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ABSTRACT

The New Entrance Reserve (NER300) is one of the leading mechanisms used for
the application and promotion of clean energy projects. In this context, this study
aims to investigate the evolution of wave energy projects within the first and second
call of NER300. Furthermore, the study tries to identify the reasons of successful
applications through an estimation analysis of energy production, avoided emission
and energy security.

Milder resources contain ”hidden” opportunities for wave energy, with lower ex-
penditure and capacity factors equivalent and even over 20%. Lower extreme events
indicate that associated installation costs can be considered reduced, thus the po-
tential cost of energy may act as a positive driver for future development. The
results of the study argue that there are regions with ”hidden” opportunities that
can accelerate proof-of-concept and enhance viability for wave energy.

KEYWORDS
NER300; Funding; Wave Energy; Renewable Energy

1. Introduction

The European Union (EU) has set ambitious targets in decarbonizing its overall en-
ergy mix, increasing energy security and adapting cleaner and renewable technologies
(Parliament, 2009). Despite the recent 2008 economic turmoil, interest in energy re-
search has not diminished, and many innovative technologies have emerged for the
production of clean electricity and reduction of CO2 emissions.

The 2020 targets, specifically the ones concerning renewable energy production,
comprise a cornerstone for the promotion and further development of innovative clean
energy solutions in energy production (Parliament, 2009). In order to utilize the vast
renewable resources within the European region significant infrastructure will be re-
quired and synergies of all available technologies have to be developed. One of the
problems associated with renewable energy generation is the volatile and stochastic
nature of resource i.e. wind irregular temporal generation that cause discrepancies and
add to the maintenance cost of the electrical grid, while photovoltaic have limited daily
production duration (Hedegaard & Meibom, 2012; Schaber, Steinke, & Hamacher,
2012; Stoutenburg, Jenkins, & Jacobson, 2010; Verbruggen et al., 2010).

Significant steps have been introduced over the last years to analyse the system
costs of modern energy systems that have socio-economic effects by the reduction
of CO2, Green-House-Gas (GHG) emissions, decrease of energy imports and use of
fossil fuels. Furthermore, additional solutions have been proposed for the mitigation
of intermittent production by renewables allowing even 100% renewable scenarios to
be examined (De Decker & Woyte, 2013; European Commission, 2014; Friedrich &
Lavidas, 2015; Jacobson & Delucchi, 2011; Jacobson et al., 2017).

Major economic benefits are reported in literature that support the increase for re-
newable energy penetration. Krozer (2013) estimated that 9 billion e can be gained by
the European Union (EU) Member States (MS), from reducing energy dependence by
external sources, not including the potential job growth rates and additional economic
development from the evolution of new industries. Although the technologies exist the
necessity for proper financing and development are imperative, as often such solutions
are based on new innovative approaches in renewable energy production (Abdmouleh,
Alammari, & Gastli, 2015; Hervás Soriano & Mulatero, 2011).

The New Entrants Reserve (NER300) was a call funded by the European Parlia-
ment (EU), European Investment Bank (EIB) and Member States (MS), in order to
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promote, finance installations, and test of innovative solution for the decarbonisation
of energy in Europe (European Commission, 2017). This resulted in two phases that
were open for clean energy projects, including Carbon Capture and Storage (CCS),
Biomass, Biofuels, solar, photovoltaic, wind (onshore and offshore), geothermal, hy-
dropower, smart grids, wave and tidal. The financial funds of the calls were derived
by the selling carbon prices of 300 million allocated Emissions Trading System (ETS)
credits. The target was that the NER program could funnel 4.5 billion e into innova-
tive research. Unfortunately, this was not the case with the first call amounting just
over 1.1 billion e from CO2 credits and approximately 1 billion from the second call.
This prompted funds to be also met by further resources of approximately 3 billion
e from external and private entities (European Commission, 2017). Overall the EU
funds provided where about 2.2 billion e for the first and second call, leading to the
funding of thirty-eight (38) RE projects and one (1) CCS, which have shared the
financial incentives.

1.1. Gap of information

The purpose of this overview study is two-fold, first to assess the energy, increased
energy security and avoided emissions by the awarded wave energy projects. Descrip-
tions of projects in the public domain offers insight on technologies that were awarded
funds, they do not provide public data concerning estimated production, energy secu-
rity and avoided emissions. The energy modelling assumptions are based on previous
studies and the authors energy modelling experience of wave resource that allows the
quantification of expected energy production. Therefore, providing insights to expected
production levels, which contributed (to a part) to project selection.

Second target is to discuss the benefits that wave energy installations can have with
deployments in milder conditions. Focus is given in the Mediterranean Sea, that is often
is overlooked. To strengthen the perception of wave energy possibilities and hidden
opportunities, investigation for application in milder waters is proposed. Potential
benefits include capital expenditure reduction, while significant contributions can be
gained in regards to energy production, emissions reduction, and avoided imports. In
addition, wave energy applications at milder resources offer significant opportunities
for the proof-of-concept of such technologies accelerating their maturity and enhancing
their Technology Readiness Level (TRL).

