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Abstract: Currently, the techno-economic performance of Wave Energy Converters (WECs) is not
competitive with other renewable technologies. Size optimization could make a difference. However,
the impact of sizing on the techno-economic performance of WECs still remains unclear, especially
when sizing of the buoy and Power Take-Off (PTO) are considered collectively. In this paper, an
optimization method for the buoy and PTO sizing is proposed for a generic heaving point absorber
to reduce the Levelized Cost Of Energy (LCOE). Frequency domain modeling is used to calculate
the power absorption of WECs with different buoy and PTO sizes. Force constraints are used to
represent the effects of PTO sizing on the absorbed power, in which the passive and reactive control
strategy are considered, respectively. A preliminary economic model is established to calculate the
cost of WECs. The proposed method is implemented for three realistic sea sites, and the dependence
of the optimal size of WECs on wave resources and control strategies is analyzed. The results show
that PTO sizing has a limited effect on the buoy size determination, while it can reduce the LCOE by
24% to 31%. Besides, the higher mean wave power density of wave resources does not necessarily
correspond to the larger optimal buoy or PTO sizes, but it contributes to the lower LCOE. In addition,
the optimal PTO force limit converges at around 0.4 to 0.5 times the maximum required PTO force
for the corresponding sea sites. Compared with other methods, this proposed method shows a better
potential in sizing and reducing LCOE.
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1. Introduction
Wave energy has been highlighted as a renewable energy resource for decades. However, large scale utilization of wave energy is still far from commercialization [1,2]. An important obstacle in the development of Wave Energy Converters (WECs) is that their
techno-economic performance is not competitive with offshore wind and other renewable
technologies [3]. Another challenge is the wide variety of WEC types [4], which makes it
hard to converge the attention and investment. During the last 40 years, over 200 WEC
concepts have been proposed [1]. To select the promising WECs, it is necessary to compare
and evaluate their viability at different potential sea sites.
The feasibility of WECs has already been evaluated in existing literature. A set of
technical and economic indicators of various WEC concepts have been presented [5].
During the operation of WECs, power production relies not only on the wave resources
available but also on the operating principles of the particular device [4]. In Reference [5],
a benchmarking of 8 types of WECs was established considering 5 different representative
sea sites, and a series of cost-related metrics of different WECs was analyzed and compared.
In Reference [6], based on a cost estimation model, a techno-economic evaluation for 6
types of WECs was conducted for different devices. The sensitivity of the Levelized Cost
Of Energy (LCOE) to wave resources, array configurations, Capital Expenditure (CAPEX),
and Operational Expenditure (OPEX) was also discussed.
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Apart from the variation of wave resources and types of WECs, the size determination
also has a significant impact on the techno-economic evaluation of WECs. Firstly, the power
performance of WECs depends strongly on their size [4]. Secondly, given the variation of
operating principles, the sensitivity of power performance to the size of WECs also varies
considerably [7]. Thirdly, the cost is highly related to the size of WECs [8]. Thus, the size
optimization of WECs is expected to make a difference in the evaluation results. However,
the optimization is not widely considered in evaluation studies even though the original
sizes of WECs are usually designed to suit only some specific sea sites.
Independently or integrated with evaluation studies, size optimization of WECs has
been discussed in existing literature. In Reference [9,10], the theoretical ratio of absorbed
power to the buoy volume was derived based on linear wave theory. It was concluded that
the smaller the volume of the floating WEC is, the higher this ratio is. In Reference [11],
a theoretical method for determining the suitable buoy size of WECs for different sea sites
was proposed based on Budal diagram. By means of that method, the volume of the buoy
could be selected to guarantee the required working time at full capacity of devices for
a certain sea site. In Reference [4,7,12], the optimal characteristic lengths of WECs were
demonstrated from the perspective of maximizing Capture Width Ratio (CWR), concluding
that the optimal characteristic length depends on sea sites. Furthermore, the effect of
sizing of WECs on their techno-economic performance has been investigated [8,13], and the
results showed that size optimization is able to reduce the LCOE dramatically. However,
above-mentioned literature regarding size optimization of WECs concentrated mainly on
buoy sizing without considering Power Take-Off (PTO) sizing. Mostly, the PTO size is
simply scaled with the same scaling factor used for the buoy.
As a core component, the PTO system is significantly influential to the technoeconomic performance of WECs [14]. On the one hand, its cost normally accounts for over
20% of the total CAPEX [15]. On the other hand, the PTO size is highly related to the rated
power and the force constraint, which can directly affect the absorbed power. The affecting factors on PTO sizing have been investigated, as well. In Reference [16,17], a series
of studies on the influence of the generator rating and control strategies on the power
performance was conducted through simulations and experiments. In Reference [14,18],
the impact of the control strategies on the PTO sizing of point absorbers was investigated.
Although these studies made a profound contribution to presenting the impact of PTO
sizing on the absorbed power, buoy sizing was not taken into account collectively. Recently,
the influence of PTO sizes has started to be considered in a few of studies regarding buoy
geometry optimization. In Reference [19], the geometry optimization of a cylindrical WEC
with only a few of different force constraints was performed. The paper indicates that the
PTO force constraint has a notable influence on the optimization results, and this finding is
highly valuable for the design optimization of WECs. However, there are some limitations
in Reference [19]. Firstly, the force constraint is not treated as an optimization variable
and only a limited number of force constraints were included. Secondly, the optimization
is conducted to maximize the absorbed power for the specific sea states, which is not
necessarily beneficial for improving the techno-economic performance at realistic sea sites.
To the authors’ knowledge, there is a lack of studies considering both PTO and buoy
sizing of WECs. Thus, the aim of this paper was to investigate the collective influence of
PTO sizing and buoy sizing on the LCOE. To achieve this aim, four research questions
were addressed. Firstly, what are the optimal buoy sizes and PTO sizes for minimizing the
LCOE in different wave resources and control strategies? Secondly, how much reduction in
the LCOE can be gained by including PTO sizing? Thirdly, how does PTO sizing interact
with buoy sizing from the techno-economic perspective? Fourthly, how much difference
on the size determination and the optimized LCOE will there be when using different size
optimization methods?
It should be acknowledged that one of the important factors affecting the LCOE is
related to the system survivability and safety of WECs. Therefore, the techno-economic
performance in practice is strongly related to the recurrence of extreme conditions, such
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as the roughest sea state for 50 or 100 years in the deployment site. In this way, the total
LCOE could be significantly higher than the optimized value based on the current study,
which could mitigate the effects of sizing on the techno-economic performance. However,
a better understanding on the collective influence of buoy and PTO sizing of WECs can
clearly contribute to a more suitable WEC design. In addition, sizing of a single WEC
could make a difference in the total number of units selected for a wave farm or array,
where the operation and maintenance costs are directly influenced by the number of WECs.
For instance, a wave farm with a large number of small individual WECs is expected to
result in the increased number of operation and maintenance activities, leading to higher
operation and maintenance costs. On the other hand, larger WECs can reduce the number
of units in the wave farm, but their requirements for service operation vessels could be
higher [8]. Thus, as stated in Reference [20], estimating an accurate value for OPEX is a
difficult task since there is not enough available information in practical projects. For the
sake of simplicity this study will be limited to the analysis of a single device using general
values of OPEX costs derived from existing literature.
In this paper, a size optimization method considering both buoy and PTO sizing is
established, and it is applied to a generic heaving point absorber. The optimization is
performed based on an exhaustive search algorithm. Firstly, frequency domain modeling
is used to calculate the power performance of WECs with different buoy and PTO sizes.
The implementation of the PTO sizing using passive and reactive control is demonstrated,
respectively. In addition, a preliminary economic model is described to build a cost function
with the aim to minimize the LCOE. Next, based on the proposed method, size optimization
of WECs is carried out for three realistic sea sites. The interaction between buoy and PTO
sizing is analyzed, and the dependence of size determination on wave resources and
control strategies is presented. Furthermore, a comparison between this proposed size
optimization method and other methods is performed. Finally, conclusions are drawn
based on the obtained results.
2. Methodology
This section starts with the description of the heaving spherical WEC concept and
chosen sea sites. Next, the equations of motion and frequency domain modeling of WECs
are presented. Finally, the size optimization method is established, in which the approaches
to perform PTO sizing, buoy sizing, and the cost estimation of WECs are explained in detail.
2.1. WEC Concept Description
A generic heaving point absorber [21,22] is used in this study as WEC reference.
The diameter of the buoy in the original size is 5 m. The average density of the buoy in all
sizes is assumed to be identical and with a value of half of the water density (1025 kg/m3 ).
The schematics of the concept are shown in Figure 1. In practice, the amplitude of the
buoy motion has to be limited to protect the mechanical structure, and the displacement
limit of this WEC is set as 0.8 times the radius of the buoy. In addition, WECs have to be
stopped from operating at severe sea states. Thus, there must be a maximum operational
wave height for protection. A similar prototype to the WEC in this work is WaveStar,
which is a semi-spherical heaving point absorber [23]. The maximum operational wave
height of WaveStar is 6 m and the diameter of WaveStar is 5 m. Therefore, the maximum
operational wave height for the original WEC in this case is estimated as Hs = 5 m, in a
conservative way.
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PTO
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Figure 1. Schematic of the heaving point absorber concept.

