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A computational tool is developed to investigate the trade-off between the energetic response and the structural
integrity in Wave Energy Converters (WECs) for irregular waves. The computational model takes into account
the environmental parameters and the properties of the WECs, and calculates the extracted wave power and the
accumulated fatigue damage in a specific incident sea state. The hydrodynamic and the structural problems are
solved using analytical and structural-finite element models, respectively. The methodology is exemplified for a
specific bottom-fixed Oscillating Water Column with an optimal configuration and different energetic content sea
states. The results reveal the importance of taking into account the trade-off between the extracted wave power and
the accumulated fatigue damage to support decision-making in the predesign stage to provide better solutions for
marine renewable energy applications. In the framework of the structure monitored using Internet-Of-Things, this
computational tool can lead to a digital twin within the context of structural integrity.
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1. Introduction

The wave energy is being investigated as an al-

ternative to fossil fuels (Falcão, 2010; Ozkop

and Altas, 2017). In this sense, a number of au-

thors have focused on investigating the hydrody-

namic performance of Wave Energy Converters

through numerical models (Teixeira and Didier,

2021; Trivedi and Koley, 2021; Gang et al., 2022;

Trivedi and Koley, 2023) and experimental ap-

proaches (Howe et al., 2020; Liu et al., 2022;

Rodrı́guez et al., 2023). Notwithstanding, wave

energy conversion technology is not competitive

yet. In this context, several authors have tried to

find optimal designs from an energetic point of

view focused on numerical or analytical models

(Falcão et al., 2012; Gomes et al., 2012; López

et al., 2014; Jalón et al., 2016; Jalón and Brennan,

2017; Ezhilsabareesh et al., 2021) and experimen-

tal methods (Shih and Liu, 2022); however, not so

many have focused on exploring the relationship

between the optimal designs of WECs and their

long-term reliability.

In this context, the main research objective of

this paper is to investigate the trade-off between

the energetic response and the structural integrity

of WEC systems in irregular waves. For this pur-

pose, a methodology is developed by coupling

analytical and finite-element (FE) models to in-

tegrate the simulation process through a high-
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fidelity computational tool. This computational

tool can lead to a digital twin within the con-

text of structural integrity, including the simula-

tion, learning, and management (Chiachı́o et al.

(2022)).

The proposed methodology is exemplified for a

particular bottom-fixed Oscillating Water Column

(OWC) system with an optimal configuration and

specific environmental conditions. The available

wave power, the power extracted from the incident

sea states, and the accumulated fatigue damage are

analyzed and compared.

2. Methodology

2.1. Simulation process

For this paper, a computational tool is developed

to integrate the simulation process of the energetic

response and the structural integrity of WECs in

irregular waves. The simulation model solves the

hydrodynamic problem with analytical models,

whereas the structural problem is solved using

a structural FE model. A schematic view of the

simulation process is depicted in Fig. 1.

Fig. 1.: Flowchart of the simulation process.

The input parameters of the computational tool

are the environmental and the WEC design pa-

rameters. The environmental parameters are the

water depth h, and the incident sea state defined

by its significant wave height Hs, and peak period

Tp. The WEC consists on a bottom-fixed OWC

(Fig. 2) with radius a, draft d, emergence e, and

thickness ζ. This system is equipped with a Wells

turbine with rotational speed Ns, and outer rotor

diameter Dt.

Fig. 2.: Scheme of the bottom-fixed OWC.

The output parameters of the computational

tool are the energetic efficiency and the structural

integrity. In this sense, the power extracted from

the irregular waves and the accumulated fatigue

damage are adopted as representative values of

the energetic efficiency and the structural integrity,

respectively. Their calculation is presented in the

next sections.

2.2. Energetic efficiency

The time-averaged power extracted from the irreg-

ular waves Pavai is adopted to quantify the ener-

getic efficiency of the system. It is given by (Jalón

et al., 2016):

Pavai =
KDtg

2ρ2ω
Nsρa

∫ ∞

0

Sη(f)F (f)df (1)

where K is an empirical factor that depends on

the turbine; Dt is the outer diameter of the tur-

bine rotor; g is the gravity acceleration; Ns is the

rotational speed; ρa is the static air density; ρw
is the water density; Sη(f) is the energy density

spectrum; and F is defined by:
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F (f) =
|Γ̃(f)|2

(χ(f) + B̃(f))2 + (β(f) + C̃(f))2

(2)

where Γ̃(f), B̃(f), C̃(f) are the dimensionless

hydrodynamic coefficients; and χ(f) and β(f)

represent the turbine and the air compressibility

in the chamber, respectively.

