
Journal of Cleaner Production 434 (2024) 140316

A
0
n

Contents lists available at ScienceDirect

Journal of Cleaner Production

journal homepage: www.elsevier.com/locate/jclepro

Assessment of heat and entropy balance of an OWC wave energy converter
A. Molina-Salas a,∗, Rami Hatafi b, F. Huertas-Fernández a, M. Clavero a, A. Moñino a

a Andalusian Institute for Earth System Research, University of Granada, Av. del Mediterráneo s/n, 18006, Granada, Spain
b INSA Lyon, Department of Energy and Environmental Engineering, 20 Avenue Albert Einstein, 69621 Villeurbanne Cedex, France

A R T I C L E I N F O

Handling Editor: Jin-Kuk Kim

Keywords:
Wave energy converter (WEC)
Oscillating water column (OWC)
Thermodynamics
Polytropic process
Entropy
Emergy

A B S T R A C T

This paper deals with the thermodynamic processes governing an Oscillating Water Column (OWC) device,
focusing on the entropy variation and the energy and heat budgets over the expansion–compression cycles.
The influence of the thermodynamic performance on the Levelized Cost of Energy (LCOE) and the carbon
footprint is analysed. The research deals with an experimental research on a simple OWC off-shore model for
the purpose, with the open gas system inside the chamber formulated by a real gas model, and conceptually
represented by an equivalent closed one in order to apply the First Principle of Thermodynamics appropriately.
Analysed results show that the compression process is an active process, while the expansion process is a
passive one. In addition, the observed non-adiabatic performance of the complete cycle implies a efficiency
reduction, with consequences on the LCOE. Furthermore, an approach to emergy (embodied energy) analysis
is considered, providing with concluding remarks on OWC renewability and possible impacts on the biosphere
and GHG emissions. An utter approach on OWC energy and emergy assessment will be develop on future
researches.
1. Introduction

The oscillating water column (hereinafter OWC) is probably one of
the wave energy conversion technologies (hereinafter WEC) which has
received more attention from researchers in the past decades, Falcão
and Henriques (2016), SI Ocean (2012), Falcão (2010), Cruz (2008),
The Carbon Trust (2005). The OWC design concept essentially consists
of a partially submerged air chamber, opened at the bottom to allow
wave action on the inner air storage volume and connected at the top
to a turbine duct and a generator. From that concept, the OWC problem
is developed and solved within the framework of Linear Theory under
a radiation–diffraction focusing, Evans (1982), Sarmento and Falcão
(1985), Evans and Porter (1995), Martins-Rivas and Mei (2009).

OWC power plants have been designed and implemented world-
wide, with outstanding pilot project facilities such as PICO (Portugal,
installed capacity 400 kW, Falcão et al. (2020)) or Mutriku (Spain,
installed capacity 296 kW, Torre-Enciso et al. (2009), Gabriel Ibarra-
Berastegi et al. (2018)) to cite some examples within a wide list, The
Carbon Trust (2005). Whether those plants have completed their ser-
vice lifetime or remain as test rigs to advance in research and de-
velopment, a key factor is that those plants can be considered as
benchmarks both in terms of wave energy farming full commissioning
guidelines and of valuable data sources for ongoing research lines, for
instance Gato et al. (2022).

∗ Corresponding author.
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The challenges involving the design and commissioning of full
scale pilot plants reveal the main scientific and technical problems
have been circumvented, hence all major obstacles regarding wave
impingement, primary capture and transformation, pneumatic com-
pression/expansion, turbine performance and delivery of electricity to
the grid have been solved indeed. However, research is necessary to
assess governing factors in OWC performance, so ensuring advances
in terms of feasibility of implementation under general conditions (SI
Ocean, 2013), levelized cost of energy (hereinafter LCOE), de An-
dres et al. (2017), and renewability efficiency, de Oliveira (2013),
Molina-Salas et al. (2022b).

In the line of balancing investment trough capital and operative
expenses (hereinafter CAPEX and OPEX), energy farming annual energy
production (hereinafter AEP), levelized cost of energy and project
depreciation, OWC research advances in recent years have aimed to the
feasibility of commissioning OWC projects to cope with wave energy
objectives, Magagna and Uihlein (2015), Uihlein and Magagna (2015),
O’Hagan et al. (2016). Authors have analysed the implementation of
OWC converters as part of maritime structures, Boccotti et al. (2007),
Mendoza et al. (2017), Simonetti and Cappietti (2021), Fox et al.
(2021), to apply the OWC technology as an additional feature in coastal
protection, Mendoza et al. (2014), Abanades et al. (2014c,a,b), Medina-
López et al. (2017a), Bergillos et al. (2018), or to apply the primary
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List of Symbols

Latin symbols

𝐴𝑏 Turbine blades area (m2)
𝐴𝑡 Total cross section area occupied by the

blades (m2)
𝐵 Second virial coefficient (−)
𝐶𝑝 Specific heat under constant pressure

(J∕mok K)
𝐶∗
𝑝 Specific heat under constant pressure for

the ideal gas (J∕mok K)
𝐶𝑣 Specific heat under constant volume

(J∕mok K)
𝐶∗
𝑣 Specific heat under constant volume for the

ideal gas (J∕mok K)
𝐶𝑦 Specific heat under constant state equation

𝑦 (J∕mok K)
𝐷𝑖𝑛𝑡 Internal turbine diameter (m)
𝐷𝑂𝑊 𝐶 Internal OWC device diameter (m)
𝐷𝑡 External turbine diameter (m)
𝐸 Total energy of the air system inside the

chamber (J)
𝐸′ Total energy of the air system outside the

chamber (J)
𝑒𝑑𝑎 Needed exergy to the deactivation of possi-

ble generated waste in the process (J/mol)
𝑒𝑑𝑝 Exergy rate related to waste disposal of the

process (J/mol)
𝑒𝑑𝑡 Destroyed exergy in the complete process

(J/mol)
𝑒𝑒𝑚 Exergy of the wastes that are emitted to the

atmosphere (J/mol)
𝑒𝑛𝑟 Exergy of non-renewable fuel (J/mol)
𝑒𝑜𝑢𝑡 Exergy of the products (J/mol)
𝐹 Emergy assigned to purchased feedback

flows of goods and human services from
economy (seJ)

𝑓0, 𝑓1, 𝑓2 Temperature correlation functions (−)
𝑔 Gravitational acceleration (m∕s2)
𝐻 Enthalpy (J)
𝐻𝑠 Wave height (m)
ℎ Specific enthalpy (J∕kg)
ℎ∗ Specific enthalpy for the ideal gas (J∕kg)
ℎ𝑤 Water depth (m)
𝑘ℎ Relative depth (−)
𝐿𝑝𝑖𝑠𝑡𝑜𝑛 Deformation work at the piston (J)
𝐿𝑠𝑦𝑠 External work performed at the boundary

by the OWC system - (J)
𝐿𝑡𝑜𝑡𝑎𝑙 Total work performed by the system (J)
𝑙 Specific work (J∕kg)
𝑀 Molar weight (kg∕mol)
𝑚 Polytropic index (−)
𝑚 Air mass inside the chamber (kg)
𝑚′ Air mass outside the chamber (kg)
𝑁 Turbine rotation velocity (rad∕s)
𝑁 Emergy assigned to non-renewable sources

(seJ)

wave energy conversion to secondary transformation such as hydrogen
production, Huertas-Fernández et al. (2021). With the aim to reduce the
capital expenses, some researches are focused on combining the OWC
2

𝑛 Polytropic exponent (−)
𝑝 Air pressure inside the chamber (Pa)
𝑝′ Air pressure outside the chamber (Pa)
𝑄 Heat (J)
𝑄𝑚 air flow rate (kg∕s)
𝑄𝑂𝑊 𝐶 Volumetric flow rate at the turbine inlet

(m3∕s)
𝑞 Specific heat (J∕kg)
𝑅 Emergy assigned to renewable sources (seJ)
𝑅0 = 8.31 J∕K mol Universal gas constant
𝑟𝑊 Ratio between the power output of the

full-scale OWC device and the OWC scaled
device (−)

𝑆 Entropy (J∕K)
𝑠 Specific entropy (J∕kgK)
𝑠∗ Specific entropy for the ideal gas (J∕molK)
𝑇 Temperature (K)
𝑇 ′ Temperature outside the chamber (K)
𝑇𝑧 Wave period (s)
𝑈 Internal energy of the air system inside the

chamber (J)
𝑈 ′ Internal energy of the air system outside the

chamber (J)
𝑢 Specific internal energy of the system (J∕kg)
𝑢∗ Specific internal energy for the ideal gas

