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Exploring the hydrodynamics of Mixed Wave
Energy farms

V. Raghavan, A.V. Metrikine, and G. Lavidas

Abstract—In order to reduce the Levelized Cost Of
Energy (LCOE) of Wave Energy Converters (WECs) and
make them competitive with conventional energy sources,
they would need to be deployed in large numbers as
farms similar to Offshore Wind. Given their significant
capacity, Offshore wind turbines are often placed at large
distances apart, to reduce destructive wake effects, while
maintaining a high energy density per unit area. However,
WECs within a farm, are much smaller with much lower
capacities and stronger inter device interactions due to
the presence of a highly dense fluid. Therefore, larger
number of WECs can be deployed in closer proximity to
produce comparable energy density per unit area. As we
move towards hybrid systems with floating solar, wind
and wave energy amongst others, efficiency in deployment
within an area becomes key. Conventional wave farm
concepts that have been extensively studied such as 1)
wave farms of different types of WECs (Point Absorber or
PA, Attenuator, Flap etc) also referred to as homogeneous
farms (same device in multiple numbers) and 2) wave
farms with different sizes and drafts of one type of WEC
also referred to as heterogeneous farms. To date, studies
have focused on multiple devices with similar geometries
interacting through the same degrees of freedom. With this
research, the authors explore mixed wave energy farms,
which are wave farms utilizing different types of wave
energy converters in the same farm. With the focus on
the hydrodynamics and power produced by wave energy
converters, this research provides for the first time insights
into the interaction of devices, with varying geometries and
degrees of freedom, thus entering an entirely new domain
of wave farm research. As a case study, the authors look
into a mixed farm of PAs and flaps and compare them with
mono-farms of the same devices.

Index Terms—Mixed farms, BIEM, HAMS-MREL, m-
factor

I. INTRODUCTION

In order to reach the high targets of 1 GW by 2030
and 40 GW by 2050 [1], WECs need to be deployed
in large numbers. Many WEC devices including the
Corpower C4 point absorber device [2] and AW Wa-
veRoller oscillating surge device [3], alongside others,
are on their way to commercial deployment in wave
energy farms. The HiWave-5 project from Corpower is
set to test a 4 WEC farm (One C4 and three C5 WECs)
off the coast of Agucadoura, Northern Portugal [4].
The Ondas de Peniche (ONDEP) project aims to deploy
a 2 MW wave energy farm featuring four Waveroller
WECs off the coast of Peniche, Portugal in the next five
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years [5]. Therefore, research focused on the study of
such devices, particularly in wave farms has become
highly relevant. This requires computationally efficient
tools that can capture wave-structure hydrodynamic
interactions considering multiple bodies.

Mono-farms refer to farms/arrays of the same device
with the same geometry, size and structural properties
deployed in multiple numbers (>1). These are cur-
rently the most commonly studied farms, whether it
is academic research or commercial deployment (Some
examples were given earlier). There are numerous
experimental and numerical studies focused on the
hydrodynamics, power production and optimization
of mono-farms with PAs ( [6]–[24]), flaps ( [25], [26]),
attenuators ( [10], [27]) and Oscillating Water Columns
(OWCs) [28]. The employed hydrodynamic models
for the WECs vary from low fidelity frequency do-
main models with Boundary Integral Equation Method
(BIEM) to high fidelity Computational Fluid Dynamics
(CFD) models with Smooth Particle Hydrodynamics
(SPH).

Going a step further, being able to derive more
power from the same number of devices over a range
of periods will increase the energy density per unit area
obtained from WECs, thus making wave energy more
efficient. Therefore, numerical investigations have also
been extended to ’heterogeneous’ and ’hybrid’ wave
farms.

