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Abstract

Environmental impacts and the effects of climate change are becoming ever higher as the energy demand is growing, and the
high dependence on fossil fuels to supply global energy needs is unquestionable. For this reason, it is necessary to increase
the global percentage of renewable energy (ODS 7, target 7.2), promote access to research, technology and investments in
clean energy (ODS 7, target 7.4) and integrate climate change measures into national policies, strategies and planning (ODS
13, target 13.2). In this sense, ocean energy has a relevant role, but it is necessary to identify the environmental effects it may
generate. According to the later, the aim of this research is to evaluate the environmental impacts of a wave energy power
plant located in Mutriku, Spain, with a Life Cycle Assessment approach. The results demonstrate that the Construction stage
presents the highest environmental impacts, which reach 86.6% in climate change due to the high raw materials consumed,
while energy generation is the stage with the lower environmental impacts, with 5.5% in the climate change category. For
the end-of-life stage a sensitivity analysis was performed, showing that high recycling rates for all the metallic materials is
not always resulting in better performance. It is concluded that it is important to mitigate the environmental impacts in the

Construction stage and in the End-of-Life stage.
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1 Introduction

Within the 17 Sustainable Development Goals (SDG), two of
them call for action towards energy sustainability: the SDG 7:
Affordable and Clean Energy—ensure access to affordable,
reliable, sustainable, aims to increase the global percentage
of renewable energy (target 7.2) and promoting access to
research, technology and investments in clean energy (tar-
get 7.4), among other targets. On the other hand, the SDG
13: Climate Action—take urgent action to combat climate
change and its impacts, integrating climate change measures
into national policies, strategies and planning (target 13.2)
and improving education, awareness-raising and human and
institutional capacity on climate change mitigation, adap-
tation, impact reduction and early warning (target 13.3).
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However, despite the efforts of the international community
to achieve the SDGs and reduce the consumption of fossil
fuels and the Greenhouse Gases (GHG) emissions, in 2022
80% of energy was provided by fossil fuels (IEA 2023a), gen-
erating 36,900 million tons of CO, eq (IEA 2023b), which
represents 68% of the total GHG emissions (Crippa et al.
2023).

To avoid the GHG emissions, the International Energy
Agency (IEA) has highlighted the need to increase the
development of clean energy generation technologies and
infrastructure (IEA 2023a). In this sense, renewable ener-
gies are considered an effective and promising solution for
the energy supply with low carbon emissions (Panwar et al.
2011).

Within renewable energies, it is estimated that ocean
energy represents a total potential up to 80,000 TWh per
year (approximately 10% of the world’s current electricity
demand), with an additional benefit of being more predictable
than other renewable sources, which is an important charac-
teristic for meeting the goal of generating low-carbon energy
(Guercio and Kumar 2022). However, according to the Inter-
national Renewable Energy Agency (IRENA), by 2024 there
was only an installed capacity of 494 MW worldwide, which
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includes all forms of energy extraction from the ocean. This
capacity is mainly concentrated in Europe, where France has
the only tidal power plant with a capacity of 212 MW, fol-
lowed by the United Kingdom with a capacity of 10 MW
and Spain with an installed capacity of 5 MW, and in Asia,
where South Korea has a capacity of 255 MW. This contrasts
with the installed capacity of wind energy, which reaches
1,132,657 MW worldwide and solar energy, which repre-
sents 1,866,306 MW worldwide (IRENA 2025).

Among the energies of the ocean, wave energy consists
of using the movement of the waves, harnessing both in its
kinetic and potential form for its transformation into electri-
cal energy (Paredes et al. 2019). These devices are usually
known as Wave Energy Converters (WEC) and consist of
at least three elements: (1) the extraction method, (2) the
power generation system or power take-off, and (3) the sup-
port structure (Paredes et al. 2019; Uihlein 2016). They can
be classified according to the location they are installed in,
namely onshore, nearshore or offshore, or the operating prin-
ciple they are based on to convert wave energy into electricity
(Gastelum 2017).

Amid the different types of WECs, the Oscillating Water
Column (OWC) is a device with a partially submerged cavity
structure where the air, acting as a working fluid, moves an
air turbine alternating compression and decompression in
response to the incident waves (Cascajo et al. 2019).

Currently, the vast majority of ocean energy systems
installed are testing prototypes whose only objective is to
prove the feasibility of the concept in terms of power capture
and conversion, robustness and affordability. These proto-
types are usually built and tested for a period comprised
between six months and a couple of years in the best-case
scenario, producing a considerable amount of waste and junk
at the end of each testing campaign. The actual lifespan
that these devices will have at the commercial stage is still
unknown, even though some estimations put the lifespan of
WECs between 20 and 30 years, leaving this issue to be
addressed in the medium-term future. Bearing this in mind,
the EU’s Offshore Renewable Energy Strategy, launched by
the European Commission in 2020 (European Commission
2020), established for the first time, increase production effi-
ciency, longer life-time of installations and the ’end of life’
of components, considering the circular economy approach
by including the principle of ’circularity by design’ through
the research and innovation (European Commission 2020),
which is expected to trigger advances in the development of
ocean energies.

Although the use of wave energy seems to be an attractive
alternative to fossil fuels electricity production, it is impor-
tant to note that there are many factors that limit the use
of WECs, namely degree of development, efficiency, high
investment costs or social acceptance (Panwar et al. 2011;
Tello and Marulanda 2017; Lund 2007; Bhat and Prakash
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2009; Wilberforce et al. 2019). In this regard, an example of
success in increasing the supply of renewable sources in its
energy matrix is the autonomous community of the Basque
Country in northern Spain, where in 2000 these represented
3.3%, while by 2024 this had increased to 7.9%, with 0.1%
of this energy coming from a wave energy system since 2011
(EVE 2026).