(J∕kg)
𝑉 Air volume inside the chamber (m3)
𝑉 ′ Air volume outside the chamber (m3)
𝑣 Flow velocity along turbine axis direction

(m∕s)
𝑣𝑚 = 𝑉 ∕𝑁 Molar volume of gas (m3∕mol)
𝑌 Emergy assigned to the output production

system (seJ)
𝑦 Auxiliary variable
𝑍 Compressibility factor (−)
𝑧 Generic height (m)

Greek symbols

𝜂 Isentropic efficiency (−)
𝜂𝑒𝑥 Exergy efficiency (−)
𝜆 Geometric scale ratio (−)
𝜆𝑒𝑚 Emergy renewability index (−)
𝜆𝑒𝑥 Exergy renewability index (−)
𝜇 Chemical potential (J∕mol)
𝜎 Turbine solidity (−)
𝜒𝑚𝑜𝑙 Molar fraction of vapour in dry air
𝜔 Acentric factor (−)

technology with other electricity production systems, like wind energy
systems or other wave energy converters, Fenu et al. (2023), Wan et al.
(2023), or by using floating OWC devices, Portillo et al. (2023). Other
authors are focused on improving the annual energy production by
improving the turbine performance, Morais et al. (2023), Torres et al.
(2018), Setoguchi et al. (2004).

One key factors in OWC operation is the pressure changes induced
by wave action in the air system inside the chamber – compression
and expansion –, driving the turbine and inducing the readjustment
of the instantaneous pressure response of the system, and so on, in
a feedback process that can be approached as a spring-like air com-
pressibility effect, even if the air can be considered as incompressible
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Abbreviations

𝐴𝐸𝑃 Annual electricity production (MWh)
𝐶𝐴𝑃𝐸𝑋 Capital expenditures (£)
𝑐𝑜𝑛𝑠𝑡 constant.
𝐸𝐼𝑆 Emergy index of sustainability (−)
𝐿𝐶𝑂𝐸 Levelised Cost of Energy (e/MWh)
𝑁𝑃𝑉 Net Present Value (−)
𝑂𝑃𝐸𝑋 Operational expenditures (£)
𝑂𝑊 𝐶 Oscillating Water Column.
𝑅𝐻 Relative humidity (−)

for the velocity range to be expected inside the chamber. In fact
the radiation–diffraction problem is the formal representation of that
process, considered as the superimposition of a diffraction field from
wave impingement in which the pressure inside the chamber is fixed,
and a radiation field induced by a pressure fluctuation under static
water condition, as adequately proposed in Sarmento et al. (1990). The
key factor in the interpretation of the radiation–diffraction problem,
and more specifically in the spring-like air compressibility effect, is
that the compression/expansion process undergone by the gas inside
the chamber strictly follows a general polytropic process equation for
a simple closed system, relating pressure 𝑝 and volume 𝑉 through
the polytropic exponent 𝑛 in the form 𝑝𝑉 𝑛 = 𝑐𝑜𝑛𝑠𝑡, Moñino et al.
(2020). Both the conditions supporting the hypothesis of simple closed
system and the specific nature of the process to be described by 𝑛, will
be discussed later. For any water surface elevation state throughout
each wave cycle, the instantaneous air pressure inside the chamber
is unequivocaly related with its corresponding volume through the
process equation. In other words, at every time step the system is taken
to a specific state (𝑝, 𝑉 ) given by the process equation. In consequence,
any change in the conditions will lead to a mismatch between 𝑝 and 𝑉 ,
to a readjustment between pressure and volume and to a perturbation
in the water surface elevation to be scattered back through all the
water column. It is clear that the conditions under which pressure is
observed, i.e. temperature and humidity, as well as the turbine type
and the solidity, or any other implementation such as the replacement
of the turbine by a duct of reduced diameter for example, may have
a noticeable influence in the compression/expansion cycle and in the
calculation of thermodynamic state variables.

The study of the compression/expansion thermodynamics and the
air exchange between the chamber and the outer region presents dif-
ficulties both in terms of formulation and observation. Influencing
factors such as deviations from pure adiabatic process, open system
considerations, effects of turbine characteristics, operating conditions
other than ideal dry air hypothesis and governing effect of moisture,
make it difficult to retrieve accurate information under specific condi-
tions from the analytical solutions of the radiation–diffraction problem
solely. In that sense OWC experimentation, which is also addressed
in the methodology of the present research, can provide with an
improved insight on thermodynamic processes. Authors have advanced
in the study of the similarity requirements for the enhancement of
OWC model test results, Falcão and Henriques (2014). Laboratory
research has been conducted on the sensibility of OWC performance
to air compressibility, López et al. (2020). Research has been recently
developed to improve the analysis of OWC experimental data, by means
of theoretical corrections accounting for compressibility effects that can
be difficult to interpret when comparing between model and proto-
type, Falcão et al. (2022). In addition, scale effects have to be accounted
in order to conduct a correct interpretation of OWC experimental
results, Weber (2007), Dimakopoulos et al. (2017).

One of the governing factors concerning the OWC efficiency is
the mutual interaction involving the thermodynamics of the OWC
3

chamber and the turbine performance. The thermodynamics of the
OWC chamber and the air spring-like effect are object of up-to-date
research. Authors have approached the thermodynamic problem assum-
ing an ideal gas undergoing an adiabatic process, Falcão and Justino
(1999), Sheng et al. (2013), Sheng and Lewis (2016). Further com-
prehensive discussions have been presented, analysing the adiabatic
condition during compression cycle and the general polytropic perfor-
mance during expansion, Falcão and Henriques (2019). In addition, the
implementation of a real gas model in the radiation–diffraction problem
under a relaxation of the adiabatic process condition, has revealed that
variations in the air density induced by moisture can led to devia-
tions in pneumatic power and entropy, Medina-López et al. (2017b,
2019), with effects on performance that might also help to explain the
otherwise low efficiency values reported when available, The Carbon
Trust (2005). In fact, recent experiments in wind tunnel designed to
set comprehensive boundaries to the compression process, have shown
the turbine itself operates as a restraint for the thermodynamic system
inside the chamber, in which the air–water vapour mixture responds
to a polytropic exponent that may deviate from the ideal/adiabatic
condition, Molina-Salas et al. (2022a). Whether the effect of those
conditions might be more or less noticeable depending on wave climate
and ambient conditions, Gonçalves and Teixeira (2022), the fact is that
the influence over operating cycles might be not negligible, Molina-
Salas et al. (2022b), thus affecting LCOE estimates and cost-effective
design.

Pressure and temperature – and humidity in the case of air–water
vapour mixture hypothesis as part of a real gas model
implementation – plays a fundamental role when calculating thermo-
dynamic state variables. State variables provide with key information
on thermodynamic performance of the OWC, utterly necessary to set
operative ranges, mass and energy exchanges with the surroundings
and optimum efficiency in terms of deviation from adiabatic ideal
conditions – for which maximum efficiency is to be expected, Falcão
and Henriques (2014) –. More specifically, enthalpy and entropy are
governing state variables in the analysis of the thermodynamics of
compression and expansion cycles, and in the formulation of the
heat flow over the complete process. In fact, entropy is the funda-
mental state variable in the exergy budget. Exergy analysis provides
with a comprehensive description of energy balance and mechanical
work from primary conversion to final transformation stages such as
hydrogen production, Huertas-Fernández et al. (2021). In addition,
exergy is directly related with the LCOE not only through the global
efficiency of the OWC converter, but also with the renewability in
formal thermodynamic terms, de Oliveira (2013), Molina-Salas et al.
(2022b), and with the carbon footprint.

The objective of this research is to conduct and comprehensive
study of the entropy cycle over compression and expansion processes
during OWC operation, and to assess the energy and heat budgets from
the standpoint of reversibility, ultimately related with OWC efficiency
and renewability, and consequently, with the Levelized Cost of Energy
and the carbon footprint. An experimental methodology with a simple
OWC off-shore model is addressed for the purpose, on the basis of the
thermodynamic formulation in which a real gas model is implemented.