The dimensionless hydrodynamic coefficients

are calculated from the hydrodynamic model,

which is analytically solved following the

methodology of Martins-Rivas and Mei (Martins-

Rivas and Mei, 2009). Their methodology as-

sumes non-rotational flow, incompressible and in-

viscid fluid, and the problem is formulated in

terms of the diffraction and radiation velocity po-

tentials. In this sense, the velocity potential ex-

pressions for a partially immersed circular cylin-

der (Garrett, 1970; Evans and Porter, 1997) are

considered in this paper.

In addition, the available wave power Pw is

calculated to quantify the energetic content of the

incident sea state as:

Pω = ρωg

∫ ∞

0

Sη(f)Cg(f)df (3)

where Cg(f) is the group velocity of the sea state

at a specific frequency f .

2.3. Structural integrity

The structural response of the interaction between

the incident sea state and the bottom-fixed OWC

is modeled with a structural finite-element (FE)

model using ABAQUS (Hibbitt et al., 2001). The

OWC is represented by a shell-type cylindrical

structure considering the steel as structural ma-

terial, and four fixed points at the bottom of the

system to represent the support structure.

The input loads are the gravity, the sub-

pressure, and the temporal pressure field calcu-

lated from the hydrodynamic model (see Jalón

and Brennan (2020)). Specifically, the unsteady

Bernoulli equation is applied to obtain the tempo-

ral pressure field below the mean water level (z ≤
0), whereas Taylor series are applied to obtain the

temporal pressure field above the mean water level

(0 < z < η). Further details are found in (Dean

and Dalrymple, 1991).

Then, the FE model is run for the specific sim-

ulated time, and the maximum principal stresses

σ along the time are measured at a reference

point. From the obtained stress values, the num-

ber of cycles ni and the stress ranges Δσ are

calculated by applying the rainflow counting al-

gorithm. These values allow us to calculate the

accumulated fatigue damage D using the expres-

sion (Schijve, 2001):

D =
1

ā

s∑
i=1

niΔσm
i (4)

where m and ā are the parameters from the S-N

curve of the material.

3. Results

3.1. Case studies

The proposed methodology is applied for a par-

ticular environmental conditions defined by the

water depth h = 10 m, and the sea states S1 :

Hs = 1.17 m, Tp = 4.22 s; S2 : Hs = 1.64 m,

Tp = 5.43 s; and S3 : Hs = 2.10 m, Tp = 7.86 s.

The selected bottom-fixed OWC is character-

ized by a radius a = 3.5 m, draft d = 8 m,

emergence e = 5 m, thickness ζ = 0.02 m, turbine

diameter Dt = 1 m, rotational speed of the turbine

Ns = 294.14 rpm, and empirical factor of the

turbine K = 0.45.

The environmental and the OWC parameters

represent the sea states and the annual power-

optimal configuration at a particular location of

the Gulf of Cádiz in Spain (see Jalón et al. (2016)).

3.2. Energetic efficiency

Figures 3a and 3b represent the available wave

power (Eq. 3) and the time-averaged power ex-

tracted from the irregular waves (Eq. 1) for the

different sea states, respectively.

The area beneath the curves correspond with

the total values, and it has been calculated and

showed in Table 1 for each of the sea states. As

expected, the more energetic sea state (with Pw =

17.54 kW/m) corresponds to the greatest Hs and

Tp. To the contrary, the less energetic sea state
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Fig. 3.: (a) Available wave power. (b) Power ex-

tracted from the irregular waves.

(with Pw = 2.45 kW/m) corresponds to the lowest

Hs and Tp.

For the interpretation of the low extracted

power of S1 (Pavai = 0.6 kW), the energy density

spectra Sη for the different sea states, and the

function F are represented in Fig. 4. The function

F depends only on the configuration of the sys-

tem, and affects the spectrum of the incident sea

Table 1.: Value of the available wave power, and

the power extracted from the irregular waves.

Sea State Pw

(kW/m)
Pavai

(kW)

S1:Hs=1.17 m, Tp=4.22 s 2.45 0.6
S2:Hs=1.64 m, Tp=5.43 s 7.19 10.89
S3:Hs=2.1 m, Tp=7.86 s 17.54 40.10

state in Eq. (1). This function F shows a resonant

behavior of the chamber at frequency f = 0.15

Hz as it is observed in Fig. 4b, far away to the

peak frequency of the energy density spectrum of

S1 (f = 0.23 Hz) (Fig. 4a). In this sense, we can

conclude that the low value of Pavai in S1 is due

to the difference of peak frequencies between Sη

and F , apart from the low value of the available

wave power.
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Fig. 4.: (a) Energy density spectra. (b) Function F .