2. Wave Energy Perspectives

Wave energy has been developing over the last few decades, with recent years having
spearheaded and further proved the applicability and performance of wave energy
converters (WECs). Evolution of WECs application has been slow, particularly in
regards to further deployments subsequent to initial testing. The engineering aspects
of ocean energy extraction have been built on sound basis over years of research. Many
test facilities have initiated operations, proving the real time potential benefits by
wave energy applications. Several studies have been conducted around Europe for the
constrains and benefits that are associated with wave energy (Magagna, Monfardini,
& Uihlein, 2016).

Wave energy presents an untapped energy resource, which has a much higher energy
density, than wind or solar. In addition, physical characteristics of waves make it less
volatile than wind, and much more predictable. With advancements made during past
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years in numerical methods and High Performance Computing (HPC) clusters, we are
in position to deliver resource assessments, hindcasts and forecasts for waves in great
accuracy allowing for better understanding of their capabilities (Reikard, Robertson,
& Bidlot, 2015; Sasaki, 2017).

As seen in Fig. 1 energy density along the coasts of Europe is significant. Wave
energy depends on the so-called significant wave height and energy spectral period.
Both being elaborate notations within the oceanographic and wave energy community
(Ingram, Smith, Bittencourt-Ferreira, & Smith, 2011) which are not explained in this
study, as this will deviate from scope of the article. However, an important quantity
one has to keep in mind is that wave energy resources are expressed in kW/m, meaning
that for every meter of wave crest the energy contained within the waves is counted in
kW. Current developments have increased accuracy of the numerical methods used and
have allowed us to better represent the resource of a region. Recent works carried out
by the authors have improved the wave site characterization and resource assessments
of the Scottish and Mediterranean region (Lavidas, 2016; Lavidas & Venugopal, 2017a,
2017b). Previous literature on available resource both in the North Sea, West European
coastlines and Mediterranean can be found in Lavidas and Venugopal (2018).

Wave quantities are represented usually by the description of available mean re-
source, with seasonal and annual variations. Having quantified wave energy resource
for a region, wave energy converters can be used to extract energy and convert it into
useful renewable electricity. Currently many different WECs are in development, with
significant differences located in their power-take-off systems (PTO). The operating
principles and the PTO allow for energy production, although WECs can also have
additional ”innovative” characteristics that are associated with their embedment in
coastal areas and/or their potential multiuse functions. WEC classification is often
done by the characteristics and operating principles of devices (Falcão, 2010). Finally,
one more approach to WEC classification can be considered based on the respective
size, however these might obtain sub-divisions with similarities to the classification
based on operation principles (Babarit et al., 2012; Day et al., 2015). Some of the
basic energy extraction principles are provided in Fig. 2.

While differences in structural construction, deployment techniques, and rated ca-
pacities exist there are some basic principles for which wave energy converters are
classified. In general terms three classifications can be attributed according to depth,
as deep, nearshore (coastal) and shallow water (Magagna & Uihlein, 2015). Though
this is convenient, it is not entirely true for operating principles which can be divided
in several systems such as oscillating water columns (fixed or floating), heave buoy sys-
tems (encompassing quite a significant number of smaller sub-divisions such as single
body, two-body heaves, pitching devices etc.), attenuators, bottom hinged, multi-body
system and overtopping technologies, for a more in-depth look on different converters
and their operating principals, the reader is diverted to other more relevant studies
(Babarit, 2015; Babarit et al., 2012; E. Rusu & Onea, 2018). In terms of the ”inno-
vative” nature of WECs to act as coastal defences structures several examples have
shown the real-world viability of such systems (Arena, Romolo, Malara, Fiamma, &
Laface, 2017; Takahashi, Nakada, Ohneda, & Shikamori, 1992; Torre-Enciso, Ortubia,
de Aguileta, & Marques, 2009). Energy performance and capital requirements are de-
pendent on regional resource and have to be accounted for prior to deployment (Con-
testabile, Di Lauro, Buccino, & Vicinanza, 2017; Ibarra-Berastegi et al., 2018; Pecher,
Kofoed, Le Crom, Neumann, & Azevedo, 2011). Some of the mentioned categories are
presented in Fig. 3.

With such a wide variety of technological solutions, there is added difficulty in
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assessing potential projects for further examination or deployments under investment
of funding schemes. The performance of each device is heavily dependent on the site
selection, local resource, variability of the climate and given range of operation for
the device. So far, most energetic resources identified are into the North and West
open Atlantic coasts of Europe, with the majority of research and development is
carried out for devices in highly energetic environments. Due to the innovative nature
of the technologies and the level of small commercial exposure, WEC application are
heavily dependent on the funding schemes set by various governmental and EU sources.
Though some countries have already adopted initial consideration of selling prices
and/or certificates schemas for wave energy electricity in hope of further development
(Fraunhofer & ECORYS, 2017; Magagna et al., 2016; Ocean Energy Forum, 2016).