Three realistic sea sites are selected to investigate the techno-economic performance of
WECs. They are Yeu Island, in the oceanic territory of France, Biscay Marine Energy Park
(BIMEP) in Spain, and DK North Sea Point 2 (DK2) in Denmark. The scatter diagrams of
these sea sites are taken from Reference [8], which are shown in Tables 1–3. In these scatter
diagrams, Hs and Tz represent the significant wave height and the mean zero-crossing
wave period, respectively, and the time of the corresponding occurrence are depicted in
each cell as the number of occurrence hours in a year for that particular sea state. It should
be pointed out that Yeu, BIMEP, and DK2 are geographically far from each other and their
most frequent wave heights and periods differ significantly. Hence, these three sea sites are
chosen to be the representatives of European wave characteristics.
Table 1. Scatter diagram showing yearly hours of occurrence of sea states in the Yeu Island (Yeu), France.
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43.04
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27.85
12.66
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1.27
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1.27
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6.33
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Table 2. Scatter diagram showing yearly hours of occurrence of sea states in Biscay Marine Energy
Park (BIMEP), Spain.
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Hs (m)
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1.50
2.50
3.50
4.50
5.50

Tz (s)

5.00

7.00

9.00

11.00

13.00

15.00

17.00

148.92
858.48

219.00
2664.52
744.60
87.60

78.84
1445.40
560.64
262.80
105.12
8.76

17.52
508.08
324.12
61.32
35.04
26.28

78.84
157.68
52.56
8.76

8.76
35.04
35.04
8.76

8.76
8.76

J. Mar. Sci. Eng. 2021, 9, 52

5 of 25

Table 3. Scatter diagram showing yearly hours of occurrence of sea states in DK North Sea Point 2
(DK2), Denmark.
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18.00
224.00
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11.00
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10.00
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1.00
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2.2. Frequency Domain Modeling
In this subsection, the frequency domain model of WECs is presented based on linear
wave theory. As the device in this paper is assumed to oscillate only in heave motion,
the frequency domain modeling of the WEC is only discussed for the heaving degree
of freedom. According to Newton’s law, the motion of the WEC as a rigid body can be
described through Equation (1).
ma(t) = Fhs (t) + Fe (t) + Fpto (t) + Fr (t),

(1)

where textitm is the mass of the oscillating body, Fhs is the hydrostatic force, Fe is the
wave excitation force, Fr is the wave radiation force, Fpto is the PTO force, and a(t) is the
acceleration. If the body is assumed to perform harmonic motion and a linear PTO model
is used to simulate the behavior of the PTO system, (1) could be rewritten in the form of
complex amplitudes [10], as
F̂e (ω ) = [ Ri (ω ) + R pto ]û + iω û[m + Mr (ω )] + iû[−

K pto
S
− wl ],
ω
ω

(2)

where Ri (ω ) is the hydrodynamic damping coefficient, R pto is the PTO damping coefficient,
ω is the wave frequency, m and Mr (ω ) are the mass and the added mass of the WEC, û is
complex amplitude of the vertical velocity, K pto is the PTO stiffness coefficient, and Swl is
the hydrostatic stiffness. The intrinsic impedance of the heaving buoy and PTO impedance
can be introduced as
Zi (ω ) = Ri (ω ) + iXi (ω ),
(3)
Xi (ω ) = ω [m + Mr (ω )] −

Swl
,
ω

(4)

where Zi (ω ) is the intrinsic impedance of the heaving buoy, and Xi (ω ) is the intrinsic
reactance. Similarly, the impedance of PTO can be given as:
Z pto (ω ) = R pto (ω ) + iX pto (ω ),
X pto (ω ) = −

