these configurations. The
same is valid for the generators “1FW3206E”, “1FW3281E” and “1FW3283E”. On the other
hand, the generators with the same rated torque but different rated speed show similar
energy yields. This is the case of the PTOs: “1FW3206E” and “1FW3206H”, which have
rated torque of 1500 Nm; as well as the PTOs: “1FW3283E” and “1FW3283G”, which have
rated torque of 5700 Nm. This trend is because the optimizer identifies as optimal high
damping coefficients, which keeps the speed low but requires high torque. During regular
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operation, the maximum speed is rarely reached; therefore, no power is lost due to velocity
saturation. On the other hand, higher values of nominal and maximum torques allow the
motor to extract more power without incurring torque saturation, which must be avoided
to preserve the motor’s integrity.

Gross productivity as function of generator characteristics
T

100% |-
90%
80%
70%
60% A
50%

400/0 -
s

Normalized gross energy production [%]

30% L L L 1 L L L
1FW3203H 1FW3204H 1FW3206E 1FW3206H 1FW3281E 1FW3283E 1FW3283G

Generator ID

Figure 7. Gross productivity as function of generator characteristics.

In order to increase the energy production, torque saturation shall be reduced; there-
fore, generators with higher available torque are required. To increase available torque,
scaling up of the generator is a solution; however, they grow proportionally in size and
weight as they increase maximum torque. Alternatively, an additional component, such
as a gearbox, can be inserted between the grooved drum and the generator. The gearbox
is able to modify the ratio between torque and speed according to the size of the internal
gears. The parameter used is the gear ratio, which is defined as the ratio of the angular
speed of the initial member to that of the driven member. Thanks to the aforementioned
considerations, an additional analysis is performed.

3.1.2. Gear Ratio Sensitivity Analysis

The objective of this sensitivity analysis is to understand the variation in terms of
performance when inserting a gearbox in the model and changing the gear ratio to optimize
WEPA for the given site. The gear ratios considered are from 2 to 5 with a step of 1. The
analysis is performed with generators: “1FW3204L” and “1FW3206L", as they have very
high nominal speeds. As shown in Table 2, they have a rated speed of 500 rpm.

The general trend highlighted with the direct-drive configuration (Figure 7) remains
unchanged in this sensitivity analysis: generators with higher nominal torques paired with
the gearbox with higher ratio are the most productive. As can be seen from Figure 8 the
gear ratio that maximizes the energy production is a function of the generator nominal
torque. The productivity starts to drops for high gear ratios, when the velocities are too
high and the speed saturation is reached.

3.1.3. Hull Size Sensitivity Analysis

This sensitivity analysis aims to understand the variation in terms of performance
when changing the hull size to optimize WEPA for the given site. The main features of
the six configurations analyzed are reported in Table 3. As shown in Table 3, the hull
dimensions are increased proportionally.
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Figure 8. Gross productivity as function of gear ratio.
Table 3. Configuration parameters of hull size sensitivity analysis.

Hull 1.2x12 13x13 14x14 15x15 17x17 18x18
Height [m] 1.2 1.3 1.4 1.5 1.7 1.8
Radius [m] 1.2 1.3 14 1.5 1.7 1.8
Mass [kg] 2782 3537 4418 5434 7910 9390

Volume [m?] 543 6.90 8.62 10.60 15.43 18.32
Draft [m] 0.76 0.82 0.88 0.94 1.07 1.13
Ixx [kgmz] 1335 1993 2886 4075 7620 10,141
Iyy [kgm?] 1335 1993 2886 4075 7620 10,141
Izz [kgm2] 2003 2989 4330 6113 11,430 15,212
COG * [m] —0.16 -0.17 —0.18 —0.19 —-0.22 —-0.23

* COG location is expressed as the distance from the water level.

From Figure 9, the trend is clear: in the given wave climate, the smaller hulls perform
better in energy production. This behaviour could be counterintuitive at a first superficial
analysis. However, this is strictly related to the resonance frequency of the device and
the incoming waves. As stated by [24,42], for heaving vertical cylinders, smaller devices
perform better in high wave frequency as they tend to have higher natural frequency and
vice versa. As shown in Figure 4, most waves have a peak period among 2 and 7 s; these
high-frequency waves better match with small-sized hulls. The main constraint to building
small hulls is the lack of internal space to locate all the required equipment, so a sensitivity
analysis on the hull height is performed.

