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Abstract

This thesis addresses the potential of ocean power to reduce greenhouse gas emis-
sions, considering its total net costs and operational savings at a European Union level.
Such emissions are the leading cause of global warming. A significant shift in policies
is therefore needed if countries are to comply with the emissions reduction targets de-
fined in the meantime. A powerful tool to help tackle this endeavor is modeling future
energy scenarios. Project Drawdown organization assesses multiple climate solutions
and presents a methodology allowing researchers to compare new electricity generation
technologies with conventional ones along various parameters. The present work displays
projections regarding the future of the electricity generation market and the adoption of
ocean power technologies. These ocean power adoption projections are based on peer-
reviewed publications and institutional reports and refer to the period 2021-2050. Using
Project Drawdown’s framework, these projections are coupled with emissions, financial
and technical data to model the potential of ocean power solutions for electricity gen-
eration and for reducing greenhouse gas emissions in the European Union up to 2050.
Finally, sensitivity analyses are carried out to understand how the financial variables’
behaviour may a Leck the results.

The results obtained in this work show that ocean energy may generate 33 to 170 TWh
by 2050 while replacing conventional electricity generation technologies. These figures
account for 0.59%-3.05% of the total generation of the European Union electricity system
by 2050. In terms of financial competitiveness, the results obtained show marginal costs
to vary from 19.1 to 60.8 Billion €, net operating savings to vary from -17.2 to -84.0
Billion €, and lifetime operating savings vary from -42.0 to -214.5 Billion €. The total
emissions reduction for the period under analysis is expected to range from 0.16 to 0.81
Gt COy.¢q Well below the potential of other renewable energy sources as solar or wind
power.

Keywords: Ocean Power, Electricity Generation, Greenhouse Gas Emissions, Project

Drawdown

Xi






Resumo

Esta tese debruca-se sobre o potencial da energia oceanica para reduzir as emissdes
de gases com efeito de estufa, considerando os custos liquidos totais da sua exploracao e
as poupancas operacionais da sua adoc¢do na Unido Europeia. Estas emissdes sdo a prin-
cipal causa do aquecimento global. E por isso necessaria uma mudanca significativa nas
politicas adotadas caso o0s paises pretendam respeitar os objetivos de reducdo de emis-
sdes entretanto definidos. Uma ferramenta poderosa para ajudar neste empreendimento
é a modelacdo de cenarios energéticos futuros. A organizacéo Project Drawdown avalia
multiplas solugbes climaticas e apresenta uma metodologia que permite aos investigado-
res comparar as novas tecnologias de producéo de eletricidade com as convencionais no
ambito de varios parametros. Este trabalho formula projecdes a respeito do futuro mer-
cado de producéo de eletricidade e da adogdo futura de tecnologias de energia oceanica.
Estas projecdes baseiam-se em publicac8es revistas pelos pares e relatdrios institucio-
nais e referem-se ao periodo 2021-2050. Usando a metodologia do Project Drawdown,
estas projecdes sdo combinadas com dados de emissdes, financeiros e técnicos com vista
a previsdo do potencial das solucdes de energia oceanica para a producdo de eletrici-
dade e para a reducdo das emissdes de gases com efeito de estufa na Unido Europeia.
Por altimo, efetuam-se anélises de sensibilidade com vista a compreender como é que 0
comportamento das variaveis financeiras pode afetar os resultados.

Os resultados obtidos neste trabalho mostram que a energia oceanica podera gerar
entre 33 a 170 TWh em 2050. Estes valores representam 0.59%-3.05% da producéo total
do sistema elétrico da Unido Europeia em 2050. Em termos financeiros os resultados
obtidos mostram que 0s custos marginais variam entre 19.1 e 60.8 mil milhdes de € e
que as poupancas operacionais liquidas e totais variam entre -17.2 e -84.0 mil milh&es de
€, e -42.0 to -214.5 mil milhdes de €, respetivamente. E expetavel que a reducéo total de
emissdes se situe entre 0.16 e 0.81 Gt CO,_q, muito menor que a potencial reducao de
emissdes de outras fontes de energia renovavel como a energia solar ou eolica.