3.3. Structural longevity

The structural FE model is run for the different sea

states, and time series of the resulting stresses σ(t)

are measured at the representative point given by

to r = a, z = 0, θ = π, and showed in Fig. 5.

Then, the number of cycles ni and the stress

ranges Δσ are calculated from σ(t) and showed

through the rainflow matrix in Fig. 6. It is ob-

served very similar values of the stresses for the
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Fig. 5.: Maximum principal stresses: (a) S1, (b)

S2, (c) S3.

different sea states (Figs. 5a, 5b, 5c), although

the medium energetic sea state (S2) presents the

highest number of cycles (Fig. 6b).

Finally, the accumulated fatigue damage D

(Eq. 4) is calculated based on the number of cycles

ni and the stress ranges Δσ (Figs. 6a, 6b, 6c). To
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Fig. 6.: Rainflow matrix: (a) S1, (b) S2, (c) S3.

this end, the S–N Curve D for steel in seawater

with cathodic protection (see Veritas (2010)), with

fatigue properties log(ā) = 11.764,m = 3 if

N ≤ 106 cycles, and log(ā) = 15.606,m =

5 otherwise, is adopted as a conservative design

assumption. Figure 7 represents the S-N Curve D

adopted.
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Fig. 7.: S-N Curve D

The results (Table 2) show that the highest accu-

mulated fatigue damage is reached for the medium

energetic content sea state (S2).

Table 2.: Value of accumulated fatigue damage.

Sea State D

S1:Hs=1.17 m, Tp=4.22 s 1.3028 10−6

S2:Hs=1.64 m, Tp=5.43 s 1.3529 10−6

S3:Hs=2.1 m, Tp=7.86 s 4.8429 10−7

3.4. Comparative analysis

Finally, the dimensionless values P̃w (Eq 5b),

P̃avai (Eq 5b), and D̃ (Eq 5c), are calculated to

compare the obtained results.

P̃w,i =
Pw,i

max(Pw)
i = 1, 2, 3 (5a)

P̃avai,i =
Pavai,i

max(Pavai)
i = 1, 2, 3 (5b)

D̃i =
Di

max(D)
i = 1, 2, 3 (5c)

Figure 8 represents the dimensionless values of

the available wave power and the power extracted

from the irregular waves against the dimensionless

values of the accumulated fatigue damage. As can

be observed, less energetic sea states (S1, S2),

which present lower values of the power extracted

from the waves, are more prone to damage than

higher energetic sea state (S3) with higher values

of the power extracted from the waves.
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Fig. 8.: (a) Available wave power and (b) power

extracted from the waves, against fatigue damage.

Normalised values.

4. Conclusions

This paper proposes a methodology to analyze

the trade-off between the extracted wave power

and the accumulated fatigue damage of WECs in

irregular waves. The methodology is developed

using a computational tool, which can lead to a

digital twin within the context of structural in-

tegrity. As an example, the computational tool is

applied for a specific bottom-fixed OWC with an

annual power-optimal configuration, and different

energetic content sea states.
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The overall results have revealed that less ener-

getic sea states, with less power extracted from the

irregular waves, could reach higher fatigue dam-

age than higher energetic sea states with higher

power extracted from the irregular waves. In this

sense, further work is needed to find better so-

lutions for marine renewable energy applications

by mutually considering the extracted wave power

and the accumulated fatigue damage in irregular

waves.

Acknowledgement

This work has been partially funded by BUILD-

CHAIN project. BUILDCHAIN has received

funding from the European Union’s Horizon Eu-

rope research and innovation programme under

grant agreement no 101092052.

References

Chiachı́o, M., M. Megı́a, J. Chiachı́o, J. Fernan-

dez, and M. L. Jalón (2022). Structural digital

twin framework: formulation and technology

integration. Automation in Construction 140,

104333.

Dean, R. G. and R. A. Dalrymple (1991). Water

wave mechanics for engineers and scientists,

Volume 2. world scientific publishing Co Inc.

Evans, D. V. and R. Porter (1997). Efficient cal-

culation of hydrodynamic properties of OWC-

type devices. Journal of Offshore Mechanics

and Arctic Engineering 119(4), 210–218.