Heterogeneous wave farms employ the same type
of wave energy converter while changing the size, or
draft or a combination of both. Goteman [29] studied
farms with cylindrical PAs, with varying diameters
with and without moonpools. The analytical method
based on multiple scattering method utilizing the hy-
drodynamic coefficients from WAMIT was used for
assessing the hydrodynamics. When studying farms
of four devices, it was found that considering two
cylinders with moonpool and two without (varying the
inner/outer radius) gave 2.9% more power than mono
farms with one type of device. Furthermore, farms of
12 devices were investigated with different diameters
with 1000 different layouts. The difference in power
absorption between the best and worst layout was
found to be 23 %. Ermakov et.al. [30] investigated the
optimization of heterogeneous farms with using a con-
trol co-design approach, utilizing the enforcement of
displacement constraints in the frequency domain. The
methodology was utilized for 3 to 5 cylindrical point
absorber devices considering multi-directional wind
and ocean waves. Results showed that the improve-
ments in power produced by the farm as compared to
these devices in isolation could be up to 37% to 72.2%
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from 3 to 5 WECs. Abdulkadir et.al. [31] performed
a frequency domain based optimization of heteroge-
neous farms (varying diameter) of cylindrical devices
using a time domain model with Power-Constrained
Bang-Singular-Bang (PCBSB) control. Detailed simula-
tion of homogeneous and heterogeneous farms showed
an average performance improvement of 6.6%, 20.02%
and 9.71% for 3,5 and 7 devices for a representative
wave period of 6 s and wave height of 0.82 m.

’Hybrid’ farms were investigated in the work of
Zheng et.al. [28], which analyses the performance of
farms comprising of cylindrical PAs and cylindrical
OWCs with varying diameters/drafts. Hybrid farms of
4 devices with 2 PA and 2 OWCs were investigated and
evaluated using the H-factor, that shows if the hybrid
farm is more constructive or destructive compared
to the mono-farm by taking the ratio of the power
produced by a hybrid farm to a mono-farm. For some
wave periods, H-factor as high as 1.6 were obtained
for the hybrid farms. The H-factor is also used later in
the current study.

The current study introduces ’Mixed’ farms, a con-
cept that is completely new, which are wave farms
utilizing different types of wave energy converters
operating in different degrees of freedom in the same
farm/array. Wolgamot et.al. [9] briefly investigated an
optimized farm of three devices (ellipsoid, elliptical
cylinder and hemisphere) operating in heave, surge
and sway respectively under regular waves. Investiga-
tion was performed into the influence of directionality
on the power produced by the farm, however the gain
in power with respect to the mono farms was not
investigated. This study provides more insight into
the performance of mixed farms comparing them with
mono farms.

II. HYDRODYNAMICS OF SINGLE WAVE ENERGY
DEVICES

A. Device Description
For this study, two wave energy converters are

utilised. The first device is the PA, which is one of
the most common wave energy converter types. The
geometry of this device is inspired from the state-
of-the-art Corpower C4 WEC. The second device is
the bottom-fixed flap, inspired by the state-of-the-art
Waveroller WEC.

The geometry and mass properties of the PAs are
shown in Table I. These have been taken from a previ-
ous study [32]. The draft of 6 m was assumed by the
authors for this study and the natural frequency was
calculated based on the aforementioned properties. The
geometry and mass properties of the flap device are
shown in Table II, and were taken from [33]. The
draft of 9 m was considered based on for this study
and the natural frequency was calculated based on the
aforementioned properties.

B. Equations of motion and BEM
A weakly non-linear frequency domain model is

developed, only considering heave motion for point
absorber and pitch motion for the flap. These are used

for estimating the motion of the respective device per
frequency, considering viscous losses.