Additionally, the environmental impacts are of keen
interest due to the potential damage on wildlife and the sur-
rounding environment, as well as the environmental impacts
associated directly and indirectly to the resource use and
energy (Sgrense et al. 2006; Mustapa et al. 2017; Ozkan
2020). Emissions, effluents and solid waste produced during
the fabrication, installation, operation and decommissioning
of these devices have a direct impact on the depletion of nat-
ural resources, climate change and depletion of fossil fuels,
among other impacts (Paredes et al. 2019; Patrizi et al. 2019;
Pennock et al. 2021).

In order to assess the environmental impacts of the elec-
tricity production based on ocean energies, in this paper,
a Life Cycle Assessment (LCA) of an OWC-type WEC is
developed, using as a case study the Mutriku Wave Energy
Power Plant in Spain. This plant was selected for being one of
the few wave power plants currently in operation worldwide,
and the first of its class to be connected to the local power grid
supplying, therefore, continuous electricity on a commercial
scale (Fernandez 2017; Lekube et al. 2018; Vicinanza et al.
2019; Torre-Enciso et al. 2009; Garrido et al. 2015; Ibarra
et al. 2018; Serras et al. 2019; Fay et al. 2020). Another of
the main advantages of this plant is that it is a research cen-
ter, which provides the possibility of testing prototypes in
real conditions, which accelerates the project development
process in marine energy (Ferndndez 2017; Fay et al. 2020).

Among the main challenges of WECs is that only a small
number of them have reached sea trials and a few prototypes
have been tested in real environmental conditions (Fay et al.
2020). Therefore, LCA is a useful tool throughout the devel-
opment stages of a WEC, since for those in the design stages it
allows identifying critical points and taking actions (Apolo-
nia and Simas 2021), while for installations, like Mutriku,
already functional, allows the components and operations
of these devices to be exhaustively represented so that the
assumptions for these technologies can be validated and the
knowledge gaps that exist in them can be closed (Pennock
etal. 2021).

In this sense, Life Cycle Assessment methodology has
proven to be a tool that helps identify the potential environ-
mental impacts at every stage of an ocean energy system.
Therefore, it is considered an important tool for understand-
ing the potential impacts of devices that generate energy
through the ocean, so that decision makers have a method of
evaluating environmental performance and better understand



Journal of Ocean Engineering and Marine Energy

whether these technologies are not only technically and eco-
nomically viable but also environmentally feasible (Guercio
and Kumar 2022; Paredes et al. 2019; Giiereca et al. 2015;
Bastos et al. 2023), and really contribute to achieving an
affordable and clean energy (SDG 7) and to combat climate
change and its impacts (SDG 13).

Most of the studies reported in the literature focus on
the carbon footprint (Gastelum 2017; Patrizi et al. 2019;
Parker et al. 2007; Walker and Howell 2011; Banerjee et al.
2013) with little information about the various environmen-
tal impacts that these systems can generate (Paredes et al.
2019). In addition, most studies are on technologies at early
readiness levels, so a detailed understanding of the life cycle
impacts of WECs is important for their technological devel-
opment, maturation and commercialization (Zhai et al. 2018),
even to achieve a decrease in their Energy Payback Time.

2 Material and methods
2.1 Scope definition

The harbor of Mutriku is located in a small bay in the Gulf
of Biscay on the northern coast of Spain. In the Breakwater
of Mutriku, the Basque Energy Agency of Basque Country
(EVE for its acronym in Spanish, Ente Vasco de la Energia),
installed the power plant.

The function of this power plant is the commercial produc-
tion of electricity and the supply of energy to a portion of the
Mutriku community. The Functional Unit (FU) established
was 1 kWh, in order to compare with other LCA studies with
similar devices. The lifespan has been considered as 20 years,
the lifetime for which the power plant was designed.

The energy production considered for this study was
4,929,377 kWh during the estimated lifetime, considering
the annual average energy production, based on Ferndndez
(2017), Ibarra et al. (2018) and Serras et al. (2019), estima-
tions.

2.2 Life cycle systems boundaries

The approach used for this LCA was “cradle to grave,”
meaning that all necessary processes were considered, from
the acquisition of raw materials to the final disposal of the
resources used, through the established life cycle stages (ISO
2006). For ocean energy systems, these stages can be defined
as Construction, generation, and end of life, according to
Paredes et al. (2019), as shown in Fig. 1 and described in
Sect. 2.2.

2.3 System description
2.3.1 Construction stage

In this stage, all the materials for the Breakwater structure
as well as all those required for the wave power plant are
included. The Breakwater has a half-moon shape with 600 m
large where 100 m consists of the active zone, where the
wave power plant, with its sixteen air chambers, is located
(Supplementary material—Fig. S1).

The wave power plant consists of prefabricated concrete
trapezoidal blocks that are built on top of each other and are
filled with concrete (type HA-35/P/20/I1Ic+Qb with cement
CEM III/B 32,5R), of structural steel, designed to have
high strength and durability in a marine environment. It is
integrated with sixteen air chambers, all with the same dimen-
sions, which are connected through an overhead opening into
aturbine gallery where Wells-type turbines are installed, each
connected to a generator with a rated power of 18.5 kW.
The lower level of the opening, wherewave energy extrac-
tion is carried out, is 3.4 m below the Lowest Equinoctial
Spring Tide (Lekube et al. 2018; Torre-Enciso et al. 2009,
2010; Garrido et al. 2015; Fay et al. 2020; Tease et al. 2007,
Arcelay 2020; Otaola et al. 2019) (Supplementary Informa-
tion—Fig. S2).