These financial schemes aim not only to develop the research and development in
the industry but also to help disseminate the potential the technology has, quantifying
potential yields in energy and emission reductions. Within the NER300 framework,
several RE technologies have been considered and awarded funding support from both
the first and second call. Ocean energy was represented by ocean thermal, wave and
tidal. Because the rejected and/or withdrawn proposals are not available for public
information, only the accepted wave energy applications are examined.

In summation, all ocean energy projects acquired 141,985,151 million e. While
the amount of money seems to be significant, the overall allocated funds for ocean
technologies represents ≈ 6.5% of NER300 funds. The majority of the funding was
diverted to more mature technologies. Biomass acquired the most funding with 42%
followed by wind 15%, one project of CCS 14% and solar (14%), see also Fig. 5. It
has to be noted that NER300 has a specific restrictions on the maximum allocated
percentages per technology, specifically no technology can be awarded more than 15%
of the overall funds.In Fig. 5 Biomass amounts 42%, that is because we have not
separated the technology sub-categories e.g. oxy-fuel, biomass, biofuels, pyrolysis etc.,
but rather considered the overall technology as a whole at the end stages (Commission,
2017; European Commission, 2009).

This example of technology and limitation of funds can be seen with the CCS
awarded submission; the WhiteRose CCS plant acquired all 14% since other technolo-
gies failed the submission stage, with other CCS projects using different engineering
approaches (Kapetaki & Scowcroft, 2017). Unfortunately, the data for these processes
are confidential and cannot be presented in the study.

During the first call ocean energies funds went to two tidal projects, while the
second call saw the approval of wave projects, see Table 1. Tidal technologies are
considered more ”mature” and ready for deployment than WECs. However, there are
significant, barriers concerning the applicability of tidal devices around EU, with most
sites located in the UK. While, no information are available for the projects that did
not receive funding, initial scope showed that all ocean projects granted funds (wave
and tidal) are located in traditionally highly energetic locations.

This is the obvious solution in terms of potential energy returns, but this comes
with associated higher costs. The wave environment in the Atlantic coastal regions
is very harsh and variable, raising issues in the conditions that may compromise the
survivability of the device (OES, 2015). This is reflected in the estimations and pro-
jections of capital expenditure (CAPEX), operation (OPEX) and strengthening works
for the deployment of such facilities, which drive the initial capital higher (Astariz,
Vazquez, & Iglesias, 2015).
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3. Proving Reliability within NER

One of the major targets for wave energy and the NER300 is the acquiring of funding
to deploy technologies and prove that wave energy is applicable and reliable when
it comes to energy production. Proving the reliability of wave energy technologies is
vital for the wave community, since only through demonstration plants and comparable
results can it reduce its current high capital (CAPEX) cost, and achieve reduction in
cost of unit per MW. In energy terms the ability of the wave devices has been proven in
numerous occasion with test facilities and small trials at real sea condition, although
”larger” demonstration projects are still the key in potential cost reduction for the
technology (Magagna et al., 2016).

The NER300 framework has specific conditions concerning the allocation of funds.
In terms of funding, no project can amount more than 50% of its total estimated ex-
penditure, meaning that the rest 50% of the cost has to be by the Member State or
private sources. Moreover, the award process required specific technical information
to be estimated prior to the selection, while not all the actual information are public
domain, NER300 required especially from renewable energy projects (RE) the out-
line plans of device selection, expected electricity production (European Commission,
2017). Following the energy estimations the cost levels of CAPEX, OPEX, installation
costs, and cost per MW (or cost per unit) had to be presented. Subsequently, potential
drawbacks for the construction of the project have to be identified, alongside with the
development of Health and Safety practises. Finally, the environmental impacts had
to be estimated and present the level of avoided emissions. The estimated production
levels was one of the key pillars for the assessment of installations, our study focuses
and compares the two wave energy awarded projects and their potential technical
deliverables.

The WestWave project is a 5 MW project that was to be deployed at the Killard
Point in County Clare, Ireland. Each nominated WEC is to have a 1 MW rated capacity
while the overall wave farm reach 5 MW in capacity. The project was initially awarded
19.8 million e from the 1st call round (withdrawn) while on the second call this was
increased to approximately 23 million e. The project withdrew from the first round due
to a lack of available technologies that would hinder it by reaching the requirements in
intended timeframe. While, two technologies were considered for deployment current
developments in the wave energy sector have pushed back the selection of final device
to be used and the date of completion pushed to 2018 instead of 2015, with device
selection status pending. These drawbacks have stalled, the deployment actions are
taken involving a detail resource characterization of the area, onshore works, public
engagement, and environmental assessments. Apart from the awarded NER300 funds
the work is also partially funded by the Sustainable Energy Authority of Ireland
(Brendan, 2015).

