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On the park effect in arrays of oscillating wave energy 
converters

A. Babarit*
LHEEA Lab, LUNAM Université, Ecole Centrale de Nantes e CNRS, 1 rue de la Noe, 44300 Nantes Cedex 3, France

This paper aims to provide guidelines for designing the layout of arrays of oscillating Wave Energy

Converters (WECs) based on a review of the literature of wave interactions and park effect in WEC arrays

that has been published over the past 30 years.

First, the fundamentals of wave energy absorption by oscillating bodies are summarised, and the

principal differences between the park effect in arrays of wave energy converters and wind turbines

are highlighted. Then, the numerical approaches commonly used to deal with WEC arrays are outlined

briefly and their limitations are discussed. It is argued that, at present, only Boundary Element

Methods (BEM) are capable of the appropriate analysis. Finally, previous work on wave interactions

and park effect in WEC arrays is reviewed. Similar trends are found in these studies, which allow

conclusions to be drawn regarding the significance of the park effect as a function of the number of

WECs in the array and their spacing. Based on these conclusions, the following tentative guidelines are

proposed:

For small arrays of conventional devices (fewer than 10 devices of typical dimension 10e20 m) with

usual layouts (regular or shifted grids with separating distance of order 100e200 m), the park effect

appears to be negligible. For larger arrays (more than 10 devices), a negative park effect seems to be

increasingly important with increasing number of rows (the lines of WECs perpendicular to the incident

wave direction). Therefore, the number of rows should remain as small as possible, with a separating

distance as large as possible. For arrays of non-conventional WECs (WECs of typical dimensions much

larger than 10e20 m), no information has been found. However, trends similar to the previous cases

could be expected, provided that aspect ratios are maintained.

1. Introduction

By definition, any renewable energy converter absorbs a certain

amount of the energy resource. Therefore, the total available

resource is reduced for other energy converters located nearby. In

consequence, the total power from an array of N energy converters

is less than N times the power of one isolated unit. This is called the

park effect.

The park effect is well known in the wind turbine industry.

Studies have shown that the park effect decreases as a function of

increasing distance between the wind turbines. This has resulted in

guidelines for the longitudinal and lateral distances between wind

turbines.

There is also a park effect in wave energy conversion, which

must be taken into account when designing an array of Wave En-

ergy Converters (WECs). In contrast to the wind industry, there are

no guidelines at present for their separating distance, although a

large number of studies dealing with arrays of WECs has been

published over the past 30 years. By reviewing this literature, the

aim of the present paper is to provide a summary of the current

knowledge on the park effect in arrays of WECs and to provide

guidelines for its mitigation.

First, the fundamentals of wave energy absorption by oscillating

bodies are summarised, and the principal differences between the

park effect in arrays of wave energy converters and wind turbines

are highlighted. Then, the numerical approaches commonly used to

deal with WEC arrays are outlined briefly and their limitations are

discussed. It is argued that, at present, only Boundary Element

Methods (BEM) are capable of the appropriate analysis. Finally,

previous work onwave interactions and park effect inWEC arrays is

reviewed. Similar trends are found in these studies, which allow

conclusions to be drawn regarding the significance of the park ef-

fect as a function of the number of WECs in the array and their

spacing. Based on these conclusions, tentative guidelines are pro-

posed for the design of the layout of WEC arrays to mitigate the

park effect.
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2. Wave interactions in arrays of wave energy converters

2.1. Radiated/diffracted wave field around an oscillating structure

To understand the park effect in arrays of wave energy con-

verters, it is necessary to understand the physical process of how a

wave energy converter interacts and absorbs energy from the

incident wave field.

The fundamental idea is that a fixed or moving structure in an

incident wave field will give rise to additional wave systems known

as diffracted or radiated waves (Fig. 1).1 They are governed by the

same set of equations as the incident wave (Laplace equation in the

fluid domain plus boundary conditions, in particular free surface

conditions). Theycarry energy in the samewayas the incidentwave.

