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A B S T R A C T

Turbine-chamber coupling is a decisive factor in the performance of oscillating water column (OWC) wave 
energy converters. In this study, a wave-to-wire model is developed to evaluate the influence of turbine-induced 
damping on the different energy conversion stages—pneumatic, mechanical, and electrical—of an OWC 
equipped with a biradial turbine. The methodology combines: (i) high-resolution spectral modelling to charac
terize the nearshore wave energy resources at a study site in Galicia (NW Spain); (ii) physical (laboratory) and 
computational fluid dynamics (CFD) modelling of the OWC hydrodynamics accounting for air compressibility; 
and (iii) analytical modelling of the turbine–generator set, including a control law for rotational speed regula
tion. Results show that turbine-induced damping critically affects the performance of OWC devices across all 
energy conversion stages, with the optimal damping condition varying according to the stage considered. Me
chanical efficiency emerges as a key factor, which can shift the optimal damping towards higher values than 
those indicated by the pneumatic efficiency alone. These findings underscore the importance of turbine efficiency 
in OWC design and highlight the need to integrate mechanical and electrical conversion stages into turbine- 
chamber coupling strategies to achieve optimal performance.

1. Introduction

In the context of growing energy demand and the need to reduce 
greenhouse gas emissions, the development of renewable energy sources 
has become increasingly critical [1]. Among renewables, wave energy 
stands out due to its huge potential, with a theoretical global annual 
production estimated at 29500 TWh [2]. In addition, wave energy offers 
advantages such as high predictability [3], relative low environmental 
impact [4,5] and high energy density, not least at certain coastal loca
tions [6]. As a result, significant efforts have been devoted over the last 
decades to the development of wave energy converters (WECs) capable 
of harvesting this resource efficiently and reliably [7,8].

Among the wide range of WEC concepts proposed, oscillating water 
column (OWC) devices have attracted considerable attention due to 
their simplicity, ease of maintenance and versatility [9]. Building on this 
versatility, a variety of OWC configurations have been investigated, 
including breakwater-integrated devices [10], devices attached to 
energy-focusing breakwaters [11,12], floating offshore systems [13], 
multi-OWC platforms [14], OWCs integrated into tubular structures [15,
16], and hybrid solutions, either combined with other WECs [17] or 

integrated into offshore wind turbine foundations [18,19]. An OWC 
consists of a hollow, semi-submerged chamber that is open to the sea 
below the free water surface and connected with the atmosphere above 
the free surface through an air turbine. Incident waves cause the water 
column inside the chamber to oscillate, so that it compresses and de
compresses the air above. This process generates an oscillatory air flow 
between the interior of the chamber and the atmosphere that drives the 
turbine-generator set. Several solutions have been proposed to harness 
the bidirectional flow, including twin unidirectional turbines [20,21] 
and vented OWC devices, which use passive air flow valves in the 
chamber to rectify the flow [22,23]. However, the most widely adopted 
solution is self-rectifying air turbines [24].

Initially, the Wells reaction turbine [25] was the most common 
self-rectifying turbine used in OWC converters, which exhibits a high 
peak efficiency; however, its efficient flow range is narrow, with per
formance dropping sharply outside this range due to rotor blade stalling. 
For this reason, attention has shifted in recent years to self-rectifying 
impulse turbines, which provide a broader operational range [26]. 
Among them, the recently developed biradial turbine [27,28] is 
particularly promising. Its design, symmetric with respect to a plane 
perpendicular to its axis of rotation, combines centripetal inflow and 
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centrifugal outflow, and offers the high efficiency characteristic of the 
Wells turbine and the wide operating range of impulse turbines.

Turbine and chamber play central roles in determining the overall 
performance of an OWC device. However, the performance of the system 
depends not only on the characteristics of these elements individually, 
but also on the coupling between them or, more specifically, the turbine- 
induced damping [29,30]. Previous studies investigated the effects of 
turbine-induced damping on OWC efficiency using Particle Image 
Velocimetry [31] or Artificial Neural Networks [32]. Methodologies 
have been developed to optimize turbine-induced damping for specific 
wave conditions [33] and for site-specific wave climates [34]. More 
recently, a procedure has been proposed to link the turbine diameter to 
the turbine-induced damping that maximizes pneumatic power capture 
[35]. Typically, the capture-width ratio—defined as the ratio of the 
pneumatic power captured by the chamber to the incident wave pow
er—has been the primary metric for assessing the performance of the 
device [e.g., [36,37]]. However, an OWC involves two additional energy 
conversion stages: from pneumatic to mechanical power, and from 
mechanical to electrical power. A performance metric that considers 
only the conversion from wave power to pneumatical power does not 
suffice. It is essential to assess the influence of the turbine-induced 
damping on the final electrical output of the device and to determine 
whether the damping that maximizes the capture-width ratio also 
maximizes electrical power.

To predict the overall performance of an OWC device, as well as the 
efficiencies achieved at each energy conversion stage, wave-to-wire 
(W2W) models that explicitly represent the hydrodynamic, aero
dynamic, and electrical subsystems are essential [38]. Traditionally, 
analytical W2W models have been the most widely adopted approach. 
For instance, Ciappi et al. [39,40] applied an analytical W2W model, 
based on the rigid-piston approximation, to optimize an OWC converter 
operating under moderate wave conditions in the Mediterranean Sea, 
comparing the performance of Wells and impulse turbines. Rosati and 
Ringwood [41] further examined W2W efficiency maximization by 
modulating the rotational speed of a Wells turbine, demonstrating that 
an appropriate speed control can enhance overall energy conversion 
through improvements in the hydrodynamic performance. Computa
tional fluid dynamic (CFD) approaches have also been employed for 
W2W modelling. Liu et al. [42,43] presented an integrated 

chamber-turbine model based on the Reynolds-averaged Navier-Stokes 
(RANS) equations, capable of simulating the complete operating process 
of an OWC system under different wave conditions and predicting 
primary-stage, secondary-stage, and overall efficiencies. More recently, 
Ding et al. [44] presented a W2W time-domain model encompassing the 
full energy conversion chain—from chamber dynamics to turbine 
behaviour and a permanent magnet synchronous generator (PMSG)—to 
evaluate the output power and stage-by-stage conversion efficiency. 
This model was subsequently extended [45] by incorporating an 
adjustable resistive load, enabling the analysis of its influence on system 
behaviour and demonstrating its potential to enhance the OWC overall 
performance.