The paper is organized as follows. First, Thermodynamics back-
ground of open system process and its adaption to closed system is
developed. Afterwards, experimental setup description and methodol-
ogy are presented, including model description of OWC chamber and
turbine, and tests configuration details. Finally, results, analysis and
further discussion are presented, with conclusions and possible future
research.

2. Thermodynamics

2.1. Open system Thermodynamics and the First Principle

The formulation of the First Principle of Thermodynamics requires
the consideration of a closed system. In order to apply the First Prin-

ciple to an open system, i.e. an OWC converter, the system has to
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be transformed into a closed one. A comprehensive discussion on the
ubject is developed in Kestin (1966) and followed up in Falcão and
ustino (1999), Josset and Clément (2007), which is addressed in all
he background of the present research.

In fact a fictional closed system built in that way ensures the con-
ideration of system functions governing thermodynamic equilibrium
tates without loss of accuracy. One feasible way to build a closed
ystem from an open one is to add piston devices to its entrance and exit
espectively, so that the fluids at entrance and exit can be considered
s closed and in equilibrium under their respective piston devices
ction. Another way to consider a closed system condition is to select
n eventually mobile and deformable control volume and the closed
ystem it encloses, and track all the transformation it undergoes from
he entrance to the exit. While the first concept represents an Eulerian

focusing, the second one implies a Lagrangian point of view. The last
ne underlies the theoretical background in Moñino et al. (2020).

Taking as an example the OWC device and focusing on the Eulerian
ramework, the transformation of the OWC open system into a fictional
losed one is sketched in Fig. 1. The OWC system consists of a gas
ass 𝑚 in a thermodynamic equilibrium state described by its total

nergy 𝐸, internal energy 𝑈 and pressure, volume and temperature
𝑝, 𝑉 , 𝑇 ). The outside ambient condition is set by a piston device with
n infinitely slow motion that ensures equilibrium state in the gas mass
′, represented by its total energy 𝐸′, internal energy 𝑈 ′ and pressure,
olume and temperature (𝑝′, 𝑉 ′, 𝑇 ′). The wave action on the system

inside the OWC chamber is represented by an eventually deformable
contour through which it takes place the exchange of heat 𝑄 and
eformation work 𝐿𝑠𝑦𝑠 – the compression/expansion wave action on
he gas inside the chamber –. There is no need to represent the wave
ction by a piston actuator since there is no gas mass exchange though
he gas–water interface, and the deformation work itself can be deter-
ined through the radiation–diffraction theory and the thermodynamic

ormalism. As a mass 𝛿𝑚′ is forced inside the OWC system during the
WC expansion cycle for example, the mass 𝑚 inside the OWC and
𝑚′ will undergo an equilibrium balance of temperature as part of
he mixing process, and it is feasible to consider that there is no heat
xchange between masses and that the final state 𝑚 + 𝛿𝑚′ is instantly
niform inside the OWC chamber. Hence, the closed system evolves
etween initial and final states of equilibrium, with a mass 𝛿𝑚′ added

to the OWC system, exchanging during the process a quantity of heat
and work through the contour, and performing a quantity of work at the
piston. From the scope of the closed system, the initial state comprises
two subsystems, the OWC chamber in equilibrium with the wave action
– formerly the open subsystem – and the gas in equilibrium with the
piston, while the final state is represented by the mixture of both. An
equivalent situation would take place during OWC compression. In this
situation, the piston is acting as a manostat and a thermostat, keeping
the pressure and temperature of the external subsystem constant and
equal to the atmospheric values.

With the previous considerations, the First Principle states that the
heat exchanged through the process equals the balance between total
energy variation from initial to final state, and the work performed by
the system:

𝛿𝑄 = 𝛿𝐸𝑡𝑜𝑡𝑎𝑙 + 𝛿𝐿𝑡𝑜𝑡𝑎𝑙 (1)

The sign in the right hand of Eq. (1) is chosen to be consistent with
the rationale in Kestin (1966), i.e. mechanical work done by the system
positive and heat radiated by the system positive—. The First Principle
so expressed brings to front the fact that the heat exchanged by the
system during a certain process represents the difference between
energy content and work required to evolve from initial to final state.
Whether the heat is rejected or received, it depends on the nature of
the total work performed on/by the system.

The total energy of the closed system at initial and final states can
be expressed as:

𝐸𝑖𝑛𝑖 = 𝐸 + 𝛿𝐸′ = 𝐸 + 𝑒′𝛿𝑚′
(2)
4

𝐸𝑓𝑖𝑛𝑎𝑙 = 𝐸 + 𝛿𝐸
where 𝐸 = energy of the OWC system, 𝛿𝐸′ = energy of the mass 𝛿𝑚′

previous to mixing which can be ultimately expressed in terms of its
specific energy 𝑒′, 𝛿𝐸 = energy variation in the OWC system at final
state. Hence:

𝛿𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑓𝑖𝑛𝑎𝑙 − 𝐸𝑖𝑛𝑖 = 𝛿𝐸 − 𝛿𝐸′ (3)

The total work performed by the system is the sum of the external
work 𝛿𝐿𝑠𝑦𝑠 performed at the boundary by the OWC system – the
sign yet to be determined regarding compression/expansion – and the
deformation work at the piston:

𝛿𝐿𝑡𝑜𝑡𝑎𝑙 = 𝛿𝐿𝑠𝑦𝑠 + 𝛿𝐿𝑝𝑖𝑠𝑡𝑜𝑛 = 𝛿𝐿𝑠𝑦𝑠 − 𝑝′𝛿𝑉 ′ (4)

Substituting 𝛿𝐸𝑡𝑜𝑡𝑎𝑙 and 𝛿𝐿𝑡𝑜𝑡𝑎𝑙 in (1):

𝛿𝑄 = 𝛿𝐸 − 𝛿𝐸′ + 𝛿𝐿𝑠𝑦𝑠 − 𝑝′𝛿𝑉 ′ (5)

The most general expression of the energy of a system includes
internal, kinetic, potential and chemical components. However, when
the processes governing the system are deformation work at contours
and/or pistons, the effects of kinetic and potential energy, as well as the
chemical potential, can be neglected. In the case of the energy variation
𝛿𝐸 for the closed system at the final state, it can be simplified to:

𝛿𝐸 ≃ 𝛿𝑈 = 𝛿(𝑢𝑚) (6)

The variation 𝛿𝐸′ at the initial state refers to the small quantity of
mass 𝛿𝑚′, which can be expressed in the general form:

𝛿𝐸′ = 𝑒′𝛿𝑚′ =
(

𝑢′ + 1
2
𝑣2 + 𝑔𝑧 +

𝜇
𝑀

)

𝛿𝑚′ (7)

where specific kinetic and potential energies, as well as the chemical
potential normalized by the molar weight 𝑀 to be consistent with
specific energy dimensions, are included. If kinetic, gravitational and
chemical effects are neglected as in the final state, it can be deduced:

𝛿𝐸′ = 𝑒′𝛿𝑚′ ≃ 𝑢′𝛿𝑚′ (8)

From the previous rationale, Eq. (5) can be written in the form:

𝛿𝑄 = 𝛿(𝑢𝑚) − 𝑢′𝛿𝑚′ + 𝛿𝐿𝑠𝑦𝑠 − 𝑝𝛿𝑉 ′ (9)

where the enthalpy of the mass 𝛿𝑚′ at the initial state can be identified:

𝛿𝐻 ′ = ℎ′𝛿𝑚′ = 𝛿𝑈 ′ + 𝑝𝛿𝑉 ′ = 𝑢′𝛿𝑚′ + 𝑝𝛿𝑉 ′ (10)

Replacing (10) in (9):

𝛿𝑄 = 𝛿(𝑢𝑚) − ℎ′𝛿𝑚′ + 𝛿𝐿𝑠𝑦𝑠 (11)

Up to this point, if the derivative respect to time is introduced,
a differential equation for the transport of heat and energy can be
deduced. Assuming that 𝛿∕𝛿𝑡 ≃ 𝑑∕𝑑𝑡, it can be obtained from (11):

𝑑𝑄
𝑑𝑡

= 𝑚𝑑𝑢
𝑑𝑡

+ 𝑢𝑑𝑚
𝑑𝑡

− ℎ′ 𝑑𝑚
′

𝑑𝑡
+

𝑑𝐿𝑠𝑦𝑠

𝑑𝑡
(12)

Recalling that from the conservation of mass both derivatives of
mass equals the mass flow rate, say:

𝑑𝑚
𝑑𝑡

= 𝑑𝑚′

𝑑𝑡
= −𝑄𝑚 (13)