However, there is an important difference between the dif-

fracted/radiated wave and the incident wave. An incident wave is a

plane wave propagating in only one direction, whereas a diffracted/

radiated wave propagates in every direction from the source point

(i.e. the oscillating structure). This is important to note because it

means that one effect of the waveestructure interaction is to

redistribute part of the incident energy, which had been propa-

gating in a single direction, in all other directions. Therefore, the

overall wave field is perturbed everywhere around the structure,

and not only at the back (front and back being defined respectively

to the direction of propagation of the incident wave).

2.2. Wave energy absorption as an interference

The principle of energy conservation implies that the energy in

the diffracted/radiatedwave is derived from the incident wave. This

means that the phase in the diffracted/radiated wave is such that

the incident wave is partly cancelled in some directions (which

means that some energy is taken out), and partly increased in other

directions (where some part of the energy is reemitted).

In the case of a WEC, in addition to energy being transferred

from the incident wave to the diffracted/radiated wave, some of it is

absorbed in what is referred to as a Power Take Off (PTO). In

contrast to the case of zero wave energy absorption, effect of the

PTO is observed as a change in the phase of the radiated wave,

corresponding to an increase in incident wave cancellation and/or a

decrease in incident wave amplification. Thus, by considering the

total balance of energy, one would observe that some energy is

missing in the fluid domain. This corresponds to the energy that has

been absorbed by the WEC. This is explained by Ref. [1]:

“The physical law of conservation of energy requires that the

energy-extracting device must interact with the waves such as

to reduce the amount of wave energy that is otherwise present

in the sea.” or by Ref. [2]:

“To absorb energy from an incident wave, the radiated waves

emitted from the surface(s) of an oscillating system must

destructively interfere with the incident wave.”

2.3. A fundamental difference to wind energy: “wake” is

meaningless for WECs

A fundamental difference between wind energy and WECs is

that in the latter, the perturbation of the wave field (diffracted/

radiated wave) is observed not only at the back, but at every loca-

tion around the structure (Fig. 2).

In the case of wind energy, one can define the wake as the

downstream region where the wind speed is modified. Only wind

turbines located behind other wind turbines are affected.

Conversely, wind turbines in the front of the wind farm are not

affected by the wake of wind turbines located downstream.

In the case of wave energy, it is not appropriate to talk about

wake because, as discussed above, the wave field is modified in

every direction from the source. Therefore, every single WEC in the

array interacts with all the others, whatever their locations. In

particular, WECs located in the front row of the array (the ones

which meet the incident wave first) are affected by WECs behind

them. Their response to the waves (and thus their energy absorp-

tion) is different with and without the WECs behind. Indeed,

several authors [3e5] have observed that the modification of the

energy absorption due to the park effect could be of higher sig-

nificance for the WEC in front than for the WEC behind. In several

cases, it has been reported that the energy absorption is actually

increased for the front row by the presence of a row behind.

However, one should note that these reported increases are small (a

few percent).

Therefore, it appears that, a priori, a WEC array must be

considered as a whole when assessing the park effect.

2.4. Decay of wave interaction with distance

It follows from energy conservation that the energy in a radi-

ated/diffracted wave propagating in direction q decreases with

increasing distance to the source. This has two remarkable

consequences:

� It implies that if two WEC units are sufficiently far from each

other, wave interaction effects can be neglected.

� Even directly behind aWEC, the unperturbed wave energy flux

is recovered with distance: at large distances from the WEC,

the wave energy resource is similar to what it would have been

in the absence of the WEC.

In both cases, full recovery of the wave energy flux is achieved

only when the distance reaches a sufficient magnitude, which is

directly related to the intensity of the diffracted/radiated wave. One

can expect that for bigger WECs, the perturbation will be stronger,

and hence that larger distances will be required.

3. Usual numerical approaches to deal with the park effect of

WECs

This section provides an overview of the available numerical

tools. For a more comprehensive review of the strengths and

weaknesses of these tools, see Ref. [6].