The second successful project is the SWELL project in Portugal, located at the
West Atlantic front of the country. In contrast to WestWave, the SWELL wave farm
will have a nominal installed capacity of 5.6 MW and will consist of sixteen (16) wave
converters of rated power 350 kW. The WEC selected is an oscillating Wave Surge
which is anchored to the seabed (Commission, 2017). While the energy estimations
and submitted proposal are unknown (not in the public domain), some assumptions
can be made for the expected production levels. Furthermore, project costs can be
directly associated through the known percentages of allocated funds limits, and thus
the estimated additional funding by private entities or the contribution by the Member
State as discussed in the previous section.
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The energy production of a WEC is closely related to location resource, with costs
higher for energetic areas since the return period of extreme events are expected higher
and requires more strengthening infrastructure works. Previous studies have examined
the capacity factors that expresses the capabilities of WECs production (Astariz &
Iglesias, 2015; O’Connor, Lewis, & Dalton, 2013; L. Rusu & Onea, 2015). Energy per-
formance is highly dependent on matching the metocean conditions to the WEC oper-
ational principles (Ibarra-Berastegi et al., 2018; Lavidas & Venugopal, 2017a; Lavidas,
Venugopal, & Friedrich, 2017; E. Rusu & Onea, 2016; L. Rusu & Onea, 2015, 2016).
Resource dominant characteristics have a profound effect on the expected energy gen-
erated by WECs. matching dominant condition to WECs, requires coupling of long-
term resource assessment with power matrices. L. Rusu and Onea (2015) examined
several locations in the United Kingdom, Portugal, Spain and Norway and coupled
metocean data with WECs. E. Rusu and Onea (2016) performed a similar assessment
in energetic locations in the Atlantic focused at the island of Iceland, Azores, Madeira
and Canary. The authors used a classification of WEC according to applicable depths.
Their findings showed that selecting WEC operation based on metocean conditions
can assist in the dissemination process, and showed that matching operating principles
with resource provides useful metric like the capacity factor.

Lavidas (2016) utilised a high resolution spatial mesh examined the wave climate,
power resource, WECs energy performance, and extreme conditions around multiple
locations of the Scotland for 11 years, the dataset was used to also examine the coupling
and performance of six WEC at the Scottish coasts (Lavidas et al., 2017). Based
on metocean couplings and depth deployments the energy performance of the WEC
ranged from 15%-30% for deep locations and from ≈ 6%-22% for nearshore. The
study discussed the importance of correct coupling of WECs to the locations, which
was evident by the lower utilisation rates. Based on available literature and previous
experience the capacity factors of locations at higher latitude and exposed to the
Atlantic are within a range of 20-40%, a 5% increment is used ensuring that this range
provides realistic expectation of production in terms of low and high production levels,
see Table 2.

Production is estimated with high, low and medium scenarios, it has to be noted
that the funds awarded by the NER300 are difficult to identify i.e. what percentage
of the final project cost are represented by NER300 public funding and which is the
private funding, since these information are confidential (Commission, 2017; European
Commission, 2009).

The differences in projects cost can be somewhat explained through examining
the available resource, probabilities of return periods, which are expected to lead in
increases of capital costs that will ensure the reliability, and survivability of the devices.
Such interactions include the extreme value analysis of the regions the necessity for
foundations, moorings, support structures, WECs technology, electrical connection
lengths, vessel require, although such studies are not often taken into account (Astariz
& Iglesias, 2015). Current estimations suggest that the support structures and logistics,
account for approximately 25% while the fixed annual maintenance cost are variable
cost account for around 10-30% of the CAPEX (Badcock-Broe, Flynn, George, Gruet,
& Medic, 2014; Magagna & Uihlein, 2015). The largest costs are associated with
moorings, chains, lines, anchors, connectors, clump weights. The size and necessity
of which are indicated usually by the highest extremes that are to be encountered
(Badcock-Broe et al., 2014; Ingram et al., 2011; Ocean, 2013).

From this standpoint exposure of Ireland to harsher events is much higher, with
return period and waves reaching and exceeding over 15 meters, while the Portuguese
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coast is exposed to somewhat lower return values (Sterl & Caires, 2005; Vinoth &
Young, 2011). In both cases, the necessary reliability and survivability increase the
CAPEX in the infrastructure sections (Badcock-Broe et al., 2014).

Assessment of benefits from the projects is based on energy production, the cost
of MWh produced in comparison with the level of NER300 funding (public return
cost), avoided CO2 emissions, and avoided imports of tonnes of oil equivalent (toe)
by renewable energy produced. The additional avoided emissions and can act as an
indicator for environmental benefits and increased energy security that can be achieved
by WEC farms, reaffirming the fact that wave energy is able to deliver environmental
benefits and decrease energy imports if applied.

Considerations of emissions reduction taken into account include two types of fossil
fuel, oil and natural gas (NG), with respective emissions corresponding to information
provided by the Environmental Protection Agency (EPA, n.d.). The tonnes of oil
equivalent (toe) is a widely accepted quantity used to assess the quantity of energy (or
content) of energy within a tonne of oil, estimations within the study are based on the
equivalence of 1 toe=11.63 MWh as suggested by the International Energy Agency
(IEA, n.d.).