For both the flap and PA, a linear passive control
PTO (Power Take-Off) is considered. The PTO damping
coefficient is optimized based on the work of Hals et.al.
[34] considering viscous losses without constraints,
which will be explained later. The motion of the PA
for the ith frequency ωi is estimated with the following
expression:

[−ω2
i (md +ma(ωi)) + iωi

(
ba(ωi) + bPTO(ωi) + bv

)
+ ch] s(ωi) = fe(ωi)

(1)

where the inertia term is the combinations of are the
mass md and the added mass heave hydrodynamic
coefficient ma of the PA. Then, ba is the radiation
damping heave hydrodynamic coefficient, bPTO is the
PTO coefficient for the device, bv is the linearized vis-
cous damping coefficient. Finally, ch is the hydrostatic
stiffness coefficient in heave, fe is the heave exciting
force, and s is the displacement amplitude of the device
also referred to as the body excursion. Similarly, the
motion of the flap for the ith frequency ωi is estimated
with the following expression:

[−ω2
i (Id + Ia(ωi)) + iωi

(
Ba(ωi) +BPTO(ωi) +Bv

)
+ Ch]θ(ωi) = Me(ωi)

(2)

where the inertia term is the combinations of are
the moment of inertia Id and the added mass pitch
hydrodynamic coefficient Ia of the flap. Then, Ba is
the radiation damping pitch hydrodynamic coefficient,
BPTO is the PTO coefficient for the device, Bv is the
linearized viscous damping coefficient in pitch. Finally,
Ch is the hydrostatic stiffness coefficient in pitch, Me is

TABLE I
PROPERTIES OF THE PA DEVICE

Property Value Unit

Diameter 9 m

Height 18 m

Installation depth (minimum) 40 m

Weight 70 T

Draft 6 m

Undamped Natural period (heave) 3 s

TABLE II
PROPERTIES OF THE FLAP DEVICE

Property Value Unit

Width 17.7 m

Height 10.6 m

Peak thickness 3.5 m

Moment of Inertia 8.8e6 kgm2

Draft 9 m

Undamped Natural period (pitch) 17.2 s
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Fig. 1. Mesh of Point absorber modelled using HAMS-MREL

Fig. 2. Mesh of flap modelled using HAMS-MREL

the pitch moment exciting force, and θ is the rotation
amplitude of the device.

When the amplitude of the incident wave is 1 m,
then s or θ represents the RAO (Response amplitude
Operator) in heave or pitch motion for the correspond-
ing device. The viscous drag are not very important
for the PA, however for the flap these can be quite
important, even as small wave heights. This has been
demonstrated in Da Silva et al. [35]. For completeness,
it has been considered for both the PA and flap.

The frequency dependent hydrodynamic coefficients
and exciting forces are obtained from the frequency do-
main Boundary Element Method (BEM) solver HAMS-
MREL [36]. The PA mesh employed for running the
simulations in HAMS-MREL is shown in Fig. 1 and
for the flap mesh in Fig. 2. For the flap, an additional
mesh for the concrete foundation was incorporated
and its dimensions are based on [33]. The number of
panels to be considered were based on a convergence
study. To determine the hydrodynamic coefficients and
excitation forces for the flap, the generalized modes ap-
proach, based on our previous work [37], was utilized.

C. PTO control and viscous effects

The optimized damping coefficient for the PA for any
given frequency is given by

bPTO(ωi) = (R(ωi)
2 +X(ωi)

2)1/2 (3)

where
R(ωi) = ba(ωi) + bv (4)

and
X(ωi) = iωi[md +ma(ωi)] + (ch/iωi) (5)

When considering the regular wave condition, the
viscous damping is computed using the expression
from Lorentz linearization [38]. This is given as:

bv =
4

3π
CDρAD (6)

Here CD is the drag coefficient in heave and AD is the
projected area in heave. Similar procedure is followed
for the flap.

When considering shallow water depths, the orbital
motion of the fluid is elliptical in nature. Moreover,
the horizontal fluid particle velocity remains significant
throughout the entire depth, in contrast to deep wa-
ter conditions where velocities decrease rapidly with
depth. Consequently, when calculating viscous forces,
particularly for the flap, it may be important to account
for the depth-dependent relative velocity.