Eq. (12) takes a more convenient form for the First Principle for an
open system:

𝑑𝑄
𝑑𝑡

= 𝑚𝑑𝑢
𝑑𝑡

+
(

ℎ′ − 𝑢
)

𝑄𝑚 +
𝑑𝐿𝑠𝑦𝑠

𝑑𝑡
(14)

In fact, Eq. (14) is more general than the case of the OWC, since
no further restriction has been imposed to 𝐿𝑠𝑦𝑠. Thinking in terms of
an OWC, the work performed on the system by the wave action is a
deformation work expressed as:

𝐿𝑠𝑦𝑠 = − 𝑝𝑑𝑉 (15)
∫
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Fig. 1. OWC open system example and closed system model adaption.
with the sign to be fixed upon an arbitrary criterion. If OWC compres-
sion is considered and the work performed on the system is considered
intrinsically negative, then:

𝐿𝑠𝑦𝑠 ≃ −𝑝𝑉 (16)

assuming homogeneous pressure inside the OWC. Therefore, assuming
that the pressure reaches instantly a state of equilibrium during com-
pression, it is feasible to obtain the equation proposed in Falcão and
Justino (1999):

𝑑𝑄
𝑑𝑡

= 𝑚𝑑𝑢
𝑑𝑡

+
(

ℎ′ − 𝑢
)

𝑄𝑚
𝑇 −

(

𝑝𝑎𝑡𝑚 + 𝑝𝑜𝑤𝑐
)

𝑄𝑜𝑤𝑐 (17)

2.2. Clausius Theorem

According to the Clausius Theorem, a closed system verify:

∮
𝑑𝑄
𝑇

≤ 0 (18)

where 𝑑𝑄 represent the heat exchange during the cyclic process, and 𝑇
the temperature of the source giving off heat. In the case of a reversible
process, the equality is verified, being the inequality satisfied in the
case of an irreversible process. Dividing the closed path into two parts,
(I) from the point 𝐴 to the point 𝐵, and (II) from the point 𝐵 to the point
𝐴 (see Fig. 2), and considering a reversible process, the expression (18)
can be rewritten as:

𝑆𝐵 − 𝑆𝐴 = ∫

𝐵

𝐴

𝑑𝑄
𝑇

(19)

which mean that, in a reversible process, the value of the integral does
not depends on the path, so there is a state function 𝑆 called entropy
which only depends on the initial and final states. In the case of a
non-reversible process, following the same reasoning:

𝑑𝑄 =
𝐵 𝑑𝑄 +

𝐴 𝑑𝑄𝑟𝑒𝑣
< 0 → 𝑆𝐵 − 𝑆𝐴 >

𝐵 𝑑𝑄 (20)
5

∮ 𝑇 ∫𝐴 𝑇 ∫𝐵 𝑇 ∫𝐴 𝑇
Fig. 2. Cyclical process, Biel (1986).

Joining both results, the Clausius Theorem is obtained:

𝑆𝐵 − 𝑆𝐴 ≥ ∫

𝐵

𝐴

𝑑𝑄
𝑇

(21)

Depending on the value of the integral, or if the equality or inequal-
ity is verified, the process is different. The adiabatic process occurs
when the value of the integral is 0, and the reversible process occurs
when the equality is satisfied. That means that, in an isolated system,
the entropy of the system never decrease. But, in the case that the
system is not thermally insulated, the entropy can decrease if the
system gives heat to the medium, even if it undergoes irreversible
processes.

2.3. Thermodynamic process

A general polytropic process of a simple closed system is represented
by Eq. (22), Biel (1986):

𝑝𝑣𝑛𝑚 = 𝑐𝑜𝑛𝑠𝑡 (22)

where p is the thermodynamic pressure, 𝑣𝑚 is the molar volume of the
gas, defined as 𝑉 ∕𝑁 (V is the volume, and N is the number of moles),
and n is the polytropic exponent, whose value depends on both the type
of process and the nature of the gas (𝑛 = 1.4 for ideal dry air, 𝑛 = 5∕3
for ideal monoatomic gas). Eq. (22) describes the relationship between
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thermodynamic variables, as the system evolves through intermediate
equilibrium states following a sequence represented by a specific path
in the p–V thermodynamic space.

In the case of the compression/expansion cycle during OWC per-
formance, the sequence of (𝑝, 𝑉 , 𝑇 ) states undergone by the gas inside
the chamber, follows the process Eq. (22), the value of polytropic
exponent 𝑛 determined by the nature of the system, either considered
as an ideal gas or as a real gas mixture of dry air and water vapour.
Therefore, the process equation determines the availability of states as
the system evolves under the mechanical work exerted by the water
column displacement, i.e. it determines how the system temperature is
balanced and heat is exchanged if any. Any combination of (𝑝, 𝑉 , 𝑇 ) not
represented by the process equation is not available for the system, and
the deviation is balanced through radiation–diffraction effects.

Following Medina-López et al. (2017b), in the real situation, there
is a mixture of dry air and water vapour inside the OWC chamber, so it
is necessary to find an explicit form for the polytropic exponent 𝑛 that
escribes the real process. For that purpose, applying the compressibil-
ty factor 𝑍 of the Virial expansion, Prausnitz et al. (1999), the relation
etween the polytropic index 𝑚 and polytropic exponent 𝑛 is:

= 𝑍𝑚 (23)

here

=
𝐶𝑦 − 𝐶𝑝

𝐶𝑦 − 𝐶𝑣
(24)

where 𝐶𝑝, 𝐶𝑣 and 𝐶𝑦 represent the specific heats under constant pres-
sure, volume and a certain variable 𝑦 respectively.

The specific heats 𝐶𝑝 and 𝐶𝑣, the molar entropy 𝑠, the internal
energy 𝑢 and the enthalpy ℎ for the real gas can be expressed as a
ariation from the ideal gas as follows:

𝑝 = 𝐶∗
𝑝 + 𝑝𝛿𝐶𝑝 = 𝐶∗

𝑝 − 𝑇 𝑑2𝐵
𝑑𝑇 2

𝑝 (25)

𝑣 = 𝐶∗
𝑣 + 𝛿𝐶𝑣 = 𝐶∗

𝑣 −
𝑅0
𝑣𝑚

𝑑
𝑑𝑇

(

𝑇 2 𝑑𝐵
𝑑𝑇

)

(26)

𝑠 = 𝑠∗ + 𝛿𝑠 = 𝑠∗ − 𝑑𝐵
𝑑𝑇

𝑝 (27)

𝑢 = 𝑢∗ − 𝑇 2𝑅0
𝑣𝑚

𝑑𝐵
𝑑𝑇

(28)

= ℎ∗ + 𝑝𝛿ℎ = ℎ∗ + 𝐵𝑝 − 𝑇 𝑑𝐵
𝑑𝑇

𝑝 (29)

where ‘‘*’’ represents the ideal gas variables, 𝐵 is the second virial
coefficient, and 𝑅0 is the universal gas constant. To calculate 𝐵 for
any state, it can be used the Tsonopoulos expression, Tsonopoulos and
Heidman (1990):
𝐵𝑝𝑐
𝑅0𝑇𝑐

= 𝑓0 + 𝜔𝑓1 + 𝜒𝑚𝑜𝑙𝑓2 (30)

here 𝑓0, 𝑓1 and 𝑓2 are temperature correlation functions, 𝜔 is the
centric factor, 𝜒𝑚𝑜𝑙 is the molar fraction of vapour in dry air, 𝑇𝑐 =
47 K and 𝑝𝑐 = 218 atm. This method is developed in Medina-López
t al. (2017b).

. Experimental set up

The tests have been carried out in the wave flume of the Hydraulics
aboratory in the School of Civil Engineering of the University of
ranada (Spain). The wave flume has the same configuration that the
ave flume used in Molina-Salas et al. (2022b). It is a flat-bottomed
ave flume, with 10 m long and 1.5 m wide, build inside a wave basin
ut isolated from the rest of the waterbody by rigid walls, as Fig. 3
hows. At the end of the flume, a dissipative beach is built with the
im to minimize the wave reflection. This dissipative beach is build
ith concrete cubes of 7.5 cm. Each side, which are on a grid structure

hat allows the wave to pass through it. The slope of this beach is
6

t

.5 ∶ 1. So, a part of the wave energy is dissipated on the beach,
ther part is transmitted through it or above it to the rest of the wave
asin, and other part is reflected. The paddle system implements a
ave absorption system that allows to eliminate the reflected waves.
evertheless, the focus is placed on the interaction between surface

evel oscillation inside the chamber and thermodynamic process of the
ir. The wave propagation along the flume is recorded with four wave
auges located as Fig. 4 shows, one of them placed inside the OWC
hamber. The water depth is ℎ𝑤 = 0.448m for all test.

