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Wave energy converters as offshore
wind farm guardians: a pathway to
resilient ocean systems

Olivia Vitale'™ & Maha N. Haji?

Maximizing the durability and reliability of offshore wind farms is essential for the clean energy
transition. In this work, we demonstrate how wave energy converter (WEC) farms can shelter offshore
wind farms from cyclic wave loading, resulting in significant reductions in wave-induced turbine fatigue
damage. Using experimentally validated hydrodynamic models, we show that modeling WEC energy
dissipation through fluid structure interactions rather than rated power provides an unbiased analysis
of different architecture’s sheltering capabilities. Through the system-level model, we observe that
even small reductions in wave height propagate to the levelized cost of energy (LCOE) of the wind
farm, resulting in a 4.94% decrease in LCOE with a 6% reduction in wave height. Additionally, WEC
farms can benefit from this co-location by sharing siting costs, operation and maintenance teams,
and mooring and transmission cables with the offshore wind farm. This work advances the design of
integrated wind-wave systems, supporting resilient, cost-effective offshore renewables for global
deployment.
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The power production potential for offshore wind has led to large current and projected growth in global
installed capacity'. Despite its relevance to the modern grid, the intermittency of wind power results in power
quality disturbance to the grid, harming electrical components®. The intermittency also increases the required
storage capacity and reduces power reliability, pointing to a need for power smoothing®. Several studies have
proposed co-locating wave energy converter (WEC) and wind farms for power extraction symbioses®!'!. Kluger
et al.!2 studied a combined WEC and offshore wind farm with 100 6 MW turbines and a variable number of
286 kW WECs. They found a 15% smoother power output when 50% of the turbines had a WEC attached to
their platform compared to a standalone wind farm. Additionally, Astariz et al.!* investigated the Alpha Ventus
wind farm, composed of 12 5 MW turbines. They found an increase in allowable windows for maintenance due
to the presence of an upstream WEC array containing between nine and 32 WaveCat'* devices. This prior work is
an initial motivator for the co-location of these offshore systems. However, as wave energy is less technologically
mature than wind energy, additional benefits must be evaluated to further motivate this co-location.

Installing wind turbines offshore introduces significant additional fatigue stresses due to wave loading,
reducing the turbine’s lifetime'>!®. For fixed-bottom offshore wind, wave-induced fatigue loads have caused
monopile diameters to increase around 60%!7 or required developers to use jacket structures'$, creating a new
trade-off between substructure lifetime and capital costs. These problems are exacerbated for floating offshore
wind, where ocean waves also induce loads on mooring cables and floaters and cause oscillations of the turbines
themselves!*?°. Deploying a WEC farm upstream of an offshore wind farm can dampen incoming waves before
they reach the downstream turbines, sheltering the wind farm.

Many studies have evaluated WEC sheltering for coastlines or offshore aquaculture farms*!'~*’, evaluating
WEC sheltering with respect to number of WEC devices, distance between WECs, and WEC architecture
type. However, results from these studies cannot be directly applied to offshore wind farms, as the fluid physics
representing coastal regions is not representative of locations hosting offshore wind. Additionally, most WEC
sheltering studies face serious limitations and inaccuracies due to simplifying assumptions in their WEC farm
models.

Current wave sheltering studies simplify the WEC’s dissipative properties, assuming the only energy removed
from the waves is energy the device captures. Contardo et al.>* used this power capture method to model their
WECs sheltering capabilities. They then completed two deployments of their physical WEC device, concluding
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this method was poor at predicting actual wave sheltering. This is due to the method ignoring the energy
that WECs scatter and dissipate through fluid-structure interactions, separate from the energy they capture.
A few studies have attempted wave sheltering characterization methods that account for the fluid-structure
interactions?>~?”. However, they are all conducted in coastal regions and can not be directly applied for offshore
wind. Crucially, these studies, and all WEC sheltering studies to date, neglect hydrodynamic interactions between
WEC devices in a farm. WECs disturb the nearby wave field and, when configured in arrays, disturb the motion
of the nearby devices?®?. These interactions are relevant for determining device motion and power extraction
performance?®; however, the impact of these interactions on the larger ocean environment has not been studied.
Zou et al.*® attempted to capture WEC array wake effects by accounting for power extracted throughout the
array, but still neglected hydrodynamic interactions.

Despite numerous WEC sheltering studies (synthesized in the Appendix), existing work treats wave sheltering,
fluid-structure interactions, and array hydrodynamics as separate problems. Additionally, most studies focus on
coastal regions, so structural fatigue loading and economic implications are absent from their analyses. A few
models have investigated WEC sheltering explicitly for offshore wind*"-*2, but only employ the power capture
method. A unified framework connecting these layers has not been implemented. Existing offshore wind-wave
co-location studies model WEC sheltering using power-capture-only dissipation and evaluate fatigue reductions
without accounting for multi-body hydrodynamic interactions. As a result, the role of scattering, radiation, and
array coupling in determining downstream wave attenuation remains unresolved, and architectural comparisons
between WECs may be biased.