Within this framework, the objective of the present study is to 
develop a W2W model capable of assessing the influence of the turbine- 
induced damping across the various energy conversion stages of an OWC 
wave energy converter equipped with an impulse turbine, specifically, a 
biradial turbine. In contrast to previous studies that focus primarily on 
pneumatic performance, the approach presented here enables a 
comprehensive analysis of the entire energy conversion chain, from the 
wave resources to the electrical output. To this end, a hybrid modelling 
approach is employed, integrating: (i) high-resolution spectral numeri
cal modelling to characterize the wave energy resource at the study site, 
(ii) physical and CDF modelling to evaluate the hydrodynamics of the 
device, and (iii) analytical modelling to represent the turbine-generator 
set dynamics. The approach is illustrated through a case study at a 
coastal location in Galicia (NW Spain).

The structure of the paper is as follows. Materials and methods are 
described in Section 2, including the characterization of the wave energy 
resource at the study site, the wave-WEC interaction modelling, the 
turbine-generator set modelling and the performance evaluation pro
cedure. Results are presented and discussed in Section 3. Finally, con
clusions are drawn in Section 4.

2. Materials and methods

2.1. Wave energy resources

In assessing wave energy resources, it is important to bear in mind 
the variability of sea states and their frequency of occurrence. For these 

Nomenclature

Roman symbols
a generator control law constant
Ac plan area of the OWC chamber (m2)
b generator control law exponent
Bc dimensionless damping coefficient of the chamber (− )
Bt dimensionless damping coefficient of the turbine (− )
Cg group velocity of waves (m/s)
d orifice diameter in OWC chamber model (m)
D turbine rotor diameter (m)
g acceleration of gravity (m/s2)
H wave height (m)
Hm0 spectral significant wave height (m)
I turbine-generator set moment of inertia (kg m2)
K damping constant (kg/m7)
ṁt turbine mass flow rate (kg/s)
Pe electrical power (W)
Pg generator electromagnetic power (W)
Pp pneumatic power (W)
Pt turbine aerodynamic power (W)
Pw wave power per metre of wave front (W/m)
Q air flow rate (m3/s)

S wave energy spectral density (m2/Hz)
t time (s)
T wave period (s)
Tg generator control torque (N m)
Te wave energy period (s)
wc width of the OWC chamber (in direction parallel to wave 

fronts) (m)
z elevation of the water column free surface (m)

Greek
Δp pressure drop (Pa)
ηe electrical efficiency (− )
ηm mechanical efficiency (− )
ηp pneumatic efficiency (− )
ηt turbine efficiency (− )
ξa aerodynamic capture-width ratio (− )
ξe electrical capture-width ratio (− )
ξh hydrodynamic capture-width ratio (− )
Π turbine dimensionless power (− )
ρ fluid density (kg/m3)
Φ turbine dimensionless flow rate (− )
Ψ turbine dimensionless pressure head (− )
Ω turbine/generator set rotational speed (rad/s)
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reasons, considering the performance of an OWC device under one or a 
few individual sea states may result in an incomplete picture. A more 
complete picture may be formed by considering the total energy output 
in a typical year at the site of interest. For that purpose, the wave climate 
must be characterized in terms of the distribution of sea states—their 
wave heights and periods, and their frequencies of occurrence in a 
typical year.

With this in view, a coastal site in Galicia (NW Spain) is selected as a 
case study, with coordinates X = 510281.79 m, Y = 4677697.00 m 
(WGS84-UTM29N). This site was identified in previous research as 
suitable for wave energy exploitation [46]. The corresponding wave 
energy characterization matrix is presented in Fig. 1. It was obtained 
using the WEDGE methodology [3,47], which accounts for virtually the 
entire deepwater wave energy resources and their propagation towards 
the coast using high-resolution spectral numerical modelling. The energy 
bins—bivariate intervals of significant wave height and energy period 
[48]—that contribute the most to the total annual wave energy corre
spond to sea states with energy periods (Te) between 8 and 11 s and 
spectral significant wave heights (Hm0) between 1 and 3 m.

2.2. Wave-WEC interaction modelling

The hydrodynamics of the OWC device was characterized by means 
of a combination of physical (laboratory) and numerical modelling. 
First, laboratory tests were carried out to establish the interaction be
tween incident waves and the OWC chamber. Their main output was the 
time-varying pressure drop between the interior of the chamber and the 
atmosphere. Second, numerical modelling was applied to establish the 
relationship between pressure drop and flow rate, enabling the calcu
lation of the flow rate from the experimentally obtained pressure data. 
This step is essential because, when considering air compressibility, the 
air flow rate cannot be directly calculated from the motions of the free 
surface inside the chamber, and direct measurements are not feasible 
[49].

The physical model reproduces an L-shaped device (Fig. 2) at a 1:30 
scale. The defining characteristic of an L-shaped OWC is the geometry of 
the chamber, which presents an elongated submerged section oriented 
in the direction of wave incidence [50]. This design is conducive to 
near-resonant conditions for relatively long wave periods, even in 
shallow waters. The dimensions of the model are based on previous 
work [51], in which an optimization procedure was performed to tune 
the natural period of oscillation of the chamber to wave periods around 
10 s.