Palavras-chave: Energia Oceanica, Producdo de Eletricidade, Emissées de Gases com

Efeito de Estufa, Project Drawdown
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Introduction

One of our generation's most daring challenges is the ght against global warming.
Trying to develop and improve societies while ghting climate change is, without a doubt,
atremendously di cult problem for policymakers worldwide. Embracing an energy tran-
sition scenario from fossil fuels to renewable energies, to massively reduce Greenhouse
Gas (GHG) emissions, involves undertaking big changes in the power sector, industry,
transport and building. All these sectors need to be aware of this urgent agenda. But
this means they need to substantially increase the electricity share in their nal energy
consumption. Renewable energies must in turn source this electricity with zero GHG
emissions upon production. The energy sector is therefore on the forefront of this chal-
lenge.

Most of the major technical di  culties involved in this challenge were already over-
come - the levelized cost of electricity for renewable sources, one of the most common
indicators of technology readiness, is already more attractive than the cost of electricity
from fossil fuels [1]. And, contrary to fossil fuels, these renewable sources are limitless,
at least on a human-life period. The main shift is now in the hands of policymakers,
implementers and nal users.

In August 2021 the United Nations (UN) Intergovernmental Panel On Climate Change
(IPCC) presented the rst study contained in its sixth assessment report [2]. There it states
that the climate crisis is, without a doubt, caused by human activities and thatitse  ects
are already being felt worldwide. The IPCC report also shows that only an immediate and
drastic reduction in GHG emissions will prevent an irreversible temperature rise and its
excessively costly and unpredictable consequences. Given such conclusions, the scienti ¢
community was looking forward to the outcome of the UN Climate Change Conference,
where the parties met in November 2021. The Glasgow Climate Pact was signed there.
Countries agreed to the progressive elimination of ine  cient subsidies for fossil fuels,
elaborated a global methane pledge and committed themselves to reversing deforestation.
They also agreed to "phase down"(rather than "phase out") coal. This last-minute choice
of words shows how di cult it is for policymakers to address the ght against global
warming in a united and resolute way. 2021 was a year in which strong commitments
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were also made at a European level: the European Climate Law [3] was enacted, binding
Europe's economy and society to the pledge of becoming climate-neutral by 2050. This
law also set a more ambitious European Union (EU) target: reducing net GHG emissions
by at least 55% by 2030, compared to 1990 levels. In line with this ambition, several
European countries submitted updates on their Nationally Determined Contributions
(NDC)s, which have been de ned as a follow-up to 2015's Paris Agreement.

Modeling future energy scenarios is a powerful tool in energy and climate debates.
Di erent organizations within the energy sector community publish their updates for the
future on a yearly basis. In particular, energy agencies, utilities and academia regularly
release their publications containing updated information and statistics concerning en-
ergy. Within this context, the non-pro t organization Project Drawdown continuously
resources and assesses multiple climate solutions. In its most widespread publication [4],
this global organization put forth an energy model combining several dimensions; it en-
compasses emissions reduction, nancial analysis, total addressable market and current
implementation of each of distinct solutions.

If a carbon-neutral energy system becomes a reality, more renewable energy sources
need to be included in the electricity generation mix. Due to their characteristics, wind
and solar energies are subject to variability; thus, they must be supplemented with other
renewable sources or storage systems. Ocean energy is a possible solution for balancing
electricity systems. It is predictable, since tides and ocean currents can be predicted
accurately and with many years in advance; it is constantly available, due to its in nite
power source; and it is secure, because ocean energy can reduce the reliance on fuel
imports for many countries, helping them in the pursuit of energy independence. It thus
has much potential for many regions in the world. On the other hand, the levelized cost
of electricity from ocean power technologies does not yet allow the o  er of competitive
prices. This is due to the relatively early life-cycle stage of ocean power technologies.
Further technology deployment and technical improvements are necessary to fully attest
the maturity of these technologies and the potential for the electricity generation systems
of the future.