Here, we address this gap by experimentally validating a coupled hydrodynamic framework that captures
full fluid-structure and hydrodynamic interactions within WEC arrays and propagates their effects to offshore
wind turbine fatigue and economic performance. Wave height is measured upstream and downstream of the
devices to quantify transmission and reflection coefficients**, which are then integrated into a near-field
boundary element method (BEM) and far-field spectral model. The resulting wave height reduction is directly
translated into wave-induced monopile fatigue damage and lifetime-cost tradeofts under representative offshore
conditions. In summary, the presented framework:

1. evaluates multiple WEC architectures using full fluid-structure interaction rather than rated power assump-
tions,

2. explicitly accounts for multi-body hydrodynamic interactions in array configurations,

3. quantifies the propagation of wave height reduction to wave-induced fatigue damage for representative off-
shore wind conditions, and

4. demonstrates the resulting lifetime-cost tradeoffs through an illustrative LCOE sensitivity analysis.

WEC devices

The two WEC architectures evaluated in this study are shown at full ocean-scale in Fig. 1. The first architecture
is called an oscillating surge WEC (OSWEC), a flap which extracts power from the waves through oscillatory
pitching motion. The second architecture is a heaving point absorber (PA), a cylindrical buoy extracting power
from the ocean waves by following their up-and-down (heave) motion. These architectures correspond to classes
of devices under commercial development, such as the Carnegie Clean Energy CETO device®, the heaving
CorPower device®®, and the WaveRoller OSWEC®. Our prototypes are research-scale geometries inspired
by reference models from Sandia National Labs and the National Lab of the Rockies®®, but they are not exact
replicas. Extensive details on the design and build of the prototypes in this study can be found in Vitale et
al.*. The OSWEC’s width orthogonal to the incident wave direction is 18 m, while the PA’s is 14.6 m. These
dimensions were chosen based on the physical, tank-scale prototypes, built at the 1:50 Froude scale. The natural
oscillation period of the OSWEC is 21 s, while the PAs is 5.09 s at full-scale. Both architecture prototypes

(@) OSWEC (b) PA

Fig. 1. Depiction of the two common WEC architectures evaluated in this study. Relevant dimensions are
provided in the drawing, and images of the physical prototypes are shown next to the drawing for context.

Scientific Reports |

(2026) 16:26775 | https://doi.org/10.1038/s41598-026-54843-z nature portfolio



www.nature.com/scientificreports/

employed a mechanical rack-and-pinion power take-off (PTO) mechanism to drive a motor-generator, shown
in the Appendix. The PTO is how the devices extract energy from the waves, proportional to the damping
present in the PTO. Each device’s mechanical power extraction at full ocean-scale was estimated based on the
tank-scale experiments. Each WEC’s power extraction was different based on its position in the array. This is
due to the hydrodynamic interactions between devices, where some devices experience motion amplification
and others see decreased performance. The OSWECs predicted power extraction at the peak spectral period
(11 s) is between 145 and 932 W based on position in the array. For the PAs, the mechanical power extraction is
between 86.2 and 523 W.

Results
Wave sheltering performance
The wave sheltering performance was analyzed under oceanic conditions corresponding to the South Fork Wind
Farm off the coast of Rhode Island. The farm consists of 12 turbines with a total farm rated power of 132 MW.
A Pierson-Moskowitz spectra with a wind speed of 5.05 m/s at 19.5 m above sea level was used to represent the
location. This corresponds to a significant wave height (H) of 2.19 m, a peak period (T},) of 11 s, and an average
period (T%,) of 5 s. The WECs were modeled in a 4-body farm to determine their individual sheltering capacities,
including hydrodynamic interactions between devices. This 4-body unit was then repeated to produce a 20-body
farm for the two different WEC architectures. These repeated units were placed 200 m apart, a large enough
distance that interactions can be ignored®®. The wave height disturbance in lee of these farms over 4000 m is
shown in Fig. 2. The disturbance is the ratio of the wave height when the array is present to the wave height
without any obstructions, where a value less than one indicates a reduction in wave height.

Since the OSWECS’ rated mechanical power extraction is nearly double that of the PAs, traditional power-
capture modeling methods would predict the OSWEC to significantly outperform the PA in terms of wave
sheltering. However, the PAs demonstrate only 0.4% less wave height reduction with around a 50 m wider
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Fig. 2. Wave height computed by the spectral balance solver in lee of a 20-body (a) OSWEC array and (b) PA
WEC array. Red markers indicate WEC devices. (c) and (d) show the percent wave height reduction at five
y-distances from the arrays.
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wake compared to the OSWECs. When accounting for array and fluid-structure interactions, the sheltering
effect produced by the two architectures is nearly identical. This highlights the importance of including these
interactions in a sheltering model, as the dissipative properties of these floating devices includes more than
their isolated rated power capture. This has both policy and design implications for co-locating wind-wave
systems. Currently, it is common practice to deploy an energy farm based on its total power production capacity.
However, this does not accurately predict the WEC farm’s sheltering capabilities. If sheltering is a primary driver
of co-location, then cost, manufacturability, and co-location logistics should take precedent over power rating
of the WEC device.

Wave-induced fatigue damage reduction

Even small reductions in wave height provide large reductions in wave-induced fatigue damage over the lifetime
of an offshore wind turbine. For inertia-dominated loading, stress ranges scale approximately with wave height,
and fatigue life scales nonlinearly with stress via the S-N slope (m=5), so modest wave height reductions can
yield amplified reductions in wave-induced fatigue damage. It should be noted that the purpose of this modeling
is to identify the sensitivity of wave-induced damage to upstream hydrodynamic modification, rather than to
replace full aero-hydro-servo-elastic simulations, which are required to estimate the full fatigue damage on the
monopiles.