The OWC device model consist into a hollow vertical cylindrical
tructure 0.60 m high, with an internal diameter 𝐷𝑂𝑊 𝐶 = 0.20 m.
he wave energy transmission between the outside and inside of the
hamber is allowed by a 0.16 m height gap placed at the base of the
ylinder, spanning along its perimeter. Figs. 5 and 6 show respectively
he scheme of the geometric configuration of the device, and the device
sed in the tests. The transition between the diameter of the chamber
nd that of the turbine has been made with a part with two cone-shaped
runks, as it is shown in Fig. 5. The turbine used is a Wells type turbine,
ith an external diameter of 𝐷𝑡 = 0.045 m and an internal diameter of
𝑖𝑛 = 0.0225 m, cross-section area 𝐴𝑡 = 1.39 ⋅ 10−3 m2 (center to blade

ip), 6 divergent blades with an area of 𝐴𝑏 = 1.32 ⋅ 10−4 m2 each one,
solidity of 𝜎 = 0.6508, and NACA0022 profile. The turbine performance
is represented by a linear relationship between the pressure drop 𝛥𝑝
[Pa] and the rotational speed 𝑁 [r.p.m.] or the air flow 𝑄 [m3/s].

his OWC device is not scaled from any real OWC device. Indeed,
he thermodynamics scale effects essentially become evident when the
odel is scaled up. So, the scale factor should be applied to extrapolate

hose results to a full-scaled model, in order to present transient states
ssociated to the homogenization of variables over volumes even larger
see Molina-Salas et al. (2023) –. The turbine size has been fixed to
atch the chamber size and the wave propagation conditions, i.e. an

ncrease in the size of the turbine might result in a stall effect due to
oor wave energy to drive it. Moreover, the objective of this research is
o study the air compression/expansion thermodynamic process inside
he chamber, rather than its repercussion on the turbine performance,
hich would be the next step of the research. The turbine is used
s a restrain of the system with the aim of reproducing adequately
he real performance conditions. Its replacement by a orifice or a
orous layer would modify the thermodynamic performance of the
ystem since the pressure–air flow coupling would be modified. In
ddition, as Authors have indicated in previous research – see Molina-
alas et al. (2023) –, it is very complicated to build an OWC model
hat satisfies the hydrodynamics, thermodynamics and aerodynamics
onditions simultaneously, as well as to build a turbine that respects all
he scale relations, like the aerodynamic and inertial forces, the inertia
f the rotor, or the mas s of the blades, among others.

Temperature (𝑇 ), humidity (𝑅𝐻), air velocity (𝑣), static pressure (𝑝)
nd total pressure (𝑝𝑡𝑜𝑡) have been measured both inside and outside
he OWC chamber – see Figs. 5 and 6 –. A total of eleven taps have
een used to measure static and total pressure. Four taps have been
laced inside the chamber – numbers 1 to 4 –, four at the exit of the
hamber – numbers 5 to 8 –, and 3 in the outside – numbers 9 to 11 –
numbers 1, 2, 5, 6 and 9 to measuring static pressure; 3, 7 and 10 to
easure total pressure pointed downside; and 4, 8 and 11 to measure

otal pressure pointed upside). All of this gauges are connected to a
ata acquisition system configured at 50 Hz. The sampling frequency
or all the devices have been choose taking into account the Nyquist
heorem. To measure the water elevation, four resistives gauges have
een used – three before the OWC, and one inside –, connected to the
ame system that the rest of the gauges Finally, the rotational speed
f the turbine has been measured with a device connected to the same
cquisition system.

In Section 4 it will be analysed the thermodynamic process that
overn the air response inside the OWC chamber. Although the turbine
erformance has been measured (the relation between rotational speed
f the turbine, pressure drop and air flow through it), its analysis is not

he target of this paper.
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Fig. 3. Wave flume used in this research.
Fig. 4. Wave gauges distribution.
Fig. 5. (a): Geometric configuration of the chamber (dimensions in mm). (b): Pressure taps and gauges distribution.
4. Results and discussion

A total of ten test with regular waves have been conducted. Active
wave absorption of the paddles has been enabled. In each one, the
relative depth has changed according to Table 1. In this study, the
main objective is to estimate the entropy variation and energy budget
over the air compression/expansion cycles for a range of wave number
values. Results are presented in dimensional form. However generality
is preserved since the focus is placed on state functions budget rather
than relative magnitude.

The properties of the air are indicated in Table 2.
The methodology used to analyse the thermodynamic processes

starts from the pressure time series, which follows a sinusoidal signal.
7

The internal energy, enthalpy and entropy have been calculated in the
states of maximum and minimum pressure inside the chamber, dis-
tinguishing between expansion (from maximum to minimum pressure
states) and compression (from minimum to maximum pressure states).
The volume used in those calculations is the value obtained while the
maximum and minimum pressures occur. Regarding the temperature,
the time series indicates that the temperature is essentially constant
during the tests, so the value of temperature used is constant for
each test. Following the procedure indicated in Medina-López et al.
(2016), the density calculated is constant during all the tests – see
Fig. 11 –, which indicates that the air is not compressible during the
tests performed. On the other side, to calculate the Clausius Theorem
and the work done by/on the system, it has been used the complete
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Fig. 6. (a) and (b): OWC device and measure gauges. (c): Wells turbine.
Table 1
Test runs for regular waves (water depth ℎ𝑤 = 0.448 m).

Test Wave height Wave period Wave number
𝐻𝑠 [m] 𝑇𝑧 [s] 𝑘ℎ [–]

1 0.10 2.12 0.68
2 0.08 1.01 1.87
3 0.08 1.33 1.21
4 0.08 1.67 0.90
5 0.10 1.67 0.90
6 0.10 2.01 0.72
7 0.10 2.34 0.61
8 0.15 2.01 0.72
9 0.15 2.23 0.61
10 0.15 2.68 0.52

Table 2
Dry air and water vapour properties.
Properties Value Units

Air properties

𝑅𝑎 286.7 J/kg K
𝐶𝑝,𝑎 1010 J/kg K
𝜌𝑎 1.25 kg/m3

𝑀𝑊𝑎 0.0288 kg/mole
𝑇𝑐,𝑎 132 K
𝑝𝑐,𝑎 3.771 ⋅ 106 Pa

Water vapour properties

𝑅𝑣 461 J/kg K
𝐶𝑝,𝑣 1093 J/kg K
𝑀𝑊𝑣 0.0182 kg/mole
𝑇𝑐,𝑣 647 K
𝑝𝑐,𝑣 2.2089 ⋅ 107 Pa

pressure and volume time series in order to estimate the numerical
value of the integral that define them. It is clear that, in a strict
sense, thermodynamic states refer to equilibrium states. Nevertheless,
in practice, it can be considered that the air system follows a sequence
of steps between initial and final states, to be considered as fairly in
instantaneous equilibrium, so the thermodynamics principles can be
applied in such a feasible way.

In this research, no control on turbine-damping have been exerted.
However, turbine-damping as a consequence of the coupling between
the turbine performance and air chamber compression/expansion is
comprehensively considered through the analysis of the pressure–
volume relationships governing the processes inside the chamber. This
research is focused on the polytropic process curve itself, which in
8

turn implements all damping effects through the state equations, so
no restrains on turbine damping other than the natural ones have been
considered, in order to observe the compression/expansion process and
the heat/entropy budget in the widest range as feasible.

4.1. Energy budget

Energy budget over the air expansion/compression cycles is anal-
ysed. Internal energy during the air compression and expansion can
be estimated according to Eq. (28), even considering real gas model.
The work done by/on the system can be estimated using the measured
pressure and the volume of air inside the chamber – calculated through
the water surface elevation –. Finally, the heat exchange has not been
measured but estimated applying Eq. (17). The results obtained after
applying this method to the different cases indicated in Table 1 are
shown in Fig. 7.