Ezhilsabareesh, K., R. Suchithra, K. Than-

dayutham, and A. Samad (2021). Surrogate

based optimization of a bi-directional impulse

turbine for OWC-WEC: Effect of guide vane

lean and stagger angle for pseudo-sinusoidal

wave conditions. Ocean Engineering 226,

108843.

Falcão, A. F., J. C. Henriques, and J. J. Cândido

(2012). Dynamics and optimization of the

OWC spar buoy wave energy converter. Renew-

able energy 48, 369–381.

Falcão, A. F. O. (2010). Wave energy utilization:

A review of the technologies. Renewable and

Sustainable Energy Reviews 14(3), 899–918.

Gang, A., B. Guo, Z. Hu, and R. Hu (2022).

Performance analysis of a coast–OWC wave

energy converter integrated system. Applied

Energy 311, 118605.

Garrett, C. (1970). Bottomless harbours. Journal

of Fluid Mechanics 43(3), 433–449.

Gomes, R. P. F., J. C. C. Henriques, L. M. C. Gato,

and A. F. O. Falcão (2012). Hydrodynamic op-

timization of an axisymmetric floating oscillat-

ing water column for wave energy conversion.

Renewable Energy 44, 328–39.

Hibbitt, Karlsson, and Sorensen (2001).

ABAQUS/standard User’s Manual, Volume 1.

Hibbitt, Karlsson & Sorensen.

Howe, D., J.-R. Nader, and G. Macfarlane (2020).

Performance analysis of a floating breakwa-

ter integrated with multiple oscillating water

column wave energy converters in regular and

irregular seas. Applied Ocean Research 99,

102147.

Jalón, M. L., A. Baquerizo, and M. Losada (2016).

Optimization at different time scales for the

design and management of an oscillating water

column system. Energy 95, 110–123.

Jalón, M. L. and F. Brennan (2017). Non-

stationary stochastic optimization of an os-

cillating water column. World Academy of

Science, Engineering and Technology, Inter-

national Journal of Electrical, Computer, En-

ergetic, Electronic and Communication Engi-

neering 11(7), 772–775.

Jalón, M. L. and F. Brennan (2020). Hydrody-

namic efficiency versus structural longevity of

a fixed OWC wave energy converter. Ocean

Engineering 206, 107260.

Liu, Z., C. Xu, K. Kim, and M. Li (2022). Ex-

perimental study on the overall performance of

a model OWC system under the free-spinning

mode in irregular waves. Energy 250, 123779.

López, I., B. Pereiras, F. Castro, and G. Iglesias

(2014). Optimisation of turbine-induced damp-

ing for an owc wave energy converter using

a RANS–VOF numerical model. Applied En-

ergy 127, 105–114.

Martins-Rivas, H. and C. C. Mei (2009). Wave

power extraction from an oscillating water col-

umn at the tip of a breakwater. Journal of fluid

Mechanics 626, 395–414.

Ozkop, E. and I. H. Altas (2017). Control, power



1289Proceedings of the 33rd European Safety and Reliability Conference (ESREL 2023)

and electrical components in wave energy con-

version systems: A review of the technologies.

Renewable and Sustainable Energy Reviews 67,

106–115.

Rodrı́guez, A. A. M., G. P. Vanegas, B. E. V.

Serratos, I. O. Martinez, E. Mendoza, J. M. B.

Ilzarbe, V. Sundar, and R. Silva (2023). The

hydrodynamic performance of a shore-based

oscillating water column device under random

wave conditions. Ocean Engineering 269,

113573.

Schijve, J. (2001). Fatigue of structures and ma-

terials. Springer Science & Business Media.

Shih, R.-S. and Y.-C. Liu (2022). Experimental

study on the optimization of an oscillating wa-

ter column structure considering real gas com-

pressibility. Ocean Engineering 254, 111356.

Teixeira, P. R. and E. Didier (2021). Numerical

analysis of the response of an onshore oscil-

lating water column wave energy converter to

random waves. Energy 220, 119719.

Trivedi, K. and S. Koley (2021). Mathematical

modeling of breakwater-integrated oscillating

water column wave energy converter devices

under irregular incident waves. Renewable En-

ergy 178, 403–419.

Trivedi, K. and S. Koley (2023). Performance

of a hybrid wave energy converter device con-

sisting of a piezoelectric plate and oscillating

water column device placed over an undulated

seabed. Applied Energy 333, 120627.

Veritas, D. N. (2010). Fatigue design of offshore

steel structures. DNV Recommended Practice

DNV-RP-C203, 2010.