The 20-body farms achieved up to 6.42% wave height reduction at 0.25 nm (463 m) in lee of the devices
and between 1.0-2.68% reduction at 2 nm (3,704 m). This corresponds to between 5.03-28.85% reduction in
wave-induced fatigue damage on the turbine monopiles. Three potential co-location configurations of the South
Fork wind farm and a WEC farm are shown in Fig. 3. Placing the farms at 0.25 nm apart results in the largest
wave-induced fatigue damage reduction, but a reduced breadth of sheltering. This can be balanced by either
adding more WECs to the farm to increase the sheltering width or by moving the turbines further downstream.
Due to the South Fork wind farm configuration, the nearest turbine does not always experience the greatest
sheltering. This points to a co-location optimization problem, designing the wind-wave farm to maximize the
sheltering effect. The achievable reduction in wave-induced fatigue could enable downsized monopiles to be
feasible, reducing waste as well as the total cost of energy. The relationship between lifetime extension, monopile
size reduction, and effect on cost is explored in the following section.

Cost and deployment

There is a tradeoff between the size of the turbine monopiles and the cycles to failure due to wave loading, and
this relationship is shown in Fig. 4afor five extra-large monopile sizes. It is observed that for this farm location,
there is about half an order of magnitude difference in cycles of failure due to wave loading between the 11 m and
7 m extra large monopile sizes. The wave loads are only a portion of the total loads on the offshore wind turbines,
but the fatigue damage the turbines accrue due to wave loading can be significant based on monopile size*’. The
fatigue damage (D) communicates the portion of the total fatigue lifetime of the structure that has been used due
to a particular load or all the combined load cases. To clarify, as D approaches 1, the structure approaches the end
of its life. The years of turbine life that are used due to only the wave loads is shown in Fig. 4bfor the same cases of
monopile size and wave height reduction previously mentioned. For the largest monopile diameter, like the ones
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Fig. 4. (a) Cycles of wave loading on the monopile to failure (/N¢) and (b) Amount of lifetime (in years)
that is used due to wave-induced fatigue damage with respect to reduction in wave height for five extra large
monopile sizes.

used at South Fork, the fatigue damage due to wave loads only consumes five years of the turbine’s total fatigue
life (assumed to be the nominal 25 years). However, even a small reduction in wave height, around 6%, can cut
that lifetime usage in half to 2.5 years. For thinner monopiles, fatigue damage due to wave loading is far more
impactful to the turbine lifetime, claiming up to 20 years of fatigue life in the case with 0% wave height reduction.
However, the thinner monopiles also see the greatest benefit from wave height reduction, with a 6% reduction
in wave height reducing the lifetime usage due to wave loading down to 10 years for the smallest monopile size.

With this result, we can explore several potential design configurations. For example, if the acceptable number
of years of fatigue life used due to wave loading is less than ten years, then 10 and 11 m monopile diameters
are acceptable without any wave height reduction. However, 7, 8, and 9 m monopile diameters are acceptable if
6.90%, 4.10%, and 1.65% wave height reduction is achieved, respectively. With the bottom line typically being
cost, the sensitivity of the cost of energy to monopile costs and lifetime must be evaluated to determine favorable
configurations.

The levelized cost of energy (LCOE) then be considered for the wind farm. The tower and substructure
(monopile, in this case) materials and installation account for 11.96% of the total system capital costs (CAPEX).
Reducing the monopile size can propagate the reductions in these capital costs. However, the LCOE of the system
is highly sensitive to turbine lifetime*!. To evaluate this tradeoff, we present two scenarios where the wave height
is reduced by 6%: 1) the monopile size remains the same and the lifetime increases by 2.5 years from nominal
and 2) the monopile size is reduced by 27% but the lifetime decreases by 2.5 years from nominal. The nominal
case is the 11 m diameter monopile with a turbine lifetime of 25 years and 0% wave height reduction. This
assumes that in the nominal case, 5 years of the total turbine fatigue life are used up by wave loading, and the rest
of the fatigue life is attributed to other loads (such as aerodynamic loads). Therefore, we assume that by reducing
the fatigue life years consumed by wave loading, the lifetime of the turbine will increase by the same amount.

For case 1, where CAPEX is kept constant but lifetime increases by 2.5 years, a 4.94% decrease in LCOE
from nominal is observed for the wind farm. For case 2, the material and installation costs of the tower and
substructure were reduced by 27%, assuming a linear scale of these costs with turbine size. However, with the 2.5
year decrease in lifetime, the LCOE increased by around 1.99% from nominal.