All incremental scenarios show that wave energy farms can yield significant annual
production, see Fig. 6. To estimate the energy production of WEC, the bivariate
distribution of metocean data is combined with the power matrix and representative
Capacity Factor (CF) values can be obtained (Lavidas et al., 2017; E. Rusu & Onea,
2016). Such estimated values always depend on the available level of information. The
public return cost is reduced significantly after the medium level scenario (CF=30%).
Of course, the corresponding capacity factor will depends heavily on the selection
of device, although most current technologies are developed for such climates thus
the estimated utilization rates should be within the range. While, wave energy is at
preliminary stages of proving large scale reliability, energy production estimates reveal
that the amounts of energy are not to be overlooked. Even with the low scenario the
wave farm yields ≈ 9 GWh for Ireland and 10 GWh for Portugal.

Furthermore, environmental benefits also are enhanced (Azzellino, Lanfredi, Con-
testabile, Ferrante, & Vicinanza, 2011; Boehlert & Gill, 2010; Leeney, Greaves, Conley,
& O’Hagan, 2014; Margheritini, Hansen, & Frigaard, 2012); see Fig. 7, by the intro-
duction of farms the emissions can significantly reduce by several MTn of CO2. Of
course, developers can benefit within the European Emissions Trading Scheme (ETS)
to add an additional revenue stream by using avoided emissions certificates, but since
the price of ETS has not been stabilised no such considerations are taken in the study.
This was obvious in the initial estimates of the NER300 where final funds collected
were less than estimated due to dropping prices in the emissions allocated.

Another factor seldom taken into account is the nature of wave and their dependence
on wind. Waves act a ”storage” medium that retains the energy infused by wind. Thus,
if wave energy is considered within a wider scope it can reduce variability of wind and
other renewable technologies. The correlation of wind and wave has been investigated
and there is a significant time difference between the resources allowing predictions
on production being reliable and add benefits to the transmission operators of the
local electrical grid or with local storage medium, reducing intermittent production
(Cradden, Mouslim, Duperray, & Ingram, 2012; Friedrich & Lavidas, 2015; Lavidas &
Agarwal, 2017).
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4. Unlocking Wave Energy Opportunities

Wave resource levels have a significant role in the site selection, development, and
proposals of wave energy farms. The two projects awarded NER300 funding are both
located in the most energetic parts of Europe the East Atlantic front. While this
benefits energy potential, it also increases the capital expenditure required to ensure
operation reliability and survival of WECs, as discussed in the previous section.

Reliability and proof of concept at this point of the wave energy industry are
amongst the most important considerations. With a higher number of proven instal-
lations at real conditions, potential problems not located during development stages
(i.e. tank testing, research sites, small-scale tests) are discovered. This will allow the
refinement and improvement of the current technologies, as well as the important in-
dividualization of WECs to be adaptable for various sea states. With funds such as
the NER scheme being able to provide start-up opportunities for validation and ex-
ploration, it is important to find appropriate locations that will test the reliability,
without compromising the devices.

Due to the nature of open seas (oceans), harsher conditions are met often and at
higher magnitude, increasing the focus on survivability aspect. Moreover, often times
extreme events surpass estimations and can deliver catastrophic results to the wave
farms, thus affecting the installations, survivability, reliability, and cost required. One
over-looked region that can facilitate wave installations is the Mediterranean Sea.

The wave environment is significantly different from one of the West coastline of
Europe. The wave conditions include smaller fetches, in comparison to the Atlantic.
The bathymetry has sudden changes in depths, which affect the propagated waves
(bottom friction), and the surrounding coastlines reduce the resource by enhancing
non-linear effects affecting the resource levels. This leads to lower levels of resource
in the region. While this may be seen as a drawback, it can prove a benefit to wave
energy farms because the extremes events are also lowered. The wave resource in
the Mediterranean Sea is significantly lower than the Atlantic, as expected. Milder
resources, tend to have less magnitude variations over the long term, within the order
of 0.25 m (Makris et al., 2016). This can lead to more ”stable” seasonal and/or annual
resources, with smaller energy variations when compared with higher resources regions
that can have a difference of 1-1.5 m (Lavidas, 2016). Such low energy variations can
be significantly advantageous for energy performance.

When it comes to return periods (extreme values) the indicative maps for the UK,
Ireland and Greece (Agarwal, 2015; Zacharioudaki, Korres, & Perivoliotis, 2015), ex-
hibit the nature and difference in magnitude encountered (see Fig. 8). It is obvious
that the metocean conditions in a basin such as the Mediterranean deliver less extreme
events, this affects the considerations in engineering applications and deployment of
WECs decreasing the costs of installation.