In the study by Da Silva et al. [35], a statistical
linearization of Morison’s equation was performed
for both a PA (in intermediate to deep water) and
a flap (in shallow water), considering irregular sea
states. Two cases were analyzed: one where only the
structural velocity was used to calculate the viscous
force, and another where the relative velocity (the
difference between the structural and fluid velocities at
various depths) was considered. It was observed that,
for significant wave heights ranging from 1 to 3 meters
and peak periods between 5 and 12 seconds (consistent
with the present analysis), the average difference in ab-
sorbed power between the two approaches for the flap
was approximately 15%, with the structural velocity
only approach leading to an underestimation. Given
this underestimation, using only the depth-dependent
structural velocity (which is currently utilized) yields
a more conservative estimate of the absorbed power
compared to using the relative depth-dependent ve-
locity.

When considering irregular waves, an iterative pro-
cedure utilizing spectral domain method ( [39]–[41]) is
adopted to compute the viscous damping coefficient
and thus the response, which is described in detail in
our work [42] (in press). The mean squared error for the
iterative process is 1e-6. This approach is considered
since it has shown to be capable of better capturing the
viscous effects when considering irregular sea states
[43]. The procedure above for obtaining the optimized
PTO coefficient for the PA can be similarly utilized for
the flap.

When considering the direction of the incident wave,
for the PA, being axisymmetric, this direction does not
matter. However, for the flap, direction perpendicular
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Fig. 3. Incident wave directions

to the width was chosen, since this would give the
maximum power from the flap.

D. Power estimation
With regular waves, the power for a given frequency

ωi for the can be obtained as

Pp,i =
1

2
bPTOω

2
i |si|2 (7)

for the PA and as

Pf,i =
1

2
BPTOω

2
i |θi|2 (8)

for the flap.
With irregular waves, for either PA or flap, the power

can be computed as:

Pirr =

∫ ∞

0

2P (ω)S(ω)dω (9)

where P (ω) is the power spectra over all considered
frequencies with power for the ith frequency calculated
using Eqn. 7 or Eqn. 8 depending on the device. S(ω)
is the spectra for the considered sea state based on the
Goda formulation [44] with the α obtained from [42].

III. WAVE FARM ANALYSIS

A. Wave farm description
Wave farms of 10 devices are considered - two mono

and one mixed. The two mono-farms are that of the PA
and flap respectively. The spacing between the devices
in the PA farm was taken as Lp = 6D, where D is the
diameter of the PA. The spacing between the devices
in the flap farm was taken as Lf = 6W , where W is
the width of the flap. The mixed farm consists of five
PAs and five flaps. For the mixed farm, the averaged
spacing of Lm = (Lp+Lf )/2 is considered. The spacing
is chosen to keep a relatively compact WEC array.

Two different configurations are considered - rectan-
gular and staggered. Four incident wave directions are
considered - 0, 60, 120 and 180 degrees with respect
to the positive x axis (Long crested waves). These are
shown in Fig. 3. For the irregular wave cases, this can
be regarded as the dominant direction. This provides
a total of 24 cases, which are summarized in Table III.

The configurations are shown in Figure 6-9.

B. Wave farm hydrodynamics
The weakly non-linear frequency domain model is

developed for single devices (Eq. 1 and 2) is extended
for farms. The equation of motion for the ith for the
farm (mono or mixed) can be obtained as:

[−ω2
i (Md +Ma(ωi)) + iωi(Ba(ωi) +BPTO(ωi) +Bv)

+Ch]S(ωi) = Fe(ωi) (10)

Fig. 4. PA farm rectangular configuration (not to scale)

Fig. 5. PA farm staggered configuration (not to scale)

Fig. 6. Flap farm rectangular configuration (not to scale)

Fig. 7. Flap farm staggered configuration (not to scale)
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TABLE III
CASES CONSIDERED FOR WAVE FARM ANALYSIS