The OWC model was designed according to the Froude similitude, 
ensuring equality of the inertia-to-gravity force ratio between model and 
prototype, and perfect geometric similarity in the wet part of the model, 
as required for free-surface flows [52]. This assumption, however, im
plies distorting the ratios between other force pairs. For example, the 
ratios of inertia to viscous forces (Reynolds number) and inertia to 
surface tension forces (Weber number) differ between model and pro
totype, which may influence, among other effects, the thermodynamic 
behaviour of the system, although the relevance of this effect is yet to be 
analysed in depth [53]. Similarly, Froude scaling does not preserve the 
ratio between inertia and air compression forces. Nevertheless, air 
compressibility is known to significantly influence the performance of 
full-sized OWC devices and constitutes an important scale effect if not 
properly represented [49,54]. In this work, to account for air 
compressibility, the air volume of the chamber was increased by means 
of an auxiliary air reservoir of appropriate dimensions, following the 
procedure described in Ref. [55].

Regarding the turbine, it is generally not feasible to represent it by 
means of a small-scale turbine that simultaneously preserves all the 
factors affecting its performance—such as rotor inertia and friction 
effects—primarily due to the small scale ratios involved. As a result, 
turbines are common replaced by passive elements, such as orifices or 
porous materials, that provide a simplified representation of the turbine- 
induced damping [9]. In the present study, orifices were used to 
approximate the quadratic relationship between pressure and flow rate 
associated with self-rectifying impulse turbines. Despite its simplifica
tions, such as the inability to capture turbine-specific transient behav
iour associated with rotor dynamics, the use of orifices is a widely used 
approach in small-scale OWC tests (e.g., Refs. [34,50]) and allows the 
hydrodynamic response of the system to be investigated over a range of 
damping conditions. A comprehensive discussion of scale effects and 
associated limitations in OWC physical modelling is provided in 
Ref. [53].

The experimental campaign was conducted in the wave flume at the 
University of Santiago de Compostela (USC) to evaluate the hydrody
namic performance of the OWC device under an extensive range of 
irregular wave conditions. These conditions were selected to represent 
nearly all the potential sea states that could contribute to energy pro
duction at virtually any location of interest. Specifically, tests were 
performed to cover energy bins with energy periods ranging from 4 to 
15 s at 1-s intervals, and spectral significant wave heights up to 5 m, at 1- 
m intervals. This resulted in a total of 42 wave conditions tested, each 
corresponding to a specific energy bin (Fig. 3). With this approach, the 
experimental campaign encompasses virtually the entire exploitable 
wave energy resource at the selected site (Section 2.1). Each wave 
condition was tested under eight levels of turbine-induced damping, 

Fig. 1. Wave energy resource characterization matrix at the study site. The 
colour scale indicates the contribution to the total annual wave energy per 
metre of wave front (Ew) of the sea states in each energy bin. The numerical 
value in each energy bin is its occurrence expressed in hours in an average year. 
The overlaid curves represent wave power isolines.

Fig. 2. Conceptual scheme of an L-shaped OWC integrated into a cais
son breakwater.
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simulated by means of orifices with different diameters: d = 9, 12, 14, 
17, 20, 22, 25 and 29 mm. A detailed description of the tests and the 
experimental set-up is provided in Ref. [35].

To determine the flow rate through each orifice—which is required 
in conjunction with pressure measurements to calculate the pneumatic 
power captured by the OWC—a numerical model, reproducing the 
physical wave flume at USC, was developed. The model is based on the 
Navier-Stokes equations for two compressible fluids. It was imple
mented using the compressibleInterFoam multiphase solver from the 
OpenFOAM software [56], which enables air compressibility to be 
properly simulated. The volume-of-fluid method was used for interface 
capturing. For wave generation, the waves2Foam toolbox [57], based on 
the relaxation zone technique, was employed. Regarding turbulence, the 
k-ω-SST model was selected [58]. A comprehensive description of the 
numerical model, including the governing equations, computational 
domain, and boundary conditions is provided in Ref. [35].

To validate the numerical model, the differential air pressure be
tween the atmosphere and the interior of the chamber, as well as the 
water column oscillations at two locations—one near the front wall and 
other near the rear wall—were measured in experimental tests. Pressure 
measurements were obtained using a Druck-Unik5000 differential 
pressure sensor (measurement range ±3400 Pa and accuracy ±0.04% of 
full scale), while water column oscillations were recorded using two 
Honeywell 943-F4V ultrasonic level sensors (accuracy ±1 mm). The 
measured time series were compared with the corresponding results 
from the numerical simulations for orifice diameters of d = 17, 20, 22 
and 25 mm. Since the pressure-flow rate curve of a given orifice diam
eter does not vary significantly with the wave conditions [49], the model 
was evaluated under four regular wave cases: (H, T) = (0.033 m, 1.46 s); 
(0.050 m, 1.64 s); (0.067 m, 1.83 s); and (0.083 m, 2.01 s), all expressed 
in model-scale dimensions.

Once validated, the numerical model was used to calculate the 
constant relating pressure drop and flow rate for each orifice: 

K=
Δp
Q2 , (1) 

where Q is the flow rate through the orifice. The value of K for each 
orifice was obtained by adjusting a parabola to the data points of the 
different tests, following the procedure detailed in Ref. [29]. Applying 
dimensional analysis, K can be non-dimensionalized as follows: 

Bc =
Δp1/2

Q
Ac

ρ1/2
w

= K1/2 Ac

ρ1/2
w

, (2) 

where Ac is the plan area of the chamber and ρw is the water density. 
Incidentally, the use of water density to non-dimensionalize the damp
ing coefficient is essential given that experimental tests are performed 
with fresh water and OWCs in the sea operate with denser water. The 
parameter thus obtained, Bc, is denominated dimensionless damping co
efficient of the chamber and will be useful below in dimensioning the 
turbine.

The flow rate time series were obtained from the measured pressure 
drop time series and the corresponding K values of each orifice by means 
of the following relationship: 

Q= sgn (Δp)
(
|Δp|
K

)1/2

. (3) 

2.3. Turbine-generator set modelling

2.3.1. Turbine dimensioning
Each orifice tested in the experimental campaign introduces a certain 

amount of damping in the oscillations of the water column, which is 
equivalent to the damping produced by a certain non-linear air turbine 
[59]. To determine the diameter of the turbine of equivalent damping, a 
procedure based on dimensional analysis was developed in Ref. [35]. 
For the reader's convenience, the procedure is outlined below.