Discussion
Hydrodynamic interactions were found to be relevant in determining device dynamics. Accounting for them
gives a more accurate representation of expected device performance in the near- and far-field. Additionally,
including fluid-structure interactions in the model exposes the bias present in traditional power-capture
modeling methods for wave sheltering. Though the OSWECs are rated for a much higher power extraction level,
they do not significantly outperform the PAs when sheltering waves due to the importance of fluid-structure
interactions. This suggests a potential tradeoff for hybrid wind-wave farm developers. The larger OSWECs may
be more suitable for power production in the hybrid farm due to their higher rated power, but the smaller PAs
may provide the same amount of wave protection at a potentially lower cost and simpler implementation.
Sheltering is greatest nearest to the array. This is an intuitive result, but the wave height reduction at larger
distances should not be ignored. Even small reductions in wave height can significantly reduce wave-induced
fatigue damage over an offshore wind turbines lifetime, seeing a 10% reduction in wave-induced damage with
only a 2% reduction in wave height. It should be noted that a simplified model was employed to represent
only the fatigue loads due to incident waves, and aerodynamic loads and their couplings with wave loads are
not included. Still, this wave-induced fatigue reduction can improve turbine lifetimes, or alternatively allow for
smaller monopile diameter requirements, depending on a developer’s goals and restrictions. However, this is not
distributed evenly at each monopile in the wind farm. To achieve maximum wave-induced fatigue reduction, a
wind-wave farm should be designed concurrently, with the turbine and WEC placement in careful consideration.
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The wave-induced fatigue damage reduction can propagate to the LCOE through a combination of lifetime
extension and material reduction. Typically, the reduced monopile sizes will see a reduced fatigue life and an
overall increase in LCOE. However, this may be preferred for smaller farm sites or for developers looking to
reduce material usage for sustainability purposes. Additionally, small reductions in wave height can propagate
to significant extensions in lifetime for the larger monopile sizes. This is especially relevant for the cost of the
system, as the LCOE estimates are very sensitive to the lifetime of the turbine*!. As presented above, at the
11 m monopile size, the LCOE can decrease by 4.94% with only a 6% reduction in wave height at each turbine.
However, as stated above, a co-located wind-wave farm needs to be carefully designed to maximize the wave
height reduction for the largest number of turbines.

The co-location of offshore wind and WEC farms presents a unique synergistic opportunity. In addition
to their pre-established ability to provide power smoothing for the intermittent wind resource and increasing
operation and maintenance windows, they offer a lifetime extension for offshore wind. This becomes increasingly
relevant as wind moves further offshore, requiring protection from stronger waves. This coupling is also beneficial
for the budding wave energy industry. Co-location offers the opportunity to share siting costs, mooring and
transmission lines, and combine operation and maintenance teams. The results of this study indicate that co-
located wind-wave farms present a promising pathway for the simultaneous achievement of wave-induced
fatigue load reduction and increased renewable energy generation. This synergy facilitates not only maintenance
and cost savings, but positions offshore farms as adaptable, resilient energy hubs central to future distributed
ocean power systems.

Methods

This study required identification of the following key metrics: each device’s dynamic response (response
amplitude operator, RAO), the transmission (K) and reflection (K) coeflicients, the far-field wave height
reduction, and the wind turbine wave-induced fatigue damage. To quantify these metrics, an integrated model
consisting of a near-field hydrodynamics solver and far-field wave propagation solver is required. The near-
field solver computes the hydrodynamic properties of the WEC devices and the local disruption of the wave
field. The RAO, K, and K are found through this solver. This hydrodynamic model was validated through an
experimental campaign, with the open-source dataset and post-processing scripts available at the Marine and
Hydrokinetic Data Repository. This experimental validation bolsters the fidelity of the model, adding confidence
to the results. The far-field solver computes the wave propagation over several thousand kilometers due to the
presence of the array. It relies on K; and K, to define the energy reduction due to the array. The far-field wave
height reduction is found through this solver. A visual depiction of how these solvers interact is shown in Fig.
5a. The wind turbine wave-induced fatigue damage is found through Morrison wave force loading and the
Palmgren-Miner rule. All software used to develop this work is available open-source, and the code used to
generate the results can be found at the SEA Lab Github Repository. Further details on the model are provided
in the following subsections.

Hydrodynamic modeling

WECs are modeled as second-order systems. They have hydrostatic parameters that are inherent to the device
geometry and material properties, which are the mass/inertia matrix (M;; [kg and kg-m?]) and hydrostatic
stiffness due to buoyancy (K, [kg/s? and kg-m?/s?]). Additionally, there is a radiation force term to account for
the reactive force from the fluid on the buoy due to the buoy’s acceleration through the fluid. This term is broken
down into the added mass matrix (A;; [kg and kg-m?]) and radiation damping (B;; [kg/s and kg-m?/s]) due
to the device’s oscillations. These are the hydrodynamic coefficients computed by the numerical solver, and are
the matrices which eventually can be used to represent array hydrodynamic interactions. The hydrostatic and
hydrodynamic coefficient matrices are used to compute X; [m], the complex body motion, shown as

Xi _ Fem,'i

= 1
A —w?(Mij + Aij) — jwBtot + Kij @

for an isolated device, where A is the wave amplitude [m], w is the wave frequency [rad/s], and F.. is the wave
exciting force on the body [N and N-m]. The “/” and “j” indices represent degrees of freedom of the body,
ranging from 1 to 6. B represents the total damping in the system, including B;; and damping from the power

take-off (Bpr0) based on Falnes’ optimum control*, expressed as

Kij\?
Bpro = diag \/B% + (W(Mij + A”) — wj> ) (2)

These equations are for an isolated WEC floating body. However, in an array, the devices X; equations are
coupled, as their dynamic response depends on one another. To account for this in the model, each WEC device
is allowed to oscillate in the single degree of freedom in which it extracts power. Then, the subscripts “i” and “j”
in Eq. 1 can be used to denote the WEC device number rather than degree of freedom. For example, A2 is now
the added mass in device 1’s system due to device 2’s oscillations. Accounting for all these couplings between
devices is how the hydrodynamic interaction matrix is built and the coupled X; of each device is determined.
The response amplitude operator (RAO) is equivalent to the magnitude of the ratio between complex device

motion and incident wave amplitude, shown by
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Fig. 5. (a) Graphical representation of hydrodynamic (near-field) BEM model interacting with the far-field
spectral action model. (b) Four-body array configurations for oscillating surge WECs (top) and heaving point
absorbers (bottom) that are meshed in the BEM solver.