3.1.4. Hull Height Sensitivity Analysis

The objective of this sensitivity analysis is to understand the variation in terms of
performance when changing the hull height to optimize WEPA for the given site. The main
features of the configurations analyzed are reported in Table 4. The hull height varied from
1 m to 1.6 m with step 0.2 m, for a total of four configurations.
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Table 4. Configuration parameters of hull height sensitivity analysis.
Hull 1.2 x 1.0 1.2 x 1.2 1.2 x 1.4 1.2 x 1.6
Height [m] 1 1.2 14 1.6
Mass [kg] 2199 2782 3365 3949
Volume [m?] 452 5.43 6.33 7.24
Draft [m] 0.63 0.76 0.88 1.01
Ixx [kgrnz] 975 1335 1761 2264
Iyy [kgmz] 975 1335 1761 2264
1zz [kgmz] 1583 2003 2423 2843
COG * [m] —0.13 —-0.16 —0.18 —0.21

* COG location is expressed as the distance from the water level.

As shown in Figure 10, the influence of hull height on gross productivity is limited. If
the height is increased, the productivity increases. As the draft is calculated as a percentage
of the overall height, the draft increases for larger heights, as shown in Table 4. The larger
submerged volume and wetted surface increase the drag force, improving the ability of
the buoy to follow the wave elevation profile. This information is helpful during the
design phase, as a large number of components have to be integrated inside the hull. As
a consequence, the internal volume can be enlarged, increasing the hull height without

negatively impacting the performances.

Gross productivity as function of overall hull height
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Normalized gross energy production [%]

90% - a7

1.2

14
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Figure 10. Gross productivity as function of overall hull height.
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3.1.5. Hull Mass Sensitivity Analysis

This sensitivity analysis aims to understand the variation in terms of performance
when changing the hull mass to optimize WEPA for the given site. The buoy mass was orig-
inally estimated as 50% displaced water weight. The study investigated the performance of
a buoy with 30% and 60% displaced water weight. The draft is kept constant, while the
mooring pretension is changed to adjust buoy equilibrium. The main features of the three
configurations analyzed are reported in Table 5.

Table 5. Configuration parameters of hull mass sensitivity analysis.

Hull 1.3 x 1.3-Mass 30% 1.3 x 1.-Mass 50% 1.3 x 1.3-Mass 60%

Height [m] 1.3 1.3 1.3

Mass [kg] 2122 3537 4245
Volume [m?] 6.90 6.90 6.90

Draft [m] 0.82 0.82 0.82

Ixx [kgm?] 1196 1993 2391

lyy [kgm?] 1196 1993 2391

Izz [kgm?] 1794 2989 3587

COG * [m] —0.17 —0.17 —0.17

* COG location is expressed as the distance from the water level.

As shown in Figure 11, gross energy production variation due to the hull mass included
among 2.1 t and 4.2 t is limited to 10%. The higher mass is related to higher productivity;
this information is helpful during the design phase as it increases the ballast to reach

stability of the buoy.

Gross productivity as function of hull mass
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Figure 11. Gross productivity as function of hull mass.

Hull mass [kg]

3.1.6. Hull Draft Sensitivity Analysis

This sensitivity analysis aims to understand the variation in terms of performance
when changing the hull draft to optimize WEPA for the given site. The study investigated
the performance of a buoy with the draft equal to 70%, 75% and 80% of overall height. The
tether pretension is kept constant, while the mass is changed to adjust buoy equilibrium.

4000

4500

The main features of the three configurations analyzed are reported in Table 6.
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Table 6. Configuration parameters of hull draft sensitivity analysis.
Hull 1.2 x 1.2-Draft 70% 1.2 x 1.2-Draft 75% 1.2 x 1.2-Draft 80%
Height [m] 1.2 1.2 1.2
Mass [kg] 3178 3456 3734
Volume [m?] 543 5.43 5.43
Draft [m] 0.84 0.90 0.96
Ixx [kgmz] 1525 1659 1792
Iyy [kgm?] 1525 1659 1792
Izz [kgm?] 2288 2488 2689
COG * [m] —0.24 —0.30 —0.36

* COG location is expressed as the distance from the water level.
As shown in Figure 12, the draft sensitivity analysis showed limited correlations
with productivity. This was also expected from Figure 10, as increasing the overall height

increases the draft as well.