Fig. 1. Schematic of the wave pattern around an oscillating moving structure with

incident waves.

1 Usually, linear theory is used to model waveestructure interaction. Thus, it is

possible to separate the effects by applying the superposition principle. The dif-

fracted wave corresponds with the waves generated by the fixed structure in

response to the incident waves. The radiated wave corresponds with the waves

generated by the moving structure in still water. The solution of the complete

problem (moving structure in waves) is obtained by superimposing diffracted

wave þ radiated wave þ incident wave.
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3.1. Analytical methods

At the time of the early studies of the park effect in arrays of

WECs [7e9], computing resources were limited. The methods used

at that time were analytical studies of theoretical WECs (heaving

axisymmetrical devices) that addressed only regular and unidi-

rectional waves. Linear potential flow theory was used.

Analytical approaches are numerically efficient and are able to

deliver interesting results even today, as in Ref. [3] or in Ref. [10].

However, their scope is limited, and they cannot be applied in

practical cases of complex WECs with multiple Degrees of Freedom

(DoF) or irregular waves.

3.2. Boundary elements methods

BEM-based numerical codes (WAMIT, ANSYS Aqwa, Aquaplus,

.) are, in theory, able to deal with any case of arrays without re-

striction, except the usual ones of linear potential theory (small

amplitude of motions and wave steepness). An example of the re-

sults of a BEM calculation is shown in Fig. 3, taken from Ref. [5]. It

shows the total wave field around an array of two clusters of eight

floating Oscillating Surge Converters (OSWCs).

In practice, the memory and CPU requirements of these nu-

merical models increase rapidly with the number of WECs in the

array, and hence they are currently limited to relatively small arrays

(typically 5 to 10 devices) [11e16]. Research to overcome the

computing resource limitations that currently preclude the analysis

of larger arrays is ongoing [17].

Another important limitation with this approach is that it as-

sumes a uniformwater depth whereas, in the case of a large array of

WECs, bathymetry might vary significantly. In principle, this could

be taken into account by meshing the sea bottom as well as the

oscillating structures. However, it would lead to an enormous

number of additional unknowns and computing resource would

become, again, an issue.

3.3. Asymptotic approximations

With linear potential theory, one can show that the

diffracted/radiated wave field is the sum of so-called near field

and far field contributions [18]. The near field vanishes rapidly

with distance to the body whereas the far field contribution

decays much more slowly. Therefore, at some distance (which is

usually not very large), only the far field contribution remains

noticeable.

One can show [18] that the far field contribution can be

described as a circular wave whose amplitude depends only on the

direction of propagation q:

hfar fieldðr; q; tÞ ¼ J

�

1
ffiffiffi

r
p ~HðqÞeiðkr�utÞ

�

(1)

where ðr; qÞ are the cylindrical coordinates, ~HðqÞ is the so-called

Kochin function which can be calculated using BEM codes [18], k

and u are the wavenumber and wave frequency, respectively.

Thus, there exists a semi-analytical representation for the

radiated/diffracted wave at a sufficient distance from the structure.

Locally, it can be further approximated as a plane wave of complex

amplitude 1=
ffiffiffiffiffi

r0
p ~Hðq0Þ, which allows wave interactions to be

treated as if they were supplementary incident waves. The method,

first proposed by Refs. [19], is called plane wave approximation.

According to [11], the results of plane wave approximation have

good agreement with BEM for sparse arrays.

3.4. Boussinesq and spectral wave models

These models and the set of equations on which they are based

were initially developed to model wave propagation over large

domains (a few kms for Boussinesq models, hundred of kms for

spectral wave models). They are designed to be able to deal with

bottom-induced effects (refraction, shoaling, white capping,

Fig. 2. Schematic of the modification of the wave resource in a WEC array (left) and a wind turbine array (right). There are interactions in the case of the WEC array, whereas there

are not in the case of the wind turbine array.