X;
RAO; = |—
‘ 1 (3)
and the mechanical power (Precr [W]) is computed as*?
1 L2
Prech = §BPTO|ZWX1‘| (4)

This study utilizes an open-source boundary element method (BEM) solver called Capytaine*’ to compute these
hydrodynamic coeflicient matrices. This method employs frequency domain linear potential flow theory to solve
the wave diffraction and radiation problems, assuming irrotational, incompressible, and inviscid flow. The linear
potential flow problem is formulated using the Laplace equation (V>¢ = 0) for mass conservation where ¢ is
the velocity potential defined as u = V¢. The solution is found through the frequency domain (¢ = Re{®e*"}
). To solve this partial differential equation, we employ the following boundary conditions:

. -
o the linearized free surface continuity equation: g—f —<-®=00nz=0,
« the zero-flux at sea bottom condition: 22 = 0 at z = —h, and

« given a velocity v on the body surface I': V& -n = v-nonT,

and forces on the body are computed through the integration of the resulting pressure field. Details on the
numerical implementation of this solver are available in the Capytaine theory manual*’. Neglecting viscous
friction is a significant shortcoming of these models and is addressed further in the Experimental Validation
section.

The BEM solver is also used to compute the near-field wave elevation [m]. The wave field is the superposition
of the incident wave elevation (7;), the diffracted wave elevation (7jq;s), and the radiated wave elevation
(frad,i), shown as

N = Nin + Gaifr + Z Nrad,i RAO; )

(3
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The radiated wave elevation produced from every relevant degree of freedom must be included in this
superposition. Additionally, the radiated waves must be multiplied by the device’s RAO to accurately represent
their true magnitude. These computations are completed for individual frequencies (regular waves). However,
the true ocean environment hosts multiple frequencies at once (irregular waves), with each wave frequency
corresponding to a spectral density value. We represent this using a wave spectrum, and more details are
provided in the Sheltering Characterization section. Details on the numerical convergence of the device meshes
and the free surface mesh are provided in the Appendix, Section B.

Figure 5bdepicts the two WEC array configurations analyzed in this report, one consisting of four PAs and
the other of four OSWECs. These configurations were determined from a brute force Monte Carlo Method
optimization for fifteen different configurations over twelve sets of oceanic conditions. The configurations
resembled common layouts found in literature as well as promising layouts from a previous optimization study*4,
ranging from 3- to 5-body arrays. In the optimization, the x- and y-distance between devices was variable to
determine the distance which maximized constructive hydrodynamic interactions for each of the fifteen possible
configurations. This distance was numerically determined to be as close together as possible while avoiding
device collision. The hydrodynamic interaction benefits were evaluated by the total expected mechanical power
production of the farm, computed using Eq. 4. This, or electrical power production, is the current standard for
evaluating WEC array performance. Therefore, the standard was followed to evaluate whether optimizing power
production also optimizes wave sheltering.

The number of devices in the array was capped at five to maintain computational efficiency in the BEM model,
as the computational complexity scales cubically with the number of evaluated panels*>. An array consisting of
four devices was eventually chosen due to the promising hydrodynamic interactions observed numerically and
the feasibility of the physical prototype build timeline. The WEC array location relative to the offshore wind farm
was not optimized, and was chosen to be upstream of the wind farm with respect to the dominant incident wave
direction. Since waves are omnidirectional, a WEC-wind farm should be designed concurrently to increase the
sheltering the turbines experience based on the most dominant wave directions. However, this is out of scope for
the present study, as we evaluate an existing offshore wind farm design.

The devices were also tested in isolation to quantify to what extent array interactions affected hydrodynamic
performance. The array interactions were experimentally found to significantly alter each individual WEC’s
response to incident wave conditions. These results are presented for the 1:50 scale WEC prototypes,
corresponding to the scaled wave frequencies, ranging from around 4.5 to 6.5 rad/s (around 1.39 to 1.00 s
periods). This tank-scale experimental data was used to tune the BEM model. The BEM model at full ocean-
scale ultimately produced the data in the presented analysis.

Figures 6band 6ashows the experimentally measured RAOs of the isolated OSWEC and PA devices,
respectively, demonstrating the hydrodynamic response without the presence of array interactions. When the
devices are placed in the 4-body array configuration, their hydrodynamic response to the incident wave changes
compared to the isolated response, shown in Figs. 6cand 6d. The isolated PA device hydrodynamic response
resembles a classic second-order system, with a peak response at w = 5.03 rad/s. However, once several PA
devices are operating concurrently in an array (Fig. 6d), a second peak is identified in the response curves at w
= 4.72 rad/s. Additionally, the bandwidth of the response of each PA in different locations in the array varied
widely. A similar result is observed for the OSWECs, with a significant drop in RAO between w = 4.72 and
5.03 rad/s when placed in an array compared to when the OSWEC operates in isolation.