Wells turbines installed in Mutriku have a height of 2.83 m
and 1.25 m wide. In addition, each turbogenerator module
includes two five-bladed rotors (Torre-Enciso et al. 2009,
2010; Ibarra et al. 2018). Each rotor is formed by symmetri-
cal blades that rotate in the same direction regardless of the
direction of the air flow through the turbine, so no additional
device is required to rectify this flow (Torre-Enciso et al.
2009; Otaola et al. 2019).

On the other hand, the equipment of the power plant is
divided into two groups, each with 8 turbines, for control
purposes (Tease et al. 2007). The generator has a voltage of
460 V, which is considered low voltage. To fulfill the require-
ments of the power grid, the power is generated in alternating
current, then rectified to direct current and back again into
alternating current through a back-to-back converter. The
Mutriku wave power plant is capable of supplying its own
electrical needs, with the remaining energy being supplied
to the local distribution grid at 13.2 kV (Lekube et al. 2018;
Torre-Enciso et al. 2009; Ibarra et al. 2018).

At this stage, cabling and raw material transport were not
considered. This is because Uihlein (2016) demonstrated that
the cabling contributes less than 10% to the climate change
impact category, while Patrizi et al. (2019), identified that
transport only represents 1% of the impacts in a study of
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Fig. 1 Mutriku’s wave energy power plant system boundaries

an OBREC device installed in a Breakwater similar to the
Mutriku plant. It is important to note that Mutriku plant is
located at 13 and 25 km of two cement production plants,
and at 25 and 32 km of two steel production plants, so it is
assumed that the impacts of transporting materials are not
significant.

2.3.2 Generation stage

In this stage, the electricity generation and maintenance are
included (Fig. 1). The maintenance of the wave power plant
is performed annually both for preventive and corrective pur-
poses; monthly reviews are performed and depending on the
degree of wear of each component, is that it is intervened.
During these activities, both mechanical and electrical com-
ponents are replaced (Lekube et al. 2018). This includes
maintenance of the electrical and mechanical systems, the
water needed for the sanitary services of the plant, and the
cleaning of the Wells turbine blades (Lekube et al. 2018).
Maintenance of the electrical system consists of quarterly
checks of the electronic devices, while the mechanical sys-
tem requires greasing of the bearings, replacement of the
bearings as well as replacement of the turbine rotors.

As a result of the spatial configuration of the Breakwater
of Mutriku Wave Energy Power Plant, as well as plant main-
tenance activities, the number of active turbines is not always
the same, but it is estimated that, on average, 10 turbines are
in constant operation and this value is used in the Life Cycle
Inventory.
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During the operation, since no inputs or other raw mate-
rials are required other than the movement of the waves to
move the turbines and generate energy, there is no production
of waste, emissions or effluents in this sub-stage. The main-
tenance of the dam is responsibility of the port authority, so
it is not considered as part of the systems.

2.3.3 End of Life (EoL)

Mutriku power plant has not yet concluded the lifespan for
which it was designed, so for this stage, for the reference
scenario (E1), the recycling rate was assumed for the metal
elements that compose the wave power plant to be 90%,
which is the one typically assumed for renewable energy
generation technologies (Karan et al. 2019) and the one pro-
posed for other WEC’s (Parker et al. 2007; Zhai et al. 2018;
Dalton et al. 2014; Douziech et al. 2016; Thomson et al.
2019), while the rest of the metals (10%) and the other mate-
rials (concrete, limestone) used in the different stages of the
lifecycle of the power plant are assumed to be deposited in a
landfill. For the non-metallic materials, it is considered that
100% are disposed in sanitary landfills. Due to a lack of data,
the dismantling process is considered not to generate emis-
sions or discharges.

Transportation was excluded from this stage of the life
cycle for the following two reasons: first, the average distance
between the various waste segregation transfer centers in the
Basque Country and the port of Mutriku, where the Wave
Energy Plant is located, is 19 km; second, other authors have
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suggested that transportation is not as crucial (Uihlein 2016;
Bastos et al. 2023).

On the other hand, and considering that the End-of-Life
(EoL), is currently the stage of highest uncertainty in ocean
energy generation systems, because there are still no studies
on the actual disposal or recycling practices of the different
materials that make up the technologies (Zhai et al. 2018), a
sensitivity analysis of the EoL scenarios is performed, con-
sidering the scenarios presented in Table 1.

The second scenario (E2) includes the dismantling of the
wave power plant from its foundations, with a recycling rate
of 75% for metallic materials, while the other 25%, as well
as 100% of the rest of the materials used are disposed of in
a landfill. Finally, the third scenario (E3) includes the dis-
mantling of the wave power plant from its foundations, with
a recycling rate of 50% for the metallic materials, while the
other 50%, as well as 100% of the rest of the materials used
are disposed of in a landfill. Recycling rates for all scenarios
are shown in Table 1.

2.4 Life cycle inventory

The Life Cycle Inventory (LCI) for the generation stage was
provided by the Mutriku staff, mainly by Dr. Lekube, author
of this paper and who was Project Manager of the Basque
Energy Agency, site that operates and maintains the wave
power plant in Mutriku. Meanwhile, for the Construction and
the EoL stages, data from secondary sources (Torre-Enciso
etal. 2009; Parker et al. 2007; Zhai et al. 2018; Arcelay 2020;
Daltonetal. 2014; Douziech etal. 2016; Thomson et al. 2019)
and international databases (Ecoinvent v3.4; GaBi Database)
were used. Table 2 shows the summary of the LCI for the
Mutriku wave power plant and the ecoinvent modules used
for the Life Cycle Impact Assessment (LCIA), which show
the characteristics of each material.