The performance characteristics of an air turbine can be expressed in 
dimensionless form through the pressure head (Ψ), flow rate (Φ) and 
power (Π) coefficients: 

Ψ=
Δp

ρin Ω2 D2
, (4) 

Φ=
ṁt

ρin Ω D3 , (5) 

Π=
Pt

ρin Ω3 D5
, (6) 

where Δp is the turbine pressure head; ρin is the air density at the turbine 
inlet; Ω is the rotational speed of the turbine; D is the rotor diameter; ṁt 
is the mass flow rate of air through the turbine; and Pt is the instanta
neous aerodynamic power of the turbine. Its efficiency is defined as: 

ηt =
Π

ΦΨ
. (7) 

The performance curves for the biradial turbine are presented in 

Fig. 3. Matrix of the experimentally tested wave conditions (in prototype di
mensions). The point in each bin indicates the representative wave condition of 
that bin.

Fig. 4. Flow rate (Φ) and power (Π) coefficients and efficiency (ηt) as a function 
of the pressure head coefficient (Ψ) for a biradial turbine. Ψbep = 0.357, Πbep =

0.027. Adapted from Ref. [60].
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Fig. 4. Based on the previous coefficients, the dimensionless damping 
coefficient of the turbine can be defined as [35]: 

Bt =
Q

Δp1/2
ρ1/2

a
D2 . (8) 

Oscillations in air pressure are assumed to be small relative to at
mospheric pressure; therefore, variations in air density are neglected 
(ρin = ρa).

Finally, combining Eqs. (2) and (8), the diameter of the biradial 
turbine with equivalent damping to a certain orifice diameter can be 
determined using [35]: 

D=

(
Ac ρ1/2

a

Bt Bc ρ1/2
w

)1/2

. (9) 

Based on previous works, the value of Bt is set to 0.186, which cor
responds to the dimensionless pressure head under which the best effi
ciency is achieved [35]. Therefore, once the optimal damping of the 
chamber is identified (Bc,bep), the turbine dimensioned following Eq. (9)
will provide this level of damping while overall operating at maximum 
efficiency.

2.3.2. Performance of turbine-generator set
The dynamics of the turbine-generator set were modelled following: 

d
dt

(
1
2

I Ω2
)

=Pt − Pg, (10) 

where I is the moment of inertia of the rotating parts; t is time; and Pg is 
the electromagnetic power of the generator imposed to control the 
rotational speed of the turbine. The moment of inertia of the turbine 
rotor can be scaled with its diameter according to Ref. [61]: 

I= Iref

(
D

Dref

)5

, (11) 

where Iref and Dref are the moment of inertia and diameter, respectively, 
with values corresponding to the biradial turbine installed at the 
Mutriku power plant within the OPERA H2020 project: Dref = 0.50 m; 
Iref = 5.01 kg m2 [61].

2.3.3. Control system
The control law used in this work is based on the regulation of the 

rotational speed of the turbine [62], one of the simplest and most 
effective control strategies proposed for OWC devices, as reported in 
Ref. [61]. There are two operation modes: (i) regular and (ii) safe. 
During regular operation, the following control law is imposed at the 
generator: 

Pg = a Ωb, (12) 

where a and b are the control parameters. A detailed sensitivity analysis 
of the effects of varying a and b on the pneumatic power, turbine power, 
electrical power and turbine efficiency for a biradial turbine is presented 
in Ref. [61]. This study concludes that the biradial turbine exhibits 
smooth behaviour and is able to operate close to its maximum perfor
mance over a broad range of control parameter values. On this basis, in 
the present analysis the control parameters were set to their values at the 
best efficiency point, namely b = 3; a = abep = ρaΠbepD5, where Πbep is 
the power coefficient of the turbine at its point of maximum efficiency 
(Πbep = 0.027). The variations in ρa are assumed to be negligible. To 
prevent exceeding the generator rated power, restrictions are introduced 
in Eq. (12) as follows: 

Pg =min
(
abep Ω3, Pg,rated ,Ω Tg,max

)
, (13) 

where Pg,rated is the rated power of the generator and Tg,max, the 
maximum allowed torque. The electrical generator considered in this 

work is a standard squirrel cage induction machine with rated power Pg, 

rated = 30 kW and a maximum allowed torque Tg,max = 216.5 N m [61]. 
The efficiency map of the generator (ηg) is presented in Fig. 5. The use of 
an efficiency map to evaluate the generator performance enables vari
ations in the generator efficiency under different load conditions and 
rotational speeds to be explicitly accounted for, thereby providing a 
more accurate representation than the single efficiency curve commonly 
adopted in the modelling of OWC devices [63].

The system enters safe mode when the rotational speed exceeds an 
upper-threshold value: 

Ωmax =min
(
Ωg,max,Ωtip

)
, (14) 

where Ωg,max = 314 rad/s is the maximum rotational speed of the 
generator; and Ωtip = 320/D rad/s is a term related to the maximum 
blade tip-speed, which is limited to 160 m/s. When this condition is 
reached, a safety valve installed in series with the turbine is closed. The 
control algorithm returns to regular operation, opening the safety valve, 
when the rotational speed is lower than a lower-threshold value: 

Ωthr =
ΩL

21/3 , (15) 

where ΩL is the rotational speed when the exponential part of the control 
law intersects the boundary of the operating region, defined by Pg,rated/ 
Ω (Fig. 6).

2.3.4. Implementation
The turbine-generator set model uses the hydrodynamic results ob

tained from physical model testing as input data. Specifically, the 
experimentally measured pressure drop is employed, as it provides a 
reliable approximation of the turbine pressure drop. This is valid for self- 
rectifying impulse turbines—such as the biradial turbine—in which the 
rotational speed has a negligible effect on the turbine-induced damping.