Case name Number of WECs WEC type Configuration Direction (deg)

WECA-PA-STAG-0 10 PA Staggered 0
WECA-PA-STAG-60 10 PA Staggered 60
WECA-PA-STAG-120 10 PA Staggered 120
WECA-PA-STAG-180 10 PA Staggered 180
WECA-PA-RECT-0 10 PA Rectangular 0
WECA-PA-RECT-60 10 PA Rectangular 60
WECA-PA-RECT-120 10 PA Rectangular 120
WECA-PA-RECT-180 10 PA Rectangular 180
WECA-FL-STAG-0 10 Flap Staggered 0
WECA-FL-STAG-60 10 Flap Staggered 60
WECA-FL-STAG-120 10 Flap Staggered 120
WECA-FL-STAG-180 10 Flap Staggered 180
WECA-FL-RECT-0 10 Flap Rectangular 0
WECA-FL-RECT-60 10 Flap Rectangular 60
WECA-FL-RECT-120 10 Flap Rectangular 120
WECA-FL-RECT-180 10 Flap Rectangular 180
WECA-MIX-STAG-0 10 (5+5) PA+Flap Staggered 0
WECA-MIX-STAG-60 10 (5+5) PA+Flap Staggered 60
WECA-MIX-STAG-120 10 (5+5) PA+Flap Staggered 120
WECA-MIX-STAG-180 10 (5+5) PA+Flap Staggered 180
WECA-MIX-RECT-0 10 (5+5) PA+Flap Rectangular 0
WECA-MIX-RECT-60 10 (5+5) PA+Flap Rectangular 60
WECA-MIX-RECT-120 10 (5+5) PA+Flap Rectangular 120
WECA-MIX-RECT-180 10 (5+5) PA+Flap Rectangular 180

Fig. 8. Mixed farm rectangular configuration (not to scale)

Fig. 9. Mixed farm staggered configuration (not to scale)

where the inertia term is the combinations of are the
diagonal mass matrix Md and the fully populated
added mass coefficient matrix Ma. Then, Ba is the
fully populated radiation damping coefficient matrix,
BPTO is the fully populated optimized PTO damping

coefficient matrix, Bv is the diagonal linearized viscous
damping coefficient matrix. Finally, Ch is the hydro-
static stiffness coefficient matrix, Fe is the excitation
force column vector, and S is the response column
vector. When the amplitude of the incident wave is
1 m, then S represents the RAO column vector.

In order to determine the optimized PTO damping
coefficient matrix, the procedure in Section II-C is
adapted for farms, and given as:

BPTO(ωi) =

(
(Ba(ωi) +Bv)

2 +
(
ωi(Md +Ma(ωi)− Ch

ωi

)2
) 1

2

(11)
based on [45], [46]. When considering the regular wave
condition, the viscous damping matrix is a diagonal
matrix with the coefficient calculated based from Eqn.
6. When considering the irregular sea states, the pro-
cedure for single devices has been similarly extended
for farms based on [42].

With regular waves, the power for a given frequency
ωi for farm the can be obtained as in Eqn 12:

Pfarm(ωi) =
1

2
ω2
i S̃

∗(ωi)BPTO(ωi)S(ωi) (12)

When considering irregular waves, Eqn. 9 can be uti-
lized as done for the single devices. The ’˜’ and ’*’ is
used to denote the complex conjugate.

IV. METRICS TO COMPARE WEC FARMS

For comparing the mono and mixed farms, both in
regular and irregular waves, we use three metrics:
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• q-factor - The q-factor is defined as the ratio of the
power absorbed by the farm to that of the devices
in isolation. This factor tells us if the given farm
configuration is destructive (<1) or constructive
(>1), considering the hydrodynamic interactions
between WECs. This is given as:

q =
Pfarm

m · Pp + n · Pf
(13)

where m is the number of PA devices, n is the
number of flap devices in the farm. Pp and Pf is
the power absorbed by a PA and flap respectively,
when they are in isolation. Pfarm can be the mono
or mixed farm.