Gross productivity as function of hull draft

00%F A

95%

Normalized gross energy production [%]

90% ! !
70 75 80
Draft as percentage of hull height [%]

Figure 12. Gross productivity as function of hull draft.

3.1.7. Control Parameters

The PTO-related variables which influence the power extraction of the device are the
PTO damping coefficient and the PTO stiffness, as shown in Equation (2). The former,
multiplied by the shaft’s rotating speed, provides the torque generated by the hull heave
motion and thus the extracted power. The latter, multiplied by the production tether
elongation, provides the rewinding force that is required to keep the production tether in
tension. The optimal value of PTO damping for each sea state, the one that optimizes the
power extraction, varies greatly with the height and period of incoming waves, with lower
values preferred on smaller waves and higher ones favored on higher waves, as can be seen
in Figure 13. Thanks to the adopted control strategy, a specific PTO damping coefficient will
be defined for each sea state. The optimal value for PTO stiffness is close to zero. However,
it is necessary to guarantee that the production tether remains in tension at every given
moment. Therefore, a positive PTO stiffness shall be provided. The PTO stiffness can be
provided by the PTO working in motor mode or by an actual spring mounted on the shaft.
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Figure 13. Optimal PTO damping coefficients for the modelled sea states.

3.1.8. Mooring Stiffness

The mooring system included in the simulation tool comprises a single line connecting
the sea bottom to the hull as the DoF considered in the analysis are two translations (heave
and surge) and one rotation (pitch). The restoring forces due to the mooring line stiffness
are included via a constant stiffness parameter. The mooring line stiffness coefficient
multiplies the mooring cable elongation, giving as a result the restoring force applied
by the mooring lines on the hull. The simulations clearly show how the mooring line
stiffness should be as low as possible. This is because the higher the stiffness, the higher
the influence of the mooring lines on the hull motions, reducing its velocity and negatively
impacting productivity.

3.2. Techno—Economic Analysis

The optimization strategy aims at finding the best device for the installation site,
where the “best” can be different according to different criteria (the lowest cost of energy,
the highest productivity depending on investment thresholds, highest site-insensitive
productivity, for example). The performance index used in this analysis is measured in
KEUR/MWh (EUR over megawatt-hour), and is the ratio between the total capital cost
over the total energy produced per year:

Device Cost [k€]
Net Productivity [MWh]

year

Per formance Index (PI) = 4)

While the energy production is straightforward to compute thanks to the simulation
tool, quantifying total costs requires additional input data and a detailed feasibility study.

3.2.1. Cost Analysis

Four sources of variable costs are considered in this study: the generator and its drive,
the mechanical internal components, the hull, and the mooring system. The rest of the costs
are considered equal for all the configurations and thus excluded from the analysis.

Generator and Drive Costs

To approximate generators and drives costs, Equations (5) and (6) are used, respectively.
They are in-house interpolations based upon the authors’ market surveys and quotations.

Generator cost [k€] = 1.0582t> — 48.431¢> + 899.26t — 4780.5 (5)
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where t is the generator rated torque in [Nm].
Drive cost [k€] = 2.6615p° — 25.742p* 4 90.118p — 92.244 (6)
where p is the generator rated power in [kW].

Hull Cost Estimation

The hull cost is estimated computing the overall weight thanks to an equivalent
thickness of 18 mm. The unitary cost is fixed to 12 EUR /kg. The cost is estimated as shown
in Equation (7).

Cy [k€] = [2R? +2wRH + 2(1 + 0.6) H| T,,0sCyy @)
with:
C;,  hull cost [KEUR]
R buoy radius [m]
H  buoy height [m]

Cy unitary cost [KEUR/kg]
T, equivalent thickness [m]
ps steel density [kg/m?].