2.5 Life cycle impact assessment

The method selected in this research for LCIA was ReCiPe
v1.08 Midpoint and modeling was performed using the GaBi
Thinkstep software. In this study, nine impact categories were
modeled in the LCIA stage, which have been previously iden-
tified as relevant for this type of systems by Paredes et al.
(2019): Climate Change (CC) in kg CO» eq, Fossil Deple-
tion (FD) in kg oil eq, Human Toxicity (HT) inkg 1,4-DB eq,
Marine Ecotoxicity (MET) inkg 1,4-DB eq, Marine Eutroph-
ication (ME) in kg N eq, Metal Depletion (MD) in kg Fe eq,
Ozone Depletion (OD) in kg CFC-11 eq, Particulate Matter
Formation (PMF) in kg PM ¢ eq and Terrestrial Acidification
(TA) in kg SO; eq.

2.6 Energy payback time

As part of this work, a preliminar estimation of the Energy
Payback Time (EPBT) was performed. EPBT refers to the
ratio of embodied energy to the annual net electricity genera-
tion in an energy production facility. The calculation includes
the use of the embodied energy values of the raw material
and energy used in the Construction and Generation stages,
divided by the annual production of energy. The embodied
energy of raw materials were adopted from Alcorn A., (2001)
and divided by the annual electricity production considered
in this paper.

3 Results and discussion
3.1 Life cycle impact assessment

In Table 3 is shown the results of the Life Cycle Impact
Assessment profile of Mutriku Wave Energy Power Plant
for each of the impact categories analyzed, as well as for
the different stages and sub-stages described in Sect. 2.3 of
this paper. Also, Fig. 2 shows the normalized and percentual
results of the life cycle stages.

Climate change is the most frequently reported environ-
mental impact category in the literature (Gastelum 2017,
Patrizi et al. 2019; Parker et al. 2007; Walker and Howell
2011; Banerjee et al. 2013). In this study, a total impact
of 2.26E—-01 kg CO, eq/kWh was estimated, of which
1.95E—01 kg were generated during the Construction stage.
This value represents the highest impact, comparing with
other studies, which is discussed in detail, at the end of this
section.

With regard to the ozone depletion impact category in
Table 3, a value of 2.11E—08 kg CFC-11 eq/kWh can
be observed, which is higher than that reported by other
authors and varies between 2.50E—09 and 6.32E—09 kg
CFC-11 eq/kWh for an Oyster-type system (Karan et al.
2019), but lower than those reported by Uihlein (2016) for
devices such as Pelamis (1.80E —03 kg CFC-11 eq/kWh) and
a Point Absorber (4.20E—20 kg CFC-11 eq/kWh).

Douziech et al. (2016) report lower values for the cate-
gories: Fossil Depletion (2.28 E—02 kg oil eq/kWh), Human
Toxicity (3.39E—02 kg 1,4-DB eq/kWh), Marine Ecotox-
icity (1.64E—03 1,4-DB eq/kWh), Marine Eutrophication
(1.92E—-05 kg N eq/kWh), Particulate Matter Formation
(1.43E—04 kg PM ¢ eq/kWh) and Terrestial Acidification
(2.51E—-04 kg SO, eq/kWh), compared to those presented
in Table 3. On the contrary, they report a higher value in the
Metal Depletion category (5.38E—08 kg Fe eq/kWh) than
that obtained in this study (3.21E—03 kg Fe eq/kWh). It is
important to note that none of these systems, despite being
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Table 1 Scenarios considered for

EoL stage and its recycling rate Metals [%]

Non-metallic materials [%)] Other materials [%]

s d
assume Recycling Landfill Landfill Landfill
El 90 10 100 100
E2 75 25 100 100
E3 50 50 100 100
Table 2 Life cycle inventory of Mutriku and datasets used for the LCIA
Stage Sub-stage Material Total quantity used Reference Ecoinvent 3.4 Module
(kg)
Construction Breakwater Concrete 3.42E+05 Adapted from Arcelay (2020)  CH: market for concrete.
Normal ecoinvent 3.4
(generic representation that
in Switzerland corresponds
to B30/25
(C20/25-C25/30)
Limestone 2.13E+07 Adapted from Torre-Enciso CH: market for limestone.
et al. (2009) Unprocessed ecoinvent 3.4
Steel 1.84E+03 Adapted from Adapted from GLO: market for metal
Torre et al., (2009) working. Average for steel
product manufacturing
ecoinvent 3.4
Power Plant Concrete 1.26E+07 Adapted from Torre-Enciso CH: market for concrete.
et al. (2009) Normal ecoinvent 3.4
(generic representation that
in Switzerland corresponds
to B30/25
(C20/25-C25/30).CH:
market for concrete.
Normal ecoinvent 3.4
Limestone 7.65E+03 Adapted from Torre-Enciso CH: market for limestone.
et al. (2009) Unprocessed ecoinvent 3.4
Steel 1.20E+03 Adapted from Torre-Enciso GLO: market for metal
et al. (2009) working. Average for steel
product manufacturing
ecoinvent 3.4
Generation Maintenance Thermoplastic 9.10E+03 Mutriku Wave Power Plant DE: Thermoplastic
polyurethane (TPU.
TPE-U) adhesive ts
Tap Water 5.98E+06 Mutriku Wave Power Plant GLO: market group for tap
water ecoinvent 3.4
Lubricant 9.22E+01 Mutriku Wave Power Plant GLO: market for lubricating
oil ecoinvent 3.4
Steel 1.51E+02 Mutriku Wave Power Plant GLO: market for metal
working. Average for steel
product manufacturing
ecoinvent 3.4
Magnesium 1.39E+02 Mutriku Wave Power Plant GLO: market for magnesium
ecoinvent 3.4
Aluminum 2.94E+03 Mutriku Wave Power Plant GLO: market for metal

working. Average for
aluminium product
manufacturing ecoinvent
3.4
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Fig. 2 Normalized and percentual life cycle impact assessment (LCIA)
profile of Mutriku wave energy plant per functional unit (1 kWh) across
different life cycle stages. CC: Climate Change. FD: Fossil Depletion.