As seen from Fig. 7 it is important to point out that the internal
energy variation of the system over the air expansion/compression
cycles is almost null, which means that, according to the first principle
of thermodynamics, the process can be considered cyclic. This fact
was pointed out by authors in previous researches, Molina-Salas et al.
(2022b). Furthermore, during the two phases of the cycle, the internal
energy variation is also null, so the same amount of energy rejected
or absorbed in form of heat is absorbed or rejected, respectively, in
form of work for each phase. Therefore, in order to analyse the energy
exchanges in the form of work and heat, a distinction between the air
expansion and compression phase is assumed. During the compression
phase, the water lever rise drives the system performance and 𝛥𝑙 > 0,
i.e. work done on the system. Nevertheless, during this phase, the
system is exchanging heat with the environment in order to maintain
its internal energy constant, as Fig. 7 shows. During the other part
of the cycle, the process is inverted. The air system expands and, in
this case, the work is done by the system since 𝛥𝑙 < 0, and the
system absorbs some amount of heat, maintaining constant its internal
energy. Nevertheless, if more appropriately, the compression phase is
interpreted as an active process and the expansion interpreted as a
vacuum expansion according to the Joule’s expansion – passive process
–, 𝛥𝑙 = 0 during the expansion phase. So, according to the First
Principle of thermodynamics, in this case the heat exchange must
be null, i.e. the expansion phase is adiabatic. That interpretation is
analysed in Section 4.2.

In a more detailed way, Fig. 7 shows that the exchanged heat
has not the same value – in absolute terms – that the amount of
energy in form of work, neither during the two different phases nor
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Fig. 7. Internal energy, work and heat exchange during the (a): expansion and compression phases. (b): complete cycle of expansion/compression.
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Fig. 8. Enthalpy variation over the expansion/compression cycles.

over the complete cycle. That can be explained with the enthalpy
variation shown in Fig. 8 and the indirect way to estimate the heat
exchange according to Eq. (17). During the compression phase, some
amount of energy is rejected and scattered back to the environment,
𝛥ℎ < 0, and this amount of energy is introduced in the heat balance
according to Eq. (17). During the expansion phase, the process is
inverted, and the same amount of energy is now absorbed by the
system, 𝛥ℎ > 0. This amount of energy could be interpreted in different
ways: (i) as the kinetic energy of air due to the flow velocity induced
by the compression/expansion process through the turbine duct; (ii)
as the amount of energy that is transferred between the air and the
turbine; or (iii) as the amount of energy that the system exchange with
the environment through its boundaries, e.g. the walls of the device.
While from Fig. 8 it is not feasible to determine whether the energy
(thermo and mechanical) transferred from the system to the turbine is
entirely supplied onto the shaft (wall efficiency, as it has been indicated
by Dixon and Eng (1966)) or is also exchanged in terms of heat through
the boundaries and water surface, it allows to set a maximum range of
availability for supplying the turbine rotor from the pneumatic energy
resource (isentropic efficiency, Dixon and Eng (1966)).

It is important to point out that, while the Wells turbine is fully
represented by a scaled model with solidity 𝜎 = 0.6508 and NACA
0022 blades profile, there is no PTO connection, i.e., no generator is
connected to the turbine, hence no utter work is transferred to the
shaft. However, from the standpoint of setting up performance limits,
the free rotation shaft provides alternatively with a maximum threshold
9

p

for turbine rotational/flow speed and compression characteristics and
performance. The free rotation of the turbine implies a higher rotational
speed than a turbine with a brake or connected to a generator system.
This fact affects the air compression/expansion process since the pres-
sure reached during the compression phase increase with the rotational
speed of the turbine, so the pneumatic power will also increase.

4.2. Thermodynamic process

Once the energy budget of the air expansion/compression cycle has
been explained, it follows an interpretation of the different phases.
Fig. 9 is used as a reference for this interpretation. As it has been
indicated in Section 4.1, the compression phase is an active process

here the work is done on the system —𝛥𝑙 > 0— and the system
ejects some amount of heat —𝛥𝑞 < 0—. In this phase, the system
orks on the turbine and the external ambient manostat, yielding
nergy (kinetic and/or thermal) to them since 𝛥ℎ < 0. This process
an be assimilated to a conversor of work into heat, as it is defined
y Biel (1986). According to this thermodynamic machine scheme, all
he energy in form of work done on the system is transformed into
eat, so the internal energy balance is null, like it is depicted Fig. 7.
n addition, during this phase the entropy decreases, 𝛥𝑠 < 0 due to that
mount of heat rejected, as Fig. 10(a) shows. Nevertheless, during this
hase, the Clausius Theorem is verified – see Fig. 10(b) –, so the process
s realizable even entropy is decreasing.

During the other part of the cycle, usually named expansion, the
ethod described in Section 4.1 to estimate the heat exchange indicates

hat the system absorbs heat from the environment. So, in this case
he Clausius Theorem is not satisfied since 𝛥𝑠 < ∫ 𝑑𝑞∕𝑇 as Fig. 10
hows. Nevertheless, as it is indicated in Section 4.1, the method used
o estimate the energy balance in this phase may not be appropriate.
lthough the work done by the system during this phase can be calcu-

ated using the pressure–volume states measured, its negative value can
e interpreted as the water level decreases due to the work done by the
ystem over the boundaries of the device. Nevertheless, the water level
ecreases because its natural movement. For that reason, that phase
an be interpreted in a more appropriately way as Joule expansion.
ccording to this interpretation, when the water level decreases a
omentary vacuum space is created, which causes that the pressure
ecreases and the air can expands freely without exerting any work.
pplying the First Principle of thermodynamics, the heat exchange
uring this phase would be also null since 𝛥𝑢 = 𝛥𝑙 = 0. In addiction,
he Joule expansion also establish that the entropy increases during the
ree expansion, as the experimental data shows. Therefore, the Clausius
heorem would be totally satisfied since 𝛥𝑠 > ∫ 𝑑𝑞∕𝑇 = 0, and the

rocess is realizable. Finally, the enthalpy increase during this phase
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Fig. 9. Scheme of the different phases performance of the OWC device.
Fig. 10. (a): Entropy variation over the cycles and semicycles of expansion/compression. (b): Clausius Theorem applied to the air compression/expansion cycles.
can be explained as the energy transmitted from the manostat or the
turbine – the environment – to the system.

Therefore, according to that reasoning, rather than compression and
expansion cycles, the air process could be more precisely described
as a compression (active) process driven by the incident wave action
and the water level rise inside the chamber, and a release (passive)
process restoring the initial compression conditions, and driven by: (1)
the back scattering wave action and the lowering of surface level inside
the chamber, and (2) the outer conditions governed by the monastic
boundary conditions represented by the atmospheric pressure.

All in all, the OWC auxiliar system performance through wave
cycles can be quantitatively interpreted as a compression subcycle in
which the air subsystem inside the chamber ‘‘actively’’ perform on the
turbine transforming pneumatic/thermal energy to the rotor (isentropic
efficiency), and an expansion cycle during which the air subsystem
inside the chamber ‘‘passively’’ expands as a consequence of downward
water surface motion, allowing the turbine to be driven by the inverted
pressure conditions between the inside (expansion vacuum) and the
outside (surrounding atmosphere monastic conditions).

This scheme is compared with the fact that the work transferred to
the turbine by the driving subsystem during the compression/release
cycle via the pressure variation is not depending on the flow direction,
but rather on the velocity magnitude somehow. Hence, pressure drives
10
the flow direction determining which subsystem compresses the turbine
(work transferred to the turbine → 𝛥ℎ < 0) and the energy budget
(mechanical and thermal) is set by temperature and velocity values.
For each cycle, there is one subsystem acting as a ‘‘driving’’ and another
acting as ‘‘passive’’ following the scheme in Fig. 9.

It is important to highlight that the temperature is essentially con-
stant during the tests performed, as Fig. 11(a) shows. This figure
represents the temperature, pressure, humidity and density evolution
during the test number 7 indicated in Table 1, but the results are equiv-
alent for the rest of the tests indicated in this table. This non variation
of the temperature during the test indicates that the air compres-
sion/expansion process is isotherm, which means that some amount
of heat is exchanged between the air system and the environment to
keep the temperature constant over the cycles. So, by definition, the
process cannot be adiabatic. On the other hand, the analysis of the
polytropic exponent points out in the same direction, as it is shown in
Fig. 11(b). The value of the polytropic exponent calculated for the tests
is 𝑛 ≈ 1, which indicates that the process is isotherm – by definition,
the value of the polytropic exponent for an isotherm process is 𝑛 = 1 –.
In addition, shall the process be adiabatic, the heat exchange and the
entropy variation should be null. However that is not the case since
the entropy variation over the air expansion/compression process is not
null.
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Fig. 11. (a) Pressure, relative humidity, temperature and air density evolution during the test number 7 indicated in Table 1, both inside and outside the OWC chamber. (b)
Polytropic exponent obtained for the different cases indicates in Table 1.
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Fig. 12. Isentropic efficiency for the cases indicated in Table 1.