Mooring Cost Estimation

The mooring system costs are analyzed in detail for a single configuration; further, the
total cost is scaled according to the buoy submerged volume. The submerged volume is
directly proportional to mooring loads; thus, the mooring system cost is scaled according
to design tension.

Mechanical Internal Components Cost Estimation

The internal mechanical components costs are analyzed in detail for a single configu-
ration; further, the total cost is scaled according to max torque.

3.2.2. Feasibility Study

Once the cost analysis is completed, it is possible to score the different configura-
tions according to the PI, and thus, select the best devices for a more accurate feasibility
study. The feasibility study included considerations on the electrical system, the mechan-
ical components and layout. The electrical system is studied in more detail and all the
equipment to be installed on-board is identified. A preliminary mechanical drawing of the
main components is accomplished, and the general layout of the device is built. The main
constraint is found to be the layout, therefore a specific analysis is carried out to eliminate
the configurations that are considered unfeasible due to dimensional constraints. The main
problem is due to the length of the generator, the drum and the joints. Figure 14 shows the
feasibility analysis for a configuration with an external radius of 1.3 m.

It is worth mentioning that from the feasibility study and cost analysis, the gearbox
configuration, which initially appeared highly interesting, manifested two essential draw-
backs. From an engineering standpoint, the encumbrance of both the gearbox and the
motor is greater than a larger PTO only, therefore, larger hulls are required. From the
economic analysis, the cost of the gearbox itself is high enough to nullify the advantage of
using a smaller and less expensive generator.
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Normalized device cost [%]

Figure 14. PTO and hull feasibility analysis.
3.2.3. Final Selection

As a result of the feasibility analysis, a large number of configurations are discarded
due to unfeasibility or excessive costs. Figure 15 presents the results of the techno—economic
analysis. The Figure presents the normalized device cost and gross energy production of
the different configurations analyzed, the normalized device cost is computed dividing the
cost of all the devices by the highest. The bottom-right corner area of the Figure is where
the most interesting configurations are located. Starting from the configurations with lower
PI, a feasibility study is carried out and the grey area is drawn. The grey area in Figure 15
identifies the configurations that, after the feasibility, were not feasible. Finally, two optimal
configurations are selected, one with higher productivity and higher investment costs and
one with lower productivity but lower costs.
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Figure 15. Normalized device cost and gross energy production of different configurations analyzed
(the grey area is considered unfeasible).

4. Conclusions

This paper presents the Water Energy Point Absorber (WEPA); its concept is compared
to other existing WECs, highlighting the differences and the improvements from the state
of the art. The simulation tool developed to perform the optimization study is presented
and the mathematical models and the assumptions on which it is based on. The input
data used for the analysis are reported, such as the wave scatter matrix, the hydrodynamic
parameters and the modelling settings. The optimization principle is explained and the
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model verification is introduced. The model verification is performed with regular and
irregular waves thanks to the commercial software Orcaflex.

Several parametric analyses are performed to reach an optimal final design in terms of
performances and costs for the specific installation site. Among the results of the analysis
performed, it shall be mentioned that the PTO-rated torque is more impactful than the
rated speed in terms of gross energy production. In particular, the higher the rated torque,
the higher the productivity. A gearbox can be added to increase the available torque
and the optimal gear ratio can be computed from the simulations. However, from the
cost analysis, it is shown that the additional cost of the gearbox does not compensate the
additional energy produced. The most important highlight of the study is that for the
specific wave climate the smaller hulls are performing better than the bigger ones. This is
due to the natural frequency of the hulls that is closer to the one of the incoming waves. A
sensitivity analysis is also run for hull height, hull mass and hull draft, showing that their
influence on productivity is limited. Finally, a comprehensive techno—economic analysis
is presented, demonstrating that the optimal configuration can be identified only after a
detailed feasibility study and rigorous cost analysis.
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The following abbreviations are used in this manuscript:

BEM Boundary Element Method
COG  Center of Gravity
DoF Degree of Freedom

EUR Euro

GHG Green House Gasses
Hs Significant Height
PI Performance Index

PTO Power Take Off

WEC Wave Energy Converter
WEPA  Water Energy Point Absorber
RMS Root Mean Square

TLA Three

LD Linear

Tp Peak Period
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