wave energy systems, are the same, which makes comparison
difficult.

As can be seen in Table 3 and Fig. 2, in all impact cate-
gories, Generation is the stage with the lowest impacts, from
2 to 12.7%, which agrees with other life cycle studies of
ocean energy devices, where it is stated that generation has
minimal impacts (Paredes et al. 2019; Parker et al. 2007; Zhai
etal. 2018; Thomson et al. 2019, 2011; Dahlsten 2009). This
is mainly due to the fact that during the operation only the
movement of the waves is required for the production of elec-
tricity, so there are no relevant impacts associated with the
consumption of raw material or other inputs, and the impact
at this stage are those generated by the maintenance of the
power plant.

Figure 2 shows that Construction is the life cycle stage
with the highest associated environmental impacts for all the
categories analyzed, followed by EoL. These results con-
firm two trends observed in wave energy generation systems:
(i) the high environmental impacts associated with the use
of materials in the Construction, and (ii) the importance
of correct waste management at the EoL stage, since this
could improve the environmental performance of the sys-
tems. These trends have been mentioned by other authors
(Paredes etal. 2019; Uihlein 2016; Apolonia and Simas 2021;
Parker et al. 2007; Thomson et al. 2019).

@ Springer
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HT: Human Toxicity. MET: Marine Ecotoxicity. ME: Marine Eutroph-
ication. MD: Metal Depletion. OD: Ozone Depletion. PMF: Particulate
Matter Formation. TA: Terrestrial Acidification

Figure 3 shows the environmental impacts associated with
the Construction stage and two sub-stages: Breakwater and
Power plant. It shows the Talus and foundations as part of
the Breakwater sub-stage, while air chambers, turbine room,
flooring and equipment are part of the Power plant sub-
stage. Environmental impacts associated with the Breakwater
sub-stage are between 6.87 and 49.44% for the different
categories analyzed. Human Toxicity with 2.28E—03 kg
1,4-DB eq/kWh is the category with the lowest impact
and Particulate Matter Formation is the category with the
higher impact (2.80E—04 kg PMj¢ eq/kWh) as shown in
the Table 3. The impacts associated with the Talus com-
ponent (4.78-49.08%), where MET with the lower impacts
(5.10E—-05 kg 1,4-DB eq/kWh) and PMF with the higher
contributions (2.78 E—04 kg PM;g eq/kWh), which are are
divided into the concrete and limestone consumption. The
construction of the Talus required large quantities of lime-
stone, which is used for the nucleus of the seawall as well as
the internal and external layers of the Breakwater. The esti-
mated environmental impacts are between 61.8 and 98.4%
for the consumption of limestone, and from 1.6 to 38.2% for
the use of concrete. In both cases, the highest percentages of
impacts are due to the category of PMF which, in the case of
concrete, are mainly due to the transport of materials from
one station to another, as well as their distribution by road,
in addition to the clinkering process (Stafford et al. 2016),
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Fig. 3 Normalized and percentual LCIA profile of Mutriku wave energy
power plant construction stage. CC: Climate Change. FD: Fossil Deple-
tion. HT: Human Toxicity. MET: Marine Ecotoxicity. ME: Marine

while the impacts associated with limestone are due to its pro-
duction. The impacts associated with the foundations (set of
materials needed to keep the Breakwater fixed on the seabed)
component, range from 0.4 to 3.0%, Climate Change repre-
sents the smallest percentage (8.05E—04 kg CO, eq/kWh)
and Metal Depletion the largest (2.35E—04 kg Fe eq/kWh),
which is to be expected since these impacts are entirely due
to steel consumption, and as can be seen in the Fig. 3 it is
the component that contributes with the lower impact in the
Construction stage.

On the other hand, the rest of the impacts of the cate-
gories analyzed for the Construction stage are associated
to the Power Plant sub-stage (51-93%), where the cate-
gories with the lowest and highest associated impact are
PMF (2.86 kg PMjo eq/kWh) and HT (3.09E—-02 1,4-DB
eq/kWh), respectively, as shown in Table 3. For this sub-
stage, the Air Chambers component, is the largest contributor
to environmental impacts for all categories (27-57%), except
Metal Depletion where that minimum 27% of associated
impacts represents an amount of 1.09E—03 kg Fe eq/kWh,

=
ME

PMF

& Turbine Room = Flooring = Equipment

Eutrophication. MD: Metal Depletion. OD: Ozone Depletion. PMF:
Particulate Matter Formation. TA: Terrestrial Acidification

most of the impacts are due to the Equipment component
(includes the materials required for the manufacture of the
turbines), with 34% (2.45E—03 kg Fe eq/kWh), which is
due to the consumption of steel for the manufacture of the
Wells turbine; the next component with the highest impacts
is Air Chamber with 1.94E—03 kg Fe/kWh (27%), followed
by Turbine Room (this means the space where the equipment
inside the wave power generation plant is stored) that repre-
sents 24% (1.70E—03 kg Fe eq/kWh%) and Flooring with
an amount of 1.07E—03 kg Fe eq/kWh(15%).