The modelling process consists of several steps. First, the variables 
obtained experimentally are scaled to prototype dimensions. Second, the 
turbine diameter is determined using Eq. (9). Third, using the pressure 
drop time series, the turbine diameter and the performance curves of the 
biradial turbine (Fig. 4), Eq. (10) is applied to simulate the turbine- 
generator system in accordance with the selected control law (Eq. 
(13)). This step yields the rotational speed, power and control-imposed 
power of the turbine. Based on these outputs, the torque at the generator 
shaft is computed. Subsequently, by incorporating the performance 
characteristics of the generator (Fig. 5), the electrical efficiency is 
evaluated. Finally, the electrical power output and the total efficiency 
are calculated.

Fig. 5. Efficiency map of the electric generator (adapted from Ref. [64]).
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2.4. Performance evaluation

The performance of the OWC device was evaluated, for each energy 
bin and for each damping condition, in terms of the time-averaged ef
ficiency at each stage of the energy conversion process: pneumatic, 
mechanical and electrical efficiency. The time-averaged pneumatic ef
ficiency, also referred to as the (hydrodynamic) capture-width ratio, is 
defined as the ratio of the pneumatic power extracted by the chamber to 
the incident wave power: 

ηp =
Pp

wc Pw
, (16) 

where wc is the width of the OWC chamber (in the direction parallel to 
the wave fronts); Pp is the time-averaged pneumatic power, and Pw is the 
average wave energy flux per metre of wave front. The time-averaged 
pneumatic power is computed as: 

Pp =
1

tf − ti

∫tf

ti

Δp Q dt, (17) 

where ti and tf denote the initial and final times of the time series, 
respectively.

The average wave energy flux is given by: 

Pw = ρw g
∫ ∞

0
S Cg df , (18) 

where S is the incident spectral energy density and Cg is the group ve
locity of each frequency band.

The time-averaged mechanical efficiency is defined as the ratio of the 
time-averaged turbine power to the time-averaged pneumatic power: 

ηm =
Pt

Pp
, (19) 

with the turbine power averaged over time as: 

Pt =
1

tf − ti

∫tf

ti

Pt dt, (20) 

Similarly, the time-averaged electrical efficiency is defined as the 
ratio of the time-averaged electrical power output to the time-averaged 
turbine power: 

ηe =
Pe

Pt
, (21) 

where the time-averaged electrical power is calculated as: 

Pe =
1

tf − ti

∫tf

ti

ηg Pg dt, (22) 

Additionally, stage-specific capture-width ratios are used to quantify 
the efficiency of the conversion from wave energy to each output stage. 
The hydrodynamic capture-width ratio is equal to the time-averaged 
pneumatic efficiency, and it is defined as ξh = ηp. The aerodynamic 
capture-width ratio is given by: 

ξa =
Pt

wc Pw
= ηp ηm, (23) 

and the electrical capture-width ratio, representing the total (wave- 
to-wire) efficiency, is defined as: 

ξe =
Pe

wc Pw
= ηp ηm ηe . (24) 

In addition to the time-averaged parameters calculated for the in
dividual sea states representative of each energy bin, annual-averaged 
performance parameters were also obtained. These were computed as 
a weighted sum of the time-averaged results for the sea states that define 
the wave climate at the case study site, with weights based on their 
occurrence. The annual-averaged parameters provide information on 
annual energy extraction and operational efficiency at each energy 
conversion stage. These annual-averaged parameters are denoted by 
using the subscript annual; for example, the annual-averaged hydrody
namic capture-width ratio is denoted as ξh,annual.

3. Results and discussion

3.1. Numerical model validation

The numerical model was assessed by comparing measured and 
simulated time series of water column oscillations and pressure drop. 
Model performance was quantified by using the coefficient of determi
nation (R2) and the normalized root-mean-square error (NRMSE), as 
summarized in Table 1. The results demonstrate excellent agreement. 
Free-surface elevations show average NRMSE values below 0.05, while 
the pressure drop exhibits values around 0.06. In all cases, the mean R2 

exceeds 0.95, indicating a high level of correlation between the exper
imental and numerical datasets. Fig. 7 illustrates the correspondence for 
two selected cases, revealing that the model accurately captures both the 
oscillation amplitude and the phase relationship. Notably, good agree
ment is obtained even when the water column exhibits non-piston-like 
behaviour—i.e., when the front and rear free-surface elevations differ 
in amplitudes (red and black time series in Fig. 7). Similar performance 
is observed for all orifice diameters tested. Additional details regarding 
the numerical model validation are provided in Ref. [35].

Fig. 6. Control law for the turbine-generator set operation. The shaded area 
represents the operating region, and the blue line an example control law.

Table 1 
Mean and standard deviation of the coefficient of determination (R2) and the 
normalized root-mean-square error (NRMSE) obtained in the numerical model 
validation tests for the pressure drop (Δp) and the free-surface elevations 
measured near the front and rear walls (z1 and z2, respectively).

Mean Standard deviation

Δp R2 0.957 0.012
​ NRMSE 0.062 0.011
z1 R2 0.977 0.006
​ NRMSE 0.047 0.007
z2 R2 0.975 0.007
​ NRMSE 0.049 0.008
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3.2. Turbine-generator set modelling

The application of the methodology proposed to simulate the 
turbine-generator set is illustrated in Fig. 8 for a representative wave 
condition. Two turbines are analysed: one with a small diameter and 
lower rotor inertia, and the other with a large diameter and higher rotor 
inertia. A representative segment of the time series is shown to illustrate 
the turbine's behaviour during transitions into and out of safe mode.

Several key observations emerge from the results. First, the turbine 
diameter influences the damping introduced into the OWC system, 
which significantly alters the chamber behaviour and affects both the 
pressure drop and flow rate time-series. Specifically, increasing the 
turbine diameter (which reduces damping) results in lower pressure 
drop and higher airflow through the turbine. Consequently, the two 
configurations capture different amounts of pneumatic power. For the 
wave condition analysed, the larger turbine allows the chamber to 
capture on average more pneumatic power than its smaller counterpart 
(Pp = 58.6 kW vs. 53.3 kW, respectively).