This result illuminates the significant impact of array interactions on individual device hydrodynamic
response to incident waves. When the devices are modeled in isolation but applied in an array, this crucial
impact on device response is neglected. This leads to a misrepresentation of array performance, both in power
production and sheltering.

Sheltering characterization

To determine each device’s effect on the wave field, the transmission (K) and reflection (K-) coefficients were
defined. The coefficients represent the amount of wave energy that transmits past the device and the energy that
is reflected back upstream by the device, respectively. These coeflicients are defined as

K, = mﬂi"iw"' (6)
[T)in]
and
K, = [upl = litin] )
[in |

where “up” and “down” denote the total wave elevation upstream and downstream of the device, respectively.
A visual representation of these wave elevations with respect to the device is shown in Fig. 7. These coefficients
were found numerically in the BEM solver. The average value of the wave elevation over one wavelength in front
of and in lee of the device were used to determine the coefficients. The numerically computed free surface was
validated with experimental data, with more details in the Experimental Validation section.

These coeflicients were computed under regular wave inputs (i.e., one wave frequency at a time). To account
for the spectral behavior (multiple wave frequencies at once) of the real ocean environment, the expected value
of the coefficients in the wave spectra at the South Fork Wind Farm location was computed for each device. The

2
Pierson-Moskowitz spectrum (S (w) [%i/s]) was represented as*®
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Fig. 6. Device response amplitude operators for (a) an isolated heaving point absorber WEC, (b) an isolated
oscillating surge WEC, (c) a 4-body point absorber WEC array, (d) a 4-body oscillating surge WEC array. The
names in the legends correspond to physical devices from experimentation, shown in Fig. 5b. Shading around
the lines indicates the 95% confidence interval bounds on the data.
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where w,, is the peak wave frequency [rad/s]. This spectrum is shown in the Appendix for reference. For
each frequency, the significant wave height was multiplied by the corresponding transmission (or reflection)
coefficient to represent the reduced (or increased) wave height due to a WEC device. This can be represented as
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Si(w) = S(w) K7 (w) (9)

where S(w) signifies the spectrum adjusted by either the transmission () or reflection (r) coefficients. The
coeflicient is squared because it is a multiplier to significant wave height (H), which is squared in the spectrum
equation. The expected value for the altered significant wave height can be found using the zeroth moment (o
) of the spectrum*”:

H, = 4ymo (10)
where*®
mo= [ S (an
Finally, the expected wave height reduction (or reflection) in irregular waves can be found by
H
K irr — 2 12
i (12)

This form of the coefficients was used in the far-field model. Though these coefficients are computed by the
numerical model, their is propagated measurement uncertainty from the RAO measurement in Eq. 5. This
results in £0.00216 uncertainty in the coefficient computation. This corresponds to less than 1% uncertainty due
to experimental measurements in the K; prediction and between 2 and 10% uncertainty for K. Details on the
uncertainty analysis are provided in the Uncertainty section.

Far-field model

Solving for the hydrodynamic properties of the devices helps describe the energy propagation through the
system, but this method does not account for factors such as varying bathymetry, wind inputs, and other
physical parameters of the ocean environment. Additionally, the BEM solver is only computationally efficient at
resolving the free surface on the order of a few hundred meters*. WEC farms and offshore wind farms may be
as far as several kilometers apart, requiring a different approach for determining the far-field effects on the wave
environment. Therefore, a spectral approach is taken to model the far-field wave height. The spectral approach
relies on statistical properties of the sea surface and linear wave theory. This modeling is done through the open-
source software Simulating WAves Nearshore (SWAN)>C.

In SWAN, the devices are modeled as “obstacles” with a specified position, length, and transmission and
reflection coefficient. The transmission (K ;rr) and reflection (K ;rr) coefficients defined above act as
multipliers to the energy density at the grid lines that intersect with an obstacle line. Specific details on the
numerical implementation of the coefficients can be found in the SWAN documentation®®. A depiction of how
the hydrodynamic and far-field solvers interact is shown in Fig. 5a.

The oceanic conditions selected for this work are based on the South Fork Wind Farm development, located
about 19 miles southeast of Block Island, Rhode Island®!, spanning about 24 km2. Bathymetry, significant wave
height, and peak period data are used for the far-field wave reduction analysis. Bathymetry data was obtained
through the Northeast Ocean data explorer®? and used to define the sea floor location on the computational grid.
Wave conditions were obtained from NOAA Buoy 440973, and the corresponding spectra was defined from
the fluid domain boundaries. This farm hosts 12 monopile turbines rated at 6-12 MW each with a total farm
rated power of 132 MW. The maximum monopile diameters are 10.97 m>, which is the largest diameter before
upgrading to more expensive jacket structures.