Fig. 3. Ratio of significant wave height of total wave field to the significant wave height

in the incident wave for an array of two clusters of eight floating OSWCs (black dots).

The x and y axis are the horizontal coordinates, in metres. The incident wave is uni-

directional and irregular with Hs ¼ 2 metres, Tp ¼ 8 seconds. One can see that the

wave field is modified at every location of the domain. Source: [5].
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etc. However, they are not well-adapted to dealing with moving

structures such as a WEC or an array of WECs.

In these models, WECs are usually approximated as coefficients

that represent partial energy absorption. In Refs. [20], they are

modelled as sinks of constant strength regardless of wave fre-

quency and direction, and their effect on the wave climate at the

shore line is assessed using the SWAN model. Similar approaches

can be found in Refs. [21e23], except that the numerical models are

based on Boussinesq equations.

Constant strength sinks or transmission coefficients are poor

representations of wave energy absorption by WECs because the

power output of nearly all wave devices is dependent on the fre-

quency of the incident wave conditions. Models employing co-

efficients that vary with frequency and direction have been

proposed in Refs. [24,25].

These approaches are questionable. To date, none of these

approaches is able to represent correctly the physical process

of wave energy absorption by oscillating WECs. In particular, they

disregard the fact that some of the energy is reflected in the

direction opposite to the direction of propagation of the incident

wave. This is illustrated in Fig. 4, taken from Refs. [25], in which

one can see that the wave field at the front and sides of the WEC

array is not modified. Moreover, the physical process by which

wave energy is absorbed from the domain e i.e. interferences

between the incident wave and the diffracted/radiated wave

in which phase is essential e is not modelled. Furthermore, there

is no clear protocol for calibrating the coefficients that represent

the WECs.

For these reasons, results from studies based on these ap-

proaches are not taken into account in what follows.

3.5. Combined used of asymptotic approach and Boussinesq or

spectral wave models

Although the direct use of Boussinesq or Spectral wave models

for assessing the park effect in arrays of WECs is inadequate, it

might be effective to combine these models with asymptotic ap-

proximations for the far field potential (which can be obtained

using BEM). In other words, Boussinesq and/or spectral wave

models could be used to compute the wave field at some distance

from the WECs whereas the wave field close to the WEC would be

calculated using BEM. In principle, this approach would solve many

of the previously mentioned issues.

Some preliminary work in this direction has been reported in

Ref. [26]: the free surface elevation obtained using a hybrid

approach was compared to direct results from WAMIT, with

promising results.

4. Current knowledge of the park effect for WEC arrays

4.1. Results obtained in regular waves

4.1.1. The q-factor

The q-factor is a simple measure that quantifies the effect of

wave interactions on power absorption in a WEC array. It is defined

as the ratio of the power of the array to N times the power from a

single isolated device, N being the number of units in the array.

qðuÞ ¼
~ParrayðuÞ

N~PisolatedðuÞ
(2)

If q < 1, the average power per WEC in the array is less than the

power of an isolated WEC. Hence, wave interactions have a

destructive effect on the power absorption of the wave farm.

Conversely, if q > 1, the park effect is constructive.

This measure was introduced by Refs. [7e9] in the early 80s. In

their pioneering work, the authors of those papers showed that for

several combinations of wave frequencies and array layout, it was

possible to achieve a q-factor considerably higher than 1 (Fig. 5).

However, those are theoretical cases of optimally controlled

axisymmetric heaving buoys in unidirectional regular waves. In the

real world, waves are irregular, there is directional spreading, and

optimal control is not realistically achievable. Consequently, in Ref.

[27] the authors argue that in practice, array layouts should be

optimised to minimise destructive interactions (when q < 1). This

is currently the prevailing view, although it is not shared by every

researcher in field.

4.1.2. Consistency conditions

As described in Refs. [29], the q-factor of an optimally controlled

array must satisfy the condition:

1

2p

Z

2p

0

qðu;bÞdb ¼ 1 (3)

Fig. 4. Significant wave height (m) for an array of WECs computed using TOMAWAC.