Second, the smaller turbine responds more quickly to the variations 
in incident wave power, achieving significantly higher rotational 
speeds. On average, it operates at more than double the rotational speed 
of the larger turbine (Ωaverage = 186 vs. 75 rad/s). As a result, the smaller 
turbine can occasionally exceed the upper threshold for safe operational 
speed, thereby triggering the safe mode mechanism—a situation that is 
adequately addressed by the implemented model. This behaviour arises 
from the lower rotor inertia of the smaller turbine. For turbines of 
similar geometry and constructed from comparable materials, rotor 
inertia scales approximately with the fifth power of the rotor diameter, 
D5 [61]. Consequently, a reduction in turbine diameter leads to a sub
stantial decrease in rotational inertia. Lower inertia corresponds to a 
shorter mechanical time constant [65], causing the turbine to respond 
more rapidly to short-term pressure fluctuations and thereby making 
overspeed events more likely.

Third, the operational differences between the turbines considerably 
impact the overall system performance. Despite capturing slightly more 
pneumatic power, the larger turbine yields less mechanical power on 
average due to its lower efficiency: Pt = 17.3 kW, vs. Pt = 27.4 kW for 
the smaller turbine. This outcome highlights the importance of consid
ering the performance of the turbine when selecting the optimal 
damping level for a given OWC chamber design.

Finally, the influence of the generator is comparatively smaller, 
introducing only a minor reduction in the power output. For instance, in 

the case of the smaller turbine, the electrical power output is reduced to 
Pe = 23.6 kW; nevertheless, the overall performance trends observed at 
turbine level remain unchanged.

3.3. Influence of turbine-induced damping on the efficiency of the OWC 
device

To accurately represent the influence of the turbine-induced damp
ing on the different energy conversion stages of an OWC device at a 
coastal site, it is necessary to consider the average efficiency across all 
sea states occurring over an average year (Fig. 9). The following analysis 
uses the site from Section 2.1, with wave characteristics shown in Fig. 1. 
Among the eight damping conditions tested, the turbine configuration 
that yields the highest annual pneumatic efficiency corresponds to a 
dimensionless damping coefficient Bc = 3.86, associated with a turbine 
diameter of 1.3 m. For both lower and higher values of turbine-induced 
damping, pneumatic efficiency decreases—more sharply for lower 
damping values. The turbine-induced damping governs the balance 
between the amplitude of the water column oscillations and the result
ing air pressure fluctuations within the chamber. When damping is too 
low, the chamber exhibits an underdamped behaviour: large air volume 
oscillations develop, but the associated pressure fluctuations are small, 
leading to reduced pneumatic efficiency (see Eqs. (16) and (17)) despite 
the significant internal motion. Conversely, when damping is exces
sively high, the airflow through the turbine is strongly restricted, sup
pressing the oscillatory motion of the water column and thereby limiting 
the capture of pneumatic power. The optimal damping condition 
therefore represents a compromise between maximizing water column 
excitation and chamber pressure response. An appropriate selection of 
the turbine diameter can result in improvements in annual-averaged 
pneumatic efficiency of up to 27 percentage points (e.g., ηp = 0.56 for 
Bc = 3.86 vs ηp = 0.29 for Bc = 23.44).

The mechanical efficiency does not follow the same trend as the 
pneumatic efficiency. For the range of damping conditions tested, higher 
damping values, or smaller turbine diameters, lead to higher mechanical 
efficiency. This behaviour, which has been reported in previous works 
[61], can be physically interpreted as a consequence of the reduced rotor 
inertia associated with smaller turbine diameters. As previously 
mentioned, rotor inertia scales strongly with diameter; consequently, 
smaller turbines are more responsive to the unsteady pneumatic power 
input imposed by irregular waves. The lower inertia allows the turbine 
rotational speed to track these variations more closely, enabling the 

Fig. 7. Time series of pressure drop (Δp) (blue) and water column elevation (z) (black and red, measured near the front and rear walls, respectively) from 
experimental data (circles) and numerical model predictions (solid lines). Results are shown for (top panel) a wave condition with H = 0.05 m and T = 1.64 s, using 
an orifice diameter of d = 17 mm; and (bottom panel) a wave condition with H = 0.067 m and T = 1.83 s, using an orifice diameter of d = 25 mm.
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turbine to operate for longer periods near its best efficiency point, that 
is, at the instantaneous rotational speed that maximizes turbine effi
ciency. Although the control system continuously regulates the rota
tional speed towards its optimal value, in configurations with larger 
inertia (lower damping and larger diameter), the rotor responds more 
slowly to the variations in the aerodynamic conditions, leading to de
viations from the optimal operating condition and increased losses. 
Accordingly, selecting an appropriate turbine diameter can result in 
gains of up to 25 percentage points in mechanical efficiency (e.g., ηm =

0.60 for Bc = 23.44 vs. ηm = 0.35 for Bc = 1.89).
The annual-averaged electrical efficiency exhibits a trend similar to 

that of the mechanical efficiency: higher values of the dimensionless 
damping coefficient correspond to higher electrical efficiency. Specif
ically, within the investigated operating range, the electrical efficiency 

increases with the dimensionless damping coefficient and then reaches a 
plateau at Bc = 7.82. Again, there are significant variations between the 
most and least efficient configurations (ηe = 0.88 for Bc = 7.82 vs ηe =

0.57 for Bc = 1.89). Nonetheless, the electrical efficiency curve displays 
a broader range of stable operation, maintaining values exceeding 80% 
for all damping coefficients above Bc = 3.23. In contrast, a significant 
drop in efficiency is observed for lower damping values. These lower 
damping values correspond to larger turbine diameters, which operate 
at significantly lower rotational speeds (see, for example, Fig. 8) and 
exhibit comparatively lower mechanical efficiency, thereby reducing 
the mechanical power delivered to the generator and resulting in lower 
generator loading. As a consequence, the generator operating point 
shifts towards a less efficient region (Fig. 5).