This work will use Project Drawdown Reduction and Replacement Solutions (RRS)
Model to parametrically analyze the adoption of ocean power technologies for electricity
generation in the forthcoming decades. A developed dataset is taken as input. It com-
bines electricity generation historical data with di  erent future scenarios for the power
sector; the latter are based on current policy settings, climate commitments announced by
governments and net-zero emissions perspectives. Its main goal is to assess the potential
of ocean power to reduce GHG emissions, considering its total net costs and operational
savings.



1.1. GLOBAL ENERGY TRANSITION

1.1 Global Energy Transition

The energy sector accounts for almost 75% of global GHG emissions [5], and if it is
true that energy transition trends are in place, as well as strategies to bring down GHG
emissions, it is a fact that the world is still a long way to go in the ght against global
warming. The latest evidence shows that society's partial recovery from the Covid-19
pandemic was enough to bring back the demand for all energy sources and technologies,
resulting in an abrupt increase in prices and CO , emissions. This can be easily perceived
by Figure 1.1 below.

Figure 1.1: Global energy-related CO, emissions; and change in CO, emissions by fuel,
1990-2021 [6]

Despite being another record year for renewables in 2021, that was not enough to
cover the rise in electricity demand. In the last year, it is expected to have increased over
1000 TWh after declining in 2020, meaning that consumption is well above pre-pandemic
levels. This led to an increase in coal- red generation in some geographies, bringing

3
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along higher emissions. Global energy-related CO, emissions are expected to exceed 1.2
billion tonnes in 2021 [5]. This corroborates the hypothesis that most of the government's
plans and targets will not do more than stabilize global emissions, instead of drastically
reducing them: the only way to address climate change. The truth is that despite all
evidence and widespread support in the last years, energy-related CO, emissions have
averaged increased by 1.3% annually, between 2014 and 2019 [7].

Unprecedent actions must be put in place. To achieve rapid decarbonization, policy
initiatives and investments for clean energy deployment must continue in the coming
years. Although the timeframe for a 1.5 °C future may remain in reach, it is up to human
society now to ful | its commitments from the Paris Agreement and the UN Sustainable
Development Goals. Figure 1.2 shows how far away world society is from a decarbonized
electrical system: in 2020, more than 60% of the electricity generated was sourced from
fossil fuels.

Figure 1.2: Electricity generation by source, World, 2020; based on [5]

1.2 Project Drawdown

In 2017, an international group of researchers, professionals and scientists published
"Drawdown: The Most Comprehensive Plan Ever Proposed to Reverse Global Warming".
This book tackles climate change from three angles: to bring pollutant emissions to zero;
to improve Earth's natural capability to capture carbon; and improve society through
education and environmental awareness. One hundred substantive solutions to revert
global warming are there presented. 'Drawdown'’ is de ned as "the future point in time
when levels of greenhouse gases in the atmosphere stop climbing and start to steadily
decline. This is the point in time when we begin stopping further climate change and

4
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averting potentially catastrophic warming. It is a critical turning point for life on Earth"
[4]. Figure 1.3 illustrates Project Drawdown solutions framework.

The publication of this book turned out to be a commercial success, bringing the
public's attention to Project Drawdown, a non-pro t organization founded in 2014, thus
enhancing its visibility. The goal of Project Drawdown is to help the world to reach draw-
down. In addition to the publication of the book in 2017, this organization established
partnerships with multiple institutions, cities, universities, communities and policymak-
ers to continuously resource and assess multiple climate solutions. A reviewed version of
the book’s conclusions [8], containing data from 2018-2019, shows how climate solutions
can best adapt to some of the world's latest events. That is, besides global assessment, and
to make Drawdown methodology meaningful and understandable for all implementers
and users, the speci ¢ scienti ¢ knowledge there provided is presented at a more drill-
down level with applications to regions, sectors and speci c locations. It is within this
context that Drawdown Europe Research Association (DERA) was founded.