K pto
,
ω

(5)
(6)

J. Mar. Sci. Eng. 2021, 9, 52

6 of 25

where Z pto (ω ) is the PTO impendence, and X pto (ω ) is the PTO reactance. So, (2) is
rewritten as
F̂e (ω ) = [ Zi (ω ) + Z pto (ω )]û.
(7)
The hydrodynamic characteristics of WECs, including Mr (ω ), Ri (ω ), and Fe (ω ),
are calculated using the Boundary Element Method through the open source software
Nemoh [24]. Then, by solving (7), the complex amplitude of velocity û could be obtained as
û =

F̂e
.
Zi + Z pto

(8)

Then, the complex amplitude of the motion displacement is expressed as
ẑ =

F̂e
.
iω ( Zi + Z pto )

(9)

For regular wave conditions, the time averaged absorbed power can be obtained and
expressed as
1
(10)
Pave_re = R pto |û|2 .
2
The above analysis is based on the assumption of harmonic motion, but incoming
waves in real sea states are always irregular. In this work, the calculation of power
absorption in irregular waves is conducted based on the superposition of regular waves [25].
So, the power absorption in each sea state is calculated by integrating over frequency the
product of the spectrum density with the power absorption in regular waves which can be
expressed as
Z ∞
|ẑ|
Pave _irr =
R pto ( , ω )2 Sζ a (ω )dω,
(11)
ζa
0
where ζ a is the wave amplitude of the regular wave components, and Sζ a (ω ) is the spectral
density of the defined unidirectional wave spectrum. In this work, JONSWAP spectrum,
together with the peakedness factor of 3.3, is used to represent the irregular waves for the
North Sea [26].
It must be acknowledged that frequency domain modeling has limited applicability.
Firstly, it is restricted to the linear theory. The accuracy of this approach around the
resonance of WECs is limited where the motion amplitude is too high and the linear
assumption is violated [27]. However, the displacement limit is considered in this paper,
which could ease this problem [11]. Secondly, frequency domain modeling does not allow
the implementation of real-time control strategies by which PTO parameters can be adjusted
instantaneously with the PTO force saturation and buoy displacement constraints [19,28].
Although there are limitations in frequency domain modeling, it is considered reasonable
given the purpose of this paper to get insight into the influence of sizing on the technoeconomic performance. Frequency domain models are more computationally efficient
compared to time domain approaches, which makes it highly suitable in the optimization
studies that requires a large number of iterations. In addition, the energy production of
WECs in different buoy and PTO sizes is calculated based on the same frequency domain
model, which is fair for the size determination and techno-economic analysis.
2.3. Size Optimization Method
A proposed size optimization method for improving the techno-economic performance of WECs is presented in the following part, and the methods to conduct PTO sizing
and buoy sizing are explained, respectively. An economic model is established to calculate
the corresponding costs. The flowchart of this size optimization method is shown in the
Figure 2. The cost function for the size optimization adopted in this paper is LCOE, which
is introduced in more detail in Section 2.3.3. An exhaustive search algorithm is used in
the optimization. The buoy scale factor λ and a normalized factor for PTO sizing, namely
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PTO sizing ratio, are treated as the optimization variables. Before defining the PTO sizing
ratio, it is necessary to introduce the unconstrained PTO force and the maximum required
PTO force. The unconstrained PTO force is defined based on the sea state, and it represents
the PTO forces required to maximize the power absorption without any force constraint
for the particular sea state. The maximum required PTO force is defined based on the sea
site and is the largest value of unconstrained PTO forces for all operational sea states in a
particular sea site. This largest value occurs at the operational sea state with largest wave
power density. Then, the PTO sizing ratio is equal to the PTO force limit divided by the
maximum required PTO force at the corresponding sea site, and the PTO force limit is
the force constraint for the PTO system with the particular size. The maximum required
PTO force varies with the wave resource, the buoy size, and the control strategy. So, in
each case, the maximum required PTO force is recalculated for each sea site and buoy
scale factor λ. The initial bounds of the buoy scale factor λ and PTO sizing ratio are set
as 0.3,2.0 and 0.1,1.0, respectively. If the the optimal solution is not found within these
ranges during iterations, the bounds would be automatically extended until a solution is
obtained. A discrete iteration step of 0.1 is used in the exhaustive searching algorithm for
both buoy scale factors λ and PTO sizing ratios. The proposed size optimization method
is also compatible with other optimization algorithms, which may provide more precise
solutions or save computational costs. However, it is beyond the scope of this paper to
discuss the relative impacts of optimization algorithms in detail.
Mesh
BEM(Nemoh)

Input 1: WEC Geometry
Hydrodynamic coefficients

Initial guess of Buoy Scale
Factor and PTO Force
Limit

Input 2: Wave climate at site
(scatter diagram)

Scaled hydrodynamics and
constraints

Buoy size and PTO force
limit

Frequency domain
modelling

Economic modelling

New Combination of Buoy
Scale Factor and PTO Force
Limit

Hs, Tz,
Probability

AEP

CAPEX and OPEX

Cost function (LCOE)

Output: Optimal buoy size and
PTO size

Optimization Algorithm

Figure 2. Flowchart of the size optimization method of Wave Energy Converters (WECs).

2.3.1. PTO Sizing
Here, the PTO sizing implies the implementation of determining the optimal PTO
size for different sea sites. The PTO size is directly related to the rated power, PTO force
limits, displacement limits, and PTO peak power constraints of WECs [29]. In this work,
the PTO force limit is used to represent the PTO size. According to (5) and (8), the PTO
force amplitude can be expressed as

F̂pto = ûZ pto

q
R2pto + X 2pto
Z pto
=
F̂e = F̂e q
.
Zi + Z pto
( R pto + Ri )2 + ( Xi + X pto )2

(12)
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As is shown in (12), the PTO force amplitude is a function of R pto and X pto . Therefore,
one approach to restrict the PTO force amplitude is to adjust PTO parameters. Reactive
control and passive control are typical control strategies in WECs. In the reactive control,
both the PTO reactance and the PTO damping coefficient could be varied to tune the device.
However, in the passive control, only the PTO resistance load (damping force) is provided.
Next, the methods to determine the PTO parameters for limiting the PTO force amplitude
in the passive control strategy and the reactive control strategy are explained, respectively.
•

The determination of PTO parameters in passive control:
Here, the PTO force amplitude is constrained by means of adjusting the PTO parameters. Besides, the PTO parameters are also expected to be determined to limit the
stroke and maximize the absorbed power.
First, let us discuss the PTO force constraints. In the passive control strategy, only
PTO damping can be varied and the PTO reactance equals zero. Therefore, the PTO
force amplitude expressed in (12) can be simplified as
F̂pto = F̂e q

R pto

( R pto + Ri )2 + Xi2

.