The x and y axis are the horizontal coordinates, in metres. The incident waves are

irregular with directional spreading. Parameters are Tp ¼ 10 seconds, Hs ¼ 4 metres

and spreading coefficient s ¼ 5. WECs are modelled as transmission coefficients

depending on the direction and frequency. It is clear that, in contrast to Fig. 3, the

model is not able to predict the modification of the wave field at the front and side of

the array. Source: [25].

Fig. 5. q-factor as a function of the product of wavenumber times separation distance

in a line array of optimally controlled heaving WECs, for the case of regular waves.

Black, blue and red curves denote head, beam and 45� incident waves. This is a classical

result. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.) Source: [28].
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where b is the direction of propagation of the incident wave.

This means that the sum of the q-factor over all incident wave

directions is unity. In other words, if the q-factor is considerably

greater than 1 in a particular direction, there is necessarily another

direction in which it is less than 1. This is illustrated in Fig. 6 for

three different arrays of five heaving WECs. One can see that the

park effect is very beneficial for wave direction in the vicinity of b ¼
1:5p ðq > 1Þ. However, the park effect is negative ðq < 1Þ in all

other directions. As explained in Refs. [28], it follows that it may be

feasible to seek regions of constructive wave interactions for array

placement only in cases where there is little variation in the

directionality of the waves. Otherwise, it would be preferable to

design the array placement in order to limit destructive effects.

Recently [30], showed a somewhat related result for the power

absorption of an optimally controlled array of WECs with N inde-

pendent DoFs:

1

2p

Z

2p

0

~Parrayðu;bÞdb ¼ N
J

k
(4)

The sum over all directions of the power from the array ~Parray is

equal to N times the wave energy flux J divided by the wavenumber

k. Therefore, to maximize the power that a device or an array of

devices can extract, the number of DoFs should be as high as

possible. This result indicates that wave energy devices composed of

one platform supportingmany independently oscillating units (such

as the FO3 platform [14], the Manchester Bobber [31] or theWeptos

WEC [32]) or flexible WECs (such as the Anaconda [33] or the S3

WEC [34]) might be particularly efficient at absorbing the waves.

4.1.3. Recovery rate of the wave energy flux behind an isolated WEC

In Refs. [4], the mathematical expression for the wave energy

flux J at distance d behind aWEC is given, for the case of deepwater.

It is based on the asymptotic approximation for the far field

component of the wave (see Section 2), and as such is valid only at

sufficiently large distances. It can be written as:

JðdÞ ¼ J0 1þ 2u

g

ffiffiffiffiffiffiffiffiffi

k

2pd

r

J
�

~Hð0Þe�ip4
�

!

(5)

where ~Hð0Þ is the Kochin function [18] in the direction of incident

wave propagation and J0 is the energy flux in the incident wave.

Therefore, one can see that the wave energy flux recovers with the

square root of the distance from the source of the perturbation (the

WEC). It follows that at sufficiently large distances, wave in-

teractions between WECs can be neglected.

4.1.4. Some additional interesting results for simple arrays for the

case of regular waves

In Refs. [3], a simple arrangement of two identical truncated

cylinders is considered, with incident waves travelling parallel to

the line through their centres. It is shown that due to wave in-

teractions, the modification of the response and power absorption

for the WEC at the front (the one that meets the wave first) is

significantly larger than for the WEC at the back. This quite sur-

prising result can be explained by the fact that the WEC at the front

benefits from the diffracted/radiated wave originating from the

WEC at the back. It illustrates the crucial importance of correctly

accounting for this effect when modelling an array of WECs.

This effect is also observed in later studies by Refs. [4,5]. In the

former, the same simple layout is considered, but with heaving

buoys and OSWCs. The study assessed the effect of increasing dis-

tance betweenWECs on their interaction factors, and observed that,

for distances greater than a few hundred metres, the park effect of

each WEC decreased with the square root of the distance (Fig. 7).