To finish the analysis of the thermodynamic process, the isentropic
fficiency defined by Dixon and Eng (1966) is going to be used. This
fficiency, defined as 𝜂 = 𝛥ℎ∕𝛥ℎ𝑠, where 𝛥ℎ is the enthalpy variation

between both sides of the turbine, and 𝛥ℎ𝑠 is the enthalpy variation in
he ideal case, i.e., the isentropic process. This definition of efficiency
ndicates if the real process is closer or further away from the ideal
rocess where the entropy variation is null, i.e., the adiabatic process.
herefore, taking into account the heat exchanged during the two
hases of the complete cycle of compression/release, the isentropic
fficiency has been estimated. During the restore of the initial condi-
ions phase, the heat exchanged by the system is null, so the isentropic
fficiency es 100% due to this adiabaticity. Nevertheless, during the
ompression phase, the heat exchanged is not null, so this phase cannot
e considered adiabatic. This heat exchange makes the process move
way from the adiabatic process, so the isentropic efficiency in this
hase is reduced to 90.42%. This results are shown in Fig. 12.

Finally, it is important to point that the goal of the research is
o get a comprehensive sight of the phenomena involved in compres-
ion/expansion processes, as a way to assess efficiency in terms of wave
haracteristics (wave number). As part of the future research, the first
tep is to conduct tests under irregular waves to check the performance
f the OWC. From that on, simulation of wave climate will provide
11

onfidence intervals of performance, efficiency and renewability.
Fig. 13. Energy budget over the complete cycles taking into account an active
compression and a passive expansion.

4.3. Repercussion on the LCOE and carbon footprint

Finally, the implications of the energy budget into the cost of the
energy produced with this technology are analysed. During a complete
cycle, the heat exchange budged is negative —𝛥𝑞𝑐𝑜𝑚𝑝 < 0 and 𝛥𝑞𝑒𝑥𝑝 =
0—, and the energy budged in the form of work is positive —𝛥𝑙𝑐𝑜𝑚𝑝 > 0
nd 𝛥𝑙𝑒𝑥𝑝 = 0—, as Fig. 13 shows. That means that during a cycle, the
ystem increases its internal energy in the form or work and rejects
ome amount of heat. The differences between the heat rejected and
he work done on the system – in absolute terms – is the amount of
nergy transmitted to the turbine – useful energy – and the energy
xchanged with the environment – wasted energy –. In a more detailed
ay, focusing on Fig. 13, it can be observed that in a complete cycle of

ompression/release, the relation 𝛥𝑙∕𝛥𝑞 ≈ 66.69%, which means that,
uring the complete cycle, 33.31% of the work done by the system is
ransmitted to the turbine, and exchanged with the medium. Applying
he exergy efficiency definition – according to Eq. (25) in Molina-Salas
t al. (2022b) –, the useful energy, i.e. the energy transmitted to the
urbine, can be estimated as (1 − 𝛥𝑙∕𝛥𝑞) ⋅ 𝜂𝑒𝑥. The exergy efficiency
ariation vs. the relative depth is shown in Fig. 14 and the useful
nergy – expressed as a percentage of the total energy transmitted to
he system – is shown in Table 3.
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Fig. 14. Exergy efficiency for the cases indicated in Table 1.

Table 3
Exergy efficiency and LCOE repercussion.

Test Wave number Exergy efficiency Useful energy LCOE

1 0.68 96.87 % 32.27 % 464.85 £
2 1.87 82.38 % 27.44 % 546.63 £
3 1.21 93.66 % 31.20 % 480.79 £
4 0.90 94.75 % 31.56 % 475.27 £
5 0.90 96.21 % 32.05 % 468.04 £
6 0.72 96.47 % 32.13 % 466.79 £
7 0.61 97.40 % 32.44 % 462.33 £
8 0.72 96.96 % 32.30 % 464.45 £
9 0.61 97.68 % 32.54 % 460.99 £
10 0.52 98.29 % 32.74 % 458.17 £

The power obtained with this OWC model can be extrapolated to
full-scaled OWC device. Let suppose a real OWC with 2 meters of

iameter, which would mean a scale factor of 𝜆 = 0.1 respect the OWC
device performed during the tests. According to Froude similarity, the
ratio between the power output of the prototype and the model is 𝑟𝑊 =
𝜆7∕2. Now, let consider an OWC device placed in the Mediterranean Sea
where, according to Medina-López et al. (2019), the statistical analysis
indicates that, in one year, there would be 3000 waves with a period
of 7 s and 100 waves with a period of 10 s. So, extrapolating the data
obtained for the present research, the power output obtained in this
situation would be fairly around 4 MWh∕year with a single OWC device,
which is a reasonable value considering the small size of the scaled up
turbine. This value indicates that the results of the tests performed are
reasonable.

The useful energy can be interpreted as a factor that has a direct
influence on the Levelized Cost of Energy (𝐿𝐶𝑂𝐸). According to de
Andres et al. (2017), the LCOE is defined as:

𝐿𝐶𝑂𝐸 =
𝑁𝑃𝑉 (𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋)

𝐴𝐸𝑃
(31)

here 𝑁𝑃𝑉 is the net present value, calculated following Têtu and
ernandez-Chozas (2021) as:

𝑃𝑉 = 𝑖
1 − (1 + 𝑖)−(𝑛+1)

(32)

here 𝑖 is the interest rate and 𝑛 is the life time. According to de Andres
t al. (2017), 𝑖 = 12% and 𝑛 = 25 𝑦𝑒𝑎𝑟𝑠. The CAPEX and OPEX values are
ecessary to estimate the LCOE of the OWC device. The analysis of the
COE in this research starts from the results obtained by de Andres et al.
2017), where the CAPEX, OPEX, AEP and LCOE has been estimated.
rom that on, in the present rationale, it has been assumed that the
nergy budget essentially affects only the energy production (the AEP
alue), so taking the same values of capital and operative expenses
12
CAPEX and OPEX) than the mentioned research as a reference, the
alue of the AEP due to the energy budget obtained has been estimated,
nd a new value of LCOE has been calculated.

The useful energy expressed in Table 3 can be interpreted as a
orrective factor of 𝐴𝐸𝑃 , i.e. as a factor to reduce the annual electricity
roduction as 𝐴𝐸𝑃𝑐𝑜𝑟𝑟 = 𝐴𝐸𝑃 ⋅ %𝑈𝑠𝑒𝑓𝑢𝑙 𝑒𝑛𝑒𝑟𝑔𝑦. In this case, applying

the same values of 𝑁𝑃𝑉 , 𝐶𝐴𝑃𝐸𝑋 and 𝑂𝑃𝐸𝑋 as de Andres et al.
(2017), and applying the explained correction for the values of 𝐴𝐸𝑃
obtained by de Andres et al. (2017), the 𝐿𝐶𝑂𝐸 values increase from
150 £/MWh – 𝐿𝐶𝑂𝐸 target establish in de Andres et al. (2017) – to the
values shown in Table 3. This means that the 𝐿𝐶𝑂𝐸 increases between
the 305% and 364%.

From another point of view, those results can be used not only as
a factor to modify the 𝐿𝐶𝑂𝐸, but as a factor to limit the maximum
amount of energy that could be produced. This limit in the maximum
amount of energy that a plant can reach can be used to improve the
design of this plants with the aim of reducing the 𝐶𝐴𝑃𝐸𝑋. This is
consistent with previous researches – Jalón et al. (2016) –, where
it was pointed out that the efficiency – understood as the LCOE – of
the OWC device improves when this devices are designed to average
climate conditions.