(13)

To reveal the relationship between | F̂pto | and R pto , the derivation of (13) with respect
to R pto is calculated and gives
R pto Ri + Xi2 + R2pto
d(| F̂pto |)
= F̂e 
3 .
dR pto
( R pto + Ri )2 + Xi2 2

(14)

It can be deduced that (14) is always positive as R pto and Ri are greater than 0, which
also implies that F̂pto is a monotonic function of R pto . In other words, limiting the
PTO damping can directly constrain the PTO force amplitude. During size optimization, the PTO sizing ratio and buoy scale factor λ are used as optimization variables.
However, to determine PTO parameters with the force limit, the PTO force limit
should be derived to be explicit. According to the definition of the PTO sizing ratio,
the PTO force limit can be calculated by multiplying the given PTO sizing ratio with
the maximum required PTO force for the particular buoy scale factor and considered
sea site. Therefore, the PTO force limit is directly related to each set of optimization
variables. Here, the PTO force limit is represented by Fpto_limit , and the maximum
allowed PTO damping R pto _ f orce can be obtained by solving (15), in which only the
positive solution should be retained.
F̂e q

R pto_ f orce

( R pto_ f orce + Ri )2 + Xi2

= Fpto_limit .

(15)

Therefore, for constraining the PTO force amplitude, R pto should satisfy
R pto ≤ R pto _ f orce.

(16)

Secondly, except PTO force constraints, the displacement limit should be considered
during the selection of PTO parameters. It can be deduced from (8) that the û decreases
with R pto increasing. If the stroke constraint of the buoy, Sm , comes to play, the PTO
resistance should be increased to limit the velocity amplitude, which is shown as

|û| =

F̂e
≤ | u m |.
R pto + Zi

(17)
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In this way, for constraining the stroke amplitude, R pto should satisfy
s
R pto ≥

(

F̂e 2
) − Xi2 ) − Ri = R pto_stroke ,
um

(18)

where um is the velocity limit, which is equal to ωSm . Therefore, it can be seen from
(16) and (18) that the upper bound and the lower bound of the available PTO damping
are decided by the PTO force limit and the stoke limit, respectively, which could also
be expressed as
R pto_stroke ≤ R pto ≤ R pto _ f orce.
(19)
Thus, the PTO damping should be selected from the range expressed in (19) to satisfy
the constraints.
According to Reference [28], the optimal PTO damping for maximizing the absorbed
power without any constraint is expressed as
R pto_opt = | Zi | =

q

R2i + Xi2 .

(20)

To maximize the absorbed power of WECs, R pto should be as close to R pto_opt as
possible. So, the principle of PTO damping selection in PTO sizing can be presented as:

•

–

If R pto_stroke ≤ R pto_opt ≤ R pto _ f orce, the optimal R pto should be selected as
R pto_opt .

–

If R pto_opt < R pto_stroke or R pto_opt > R pto _ f orce, the optimal R pto should be selected
as the one of R pto_stroke and R pto _ f orce which is closer to R pto_opt .

–

In case R pto _ f orce < R pto_stroke , there is no feasible PTO damping coefficient
satisfying both of the constraints. This case would happen when the PTO force
limit is very low or the wave power is very high, which realistically means the
device has to be stopped from operation for protecting itself from frequently
violating the physical constraints.

The determination of PTO parameters in reactive control:
Unlike PTO sizing in passive control, both R pto and X pto can be varied to meet the
requirement of motion and PTO force constraints. Given the complexity of the multivariable optimization with nonlinear constraints, a numerical optimization tool is
used to select the optimal combination of R pto and X pto , and it can be expressed in the
form as
maximize f = Pabsorbed ( R pto , X pto )


| F̂pto ( R pto , X pto )| ≤ Fpto_limit

|û( R pto , X pto )| ≤ um
subject to

R pto ≥ 0


X pto ∈ R.

(21)

The optimization is performed based on the “interior point” algorithm in MATLAB
environment, and the tolerance of the function is set as 1e-4. To avoid the local optimal
solution, the ’MultiStart’ solver is adopted. In this solver, iterations start with multiple
random points, in which the global optimal solution is expected to be found [30].
In this work, the number of multiple starting points is set as 20, and the bounds of the
PTO damping and PTO reactance are set as [0,10 Ri (ω )] and [-10Xi (ω ), 10Xi (ω )] for
each sea state. In case that no feasible solution is found in the optimization, the PTO
absorbed power would be treated as 0.
Based on the above method, PTO parameters for different PTO force constraints can
be obtained for each wave condition. Then, the corresponding power performance of
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WECs can be calculated. Hence, this method takes into account the effects of PTO sizing
on the power performance of WECs. However, it has to be clarified that the above PTO
sizing method is established based on regular wave conditions. To constrain the buoy
displacement and PTO force in irregular wave conditions, it is necessary to calculate
their instantaneous solutions, in which time domain modeling is required. However,
the inefficiency of time domain simulation would make the iteration process much more
time consuming, which is not preferable for the optimization problem. To simplify this
problem, in this paper PTO parameters are selected only to suit the typical characteristics
of irregular wave conditions, referring to Reference [18]. According to Reference [10],
the time-averaged power transport per unit length of wave front of incoming waves at
regular wave conditions and irregular wave conditions can be calculated as
Pwave_re =

1
ρg2 H 2 T,
32π

(22)

1
ρg2 Hs2 Te .
(23)
64π
By equaling (22) to (23) at the case of the same energy period, namely √
T equaling Te , the corresponding wave height in regular wave condition is solved as Hs / 2. To transfer the Tz
in scatter diagrams to Te , the wave period ratio between Te and Tz is selected as 1.18 given
the JONSWAP spectrum and the peakedness factor of 3.3 [31]. Then, PTO parameters for
irregular wave conditions can be √
selected to suit regular wave conditions whose period and
height correspond to Te and Hs / 2, respectively [18]. The purpose of the transfer between
irregular wave conditions and regular wave conditions is to simplify the determination of
PTO parameters for PTO sizing. However, the selected PTO parameters based on regular
wave condition cannot strictly guarantee that the PTO force and stroke constraints would
not be violated at the corresponding irregular wave conditions. Considering the purpose
of this paper to investigate the impacts of sizing on the techno-economic performance, it is
considered to be acceptable. In this paper, all the power absorption of WECs are calculated
based on irregular wave conditions, and the PTO parameters are optimized for each sea
state. As an example, the optimized PTO parameters of WEC in the original buoy size for
different sea states are shown in Figures 3 and 4.
Pwave_irr =
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Tz(s)
Figure 3. Optimized Power Take-Off (PTO) damping of the WEC with passive control for various
sea states (λ = 1 and PTO force limit = 50 kN).
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(a) PTO damping
(b) PTO reactance
Figure 4. Optimized PTO parameters of the WEC with reactive control for various sea states (λ = 1 and PTO force limit =
250 kN).