The results presented in this work consider a single generator rated 
power. Although previous studies on biradial turbines indicate a limited 
sensitivity to the generator rated power [61], this aspect merits further 
investigation. In addition, the influence of the control law on electrical 
efficiency represents another relevant aspect, which has been also 
investigated in other studies (e.g., Refs. [64,66]) and is not examined in 
the present work.

After analysing the annual-averaged efficiencies, Fig. 10 presents the 
annual-averaged hydrodynamic, aerodynamic and electrical capture- 
width ratios for the pneumatic, mechanical and electrical stages, 
respectively. This performance metric enables the identification of the 
damping level that maximizes the performance of the OWC for each 
energy conversion stage. Although the hydrodynamic capture-with ratio 
is equivalent to the pneumatic efficiency discussed above, it is included 
to illustrate the trends across the capture-width ratio curves for each 
stage and to highlight the impact of the efficiency losses introduced at 
subsequent stages of energy conversion.

Two key findings merit discussion. First, turbine efficiency plays a 
critical role in determining the optimal turbine-chamber coupling. For 
the examined configuration of the turbine-generator set, turbine effi
ciency shifts the value of the dimensionless damping coefficient that 
maximizes the hydrodynamic capture-width ratio towards higher 
values, i.e., smaller turbine diameters. The maximum hydrodynamic 
capture-width ratio is ξh = 0.56, achieved for Bc = 3.86, whereas the 
maximum aerodynamic capture-width ratio is ξa = 0.30, achieved for Bc 
= 7.82. This result underscores the importance of incorporating the 

Fig. 8. Time series of pressure drop (Δp), flow rate (Q), and pneumatic power 
(Pp) obtained from physical modelling and scaled to prototype dimensions, 
together with turbine rotational speed (Ω), turbine power (Pt) and electrical 
power (Pe) derived from the turbine-generator set model, for a wave condition 
with significant wave height Hm0 = 2.6 m and energy period Te = 8.5 s. Results 
are presented for two turbine diameters: D = 0.8 m (blue line) and D = 1.6 m 
(red line). Dashed lines indicate time-average values. The shaded region in the 
turbine rotational speed plot denotes a zone in which the turbine entered in safe 
mode operation.

Fig. 9. Annual-averaged efficiencies of the OWC device as a function of the 
value of the dimensionless damping coefficient of the chamber (Bc) or the 
turbine diameter (D). The downward arrows indicate the maximum value of 
each efficiency.
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mechanical energy conversion stage into the turbine-chamber coupling 
process for OWC wave energy converters. Relying solely on the hydro
dynamic capture-width ratio may be insufficient. Although this 
conclusion is based on a site-specific wave energy resource and should 
not be generalized (i.e., the damping that maximizes pneumatic effi
ciency may coincide under a particular wave climate with that which 
optimizes the mechanical performance), it strongly reinforces the need 
to account for turbine efficiency into the design assessment of OWC 
systems.

Second, the aerodynamic and electrical capture-width ratio curves 
follow the same trend. Although the generator efficiency slightly re
duces the performance of the preceding energy conversion stage, it does 
not alter the damping value that yields maximum efficiency. Conse
quently, for the selection of the turbine-induced damping of an OWC at a 
particular coastal site, the influence of electrical efficiency on the 
optimal damping condition appears to be limited, as it is primarily 
governed by the mechanical stage. For the present case study, the 
maximum annual-averaged electrical capture-width ratio is ξe = 0.26, 
attained at Bc = 7.82, which corresponds to a turbine diameter of D =
0.9 m, consistent with the optimal aerodynamic capture-width ratio. 
The turbine diameter corresponding to this optimal damping is of the 
same order of magnitude as those reported in previous studies [61]. 
Notably, ceteris paribus, biradial turbines generally exhibit a smaller 
optimal diameter compared with Wells turbines [67].

Regarding the maximum annual-averaged electrical capture-width 
ratio, although it is slightly lower than the W2W efficiencies reported 
in related studies, typically in the range 0.35 to 0.40 (e.g., Refs. [61,
67]), it should be noted that the present analysis considers a total of 27 
sea states representing the full exploitable wave energy resource at the 
study site (see Fig. 1). In contrast, related works often focus only on the 
most energetic sea states, and thus most relevant for electricity pro
duction, generally represented by between 10 and 15 sea states (e.g., 
Refs. [61,67]). As a result, the annual-averaged performance indicators 
reported here, despite being more representative of long-term operation, 
yield lower values.

The results of this study have been obtained for a specific coastal site 
and its associated wave climate; consequently, the quantitative values 
reported—such as the optimal damping levels—are site-dependent and 
should not be generalized. The small-scale physical modelling involves 

inherent simplifications, including the emulation of turbine-induced 
damping by means of orifices, which may influence the pneumatic ef
ficiency at full scale. In addition, the W2W approach adopts a static 
control strategy, and detailed structural, inertial and economic con
straints are also not considered. Uncertainties associated with experi
mental measurements, numerical modelling and scaling effects are also 
present. Despite these limitations, this study provides valuable insight 
into the influence of turbine-induced damping on hydrodynamic, aero
dynamic and electrical performance of OWCs, and provides a reference 
framework that can be extended to other sites. The influence of the 
variations in generator rated power and alternative control strategies 
constitute an important topic for future work.

3.4. Performance matrices

Finally, the performance of each energy conversion stage across the 
different wave conditions is analysed in Fig. 11. Three turbine-induced 
damping levels were selected: Bc = 23.44, 7.82 and 3.86, correspond
ing to turbine diameters D = 0.5, 0.9 and 1.3 m, respectively. This se
lection comprises the damping value that yields the maximum electrical 
capture-width ratio (Bc = 7.82), plus one higher and one lower value. In 
particular, the lower damping (Bc = 3.86) corresponds to the damping 
condition that maximizes the hydrodynamic capture-width ratio.