WECs and wave energy as a potential resource has also been investigated by vari-
ous countries in the region, which dealt with the application, simulation and expected
production levels by single or multiple WECs around Mediterranean countries (Bozzi,
Milano, & Passoni, 2011; Vicinanza, Cappietti, & Contestabile, 2007; Vicinanza, Con-
testabile, & Ferrante, 2013). In milder environments low operational class devices
are preferable, Lavidas and Venugopal (2017a) estimated that such out of the shelve
WECs can obtain values from 15-20%. In addition, Luppa, Cavallaro, Foti, and Vic-
inanza (2015) went a step further and re-scaled the WECs to match the conditions
attaining capacity factors ≈ 30% with the option of further improvements close to
35%. Preliminary analysis, which are out of scope, indicate that WECs which are able
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to operate at lower occurrence sea-states present a favourable exploitation rate, a fact
that was can be also examined by other studies as well (L. Rusu & Onea, 2015), with
associated capacity factors ranging from 10-30% in similar low energetic regions in the
Mediterranean. This of course is highly dependent on the selection and adaptability of
a WEC to the local resource. Other studies have also explored the benefits of adapted
operation WECs for the region (Bozzi, Archetti, & Passoni, 2014; Bozzi, Miquel, An-
tonini, Passoni, & Archetti, 2013) and recent developments explored similar trends
(Vicinanza et al., 2015).

A sensitivity analysis concerning a WEC application in the Mediterranean is tested
with the following assumptions as seen in Table 3. Other studies examining the costs,
payback periods, cost of electricity, reduction opportunities for WECs can be found
in (Allan, Gilmartin, McGregor, & Swales, 2011; Ocean, 2013; O’Connor et al., 2013).
Since wave energy is considered an emerging technology associated capital require-
ments as expected are high.

While that is true, associated wave energy costs are also site and area specific, the
cost of a WEC can be broken down to several parts, for early wave array deployments
the cost considered are the structure, PTO, foundation and mooring, installation,
grid connection and maintenance. The most capital intensives of these components
are PTO cost, installation-foundation-mooring 10-20% of the CAPEX (dependent of
WEC selected) while the maintenance and operation is highly dependent not only on
the WEC but also at the location, distance from shore and local weather conditions,
thus usually a fixed annual maintenance cost can be ranging from 10-30% of the
CAPEX (Astariz & Iglesias, 2015; Astariz, Vazquez, & Iglesias, 2015; Magagna et al.,
2016; Magagna & Uihlein, 2015; Magagna, Uihlein, Silva, & Raventos, 2015; Ocean,
2013). Licensing costs, variable and de-commissioning costs have not been taken into
account similar to (Allan et al., 2011; Astariz, Perez-Collazo, Abanades, & Iglesias,
2015).

The CAPEX range taken within the study, is adapted by values mentioned in pub-
lished literature and considering the lower values of extreme values and necessity for
strengthening the wave energy converters (OES, 2015), while for the Mediterranean
(Bozzi et al., 2011) considered a cost for a device in the range of 2000 e/kW as well.
The sensitivity analysis within this study considers an indicative installed capacity of
5MW, the capacity factor due to the fact that is region specific is altered by 2.5% in
order to provide a characterisation for the majority of WECs that can be applied to
the Mediterranean Sea (Lavidas & Agarwal, 2017; Lavidas & Venugopal, 2017a), the
energy of each converted is estimated by Equation 1. The costs represent the Capital
Expenditure of a WEC expressed in e/MW and are also incremented by 250ke in or-
der to represent ”viable” solutions based on amortisation periods in the Mediterranean
area (Lavidas & Venugopal, 2017a).

Eo = Po · ∆T · CF (1)

with nominal rated capacity Po, the hours in a year (∆T ) and Eo energy produced.
Furthermore, to quantify the potential benefits of WECs, the avoided imports of

energy that increase energy security have been included, i.e. avoided energy oil imports
estimated in e/ barrel of oil equivalent (bbl). A bbl is the quantity used for the storage,
moving, and capacity of a barrel of oil. It ranges from capacity of 100 Kg/bbl to 200
Kg/bbl, in this study we have considered a bbl to be equivalent to 150 Kg. Moreover,
based on current prices of oil (Bloomberg, n.d.) a barrel of oil is sold approximately
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at 55 e. On these bases the following Fig. 9 estimates energy production and avoided
CO2 emissions can be seen for the a WEC under variable sensitivity control.

The resource of the Mediterranean region is ≈ 10-15 kW/m at ”hot-spot” wave
energy regions in the winter and early spring months (Lavidas, Venugopal, & Agarwal,
2016), in contrast to similar months at higher latitude that can be ≈ 30-60 kW/m
(Lavidas & Venugopal, 2017c) (at viable WEC depths). The milder resources found at
the region, indicated that the metocean parameters and more specifically significant
wave heights are reduced. This means that WECs which favour operation at higher
energetic environments, i.e. their range of operation produces more at higher wave
heights, shall not be as productive and will obtain lower CFs. Therefore, as a crude
estimate such converters can be described by lower CFs (≤ 15%), see Fig. 9, while
WECs that favours operation will tend to have higher CFs (≥ 17.5%). This will also
affect the estimated CO2 reduction levels.