Therefore, as the PTO parameters are determined, the absorbed power of WECs at each sea
state can be obtained and the AEP (Annual Energy Production) at the specific sea site is
calculated as
x =n

AEP = A · η ·

∑ Pabsorbed (x) · T (x),

(24)

x =1

where η is the overall conversion efficiency from the annual absorbed energy to the AEP
and is assumed 70% [32]; A is the availability of WECs to work, and it is set as 90%
due to the necessary operation and maintenance [23]; T represents the total hours of the
appearance of a certain sea state, which is presented in the scatter diagram in Tables 1–3; x
represents the sea state in scatter diagrams.
2.3.2. Buoy Sizing
During the iterations of the size optimization, the buoy size of WECs are scaled
following geometrical similarity. Therefore, the hydrodynamic coefficients of buoys in
different sizes can be obtained by means of Froude scaling law [33],
Ls
Hs
=
Lo
Ho
ωs = ωo λ−0.5

λ=

Fe _s = Fe _oλ3 ,

(25)

Br _s = Br _oλ2.5
Mr _s = Mr _oλ3
where λ is the buoy scale factor; L is the geometrical length of the buoy; ω is the wave
frequency; Fe , Br , and Mr are the excitation force, the radiation damping, and the added
mass coefficients, respectively; and the subscript s and o represent the “scaled device” and
the ”original device”, respectively. Hence, this allows the hydrodynamic coefficients of the
original buoy to be transferred to the scaled buoy instead of using BEM method to calculate
the hydrodynamic coefficients in each iteration. In this way, the computing efficiency can
be significantly improved. The density of the buoy structure in different sizes are assumed
to be same. The maximum operation wave height and the displacement limit of WECs are
scaled with the buoy scale factor λ.

J. Mar. Sci. Eng. 2021, 9, 52

12 of 25

2.3.3. Economic Modeling for Cost Estimation
LCOE is an important techno-economic metric of WECs. For evaluating the LCOE, it
is essential to establish an economic model to estimate the CAPEX and OPEX of WECs.
Following Reference [34], the steel price is selected as 1.6 GBP (British Pounds)/kg
and the structure cost is calculated by assuming that all the structure cost comes from the
steel cost. Based on the inflation calculator tool [35], the cumulative inflation rate of GBP
from 2017 to 2020 is 5.89% and the exchange rate of Euros to GBP is set as 0.87. Referring
to Reference [34], the statistical percentages of CAPEX-related components in total LCOE
can be found. The percentage values are recalculated as the average percentage in total
CAPEX, shown in Table 4. According to Table 4, the cost of “Foundation and Mooring”
and “Installation” accounts for 19.1% and 10.2% averagely of CAPEX, respectively. Comparatively, the cost of the structure accounts for 38.2% of CAPEX in average. Therefore,
mass-related capital cost can be calculated as
C Mass = CS + CF + C I = (

PF&M
P
+ I + 1)CS ,
PS
PS

(26)

where C Mass represents the Mass-related-capital-cost; CS , CF , and C I are the cost of the
structure, foundation, and the installation, respectively, and Ps , PF&M , and PI are their
corresponding percentages in the total LCOE . It can be seen from Table 4 that the cost of
“Connection” and “PTO” averagely accounts for 8.3% and 24.2% of CAPEX, respectively.
Similarly, power-related capital cost can be calculated as
CPower = CP + CC = (

PC
+ 1)CPTO ,
PP

(27)

where CPower represents the power-related capital cost; CP and CC are the cost of the PTO
and the connection, respectively; and PP and PC are their corresponding percentages in the
total LCOE. Therefore, the CAPEX is calculated as
CAPEX = C Mass + CPower .

(28)

Table 4. Percentages of Capital Expenditure (CAPEX)-related components of WECs in total CAPEX.

CAPEX

Categories

Average Percentage

Mass-related capital cost

Structure
Foundation and mooring
Installation

PS = 38.2%
PF&M = 19.1%
PI = 10.2%

Power-related capital cost

PTO component
Connection

PP = 24.2%
PC = 8.3%

In this paper, PTO is assumed to be a direct drive generator and all PTO costs come
from the generator. The generator cost is divided into the cost of active material and the
cost of manufacturing. The amount of active material required is approximately related
to the PTO force limit and the force density of generators. Referring to Reference [36],
the maximum force density in this work is assumed as 44 kN/m2 , which generally ranges
from 30 to 60 kN/m2 depending on the design. The cost of active material of this generator
in series production is estimated as 12,000 Euros/m2 based on the currency value in
2006. The cumulative inflation rate from 2006 to 2020 is 22.1% [35]. Taking the inflation
into account, the active material of this generator in this paper is estimated as 14,655.31
Euros/m2 . Regarding the manufacturing cost, it is approximately assumed as half of the
total cost of the generator [37]. So, the cost of PTO can be expressed as
CPTO = Cost Material + Cost Manu f acturing .