This is in agreement with the recovery rate of the wave energy flux.

It was also observed that the park effect decreased below 10%

once the distance between the WECs was increased to a few hun-

dred metres.

In Refs. [35], a mathematical model of a line array of Oscillating

Water Columns is presented that investigates power performance

as a function of incident wave heading and power take off. It con-

siders the cases of optimum control and passive loading the latter

being more realistic in the case of a Wells turbine. It concludes that

with passive loading the park effect may be marginally beneficial,

but that in most situations the absorbed energy per device is

decreased.

4.2. Results obtained in irregular waves

4.2.1. Important notice

In the following, results from spectral methods are not reported.

This is because, as explained in Section 3, it is believed that these

methods are not able to model WEC and WEC arrays correctly.

Results for arrays of closely spaced WECs (in which the sepa-

rating distance is less than a few diameters), such as the Man-

chester Bobber [31] or the FO3 platform [14], are not considered

either. This is because it is believed that such arrays should be

considered and modelled as single units, as in Ref. [14].

4.2.2. Park effect for small arrays (up to 10 devices)

To our knowledge, Ref. [13] reported the first investigation of the

park effect for an array ofWECs for the case of irregular waves. They

measured yearly average power absorption. Two arrays of 5 heav-

ing WECs, in two different layouts, were considered.

Fig. 8 shows that the device performance becomes practically

independent of the spacing for separating distances greater than 4

radii (where radii ranged between 2.5 and 10 m). Moreover, no

significant improvement in yearly average power was obtained by

individually optimising the PTO coefficient of each unit as

compared to using a single value for the whole array.

Similar results were obtained:

� in Ref. [36] for an array of four heaving WECs. Absorbed power

was found to be reduced by a maximum of 8% in irregular

waves, and optimisation of the PTO of each individual WEC

increased the absorbed power by only 1%.
Fig. 6. q-factor as a function of wave incidence for an array of five heaving buoys. Buoy

radius is 10 m. The incident wave is regular with period 10 s. Source: [29]
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Fig. 8. Yearly average power for an array of five heaving WECs as a function of their separating distance. A scatter diagram of the wave resource at Figueira da Foz, Portugal, was

used. Source: [13].

Fig. 7. Max and min of the park effect ðqmodÞover wave periods for a simple array of two heaving WECs as a function of their separating distance, for the case of regular waves.

qmod > 0 means that the park effect is constructive. Top figure is for the WEC at the front; bottom figure for the WEC at the back. Black curves are best fit of the numerical results

using a power law with exponent �0.5.

6



Fig. 9. Yearly average power absorbed by an array of two heaving WECs (top) and two OSWCs (bottom) as a function of the separating distance. A scatter diagram of the wave

resource at a site offshore Yeu island in France was used. Source: [4].

Fig. 10. Variation of average interaction factor with relative position of a two-WEC array. The incident wave derives from the directional average spectral power density at the full

scale test site EMEC in Scotland. Source: [37].

7



� in Ref. [4] for an array of two heaving WECs (array I of

Fig. 9), and an array of two OSWCs (array II of Fig. 9). One can

see that for both arrays, the park effect is negligible once the

distance is greater than a few hundred metres.

� in Refs. [37], for an array of two interacting WECs. The average

interaction factor was found to be lower than 5% for separating

distances larger than 100 m (Fig. 10).

� in Ref. [5] for an array of ten OSWCs (denoted barges in the

paper). A wide range of independent longitudinal and lateral

distances was tested. The yearly absorbed power of interacting

devices was shown to differ by only a few percent from the

yearly absorbed power of an isolated device (Fig. 11).

4.2.3. Park effect for larger arrays (ten or more devices)

Recently, Ref. [38] considered the case of ten heaving WECs and

irregular waves. The layout for some particular sea states was

optimized in order to maximize or minimize the absorbed power.

Optimal layout in the maximization case led to an increase of the

absorbed power by only a few percent (up to 5%), which is in the

range of the results obtained with smaller arrays in the other

studies mentioned above.