In a step further, some considerations imported from emergy anal-
ysis bring to front that OWC technology can provide with a even more
efficient performance. An emergy-based analysis of renewability – and
of sustainability in a wider socio-economic sense – of the proposed
performance of an OWC model, would require not only technical data
during the operating phase, but also tracked information on natural
resources, renewable and non-renewable inputs as well as human and
economic resources flux from the society – see for example Yang and
Chen (2016), Brown and Ulgiati (2002) –. In that sense, exergy analysis
provides with a strictly thermodynamic and efficiency focusing. Even
if exergy and emergy analysis can be related accurately – Bastianoni
et al. (2016) –, there are required variables that might not be available
in all cases. Nonetheless, from the definition of some emergy-based
descriptors and starting from the information provided by the exergy
analysis, it is feasible to define some descriptors that can utterly be
used to relate exergy renewability with emergy descriptors and with
greenhouse emissions, which is a key factor when relating renewability
– a pure thermodynamic concept, Molina-Salas et al. (2022b) –, with
impacts on the biosphere. In that sense, a renewable emergy index can
e defined as:

𝑒𝑚 = 𝐸𝐼𝑆 ⋅
𝐹
𝑅

= 𝑌
𝑁 + 𝐹

(33)

where EIS is the emergy index of sustainability – (Brown and Ulgiati,
2002) –, Y is the total emergy assigned to the output, calculated as the
sum of the renewable (R), non–renewable (N) and purchased feedback
flows of goods and human services from the economy (F ). This 𝜆𝑒𝑚 can
be considered as the equivalent to the renewability index defined in
terms of exergy balance – de Oliveira (2013) –:

𝜆𝑒𝑥 =
∑

𝑒𝑜𝑢𝑡
𝑒𝑛𝑟 + 𝑒𝑑𝑡 + 𝑒𝑑𝑎 + 𝑒𝑑𝑎 +

∑

𝑒𝑒𝑚
(34)

Given the relation between emergy and exergy, descriptors can be
rawn in terms of transformation factors. It can be expected that in
ny given non-dimensional combination, the magnitude of relations be
reserved. For that reason, it is expected that in non-dimensional terms,
he definitions of 𝜆𝑒𝑚 and 𝜆𝑒𝑥 represent the same magnitude, say, the

balance between the power output and the non-renewable sources and
derived process, hence 𝜆𝑒𝑚 ∼ 𝜆𝑒𝑥.

From that previous statement, it can be estimated the balance
between avoided and released GHG emissions in OWC operating in
the same fashion as it can be conducted for other types of renewable
power plants. Let us consider first the balance of CO2,𝑎𝑣𝑜𝑖𝑑𝑒𝑑∕CO2,𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑
corresponding to wind, geothermal and hydroelectric plants according
to Table 3 in Brown and Ulgiati (2002). Those values have been
obtained from ENEA (1996). Although those values should be updated,
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Table 4
Comparison of energy indicators and GHG flows for different electricity production systems.

Wind Geothermal Hydro OWC
(2.5 MW) (20 MW) (85 MW) (0.005 MW)

Total electric energy produced per year [J] 1.35 ⋅ 1012 3.28 ⋅ 1014 3.94 ⋅ 1014 1.06 ⋅ 109

CO2 released [g] 1.36 ⋅ 107 5.98 ⋅ 1010 1.27 ⋅ 109 3.03 ⋅ 103

CO2 avoided [g] 3.39 ⋅ 108 8.25 ⋅ 1010 9.91 ⋅ 1010 2.67 ⋅ 105

CO2 ratio (avoided/released) 25.02 1.38 77.752 87.82
Renewability emergy index, 𝜆𝑒𝑚 7.44 3.30 3.21 30
Fig. 15. Ratio CO2,𝑎𝑣𝑜𝑖𝑑𝑒𝑑∕CO2,𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 vs. renewability emergy index for different
electricity production plants.

they give us a first approach to compare the emergy analysis of the
OWC device with the rest of renewable electricity production systems.
From that information and using the definitions in Eq. (33), the relation
between CO2,𝑎𝑣𝑜𝑖𝑑𝑒𝑑∕CO2,𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 in plant operating is represented in
Fig. 15. This figure represents a tendency fit for the three renewable
power plants indicated in the mentioned Table 3 in Brown and Ulgiati
(2002). The ratio of CO2,𝑎𝑣𝑜𝑖𝑑𝑒𝑑∕CO2,𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 for the OWC power plant
has been estimated using the mentioned adjustment and applying a
value of 𝜆𝑒𝑥 ∼ 𝜆𝑒𝑚 = 30, according to Molina-Salas et al. (2022b).

Now, let us considerer a simple OWC device with a generating
capacity of 5 kW, and let us assume that 𝜆𝑒𝑚 ≡ 𝜆𝑒𝑥. If the device
s installed on location where the relative depth is 𝑘ℎ ≈ 0.68, the

capture length would be 𝑘𝐿 ≈ 0.031 and the renewability index is
𝜆𝑒𝑥 ∼ 𝜆𝑒𝑚 ≈ 30. So, according to the data represented in Fig. 15,
the relation between CO2,𝑎𝑣𝑜𝑖𝑑𝑒𝑑∕CO2,𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 for the OWC device can be
estimated in 87.82. Considering a capacity factor of 0.28 – similar to
the data available from Mutriku Power Plant –, and a turbine efficiency
of 𝜂𝑡𝑢𝑟𝑏 = 75%, the annual electric energy produced by the device
is 1.06 ⋅ 109 𝐽 . If this amount of electricity would be generated by
conventional fossil fuel systems (a thermal plant), the amount of CO2
released to the atmosphere, and thus, avoided by the OWC device, is
2.67 ⋅105 𝑔 CO2∕year, which means that the amount of GHG emissions is
3.03 ⋅ 103𝑔 CO2∕year during its lifetime. Table 4 shows the comparison
of this example with other production systems – (Brown and Ulgiati,
2002) –.

As it can be seen in Table 4, although the amount of energy that
the OWC system can produce nowadays is lower than other renewable
sources, the value of CO2 ratio is at least in the same range than
other renewable systems, or even higher. Focusing in the renewability
emergy index, the value is also in the same range or higher, depending
on the wave conditions according to Molina-Salas et al. (2022b). That
means that the OWC system can be an alternative to the conventional
fuel systems and will help to reduce the GHG emitted.
13
5. Conclusions and future research

In this research, an energy budget of an OWC device performance
has been conducted from experimental data, with the aim to set a
maximum efficiency of the device and to obtain a factor to correct the
cost of it. In addition, an estimation of the carbon footprint of these
devices has been studied. The main conclusion of this research are:

• The process can be considered as cyclic given 𝛥𝑈𝑐𝑦𝑐𝑙𝑒 = 0. On
the other hand, the null entropy variation over a complete cycle
points out to the same concept. That means that the air system can
be considered in fact as an auxiliar system and the OWC device
can be considered as a thermodynamic machine, according to the
scheme proposed in Molina-Salas et al. (2022b).

• Despite this cyclical behaviour, the different phases of each cycle
present different behaviour. One phase is an active phase of com-
pression, where the work is done on the system and the system
reject some amount of heat to the environment. The other part of
the cycle is a passive release process where the initial conditions
are restored. In this phase, a free expansion takes place, in which
the work done by/on the system and the heat exchange are null.

• The difference between the work done by/on the system and the
heat exchanged over the cycles is 33.31%, and can be explained
through the enthalpy variation. The enthalpy variation over the
expansion and compression phases explains this energy exchange
between the system and the environment. The 27.44%–32.74% of
this energy is transmitted to the turbine (useful energy) and the
rest is transmitted to the environment (wasted energy).

• Although the restoring of the initial conditions phase is an adia-
batic process, the compression phase is not adiabatic, differing in
this case from the ideal conditions. That heat exchange reduces
the efficiency of the device to 90.42%, which implies that the
LCOE increases between 205.45% and 264.42%. Consequently, an
alternative to reduce the cost of the energy can be to design the
device for mild climatic conditions in order to reduce the CAPEX
and, consequently, the LCOE.

• The estimative emergy analysis reveals that the OWC system
values of avoided/released CO2 ratio and renewability emergy
index are in the same range that other renewable energy systems,
which means that this technology can be a real alternative to
reduce the GHG emissions and the impacts on the biosphere.

Next steps spinning from this research are: (i) To isolate the external
subsystem. This isolation will allow to check if the efficiency of the
OWC device could increase. (ii) To test different types of turbines in
order to check the influence of this restraint to the system. (iii) To test
this device under irregular waves, trying to reproduce real situations
and to estimate the efficiency of this device in a more realistic way.
(iv) To make a deeper research on the emergy analysis of the OWC
device.
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