(29)
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In this paper, the annual OPEX is assumed as 8% of the CAPEX, and the discount rate
r is assumed as 8% with the lifespan of 20 years, referring to Reference [8]. Then, the LCOE
of WECs is calculated as
LCOE =

CAPEX + ∑nt=1
∑nt=1

AEPt
(1+r ) t

OPEXt
(1+r ) t

,

(30)

where n represents the total years of the lifespan, and t represents the evaluated year.
It has to be clarified that it is a preliminary economic model, and the parameters in
the model differ from one to another project in practice. For instance, reactive control
is associated with negative power flow, which could lead to larger losses and related
wear. Therefore, control strategies in practice is able to affect the OPEX and conversion
efficiency. However, the specific effects are related to the PTO design and maintenance
strategy, which is outside the scope of this paper. Given the purpose of this paper to
identify the influence of sizing on the techno-economic performance, the assumption on
the constant OPEX percentage and conversion efficiency for both control strategies is
considered reasonable. Furthermore, survivability of WECs in practice is complex and
related to many affecting factors. For instance, the increase of the buoy size results in the
larger exerted force and input power flow, which could make the WEC more vulnerable.
However, it is also dependent on the mooring design, material and even control strategies
of WECs. For simplicity, the lifespan for WECs in all sizes is assumed to be constant.
Nevertheless, our aim based on the economic analysis is not to give a final judgement of
the optimal size of the WEC but to use the LCOE as an indication for providing an insight
about the effects of sizing on the techno-economic performance. Overall, the proposed
size optimization method has pure theoretical characteristics, and a more complex size
optimization study is required in practical applications.
3. Results and Discussion
This section starts with the discussion about the effects of buoy sizing and PTO
sizing on the performance of the WEC. Next, the size optimization results for the sea sites
are presented. The interaction between PTO sizing and buoy sizing and the benefits of
downsizing PTO size for decreasing LCOE are analyzed. Finally, a comparison between
this proposed method and other existing methods for size optimization is performed.
3.1. The Effects of Sizing on the Performance of the Wec
Taking one single sea state (Hs = 1.5 m, Tz = 5 s) as an example, the effects of PTO
sizing and buoy sizing on the performance of the WEC are investigated. In Figures 5 and 6,
the effects on the absorbed power, economic performance and PTO parameters of the
WEC with passive control and reactive control are presented, respectively. The horizontal
axis in Figures 5 and 6 is expressed as “PTO force limit/unconstrained PTO force”. Here,
the unconstrained PTO force corresponds to the PTO force required to maximize the power
absorption for the considered sea state (Hs = 1.5 m, Tz = 5 s). The PTO parameters corresponding to each PTO size and buoy size were calculated following the method described
in Section 2.3.1. From Figures 5 and 6, it is noted that both the power performance and the
economic performance are highly related to the sizing of the WEC. In Figures 5a and 6a,
it can be seen that the absorbed power of the WEC increases with the PTO size and the
buoy size. In Figures 5b and 6b, the proportion of the power-related capital cost to the
total CAPEX increases with the PTO size, but it decreases with the rise of the buoy scale
factor λ. Therefore, at a certain PTO sizing ratio, the CAPEX would be more dominated
by the mass-related capital cost than power-related capital cost with the increase of the
buoy scale factor λ. Comparing Figures 5 and 6, it can be found that the effects of sizing
on the WEC are also related to the control strategy. Firstly, the absorbed power of the
WEC with reactive control is significantly higher than that in passive control. Secondly,
the proportion of power-related capital cost to the total CAPEX in the WEC with reactive
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control is much higher than that with passive control. This phenomenon can be explained
by that the reactive control strategy is associated with higher PTO force limits than the
passive control strategy. The higher PTO force then leads to the increase of the proportion.
Thirdly, the trends of PTO parameters changing with the force limit depend on the control
strategy. In Figure 5c, the PTO damping coefficient increases with the ratio “PTO force
limit/unconstrained PTO force” when the passive control strategy is used. This is logical as
the PTO force monotonically increases with the PTO damping, which has been explained
in (14). Comparatively, it can be seen from Figure 6c,d, with the increase of “PTO force
limit/unconstrained PTO force”, the PTO damping coefficient tends to decrease, while the
PTO reactance increases. The reason is that the PTO in reactive control would act more like
a pure damper to reduce its required force, when the force constraint becomes tighter.
= 0.5

= 0.5

= 1.0

= 1.0

= 1.5

= 1.5

= 2.0

= 2.0

PTO force limit/unconstrained PTO force

(a) PTO absorbed power

PTO force limit/unconstrained PTO force

(b) Proportion of power-related cost to total cost
= 0.5
= 1.0
= 1.5
= 2.0

PTO force limit/unconstrained PTO force

(c) Selected PTO damping
Figure 5. Performance of the WEC with passive control under different PTO sizes and buoy scale factor λ, at Hs = 1.5 m
and Tz = 5 s.
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(b) Proportion of power-related cost to total cost.
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(d) Selected PTO reactance

(c) Selected PTO damping
Figure 6. Performance of the WEC with reactive control under different PTO sizes and buoy scale factor λ, at Hs = 1.5 m
and Tz = 5 s.

3.2. Size Optimization for Typical Realistic Sea Sites
3.2.1. Results of Size Optimization
Based on the proposed method, the size optimization of the WEC for three sea sites
is performed. First, to define the PTO sizing ratio, it is necessary to obtain the maximum
required PTO forces corresponding to each buoy size. They are calculated by (12), and the
results are shown in Figure 7. Figure 7a shows the relation of unconstrained PTO forces
of the WEC in original buoy size to sea states, and the maximum required PTO forces
for different sea sites are picked. It can be found from Figure 7b that the maximum
required PTO force increases dramatically with the increase of the buoy size. In addition,
the maximum required PTO forces in the WEC with reactive control are much higher than
those with passive control. This is to be expected as PTO forces in reactive control consist
of PTO damping-induced forces and PTO reactance-induced forces, while there are only
PTO damping-induced forces in the case of passive control.
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(a) Unconstrained PTO force vs Tz (λ = 1)
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Figure 7. Maximum required PTO forces for various sea sites and buoy scale scale factor λ.

The size optimization results of the WEC using passive and reactive control for the
three sea sites are depicted in Figures 8 and 9, respectively. It can be clearly seen from
these figures that both the LCOE and the AEP can be significantly influenced by sizing of
the WEC, no matter in which sea site or with what kind of control strategies. Therefore,
for improving the viability of the WEC, it is highly suggested to conduct size optimization
of the WEC for the considered wave resources. Next, it can be noted that upscaling buoy
size is able to improve the AEP, while it cannot necessarily reduce the LCOE of the WEC.
Similarly, the AEP is highly sensitive to the PTO sizing ratio, and the increase of the PTO
size can make a significant contribution to the improvement of the AEP. However, from the
techno-economic point of view, enlarging PTO size does not necessarily result in a lower
LCOE. In this case, it can be noted that downsizing the PTO size to a suitable level is
beneficial for reducing the LCOE. Hence, to improve the techno-economic performance, it
is significant to conduct PTO sizing for compromising the AEP and the cost.
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Figure 8. Size optimization of the WEC with passive control.

Figure 9. Size optimization of the WEC with reactive control.