The environmental impacts presented in Fig. 3, are consis-
tent with the large quantities of raw materials required during
the Construction stage in other studies (Uihlein 2016; Pare-
desetal.2019. The processes of extracting and processing the
resources needed to obtain these materials have considerable
environmental burdens associated with them (Kittipongvises
2017). In the present research, concrete, limestone and steel
are the three materials with the most significant contributions
to environmental impact in all categories, where concrete
presents the highest impacts. These impacts are associated

@ Springer
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with the large quantities of energy required by the cement
industry, which are mostly provided by petroleum coke,
which contributes to the generation of GHG; additionally,
the clinker fabrication involves decarbonation reactions that
generates CO, emissions.

Considering that the use of large amounts of concrete
is common in ocean energy systems (Patrizi et al. 2019;
Apolonia and Simas 2021; Dahlsten 2009), the environmen-
tal performance of the cement industry is a key factor to
diminish the environmental footprint of the ocean energy
systems. The impacts of the cement industry are due to the
energy requirement needed to melt the raw material, since itis
necessary to reach temperatures of around 1400 C in the kiln
and this energy is provided by fossil fuels, mainly petroleum
coke. In this sense, Giiereca et al. (2015), mentions that to
increase the environmental performance of the cement indus-
try, as well as all those processes that involve this product, it
is important to use alternative fuels such as the co-processing
of inorganic waste with high calorific value. This is due to
two main reasons: (1) reduce the use of petroleum coke, a fos-
sil fuel that also requires a refining process, and (2) reduce
the amount of waste that reaches landfills, minimizing the
impact on the environment.

On the other hand, the impacts associated with limestone
consumption in the categories of Climate Change (CC), Fos-
sil Depletion (FD) and Human Toxicity (HT) are due to the
extraction stage of materials and derive from the consump-
tion of fossil fuels, such as gas oil, diesel and electric energy
needed in the heavy machinery used for their extraction,
transport and processing (Kittipongvises 2017).

Dahlsten (2009) mentioned that for wave energy systems,
steel consumption could be between 30 and 80% of the envi-
ronmental impacts. However, in this research these impacts
are between 2.2 and 84.3% in the different categories ana-
lyzed. The above is due to factors such as the design of
the device considered by Dahlsten (2009), which is a strut
absorber type WEC whose manufacture is mainly of steel
and iron, while the foundation of the present study is much
smaller. In addition to being treated of a hypothetical wave
energy plant, while the present study is a functional power
plant.

Steel consumption is connected to the Construction stage
and the impacts associated with it are mainly due to
the extraction of raw materials such as cast iron, ferro-
magnesium and ferro-chromium (Douziech et al. 2016), as
well as the use of fossil energy sources throughout the pro-
duction chain. In the case of the climate change category,
greenhouse gas emissions associated with steel production
are directly due to the large amounts of energy required
(mainly coke from mineral carbon), for the transformation
of the iron ore to metallic iron and due to the coke fabrica-
tion (coking) (Burchart 2013; Olmez et al. 2016).

@ Springer

According to the last, it can be argued that if the concrete,
limestone and steel are manufactured in cleaner industrial
processes where the co-processing of waste, carbon seques-
tration or circular economy strategies are adopted, the wave
energy systems can increase their contribution to the gener-
ation of affordable and clean energy (SDG 7) and to combat
climate change (SDG 13).

On the other hand, the Generation stage has the lowest
life cycle impacts. As shown in Fig. 4, the Rolling com-
ponent is the major contributor to environmental impacts
in almost all categories analyzed, with impacts between 21
and 92%, where the lower impact values correspond to Fos-
sil Depletion (1.12E—03 kg oil eq/kWh) and the higher to
Marine Ecotoxicity (1.62E—04 kg 1,4-DB eq/kWh). These
impacts are associated with the consumption of metals such
as aluminum and magnesium, as the production of metals
throughout their supply chain gives rise to various environ-
mental impacts directly associated with their extraction and
processing, as well as indirectly associated with the use of
raw materials, electricity consumption, and fossil fuels. In
the case of aluminum, which is the metal with the highest
percentage of associated impacts, two main processing stages
for aluminum production are alumina refining and aluminum
smelting (Halle-Heroult process) (Norgate et al. 2007). It
is important to mention that between 5 and 6 Rollings are
required per year, which contributes to the high impacts
(Mutriku Wave Power Plant).

The second most important component in terms of the
environmental impacts is the Fan. This is because of the con-
sumption of thermoplastic, which is the main material used
to manufacture the fans used in the Mutriku Wave Power
Plant and of which approximately 5 units are required annu-
ally, as reported by the Mutriku Wave Power Plant Staff.
The impacts associated with the Fan ranges from 0 to 73%,
where Ozono Depletion genera the minimun impact with
8.09E—17kg CFC-11 eq/kWh and the higher is Fossil Deple-
tion (3.91E—03 kg oil eq/kWh) due to the raw material and
energy required by the supply chain of thermoplastic.

The environmental impacts from the remaining compo-
nents are: Services between 4.2 and 57%, Bearing in a range
of 0.4-9.4% and Lubricant between 0.1 and 3%. Services
refers entirely to tap water consumed for different purposes,
Bearing are associated to the steel required for the manufac-
ture of these pieces, which are changed between 8 and 10
per year and the lubricant is used to grease all mechanical
parts, which is used specially to ensure the functioning of the
bearings, with a frequency of use of every 6 weeks (Mutriku
Wave Energy Power Plant).