Since the sensitivity analysis is based on future proposed scenarios, the cost of
MWh from the wave farms depends solely on the estimated cost that will be required
to ensure viable operation. As mentioned, current estimates are dependent on the
WEC chosen, while the cost of installation varies and dependent on local conditions.
The Cost of Energy (COE) is amongst one of the indices used to estimate the economic
performance of a WEC. This is expected to be high for early deployment the learning
rates and expected COE reductions as installations increase are promising (Astariz,
Perez-Collazo, et al., 2015; Badcock-Broe et al., 2014; Dalton et al., 2015; Ocean,
2013).

The proper selection of WEC corresponds to a scenario approach based on the local
resource, with the cost of energy (COE) dependent on the production at the site and
the cost of installation, a COE for this study is used, since the uncertainties associated
with Levelised Cost of Energy (LCOE) in so preliminary level technologies are great.
Such uncertainties include the varied levels of infrastructure costs, non-uniformity over
the discount rates that are to be used, variability and lack of knowledge concerning
the operational costs.

The Cost of Energy is estimated as the cost (see Table 3) over the annual energy
production (as estimated by Equation 1). In this instance, the cost of energy is as low
as 11 ce/kWh (low cost/high CF scenario), see Figure 10. On the other hand, for
a WEC not compatible with the resource the low cost/low CF scenario gives a value
of approximately 34 ce/kWh. If the WEC is not suitably selected to accommodate
the sea-states, in terms of production or if a low area of resource is chosen, then the
cost are significantly higher with values reaching over 68 ce/kWh (high cost/low CF
scenario) and 23 ce/kWh (high cost/high CF scenario). While this does not consti-
tute a thorough life-cycle analysis of wave farms, similar range values have been found
concerning cost and performance (Badcock-Broe et al., 2014; Ocean, 2013). No poten-
tial subsidy schemes are explored in the calculations which would reduce the CAPEX,
although they are available for renewable energies in some Mediterranean countries
(France, 2007; GSE, 2015; Spain, n.d.).

Energy that is produced from wave farms, as in the case of other renewables, has
not only environmental benefits but additional financial as well. Potential certificates
can be traded through the ETS system or similar system (i.e. Renewable Obligation
Certificates (ROC)) and add revenues to both developers and countries. The avoided
energy imports can also benefit the overall financial picture, with some of the earned
funds allocated to local infrastructure projects in order to strengthen the transmission
grids for higher renewable acceptance. The small wave farm investigated here can
reduce the amounts of equivalent barrels of oil aiding to the energy security and
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revenues, see Fig. 11.
Even with current prices of oil products remaining at all-time lows, the suggested

wave farm can contribute in reducing financial imports as high as 400 thousand Euros
(ke in high scenario), while with an unfavourable scenario the monetary dependency
can reach slightly over 100 ke. By the adoption of wave energy in the energy mix,
the temporal variability of other renewables can be complemented, this indicates that
additional financial benefits by investment deferral can multiply. Increasing diversifi-
cation of the energy mix and contributing to a sustainable and secure energy option.

By application in milder environments the cost of infrastructure and strengthen
works required are reduced, since they often depend on the expected extremes of
location that affect survivability. Moreover, the proper selection of WEC ensures that
its range of operation will cover majority of the sea-states encountered. This although,
is proposed to be done by long-term combination of numerical modelling with the
characteristics of the device. Investigating application of novel technologies, such as
wave energy, in milder environments may offer lower installation costs in contrast to
the open oceanic locations, higher reliability, and can be the driver for proof-of-concept
of wave energy.

5. Discussion

In this study, the awarded wave energy projects from the NER300 were presented and
examined. While limited information exist concerning their expected benefits, energy
modelling allowed the estimation of energy benefits, in close agreement with previous
literature. The selection of wave energy in the NER300 was of major importance for
the development of the wave energy industry. Through them significant outcomes
are expected that would strengthen the reliability by proven installations. The two
projects selected are located at the open Atlantic coast of two European countries,
while such regions have higher resource levels, this is also expected to increase their
capital requirements for infrastructure to ensure survivability.

Ocean energies within the NER300 had success, although in comparison to the
overall NER300 budget, ocean energies accounted only for 6%. One can argue that
limitations within wave energy is the high capital expenditure, and regional focus.
Majority of projects was focused on the Atlantic, raising the capital expenditure and
creating a very competitive environment within the industry to access funds. The
main focus of NER300 is the proof-of-concept for innovative technologies, the wave
energy community should take advantage and expand its regional interests to lower
and milder environments. This will allow the consideration of lower capital, due to less
harsh event, with installation of WECs that match dominant metocean conditions.

The importance of funding opportunities, such as the NER300 is of major concern
for research, application, and displaying the potential of emerging technologies. With
future calls similar to the NER300 in their way, regions with milder resources though
pose ”hidden” values when it comes to wave energy. Considerations on the applicability
of WEC in milder European regions can prove beneficial for acceleration of the sector.
Similar to NER300, there are discussion on releasing the NER400 that intents to
provide funding for innovative projects again in the future. The scheme structure will
again be intended for European regions and at the time of this manuscript is still
under discussion. However, it is highly likely that the focus will again be on novel
technologies that require ”acceleration” funds, ensuring however they can deliver cost
effective solution with multiple benefits (NER400, n.d.).
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6. Conclusions

This overview of successful NER300 wave energy projects estimates, and presents
the awarded projects. Due to lack of information available, the study uses existing
literature on WEC application and tries to provide quantified energy estimates, which
may have helped to successful applications.