In Figure 10, the dependence of size optimization of the WEC on wave resources and
control strategies is shown. From Figure 10a,d, it can be found that there is not a direct
relationship between the buoy size determination and the mean wave power density of
wave resources. In other words, the optimal buoy size cannot be indicated by the mean
wave power density. For instance, the mean wave power density in BIMEP is almost
twice as much as that in DK2, but DK2 corresponds to a higher optimal buoy scale factor
λ. As is seen in Figure 10a, control strategies do not have a notable influence on the
buoy size determination for a given sea site. The reason is that the trends of the AEP
changing with the buoy scale factor λ are comparable in both cases of reactive and passive
control. Though control strategies lead to an notable difference in the absolute values of the
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AEP. Regarding PTO sizing, it can be found from Figure 10b that the optimal PTO sizing
ratios in the WEC with the reactive control are slightly higher than those with passive
control in BIMEP and Yeu. The only exception occurs in DK2 where the reactive and the
passive control are associated with the same optimal PTO sizing ratio. In addition, it is
noteworthy that the optimal PTO sizing ratio is relatively independent of wave resources,
and it converges at around 0.4 to 0.5.
Different from the size determination, the optimized LCOE is highly related to wave
resources and control strategies. It can be found from Figure 10c that the LCOE of the WEC
with reactive control is much lower than the WEC with passive control, and the reduction
can reach at 35 % in average for these sea sites. The optimized LCOE of the WEC with
reactive control ranges around 0.2 to 0.35 Euros/kWh, while this value ranges around 0.35
to 0.55 Euros/kWh in the case of passive control. This is to be expected since the WEC
with reactive control produces much more power than the WEC with passive control at the
same sea state. From Figure 10c,d, it can be found that the higher the mean wave power
density, the lower the optimal LCOE.

(a) Optimal buoy size

(b) Optimal PTO size

(c) Lowest LCOE

(d) Mean wave power density

Figure 10. The dependence of size optimization on wave resources and control strategies.

After the optimal buoy and PTO size have been determined for each sea site, the optimal cost proportion of the WEC can be obtained. The proportion of the PTO cost to the total
CAPEX at the optimal sizing condition is shown in Figure 11. It can be seen that this cost
proportion tends to be relatively independent of wave resources, while it is highly related to
the control strategy of the WEC. In this case, the PTO cost of the WEC with reactive control
accounts for 45% to 50% of the total CAPEX. Comparatively, for the WEC with passive
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control, this proportion decreases dramatically to around 30%. This can be explained by
that the required PTO forces in the WEC with reactive control are much higher than those
with passive control. It also implies that the PTO size in the WEC with reactive control
should be designed larger than that with passive control. Besides, it is noticed that the
optimized cost proportion of PTO is much higher than the statistic value of 24.2% depicted
in Table 4. The reason is that the WECs investigated in the literature [34] are generally in
large scales, and the costs of the structure are dominating. However, the optimized buoy
size of the WEC in this case is relatively small, with the diameter ranging around 2.5 m to
4 m (λ = 0.5 − 0.8). As a consequence, the PTO cost is more weighted compared with the
structure cost. This phenomenon has also been explained in Section 3.1 as the proportion
of power-related capital cost decreases with the buoy scale factor λ.

Figure 11. The proportion of cost on PTO to total CAPEX at the optimal buoy size and PTO size.

3.2.2. The Benefits of PTO Downsizing for the Techno-Economic Performance
The benefits of PTO sizing for reducing the LCOE of the WEC at the optimal buoy
sizes are presented in Figure 12. It can be seen that the LCOE can be significantly reduced
by downsizing the PTO size even though the buoy sizes have been optimized. In this case,
downsizing the PTO sizing ratio to around 0.4 to 0.5 is preferable to minimize the LCOE.
For the WEC with the passive control, downsizing the PTO size is able to reduce the LCOE
by 24% to 31%, and it could reduce the LCOE by 24% to 25% in the case of reactive control.
Hence, it is essential to take PTO size optimization into account when conducting sizing of
the WEC. It also indicates that the techno-economic performance of WECs are generally
underestimated due to the absence of PTO sizing in evaluation studies.
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Figure 12. The effects of PTO downsizing on Levelized Cost Of Energy (LCOE) of the WEC at the optimal buoy size.
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3.2.3. The Interaction between PTO Sizing and Buoy Sizing
The interaction between PTO sizing and buoy sizing is shown in Figure 13. It can be
seen that the optimal buoy size generally declines with the corresponding PTO sizing ratio.
However, this effect is limited and the optimal buoy size tends to be constant as the PTO
sizing ratio is higher than 0.3 or 0.4. Hence, in this case, it can be noted that the buoy size
optimization can be influenced by PTO sizing, but only to a limited extent. However, it
should be pointed out that the interaction between PTO sizing and buoy sizing is related
to wave resources, WEC principles, and economic parameters. Therefore, for avoiding the
misestimate of the optimal buoy size, it is suggested to conduct PTO sizing simultaneously
with buoy sizing. Besides, comparing Figure 13a,b, it is observed that there is no notable
difference between the WEC with passive control and reactive control regarding the impact
of PTO sizing on the buoy size determination.
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Figure 13. The interaction between PTO and buoy sizing.

3.3. The Proposed Method Versus Other Size Optimization Methods
3.3.1. Budal Diagram
Budal diagram is a useful tool to estimate the theoretical absorbed power of the WEC.
According to Budal diagram, there are two upper absorbed power bounds in regular wave
conditions, namely PA and PB . PA bound is related to the maximum amount of power
that could be extracted from incoming waves, while PB reflects the bound of power that
could be absorbed by the realistically sized WEC [9,11]. PA corresponds to the maximum
absorbed power at the high wave frequency limit and is expressed as
PA = J/k =

ρg3 H 2 T 3
;
128π 3

(31)

here, ρ is the water density; g is the gravity acceleration; H is the wave height; ω is the wave
frequency of incoming waves; k is the wave number; and J is the wave-energy transport
per unit frontage of the incident wave and deep water condition. Another power bound
PB corresponds to the maximum absorbed power at the low wave frequency limit and is
expressed as
πρgHV
PB =
,
(32)
4T
where V is the volume of the buoy. The size of the WEC should match the wave resource
to enable the WEC viable. Therefore, combined with the information of wave resources,
Budal diagram could be used to select the suitable size of the WEC [9,11]. However,
for calculating V in (32), the designed working condition (H and T) should be explicit. In
Reference [11], the WEC is assumed to be commercially viable if the amount of working
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time at full capacity exceeds one third of the annual time. Thus, the size of the WEC
should match “one third wave power threshold” of the wave resource. Based on the power
threshold, the wave height HD and wave period TD in the designed wave condition can be
calculated. The selection of suitable size of the WEC is conducted following these steps [9]:
1.
2.
3.
4.
5.

calculate the wave power threshold JT (W/m) which is being exceeded one third of
the annual time in the concerned wave climate;
choose the most frequent wave period in scatter diagrams as the designed wave
period TD which corresponds to T in (31) and (32);
since TD and JT are already known from step 1 and 2, in harmonic waves, the wave
height HD can be calculated;
the suitable volume V can be calculated by solving PA = PB ; and
finally, as the buoy volume is determined, the optimal PTO force limit is selected
as the value which is required to maximize the absorbed power of the WEC at the
designed wave condition (HD and TD ).