Figure 1.3: Drawdown Solutions Framework [8]

DERA aims to bring Project Drawdown to the European level using several projects
and publications [9]. Several studies were conducted within this framework to assess
the potential of the European power sector technologies (solar, wind and hydropower) to
help achieve Drawdown [10-12]. The aim with the present work is to assess the potential
of oceanic power for reverting global warming.

As explained in [4], solutions to reverse global warming admit being ranked according
to three main quantitative parameters: total atmospheric CO ;. reduction, either by
avoiding GHG emissions or by sequestering CO, from the atmosphere; total net cost of
each solution, considering the purchase, installation and operation for at least thirty years;
and total net savings, revealing the cost-e ectiveness of the solution. These results were

5
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computed with Project Drawdown RRS Model. The model combines several dimensions;
it is sensitive to emissions reduction, nancial analysis, total addressable market and
currentimplementation of each solution. As mentioned above, this model was used in [4]
by Project Drawdown in the context of a global approach, setting no specicdi  erences
according to each geography or sector. In [10-12] the same model was used, aiming to
analyze only the energy sector, speci cally, di erent technologies usable at a European
level for electricity generation.

The present work will also use Project Drawdown RRS Model to focus on the oceanic
power potential for electricity generation at a European Union level. Wave and tidal en-
ergy represent an enormous source of renewable energy that remains practically unused;
even if it is not yet economically competitive, compared with more mature renewable
energy technologies, it could play an important role in mitigating global warming. In
the last decades, wind and solar energy technologies have achieved a levelized cost of
electricity that makes it very di  cult to compete with [1]; however, with current targets
for renewable energy penetration in the electricity generation mix, more technologies
must step up. Oceanic power can be a powerful solution to help accomplish Drawdown.

1.3 Thesis Structure

1.3.1 Objectives

The main goal of this work is to assess the potential of ocean power to reduce GHG
emissions up to 2050, taking into consideration its total net costs and operational savings
at a European Union level. To do so, several intermediate objectives need to be met.

First, a data collection process for the future of the electricity generation system
must be conducted. It will allow us to understand the future addressable market for
the di erent electricity generating technologies - particularly, ocean power technologies.
This dataset should include electricity generation historical data and di  erent future
scenarios for the power sector based on current policies, climate commitments announced
by governments and net-zero emissions perspectives. Variable meta-analysis data will
also be included in the dataset in order to address economic and technical contexts.

Second, choosing, within the available literature, the appropriate data to use as inputs
for the Project Drawdown RRS Model. The model will compute ocean power adoption,

nancial and emissions results, by comparison with a reference adoption scenario and dif-
ferent technical and nancial variables of conventional electricity generation technologies
(coal, natural gas, oil).

Finally, drawing some conclusions concerning the potential of ocean power within the
EU's future electricity generation system. Such ndings need to take di  erent desiderata
into account: not only achieving an e ective reduction in GHG emissions, but also doing
so at an a ordable economic cost and reaching operational savings.
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1.3.2 Contribution

To achieve countries goals regarding climate change mitigation and energy transition,
all renewable energy sources must be considered as a means to reduce pollutant emissions.
The oceans are, by far, the world's largest untapped renewable energy source. Despite
technological advances still being needed for ocean power technologies to compete with
more mainstream renewable energy technologies, oceanic energy can complement the
energy mix by balancing electricity systems with its predictability and abundance.

The oceanic energy sector will also catapult a new industry worldwide, creating new
opportunities for maritime industries and coastal regions, with all corresponding eco-
nomic bene ts attached. Therefore, it is essential, not only to explore the potential
contribution of ocean power to bring pollutant emissions to zero, but also to understand
its real economic potential. This is the context within this work needs to be understood.