Wave-induced fatigue damage
The force the wave exerts on the monopile (Fyave) is quantified using the Morison equation56, shown as

1
Fwave = gd2CAlpwu+ ichpw’Ldul (13)

where p,, is the density of sea water, d is the monopile diameter, and C'p and C) are the dimensionless drag
and inertial coefficients, respectively. The drag coefficient is set to one and the inertial coefficient is set to two*’.
Methods exist to account for second-order Stokes wave kinematics (extended Morison model) and diffraction
effects around the turbine (MacCamy-Fuchs model®®). Bachynski and Ormberg® compared all three models
in their predictions of fatigue damage on 6 and 8 m diameter offshore wind monopiles and towers. They found
little to no difference between hydrodynamic modeling methods on total fatigue damage, except a few areas on
the tower where the MacCamy-Fuchs method predicted less fatigue damage. However, when the ratio between
monopile diameter and wavelength is greater than 0.2 (D /X > 0.2), diffraction effects become more relevant®.
In this study, the dominant wave period at South Fork is 11 s, yielding a 189 m wavelength, with monopile
diameters around 11 m. This is well below the threshold where diffraction effects are important to include.
Therefore, the traditional Morison model is used in this study. It should be noted that the second-order wave
kinematics are relevant when modeling ultimate load states of the turbine components, but this is out of scope
of the present study.
The bending moment (M) is calculated as
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Mb - LFwave (14)

where L is the draft of the monopile. The axial forces are neglected®!, and the sectional stresses are entirely
represented by the bending stress

o=2= (15)

where y is the distance to the centroidal axis and I is the monopile moment of inertia about the y-axis (pitch). The
monopile wall thickness was chosen to be 0.125 m based on typical monopile design ranges®>%3, and assumed
constant along the submerged depth. The stress range (Ao) is used to find the number of cycles till failure (NN
) using Whéler’s equation®*

Ny =alAo ™™, (16)

where log(a) is the intercept of the log (V) axis on the S-N curve and m is the material parameter. For this study,
values from the DNV-RP-C203% where used. A low stress range was assumed along with m = 5, giving an
experimentally determined log @ value of 13.617. Fatigue damage is then calculated using the Palmgren-Miner
rule®®

D= - (17)

where 7 signifies each load case (loads from wind, loads from wave, loads from different sea states, etc.), n; is
the number of cycles of that load case, and Ny ; is the number of cycles to failure at the stress range of that load
case. This study only evaluates the fatigue damage due to wave loading over an offshore wind turbine lifetime
of 25 years.

This model includes several simplifications. First, the aerodynamic and coupled wind-wave loads are
excluded. These parameters are important for determining the total fatigue damage on the offshore wind turbine;
however, the wave-induced loads can account for up to 80% of total fatigue damage depending on turbine size
and oceanic conditions*’. Additionally, the total fatigue damage is sensitive to soil stiffness of the sea floor?’,
and this is excluded from the presented model. Therefore, results from the wave-induced fatigue model should
be interpreted with some caution, as the full picture of wind turbine fatigue is not captured. This study focuses
on the hydrodynamic modeling of the WEC farm and provides a simplified wave-induced fatigue model to
demonstrate the potential benefits of co-location outside of power production with a highly developed WEC
hydrodynamic near- and far-field model.

Levelized cost

For this study, the energy cost estimate does not account for energy produced by or the cost of the WEC farm.
The total energy cost of a hybrid energy system is exceedingly complex and out of scope of the present study, and
only the wind farm costs and energy are considered. The levelized cost of energy (LCOE, [$/MWh]) is a widely
used metric to quantify the cost of energy a system produces, levelized across its lifetime. It is defined as

CAPEXqnn + OPEX

LCOE = AED

(18)

where CAPE X qnn [$/kWh/yr] represents the capital costs of the expenditure, annualized by the fixed charge
rate (FCR). The OPEX [$/kWh/yr] represents the yearly operational and maintenance costs to maintain the
energy production system. AEP [MWh/MW/yr] stands for annual energy production of the entire system. In
this report, the numerator is multiplied by 1000 to report the LCOE in $/ MWh. The National Lab of the Rockies
(NLR) released their 2024 Cost of Wind Energy Review, breaking down costs associated with deploying and
operating onshore, offshore fixed-bottom, and offshore floating wind turbines*!. Their industry- and model-
informed cost breakdown was used to estimate the LCOE of the South Fork wind farm.

The sheltering provided by the WEC farm allows for the potential to reduce the monopile size of the offshore
turbine and/or extend the lifetime of the turbine. As is demonstrated by Eq. 15, the bending stress o is a function
both of the hydrodynamic force induced by the incident wave and the monopile’s physical dimensions. If the
monopile size is kept constant, reducing the force from the incident wave will reduce the wave-induced fatigue
damage and potentially extend its lifetime. If the monopile diameter is reduced, reducing the wave height
will still reduce the wave-induced fatigue damage, but the stresses on the smaller diameter with decrease the
allowable cycles to failure from wave loading. This can potentially decrease the lifetime of the smaller turbine.

To analyze this tradeoff, specific components of the LCOE were altered for two cases. In the first case, the
monopile diameter is kept constant at South ForK’s size (about 11 m), and the lifetime of the turbine is altered
based on the reduction in wave-induced fatigue damage and the amount of the turbine lifetime it consumes.
For the second case, the cost of the turbine tower, substructure (monopile), and installation costs of the two are
reduced linearly with the reduction in monopile size. The lifetime is adjusted accordingly, and the new LCOE is
computed.
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Experimental validation

Experimental validation was conducted using data from a deep water, non-breaking, non-Stokes fluid regime
in the O.H. Hinsdale Directional Wave Basin. Experiments were conducted at the 1:50 scale through Froude
scaling similarity laws. The PA array setup in the basin is provided in Fig. 8. Experimental measurements were
collected using Qualisys motion capture technology, with four cameras positioned above the array, tracking
reflective, massless spheres attached to the buoyant elements of the WECs. This positional data was used to
determine the RAO for each device across the range of experimental sea states. Resistive and ultrasonic wave
gauges were placed throughout the basin to record wave elevation throughout testing, which was compared to
the wave elevation prediction by the BEM solver and also required to resolve the RAO.