However, a minimization case was also considered, in which the

aim was to find the layout minimizing the absorbed power. The

result was a decrease by as much as 30%, which is substantial and

rather unexpected.

Fig. 12 shows the corresponding layout, which is quite partic-

ular. However, overall, one can consider that the WECs are essen-

tially located the one in front of the other: the array approximates a

line parallel to the incident wave direction.

In Refs. [5], arrays of 4� 4 OSWCs (16 WECs in total) and 5�
5 OSWCs (25 WEcs in total) are considered. The yearly average

absorbed power per unit of a row (a row is perpendicular to the

incident wave direction) reported is shown in Fig. 13. R1 corre-

sponds to the row of WECs which meets the waves first, R4 or

R5 with the WECs furthest back. The dashed black line corre-

sponds to the yearly average power in the absence of wave

interactions.

It is clear that, except for row 1, the yearly average power from

row nþ 1 is less than that from row n. Moreover, it seems that the

difference Q in absorbed power between two consecutive rows is

roughly the same regardless of row (except for row 1). Thus, one

could approximately estimate the amount of power from an addi-

tional row at the back of the array as the power from the row in

front of it minus the characteristic power reduction Q due to the

park effect. Thus, the power absorption would fall to 0 for a large

number of rows. This clearly indicates that the number of rows

should be as limited as possible.

4.2.4. Impact of arrays on the surrounding wave field

In Refs. [39], the impact of large arrays on the surrounding wave

field was investigated using BEM, for the case of irregular waves

with and without directional spreading. An example is shown in

Fig. 14, depicting modification of the significant wave height. As

expected, it appears that the wave height is reduced behind the

array, and increased on its sides. However, these modifications

appear to be rather small, never exceeding 10% outside the array for

the unidirectional case. They are even smaller when taking into

account directional spreading. Moreover, it can be observed that

they decrease with increasing distance from the array. It is also

reported in Ref. [39] that they are smaller for longer peak periods.

Therefore, one can expect that the impact of arrays on the sur-

rounding wave field will be limited.

5. Tentative guidelines for the design of WEC arrays

This review of the current literature relating to the park effet for

WEC arrays leads to the following conclusions:

� Theoretically, wave interactions in an array of N WECs can be

constructive, thus increasing the absorbed power in compari-

son with N isolated WECs. However, in practice (irregular

waves, suboptimal control, etc.), constructive effects will be

very limited and one should aim at limiting destructive

interferences.

Fig. 11. Park effect in an array of ten OSWCs. PyrA is the average power per unit of the array. Pyr0 is the average power of an isolated unit. A scatter diagram of the wave resource at a

site offshore Yeu island in France was used. Source: [5].

Fig. 12. Optimal layout for minimising the power absorption for an array of ten

heaving WECs. The incident wave is undirectional and irregular with Tp ¼ 10.2 s and

Hs ¼ 4 m. The x and y axis are the horizontal coordinates, in meters. Source: [38].
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� It appears that the first row (that which meets the waves first)

often benefits from the waves diffracted/radiated back by the

other units in the array. However, this is not usually sufficient

to compensate for the decrease in power absorption of the

other rows.

� In small arrays of standard layouts (fewer than ten devices on

regular or shifted grids), the park effect is usually less than a

few percent once the distance between the units is greater than

a few hundred metres (typically 100e200 m for a WEC of

diameter 10e20 m). Taking into account the uncertainties

associated with the modelling (BEM), the positioning of the

WECs, the bathymetry, etc., the park effect should not be

considered to be significant.

� For larger arrays (more than ten devices), it may be more

important to account for the park effect. Indeed, it has been

observed that the absorbed power of a given row in the array is

less than the one in front, and greater than the one behind.

Therefore, the number of rows should be kept as small as

possible (even if the park effect was shown to be smaller than

10% in a 5� 5 array of 25 OSWCs).