1.3.3 Outline

The next chapter contains the literature review on ocean energy and ocean power
technologies carried out for the present work and the future energy system scenarios
publications. Chapter 3 includes a presentation of the methodology used, by presenting
the Project Drawdown RRS Model, the data collection process and the variables inputs of
the model. Chapter 4 reveals the results from the literature review for Total Addressable
Market data, Adoption data and Variable-Meta Analysis data; the proposed solution
adoption, nancial and emissions results obtained with the Project Drawdown RRS Model.
Chapter 5 presents the discussion of the results, considering the assumptions, limitations
and benchmarks considered. Finally, chapter 6 presents the conclusions arrived at in this
thesis work.
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Literature Review

This work addresses ocean power's potential to reduce greenhouse gas emissions. It
does so by predicting and modelling the importance of ocean power in the electricity gen-
eration mix in the near future. Oceanic energy is a vastly unused resource for electricity
generation; it is therefore of the utmost importance to understand which strategies might
be implemented to make the most out of this renewable energy source.

Several ocean power technologies for electricity generation are currently available,
displaying di erent maturity levels. The more mature ones are those aimed at harnessing
tidal energy. Some of these have already achieved a Technology Readiness Level (TRL),
closer to reaching a commercialization stage. In contrast, wave energy technologies are
less mature. Most projects implemented worldwide are still in a prototype or demonstra-
tion stage. Considering these di erent readiness levels, Project Drawdown focuses its
analysis on three types of ocean power technology: wave energy converters, tidal stream
and tidal barrage. Since this work is being written within the framework of Project Draw-
down, it will limit its discussion to these three types of ocean power technology.

As stated in the previous chapter, the analysis to be developed within Project Draw-
down RRS Model is built on top of a dataset containing electricity generation historical
data as well as di erent scenarios concerning the future evolution of the energy sector
(based on current policy settings, climate commitments announced by governments and
net-zero emissions perspectives). The data, which will encompass all sources of electric-
ity generation, including renewable energy sources and oceanic energy sources, are to be
collected from publications issued by di  erent agents (e.g., energy agencies, utilities or
academia).

In this chapter, both the potential displayed by di  erent ocean energy resources and
current strategies for generating renewable energy o shore will be described. Di erent
technologies for harvesting oceanic energy will also be described, as well as some of the
most prominent energy projects currently being implemented in the ocean. The prospects
for the evolution in the coming years of the levelized cost of electricity associated with
these technologies will also be discussed. Finally, key scenarios describing future en-
ergy systems will also be addressed; in particular, their importance for the viewpoint
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underlying this work will be made apparent.

2.1 Ocean Energy

If our society's ambitious decarbonization goals are to be met, the use of all renewable
energy sources must be contemplated. The ocean is an enormous source of energy that
cannot be ignored. It is a resource that may help deliver a prosperous and just transition
by complementing other renewables and balancing energy systems [13]. According to
several publications [14], its environmental impact is limited. Further investigation is,
however, needed to thoroughly understand the e ects of full-scale commercial projects.

2.1.1 Resource potential

Earth is largely covered by oceanic water; roughly three billion people live within
200 km of the coast [15], which is increasing yearly due to migration phenomena. Ocean
energy resources can thus o er a convenient solution to sustainably provide energy to
many millions of households. According to several ocean energy assessments, the ocean
has an enormous resource potential for electricity generation, well above the current
global demand for electricity [16].

There are many oceanic energy resources that can be used to generate electricity.
Current research and analysis focus mostly on four energy sources: tides and currents,
ocean waves, ocean thermal energy and salinity gradient. These are illustrated in Figure
2.1 below.