• H-factor - This is referred to as the Hybrid factor,
and was introduced by Zheng et.al. [28]. This tells
us if the mixed farm performs equivalent or better
than the mono-farms. This is given as:

H =
Pmixed

m · qp · Pp + n · qf · Pf
(14)

This factor directly compares if the mixed farm is
more constructive (H >1) or destructive (H <1)
with respect to the mono-farms considering farm
effects for both. Here m and n are the number of
PAs and flaps in the mixed farm respectively.

• M−factor - Due to the differences in the dimen-
sions of the WECs considered, it is also interesting
to assess power absorbed per unit width of the
device for devices in the mixed and mono-farms,
and compare them. This can be expressed in terms
of the capture width ratio as:

M =
ηmixed

( m
m+n · ηp + n

m+n · ηf )
(15)

where, ηp and ηf are the capture width ratios of the
PA and flap mono-farms respectively. The various
capture width ratios are given as:

ηmixed =
Pmixed

(m ·D + n ·W ) · Pinc
(16)

ηp =
qp · Pp

D · Pinc
(17)

ηf =
qf · Pf

W · Pinc
(18)

Pinc is the incident wave power expressed in
kW/m. This factor normalizes the differences in
the power produced from the devices due to dif-
ferences in their dimensions, thus including the ef-
fect of the hydrodynamic interactions between the
devices as well as the dimensions of the devices
themselves. This factor will be referred to as the
M−factor or the Mixed factor.

A. Wave data
For the analysis considering irregular waves, a lo-

cation off the Dutch coast was utilized ((latitude: 53 ◦

36’, longitude: 6 ◦ 18’) [47]. The scatter diagram (shown
in Fig. 10) is only used as a reference for which sea
states were considered in the calculation, and not for
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Fig. 10. Scatter diagram off the dutch coast(latitude: 53 ◦ 36’,
longitude: 6 ◦ 18’)

the power calculations themselves. About 32% of the
occurrences are with Hs= 1 m, across Tp from 3 s to 12
s. These are the sea states considered for the analysis.

V. RESULTS AND DISCUSSION

A. Regular waves

The results for the q-factor for the PA, flap and Mixed
farms in regular waves between 3 and 12 s are shown
in Fig. 11, Fig. 12 and Fig. 13 respectively. Wave height
of 1 m is considered for all periods. For these plots, a
discretization of 0.25 s was utilized for the wave period
T . When considering regular wave conditions and the
considered metrics, the wave height is irrelevant since
the power is proportional to the square of the wave
height, which remains the same for each regular wave
frequency. Since all the considered metrics, consider the
ratios of power, this term is cancelled out.

Considering the PA mono-farms, the best q-factor
is obtained for the WECA-PA-STAG-0 and WECA-PA-
STAG-180 of 2.12 at 3.75 s. Both these are symmetric
with respect to the wave directions, hence giving the
same value. In general, most PA mono-array show
constructive effects between 3 and 5.5 s.

Considering the flap mono-farms, the best q-factor
is obtained for the WECA-FL-STAG-0 and WECA-PA-
STAG-180 of 1.77 at 4.75 s. Both these are symmetric
with respect to these wave directions, hence giving
the same value. The FL mono-array in staggered and
rectangular configuration show constructive effects be-
tween 3 to 8 s. For both PA and FL, the most con-
structive mono-farms are observed with the staggered
configuration, owing to the lack of shadowing from the
first row of WECs on the second and vica-versa.