� For large arrays (more than ten devices), there is no indication

that the number of devices per row should be limited in any

manner, nor of an optimal separating distance (provided that it

is sufficiently large, typically 100e200 m).

� The modification of the wave field behind and around a WEC

array seems to be rather small even in the case of large arrays

(18 units). Moreover, it decreases with the distance from the

array.

These conclusions lead to the following tentative guidelines:

5.1. Small conventional oscillating WEC arrays (up to ten devices of

10e20 m typical dimension)

For small arrays (fewer than 10 devices of 10e20 m typical

dimension) with standard layouts (regular or shifted grids with

separating distance of 100e200 m), the park effect can be neglec-

ted: studies show that it usually accounts for less than a few

percent of the mean annual power.

5.2. Larger arrays of conventional WECs (more than 10 ten devices

of 10e20 m typical dimension)

For larger arrays (more than ten devices), the park effect might be

increasingly important as the number of rows (lines of WECs

perpendicular to the incidentwavedirection) increases.Therefore, the

number of rows should be kept as small as possible, with a separating

distance as large as possible. As an indication, the park effect was

found to be 5% in an array of 25 OSWCs with separating distance

200 m, with a decrease of 20% in mean annual power absorption for

the fifth row in the array. There is no indication that the number of

devices in a row should be limited in anymanner, nor that there is an

optimum lateral separating distance (provided it is a least 100e

200 m). Finally, it should be expected that the front row of the array

may demonstrate greater power absorption than isolated devices.

5.3. Arrays of non-conventional oscillating WECs (WECs of typical

dimension much greater than 10e20 m)

For arrays of non-conventional WECs (WECs of typical dimen-

sionmuch greater than 10e20m), there is no information available.

Fig. 13. Yearly average power per unit for N � N arrays of OSWCs. Dashed black line (Pyr0) is in the absence of wave interactions; dashed pink line (PyrA) is for the whole array;

other lines are for the average power absorption per unit in a given row. dx is the separating distance between the WECs. A scatter diagram of the wave resource at a site offshore

Yeu island in France was used. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Source: [5]

Fig. 14. Modification of the significant wave height in the surrounding of an array of 18 OSWCs (Hs ¼ 1 m, Tp ¼ 6 s). The x and y axis are the horizontal coordinates, in meters.

Source: [39]
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However, similar trends to the previous cases can be expected

provided that aspect ratio is maintained:

� For small arrays (fewer than ten devices of typical dimension

B), with standard layouts and separating distance 10B to 20B,

the park effect should be negligible.

� For larger arrays (more than ten devices), the number of rows

should be kept as small as possible, with separating distance as

great as possible ð10B� 20BÞ.

5.4. Impact of WEC arrays on the surrounding wave field

The modification of the wave field behind and around an array

seems to be rather small even in the case of large arrays (only a few

percent of significant height). Moreover, it decreases with the dis-

tance from the array. Therefore, the impact on the wave climate by

small WEC arrays is unlikely to be significant. This is the focus of a

future investigation by the authors.

6. Conclusion

This paper reviewed the current literature relating to the park

effect for arrays of WECs, and revealed consistent trends in terms

of the significance of this effect as a function of the number of

WECs in the array and the separating distance between them.

Therefore, tentative conclusions and guidelines have been drawn

regarding the design of WEC arrays in order to mitigate the park

effect.

Since most of the published work deals with rather small ar-

rays of rather small devices, confidence in the guidelines is high

for these cases. However, in the case of larger arrays, there have

been only a few published studies to date. Thus, the degree of

confidence is much lower and further research would be worth-

while. Here, the difficulty lies in the limitations of the available

numerical tools.

For BEM codes, the limitations are practical: memory and CPU

requirements increase rapidly with the number and size ofWECs in

the array. For Boussinesq and spectral wave models, the limitation

is theoretical and relates to how to correctly account for a WEC in

the model. These two issues will need to be overcome before

analysis of large scale WEC arrays is feasible.
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