The first row of plots in Fig. 11 shows an improvement in the hy
drodynamic capture-width ratio of the OWC for wave energy periods 
falling into the approximate range of 8 to 10 s. This behaviour is directly 
related to the chamber geometry, which was designed to operate in near- 
resonant conditions under these wave periods [51]. A comparison of the 
three plots highlights the influence of turbine-induced damping on the 
pneumatic efficiency of the chamber. The intermediate damping ach
ieves the highest efficiency values, with values of the hydrodynamic 
capture-width ratio reaching ξh = 0.82, observed in the energy bin 
defined by 0 < Hm0 < 1 m and 8 s < Te < 9 s. In general, for all three 
damping levels, the best performance is obtained at low significant wave 
heights (Hm0 < 3 m). Although the intermediate damping coefficient 
achieves the highest values of the hydrodynamic capture-width ratio for 
individual energy bins, the lowest damping (Bc = 3.86) provides the best 
overall performance, as previously shown in Figs. 9 and 10. The better 
performance achieved for the higher wave heights (Hm0 > 2 m) is the 
key aspect for the improved performance under this damping condition.

The situation changes when the mechanical efficiency is taken into 
account (second row of plots in Fig. 11). Overall, the trends observed in 
the hydrodynamic capture-width ratio matrices are preserved in the 
aerodynamic stage, but the performance figures are reduced due to 
turbine conversion losses. Importantly, the best overall performance 
shifts from the lowest damping to the intermediate one (see Fig. 10). For 
the three damping levels, the biradial turbine performs best at smaller 
wave heights (Hm0 < 3 m). As a result, the intermediate damping con
dition, which already accumulates the best hydrodynamic performance 
across these smaller waves, emerges as the configuration delivering the 
highest overall mechanical energy capture. At the bin level, the inter
mediate damping yields better performance that the lowest damping in 
nearly all cases, except for the highest significant wave heights (Hm0 > 4 
m). The poorer results for the lowest damping can be attributed to the 
larger inertia associated with a bigger turbine diameter, which limits the 
ability of the turbine to adapt to rapid variations in wave forcing. 
Overall, the biradial turbine exhibits smooth performance across sea 
states. This behaviour, also reported for other self-rectifying impulse 
turbines, contrasts with the irregular energy capture patterns or pro
nounced performance peaks observed for Wells turbines under specific 
sea states [39,40], thereby highlighting the advantages of the biradial 
turbine.

Finally, in the electrical conversion stage (third row of plots in 
Fig. 11), the capture-width ratio is, in general, slightly reduced across all 
energy bins from that achieved at the aerodynamic stage, regardless of 
the damping condition considered. One notable exception is observed 

Fig. 10. Annual-averaged capture-width ratios of the OWC device as a function 
of the value of the dimensionless damping coefficient of the chamber (Bc) or the 
turbine diameter (D). The downward arrows indicate the maximum value of 
each capture-width ratio.
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under the lowest damping condition, where the electrical capture-width 
ratio is strongly reduced for the smallest wave heights (Hm0 < 1 m). 
Under these conditions, the turbine operates at excessively low rota
tional speeds, significantly reducing the generator performance (see 
Fig. 5).

4. Conclusions

In this study, the influence of turbine-induced damping on the suc
cessive energy conversion stages of an OWC device was assessed through 
a wave-to-wire model applied to a case study at a coastal site in Galicia 
(NW Spain). The methodology presented is applicable to non-linear 
impulse turbines, with a specific focus on the biradial turbine. The 
wave-to-wire model integrates multiple modelling approaches: (i) 
nearshore wave energy resources are characterized by means of high- 
resolution spectral numerical modelling; (ii) the hydrodynamic 
response of the device is evaluated through a combination of physical 
modelling and CFD modelling, explicitly accounting for air compress
ibility; and (iii) the turbine-generator set dynamics are represented 
analytically, imposing a control law based on the regulation of the 
rotational speed. This framework facilitates the evaluation of efficiency 
and capture-width ratio at each energy conversion stage: pneumatic, 
mechanical and electrical.

Based on the results of the case study, the following conclusions can 
be drawn. First, turbine-induced damping significantly influences OWC 
performance across all energy conversion stages. Second, the levels of 

damping that maximize mechanical efficiency or pneumatic efficiency 
are not the same. For the turbine-generator set considered, greater 
damping (corresponding to smaller turbine diameters) enhances the 
mechanical efficiency of the biradial turbine. Consequently, the opti
mum damping condition considering both mechanical and pneumatic 
efficiency shifts to values larger than those predicted by considering 
pneumatic performance alone. Specifically, for the coastal site of the 
present case study, the turbine-induced damping yielding maximum 
pneumatic energy capture is Bc = 3.86, corresponding to a turbine 
diameter of D = 1.3 m. In contrast, the maximum capture of mechanical 
and electrical energy occurs at Bc = 7.82, corresponding to a turbine 
diameter of D = 0.9 m. Third, although generator efficiency slightly 
diminishes the performance inherited from the mechanical stage, it does 
not alter the damping condition for the maximum efficiency within the 
investigated operating range.

When disaggregated by wave conditions, the best performance for 
the analysed site is achieved across all energy conversion stages for the 
wave periods close to the natural frequency of oscillation of the chamber 
(8 s < Te < 10 s). With respect to wave height, performance is generally 
maximized for the smaller wave heights (Hm0 < 3 m), with one excep
tion: under low-damping configurations, the electrical capture-width 
ratio suffers a significant performance drop under the smaller wave 
heights due to insufficient turbine rotational speed.

Overall, the results obtained for this specific site and device config
uration indicate that turbine efficiency plays a critical role in the optimal 
turbine-chamber coupling of OWC devices. This finding underscores the 

Fig. 11. Annual-averaged capture-width ratio matrices for three different turbine diameters (columns 1 to 3) considering the three energy conversion stages: hy
drodynamic, aerodynamic and electrical (rows 1 to 3, respectively).
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necessity of incorporating the mechanical energy conversion stage in the 
design process, rather than relying exclusively on the pneumatic effi
ciency. All in all, OWC chamber geometry should be designed not only to 
achieve near-resonant conditions under the most energetic site-specific 
wave conditions, but also to align the optimal damping condition with 
that which maximizes turbine efficiency, thereby enhancing the overall 
energy capture of the OWC system.
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