Figure 5 shows the LCIA for the EoL stage. There it can be
observed that steel recycling avoids the environmental impact
in six of nine analyzed categories. The most important bene-
fits of steel recycling can be observed in the Metal Depletion
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Fig. 4 Normalized and percentual LCIA profile of Mutriku wave energy
power plant generation stage. CC: Climate Change. FD: Fossil Deple-
tion. HT: Human Toxicity. MET: Marine Ecotoxicity. ME: Marine

(MD) category, followed by Climate Change, Fossil Deple-
tion, Terrestrial Acidification, Human Toxicity, Particulate
Matter Formation and Marine Eutrophication.

This reduction is consistent with other studies (Parker et al.
2007; Thomson et al. 2019). However, there could be more
environmental impacts avoided if that recycled material in
order to reduce the energy and raw material consumption
(Dahlsten 2009).

The Concrete and the limestone disposed in Landfill have
considerable environmental impacts in all the categories ana-
lyzed. This is because large quantities of these materials are
required throughout the life cycle of the Mutriku wave power
plant, especially in the Construction stage.

3.2 Sensitivity analysis of the EoL stage

Nowadays, the EoL is outside the operative boundaries in the
ocean energy systems, mainly because this is a new industry

PMF

OD

= Bearing =Rolling = Operation

Eutrophication. MD: Metal Depletion. OD: Ozone Depletion. PMF:
Particulate Matter Formation. TA: Terrestrial Acidification

(Apolonia and Simas 2021). The Table 4 shows the results
of the LCIA for each one of EoL scenarios proposed for
the different categories analyzed. As shown in Table 4, Steel
Recycling, dimishes the environmental impact, except in the
Ozone Depletion (OD) impact category, where E1 has the
worst environmental performance. This isalso the case with
the Steel Landfill Reducing the amount of waste arriving at
the landfill results in lower impacts, which is in line with other
research, which states that recycling has a positive impact
by reducing stress at disposal sites and improving the envi-
ronmental performance of the system (Paredes et al. 2019;
Dahlsten 2009; Thomson et al. 2011).

Figure 6 shows the global normalized and percentual
results for each of the proposed scenarios. It is observed that
in 6 of the 9 categories analyzed, the influence of the differ-
ent recycling rates is very small at the global level, since it
varies between 0.13 and 0.53%. Similarly, it can be seen a
great influence of the recycling rates on the global impacts of
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each scenario in the MD category. For this category, as well
as the other 6 mentioned before, the logical relationship "the
higher the recycling rate (E1) the lower the environmental
impacts" is satisfied.

In the MD category, the scenario with the lowest recycling
rate (E3) accounts for 100% of the impacts, while E1 and
E2, with recycling rates of 90% and 75% respectively, have
45.62% fewer impacts in E1 and 28.64% fewer impacts in
E2, compared to E3. This is consistent with what is reported
by Apolonia and Simas (2021), who concluded that for a
wave energy system called MegaRoller, the variation in the
recycling rates results in modest to significant changes in the
overall results.

However, in the case of Human Toxicity (HT) and Marine
Ecotoxicity (MET), the scenario E1, with the highest recy-
cling rate, presents the highest impacts, related to the heavy
metals, inorganic and organic compounds that are released
into marine waters.

On the other hand, it was found that for all of the pro-
posed scenarios, energy supplied by non-renewable sources

@ Springer
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trial Acidification

is one of the main hot spots in Mutriku, where fuel oil is
the main source of non-renewable energy used. This result is
not new, since several authors have reported that the use of
non-renewable energy sources minimizes the environmental
performance of power generation systems through the ocean
(Paredes etal. 2019; Pennock et al. 2021; Apolonia and Simas
2021).

For this reason, it is necessary to diversify the energy mix
of each country in order to indirectly reduce the impacts
associated with non-renewable energies and increase the
environmental performance of renewable energies, in this
case wave energy of the oscillating water column type, which
is the system used in Mutriku power plant.

However, it is also reiterated that it is necessary to study
new ways of including the environmental impacts of this type
of wave energy extraction systems that are not contemplated
within the life cycle analysis methodology. For the specific
case of Mutriku, the environmental impacts generated by the
change in the distribution of wave energy, in water circula-
tion, in erosion patterns and sediment properties, as well as
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Fig. 6 Normalized and percentual LCIA for the proposed EoL scenar-
ios of the Mutriku wave energy power plant. CC: Climate Change. FD:
Fossil Depletion. HT: Human Toxicity. MET: Marine Ecotoxicity. ME:

in the behavior, density and connectivity of the population
of various species have been identified as relevant, and cur-
rently none of them can be evaluated with this methodology
(Mendoza et al. 2019).

The most recurrent causes of environmental impacts due
to raw materials used, is the consumption of fossil fuels as
well as electricity, so the environmental performance of the
Mutriku wave power plant depends largely on reducing the
use of non-renewable energy sources. This has already been
mentioned by Apolonia and Simas (2021), for the case of
another wave energy system.