Therefore, the suitable size of the WEC could be estimated by Budal diagram without
calculating the power performance of the WEC in different sizes. However, in this method,
the volume V depends on the assumption of viable conditions, such as “working at full
capacity over one third of the annual time” [11]. In addition, Budal diagram is derived as
the theoretical power bounds without considering the influence of PTO control strategies.
So, the dependence of buoy size determination on the control strategies of the WEC cannot
be reflected in this method. The size selection of the WEC is shown in Table 5.
Table 5. Size selection based on Budal diagram.

Sea Site

Wave Power Density Threshold

TD

HD

Buoy Volume

Yeu Island
BIMEP
DK2

30.4 kW/m
14.6 kW/m
8.2 kW/m

7.8 s
8.4 s
5.4 s

2.00 m
1.33 m
1.24 m

224 m3
206 m3
33 m3

PTO Force Limit
Reactive
Passive
985 kN
946 kN
142 kN

216 kN
145 kN
36 kN

3.3.2. The Size Optimization without PTO Downsizing
As is introduced in Section 1, existing literature regarding size optimization of WECs
focused only on buoy sizing without considering PTO sizing. In those studies, the buoy size
was optimized for the chosen sea sites, but the PTO size was simply scaled with the buoy
scale factor λ [8,13]. This kind of buoy size optimization is conducted based on Froude
scaling. With the aim to compare different size optimization methods, the size optimization
without PTO sizing is conducted as a reference in this paper. The original buoy diameter
is still defined as 5 m, the original PTO size is selected to sustain the maximum required
force for the considered sea site, namely without PTO downsizing. Then, PTO force limits
of the WEC in other buoy scale factors λ are scaled following Froude law, as (33).
FPTO_limit_scaled = FPTO_limit_original λ3 .

(33)

The power performance and the cost of the WEC at each buoy size are calculated by
frequency domain modeling and the economic modeling, respectively. Therefore, the LCOE
of the WEC at each buoy scale factor λ can be obtained. The optimization results are shown
in Figure 14.
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Figure 14. The size optimization of the WEC without PTO sizing.

3.3.3. Comparison of Size Optimization Methods
As is explained above, there are several methods available to conduct the size optimization for improving techno-economic performance of the WEC. A comparison among these
methods is performed and the results are shown in Figure 15. Firstly, from Figure 15a,b,
it can be observed that Budal diagram is not capable of determining the suitable sizes of
the WEC. The deviation of the selected size between Budal diagram and the proposed
method differs with wave resources, and this deviation tends to be random. For instance,
the selected buoy scale factor λ for BIMEP is three times as much as that estimated by
this proposed method, while the difference of selected sizes for DK2 is relatively small.
However, as a theoretical and efficient approach, Budal diagram can be used to narrow the
scope of size selection for potential sea sites. Secondly, compared with Budal diagram, size
optimization without PTO downsizing shows a better ability to estimate the suitable buoy
size of the WEC. Generally, without PTO sizing, the buoy size optimization can still acquire
the suitable buoy size. This phenomenon also verifies the finding in Section 3.2.3. Thirdly,
it can be seen from Figure 15c,d that the LCOE of the WEC optimized by this proposed
method is clearly lower than those by the other two methods, no matter which control
strategy is adopted. Hence, it can be concluded that this proposed method is able to result
in a further improvement on the techno-economic performance of the WEC.

(a) Buoy size determination, passive control

(b) Buoy size determination, reactive control
Figure 15. Cont.
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(c) Lowest LCOE, passive control

(d) Lowest LCOE, reactive control

Figure 15. Comparison among different size optimization methods.

4. Conclusions
In this paper, a size optimization method of the WEC is proposed for improving the
techno-economic performance and applied to a spherical heaving point absorber. Both
buoy sizing and PTO sizing are taken into account. A frequency domain model and
a preliminary economic model are established to calculate the power performance and
economic performance of the WEC in various sizes, respectively. Besides, PTO force
limits are used to represent different PTO sizes. For the determination of PTO parameters,
a theoretical method is derived to maximize the power absorption under certain force
constraints. The reactive control strategy and the passive control strategy are considered,
respectively. Based on the proposed method, the size optimization is carried out for three
typical sea sites. Furthermore, a comparison between the proposed method and other size
optimization methods is performed. The following conclusions are drawn:
Firstly, as expected, both buoy sizing and PTO sizing are able to affect the technoeconomic performance of the WEC. To improve the techno-economic performance, it
is highly suggested to perform the buoy size optimization and PTO size optimization
collectively.
Secondly, the optimal buoy size differs with wave resources, but it is not necessarily
proportional to the mean wave power density. In this case, the optimal buoy scale factor λ
ranges from 0.5 to 0.8. Besides, in most sea sites, the optimal PTO sizing ratios in the WEC
with reactive control are slightly higher than those with passive control. The optimal PTO
sizing ratios converge at around 0.4 to 0.5 for different sea sites. Furthermore, the higher
mean wave power density and reactive control can clearly contribute to the reduction of
the LCOE.
Thirdly, downsizing the PTO size would penalize the AEP, but it is beneficial for reducing the LCOE. In this case, the LCOE can be reduced by 24% to 31% through downsizing
the PTO sizing ratio from 1 to around 0.4 to 0.5.
Fourthly, the corresponding optimal buoy size tends to slightly decrease with the PTO
sizing ratio, but the influence of PTO sizing on the buoy size determination is limited.
Finally, Budal diagram is not able to estimate the suitable buoy size, but size optimization without PTO sizing can make the approximate estimate. Compared with other
methods, a further reduction in the LCOE can be achieved by this proposed method.
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