Considering the Mixed farms, the best q-factor of 5.7
is achieved by WECA-MIX-RECT-0 at 4.75 s, which is
much higher than the mono-farms. This high construc-
tive effect is however localized close to 3.75 s. High
q-factors greater than 2.12 are observed for multiple
mixed array cases, with constructive effects shown
between 3 and 10 s with the staggered configura-
tion (WECA-MIX-STAG-0 and WECA-MIX-STAG-180)
performing best across the most periods. It is very
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likely, that resonances and the resulting reflections
occurring at these periods are resulting in these high q-
factors, thus drastically improving the performance of
the mixed array. Furthermore, the PTO coefficient is ob-
tained without any force or displacement constraints,
which allow for such high values.

Fig. 11. q-factor for PA mono-farms in regular waves

Fig. 12. q-factor for flap mono-farms in regular waves

Fig. 14 shows the H-factor for the mixed farms across
different wave periods. This factor directly compares
if the mixed farm is more constructive (H >1) or
destructive (H <1) with respect to the mono-farms
considering farm effects for both. It can be observed
that multiple mixed farm cases perform better than
the corresponding mono-farm cases in the considered
periods from 3 to 12 s. For some periods (4.75 s and 6.75
s), the performance is up to 6.7 times better. It should
be noted that while the mono-farms are destructive
during some wave periods between 3 to 12 s, having
a H >1 indicates that the mixed array configurations
is less destructive, thus also performing better than
mono-array during these periods.

Fig. 15 shows the M -factor for the mixed farms
across different wave periods. This factor normalizes
the differences in the power produced from the devices
due to differences in their dimensions, thus including

Fig. 13. q-factor for PA and flap mixed farms in regular waves

Fig. 14. H-factor for PA and flap mixed farms in regular waves

the effect of the hydrodynamic interaction between
the devices as well as the dimensions of the devices
themselves. M >1 indicates the mixed array having
a higher capture width ratio than when considering
both the mono-farms. It can be observed that the trend
with M -factor is similar to the H-factor, with different
mixed farms performing better than the mono-farms
in the considered periods from 3 to 12 s. For some
periods (4.75 s and 6.75 s), the performance is up to
7.5 times better. The higher M -factor values as com-
pared to H-factor, also indicates that when considering
the power/characteristic dimension (D for PA and W
for flap) of the WEC, the hydrodynamic efficiency of
mixed array is actually higher than when just consid-
ering the power.

B. Irregular waves
The results considering irregular waves is shown

to obtain an estimation of the behavior of mixed and
mono-farms considering realistic sea states.

The results for the q-factor for the PA, flap and Mixed
farms in irregular waves with peak periods between 3
and 12 s and Hs=1 m are shown in Fig. 16, Fig. 17 and
Fig. 18 respectively. For these plots, a discretization of
0.5 s was utilized for the peak period Tp.
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Fig. 15. M -factor for PA and flap mixed farms in regular waves

Considering the PA mono-farms, the best q-factor
is obtained for the WECA-PA-STAG-0 and WECA-PA-
STAG-180 of 1.12 at 3.75 s. Both these are symmetric
with respect to the wave directions, hence giving the
same value. PA mono-array cases WECA-PA-STAG-
0/180 show constructive effects between 3 and 5 s,
whiel WECA-PA-RECT-0/180 show constructive ef-
fects between 4.5 and 5.5 s. All the other cases are
destructive.

Considering the flap mono-farms, the best q-factor
is obtained for the WECA-FL-STAG-0 and WECA-
PA-STAG-180 of 1.14 at 4 s. Both these are symmet-
ric with respect to the wave directions, hence giving
the same value. The FL mono-array cases WECA-FL-
STAG-0/180 are constructive between 3 and 5 s, while
WECA-FL-RECT-0/180 are constructive between 5.75
and 8.25 s.

For both PA and FL, similar to when considering
regular waves, the most constructive mono-farms are
observed with the staggered configuration, owing to
the lack of shadowing from the first row of WECs on
the second and vica-versa.

Considering the Mixed farms, the best q-factor of
1.17 is achieved by WECA-MIX-STAG-0 at 7 s, which
is slightly higher than the mono-farms. It is how-
ever interesting to observe that multiple mixed array
cases (WECA-MIX-STAG-0/180, WECA-MIX-RECT-0)
are constructive across a wider range of periods from
3 to 9 s.