Although it is necessary to identify the different environ-
mental impacts generated by ocean energy systems, and in
this sense this research aims to increase knowledge on the
topic, the climate change category remains as a relevant ref-
erence due to its importance, additionally, these results are
easy to communicate and it is a topic with which decision
makers are more familiar (Apolonia and Simas 2021). For
this reason, Fig. 7 shows a comparison between different
wave energy systems in terms of the climate change impact
category.
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As shown in Fig. 7, in the last fifteen years, there has been
an increase in research about the environmental impacts of
different wave energy systems. Of thel6 LCA studies pre-
sented in Fig. 7, only 5 of them were conducted before or
during 2011, therefore, 68.75% of the research done about
wave energy systems under the LCA approach have been
published in the last fifteen years. However, it has been a real
challenge because ocean has a high theorical potential to pro-
duce electricity, but the technical potential is less, because of
the many factors that challenge the use of this energy source
such as the develop and efficiency of the devices, mainte-
nance, investment costs or no public policy to encourage them
(Sgrense et al. 2006; Panwar et al. 2011; Tello and Marulanda
2017; Lund 2007; Bhat and Prakash 2009; Wilberforce et al.
2019; Montero and Calvo 2013).

In Fig. 7, it can be observed that there are large dif-
ferences between the CO; equivalent emissions generated
by the different devices reported in the literature for ocean
energy. These differences result from several factors, mainly
related to the materials required and accounted in the life
cycleinventory, which are of critical importance because they
depend both on the availability of data for each system and
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Fig.7 Comparison of the climate change category of different technologies that produce energy from waves. OWC: Oscillating Water Column.

MR: MegaRoller. OB: OBREC. BRD: Buoy Rope Drum. WS: Wavestar

on the assumptions made in each study. This is consistent
with Banerjee et al. (2013), who suggest that greenhouse gas
emissions are determined by the materials, and this is because
these types of devices require large quantities of materials
(Uihlein 2016).

On the other hand, the nominal capacity is another deter-
mining factor in the differences shown in Fig. 7, because it
has been demonstrated that, in the case of power generation
systems, the higher the generation of energy, the lower the
impacts (Banerjee et al. 2013; Karan et al. 2019; Lenzen and
Munksgaard 2002; Tremeac and Meunier 2009; Kadiyala
et al. 2017). These factors, as well as the variety of designs,
sizes and level of development, make it challenging to com-
pare the different ocean energy systems fairly (Paredes et al.
2019; Douziech et al. 2016). In addition, there is limited
knowledge of the long-term experience of several of these
systems, since the lack of validated data on their genera-
tion phase (operation and maintenance) increases uncertainty
(Pennock et al. 2021). In this sense, the research presented
in this paper provides real information on the operation and
maintenance of a commercial-scale plant with an OWC-type
extraction system, helping to reduce the knowledge gap that
exists today.

Similarly, it can be seen in Fig. 7 that Mutriku gener-
ates, compared to other ocean energy devices, between 53
and 94% more greenhouse gas emissions. However, it still

has much better environmental performance than other tech-
nologies used in energy plants, as the case of a carbon power
plant reported by Li et al. (2020), where 71% more emis-
sions are generated than in Mutriku. For this reason, it can
be affirmed that even with the challenges that ocean energy
presents today, Mutriku was the right choice for the Basque
Country to minimize the environmental impact of energy
generation. It also emphasizes the need to implement mecha-
nisms to facilitate research and development of ocean energy
technologies and to implement policies that eliminate the
economic disadvantages compared to conventional technolo-
gies (Wilberforce et al. 2019).

As mentioned by Uihlein (2016), and the detailed dis-
cussion in previous paragraphs, there is a lot of divergence
between the design options for WECs. It is important to
highlight that among the developments to improve the envi-
ronmental performance of the devices, their efficiency must
be increased (Paredes et al. 2019; Uihlein 2016).

As mentioned before, there is limited knowledge for the
long-term experience of several of these systems, particularly
inthe EoL stage where there is still not much information
available on the best disposal options. For this reason, a sen-
sitive analysis was performed with different recycling rates.

Additionally, to complement the discussion, the Energy
Payback Time for Mutriku was estimated at 26.2 years, which
represents the longest time when compared with the values
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reported by Aman et al, (2015), who reports 8§ years for pho-
tovoltaics systems and 1.5 for wind energy systems. This
difference can be explained because Mutriku represents a
technology still in evolution.

4 Conclusions

In the Mutriku Wave Power Plant, Construction is the stage
with the highest environmental impact of all the impact cate-
gories analyzed, while generation is the stage with the lowest
impacts. This is mainly due to the fact that during the oper-
ation, no direct emissions are generated.

The wave energy systems can increase their contribution to
the generation of affordable and clean energy (SDG 7) and to
combat climate change (SDG 13), if the concrete, limestone
and steel used in the Construction stage are manufactured
in cleaner industrial processes where the co-processing of
waste, carbon sequestration or circular economy strategies
are adopted.

For the EoL stage, it was identified that steel recycling
reduces environmental impacts in 6 of the 9 categories ana-
lyzed, resulting in a better environmental performance of the
system. The final disposal of materials within the landfills
has a considerable impact, mainly in the case of concrete
due to the large quantities that were accounted for in the life
cycle inventory.

On the other hand, the large quantities of concrete,
limestone and steel used for the Construction stage imply
relevant impacts for all the categories analyzed. For this
reason, improvements in concrete and steel production pro-
cesses—such as lower-carbon cement formulations, cleaner
electricity mixes, or optimized structural design—could sig-
nificantly reduce the life cycle impacts of similar wave energy
facilities.

The climate change impact category resulted in
2.26E—01 kg CO; eq per functional unit. When compared
with fossil-based electricity generation systems reported in
the literature, this value represents a substantial reduction in
greenhouse gas emissions.

The sensitivity analysis performed for three different EoL
scenarios shows that a higher recycling rate is not environ-
mentally better for all recyclable materials.

Scenario E2 with a recycling rate of 75% of the metallic
materials, presents the best environmental performance.
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