One of the lessons that the NER300 provides is the mindset of energy and cost
effective project application. Considering that wave energy urgently can benefit from
proof-of-concept installations, and reliable energy performance to reduce capital ex-
penditure. A different approach is proposed for future application of similar farms
based on the indication that milder conditions locations will require less capital and
operational costs. Since the selection process of similar to NER300 calls is dependent
on technology type, innovation status, capital required and capital met, the validation
and proposal of a WEC in a milder climate sea would benefit the wave energy industry.

The estimations provide with preliminary findings on the energy estimation, CO2

emission avoidance, and energy imports reduction. Through a thorough sensitivity
analysis, the energy production of a suggested wave farm was estimated, alongside
with the estimated costs and benefits. It is shown, that even for conditions met in
the Mediterranean, energy yields can still be significant delivering thousands of MWh
even with current WECs.

The sensitivity analysis of wave energy in the region, also provides with the expected
energy benefits, financial, environmental benefits, and capital required. A small incre-
ment analysis revealed the necessity for proper selection, which would lower the initial
cost of the installation. From an energy standpoint, all the scenarios tested showed that
even with a small wave farm application, the yields could amount significant results
even at lower resources, given the current pre-commercial status of the technologies.
In addition, availability of the resource in comparison to range of WEC operation
expected to be higher, since high wave occurrences are often not met in the area. This
also leads to environmental benefits comparable from other renewable technologies.

Diversification of the energy mix is expected to contribute to the increase of energy
security (energy imports avoidance), but at the same time stabilizing the intermittent
nature of renewable energy production, will require more innovative approaches. The
nature of wave energy can secure that the increasing energy demands can be met in a
sustainable way. Future investigation for such application can accelerate installation
rates, reduce costs whilst increase awareness of the possibilities and potential by either
WEC alone or through synergies. Wave energy has the potential to prove beneficial
and contribute to various regions, while its application in suitable environments, not
only highly energetic, is bound to increase the confidence for overall development of
the sector.
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Tables

Table 1.: Information about the status of the selected Ocean technologies

Project Name 1st call 2nd call Euro awarded Country/Region Type
WestWave X 23,286,333 e Ireland Wave

Sound of Islay X 20,650,000 e United Kingdom Tidal
Kyle Rhea X 16,777,548 e United Kingdom Tidal
SWELL X 9,139,937 e Portugal Wave
NEMO X 72,131,333 e Martinique/France Ocean Thermal

Table 2.: Indicative Expected production of Projects in MWh

Project Installed Capacity (MW) Funds NER300 Low (20%) per year High(40%) per year Years of Operation
West Wave 5 23,286,333 e 8,760 17,520 20

SWELL 5.6 9,139,937 e 9,811 19,622 20

Table 3.: Indicative parameters of the expected production of the projects in MWh

Installed Capacity 5 MW
Capacity factor 10-30% (increments of 2.5%)
Cost (e/ MW) 1.5-3 me (increments of 250k e)

Toe 11630 kWh
bbl (Barrel of oil equivalent) 150 kg
e/bbl 55
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Figures

Figure 1.: Annual mean wave power as estimated by a long-term hindcast by Gunn
and Stock-Williams (2012)

Figure 2.: Some of the basic principles for ocean wave extraction (Rahm, 2010; Venu-
gopal, 2016)
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Figure 3.: Representative devices for potential production by wave energy (a) WaveStar
(b) WaveDragon (c) AquaBuoy (d) Pelamis, (e) Bottom fixed flap Oyster resemblance
(f) WaveBob

Figure 4.: Spatial information concerning the technologies and the accepted calls for
ocean energy by the NER300, (a): SWELL, (b): WestWave, (c): Sound of Islay, (d):
Kyle Rhea, (e): NEMO
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Figure 5.: NER300 (1st and 2nd call) allocated funds per technology

Figure 6.: Production scenarios of the two projects and the corresponding cost per
MWh in correlation to public funds
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Figure 7.: Avoided emissions of CO2 and avoided imports of energy based on the
scenarios of production for the projects, the colour coding follows the increments of
CF as indicated above

United Kingdom Greece

Figure 8.: Indicative 100 year return period of wave heights top panel the UK, North
Sea, Ireland obtained from (Agarwal, 2015), and representative return values for the
Greek region obtained from (Zacharioudaki et al., 2015).
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Figure 9.: Expected production and avoided emission by the WEC farm

Figure 10.: Sensitivity analysis concerning the cost of energy (COE) in Euro per kWh
produced, the x-axis has the CAPEX and the y-axis the CF. Each COE value is the
results of the different costs and energy production.
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Figure 11.: Avoided imports of energy products benefits in bbl and capital
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