To correct the numerical model’s prediction of the hydrodynamic response of the WEC systems, an empirical
damping coeflicient was introduced for each device in the array. This is an additional damping term, included
in Eq. 1 into the total damping term (B¢ot). We compared the RAO predicted by the BEM solver and the RAO
resolved from experimentation, and the difference between the two was accounted for with this additional
damping term. The other hydrodynamic coefficients and wave excitation forces were predicted by the BEM
solver. The empirical damping is a model-form correction to account for known limitations of linear potential
flow theory. Experiments were conducted to quantify the individual hydrodynamic coefficients and the wave
excitation force empirically for comparison to the BEM model. This individual coefficient validation is still
underway and will be presented in a separate, so the model-form empirical damping term is used to calibrate
the BEM model here.

The results of this empirical fit are shown in Fig. 9aand 9b. Most fits were achieved with 1st, 2nd, or 3rd order
polynomials with R? values greater than 0.9800. The Qualisys measurement uncertainty of the RAOs, which was
used to obtain the empirical fits, resulted in less than 1% error propagation to the derived damping term. Future
work includes validation of individual hydrodynamic coefficients before fitting an empirical viscous damping
term.

The free surface directly around the devices (near-field) was compared to the BEM model prediction using
resistive wave gauges. The root-mean-squared (RMS) amplitude from the wave elevation time-series data was
compared to the BEM model free surface elevation computation. The results of this comparison are shown in
Fig. 9cthrough 9ffor the scaled wave frequency of 4.52 rad/s. Only one frequency is shown for brevity, but results
are discussed for frequencies between 4.52 to 6.28 rad/s, and their figures are shown in the Appendix. At full
ocean-scale, this corresponds to wave periods between 7.07 and 9.83 s (0.889 and 0.639 rad/s). At the faster wave
frequency, we observe slightly more error overall. This can potentially be attributed to the BEM assumption
of small device characteristic dimension with respect to incident wavelength. Error is greatly improved at the
slower wave period, similar to the dominant wave period analyzed in this study. However, we do observe over-
estimation of the reflected wave height due to the OSWEC array. In terms of wave sheltering, the downstream
wave height prediction is more relevant, as it dictates energy propagation towards the offshore wind turbines
(or whatever structure is being sheltered). Therefore, we deem the downstream average error of 3.83% for the

Fig. 8. Four-body PA array setup in the O.H. Hinsdale Directional Wave Basin.
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Fig. 9. (a) and (b) show curve fits for empirically derived damping terms for each device in the (a) OSWEC
array and (b) PA WEC array. Solid lines indicate the curve fit while markers indicate the empirically derived
coeflicients. The curve fits have R? value greater than 0.9800, and the empirical data used to obtain the fits
resulted in less than 1% error propagation to the derived damping term. (c) and (e) show the wave amplitude
computed by the BEM solver due to the presence of the WEC array (shown by light blue lines for OSWECs
and circles for PAs). The red circles indicate locations of resistive wave gauges in the physical basin. (d) and (f)
show the percent error at each probe. Values greater than zero indicate an over-prediction in wave amplitude,
while values less than zero indicate an under-prediction.

OSWECs and 5.72% for the PAs in the w = 4.52 rad/s case to be acceptable. No tuning or correction was made
directly for the free surface elevation prediction, and all free surface computations used in the results are forward
predictions based on the calibrated device RAOs.

Uncertainty

The bias/random uncertainty of the experimental measurements was determined using a bootstrap analysis®’.
This analysis produces shorter time series chunks of the original full-length time series. These smaller chunks
of the data are then statistically analyzed individually and ensembled to determine the distribution of different
statistical measurements. For example, the mean of each smaller chunk of the larger time series would be
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computed, and the distribution of all of the means is the output. Therefore, we report the statistically most
probable mean value of the entire time series within 95% confidence interval bounds of the distribution of
smaller time-series means.

For computed values, the measurement uncertainty from each variable included in the computation
propagates to the final output. The method developed by Kline and McClintock® was followed to represent this
uncertainty propagation. In this method, the total result uncertainty is defined as R, where R is some function of
the measured variables. The contribution of each measured variable’s uncertainty ( R, ) to the result uncertainty
(0R) is defined as

R., = s, (19)
(9:1:1-

where x; denotes the measured variables and dx; is the uncertainty in their measurement, obtained through the
bootstrap analysis of the measured time series. The total result uncertainty is then determined by the root-sum-
squared (RSS) of the contributions of each measured variable’s uncertainty, shown as

SR = Z (6R.,)? (20)

i

The uncertainty reported in Fig. 6 was computed using the bootstrap analysis. This is due to device motion and
wave elevation being experimental measurements. The experimentally measured RAO was used to compute the
empirical damping coefficients, and the uncertainty propagation analysis was conducted for this damping term
and the K; and K, coefficients.

Data availability

The open-source code can be found at the SEA Lab GitHub Repository https://github.com/symbiotic-engineeri
ng/transmission-reflection/releases/tag/hybrid_wind_wave The open-source experimental dataset can be acces
sed at the Marine and Hydrokinetic Data Repository https://mhkdr.openei.org/submissions/637.
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