Fig. 19 shows the H-factor for the mixed farms across
different wave periods considering irregular waves.
It can be observed that almost all mixed array cases
perform better than the mono-farms either by being
more constructive or less destructive in the considered
range of periods. For some periods (6 s and 7 s), the
performance is up to 1.4 to 2.2 times better.

Fig. 20 shows the M -factor for the mixed farms
across different wave periods considering irregular
waves. It can be observed that the trend with M -
factor is similar to the H-factor, with most mixed array
cases performing better than the mono-farms in the
considered periods from 3 to 12 s. For some periods
(6 s and 7 s), the performance is 1.6 to 2.1 times better.

Fig. 16. q-factor for PA mono-farms in irregular waves (Hs = 1 m)

Fig. 17. q-factor for flap mono-farms in irregular waves (Hs = 1 m)

VI. CONCLUSION

This work, for the very first time, showcases the
hydrodynamics and power produced by wave farms
comprising of devices with different geometries, op-
erating in different degrees of freedom, referred to as
mixed farms. The WECs considered include PAs and
flaps, considering both regular and irregular waves.
When considering the irregular waves, sea states with
significant wave height Hs = 1 m were considered,
based on a location off the Dutch coast, where most
range of peak period Tp was observed for the same Hs.
Optimized PTO damping considering viscous losses
(based on spectral domain method), and interactions
between devices, resulting in a weakly non-linear fre-
quency domain model is used to model both devices.

For the farms, 10 devices were considered. Two
configurations (staggered and rectangular) and four
incident wave angles (0, 60, 120 and 180) resulted in
a total of 24 farm cases considering both mono and
mixed farms.

In order to compare mono and mixed farms, three
different metrics are used - q-factor, H-factor, and the
newly introduced M factor. q-factor is well known, fo-
cusing on whether the wave farm is constructive or de-
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Fig. 18. q-factor for PA and flap mixed farms in irregular waves (Hs

= 1 m)

Fig. 19. H-factor for PA and flap mixed farms in irregular waves
(Hs = 1 m)

structive with respect to the devices in isolation, when
considering the power absorbed. H-factor, focuses on
whether the mixed farm is constructive or destructive
with respect to the mono farms, when considering
the power absorbed. The newly introduced M -factor
focuses on the capture width ratio of the mixed farms
as compared to the mono farms, thus considering both
the total power produced as well as the characteristic
dimensions of the individual WECs in the farm. This
is especially relevant, since the two different types of
WECs have very different dimensions.

Mixed farms consistently outperform mono-farms
across a wide range of wave periods, particularly when
arranged in a staggered configuration. Under regular
wave conditions, the q-factor for mixed arrays reaches
up to 5.7, significantly higher than the maximum of
2.12 observed for mono-farms. Correspondingly, the H
and M factors show improvements of up to 6.7 and 7.5
times, respectively, compared to mono-farms. Under
irregular wave conditions, mixed arrays achieve a max-
imum q-factor of 1.17 and demonstrate constructive
behavior over a broader range of peak periods than
mono-farms, which tend to be destructive in several

Fig. 20. M -factor for PA and flap mixed farms in irregular waves
(Hs = 1 m)

cases. The M -factor consistently exceeds the H-factor,
indicating that the hydrodynamic efficiency of mixed
farms—when accounting for the differences in device
dimensions—is superior to that of mono-farms. These
findings highlight the potential of mixed wave energy
converter arrays to improve overall power capture and
system robustness in realistic sea states.

With this study, it can be observed that mixed farms
show significant promise. By providing consistently
higher power, across a range of sea states with higher
hydrodynamic efficiency as compared to mono farms,
they will potentially contribute towards the accelerated
development of wave energy, thus bringing energy
transition even closer.
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