Figure 2.1: Ocean energy resources ([17], adapted)

Tidal energy has a theoretical power of around 1 200 TWh/year [18]. The goal is to
harness the potential energy generated by height changes in sea level due to the move-
ment of ocean water volumes caused by tides. In this respect, a distinction must be drawn
between tidal range, tidal currents and ocean currents resources. Even though it dis-
plays a minimal resource potential when compared with other renewable energy sources,
tidal energy has a signi cant comparative advantage: it is both entirely predictable and
weather independent. Tides can be predicted for the short and long term, even decades
ahead. Tides are caused by the gravitational attraction of the moon, the sun and other
astronomical bodies on oceanic water bodies [19]. In order to trap potential energy from
ebb and ow (range), barrages or fences can be built to trap high tide water mass and then
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exhaust its potential before the next tidal cycle. Tides also generate kinetic energy, cre-
ating tidal currents. These currents are found on particular spots near the coast, mainly
on locations exhibiting topography constraints such as passes, islands and straits [16].
Ocean surface currents are driven both by wind energy and latitudinal distribution. The
power generated by these currents can be harnessed only at shallow depths; although
they are generally slower than tidal currents, they tend to be more continuous.

The potential of wave energy is tremendous. According to [20], wave energy can
produce 29 500 TWh/year; this means that it could meet the global energy demand by
itself [5]. To do so, kinetic and potential wave energy must be harnessed. This type of
energy, probably due to its often-spectacular visual e ects, has been arousing the curiosity
of scientists and academics for centuries in their search to convert wave energy into usable
energy [21, 22]. Di erent types of modular technologies have been developed to meet
this challenge. The power of waves, when compared to tidal energy, is more spatially
distributed, being more prevalent in mid-latitudes, given the fact that it is in uenced by
water density, wavelength, wave speed and wave height [16].

An even greater technical potential is to be found in ocean thermal energy. The largest
of all ocean energy sources can provide around 44 000 TWh/year [23]. The conversion of
ocean thermal energy into electricity makes use of the temperature gradient between the
sea surface and deep-water. This temperature gradient, which must be around 20°C, is
converted into a thermal cycle; the latter admits be turned into electricity. It must be said,
however, that these temperature gradient conditions are to be found in tropical regions
only; as a matter of fact, only there can the following three necessary circumstances be
simultaneously met: warm surface water temperatures, large ocean depths and stable air
temperatures. The energy potential that is generated there derives from ocean thermal
energy's high capacity factor and its capability to produce energy uninterruptedly [16,
19].

Finally, the energy generated by salinity gradients can be harnessed by making use of
the pressure potential originated by di  erences in salt concentration, particularly there
where a mix between fresh and saltwater is to be found. The amount of energy produced
is proportional to the di erence in salt concentration. This makes estuaries the ideal
location for the placement of systems capable of transforming salinity gradient into usable
energy. These systems use membranes and operate under two main principles: pressure
retarded osmosis and reverser electro dialyses [24].

2.1.2 O shore renewable energy strategies

After the Paris Agreement (2015), the Parties agreed to present 5-years NDCs to tackle
GHG emissions up to 2030 and long-term strategies looking forward to 2050. Although
all Parties promised to increase the production of electricity from renewable sources, very
few of them have included oceanic energy in their agenda, in spite of the fact that many
of these Parties are located close to oceans [25]. Within the EU, National Energy and
Climate Plans (NECP) [26] exhibit the same pattern; however, an exception regarding
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some targets is to be found in the NECP from Ireland, Portugal and Spain [27-29].

It was not before November 2020 that the European Commission (EC) published the
European O shore Renewable Energy Strategy [30], which points out the relevance of
oceanic energy for achieving an economy with net-zero GHG emissions in 2050. This
document set concrete targets for o shore wind capacity; but its major innovation was
the introduction of oceanic energy capacity targets for the rst time - the EC aims to
reach a target of 40 GW of marine energy together with other emerging technologies
(e.g., oating wind and solar devices) by 2050. In the meantime, some intermediate goals
were xed: to achieve a total capacity of 100 MW across the EU by 2025 and of around
1 GW by 2030. These targets have to be integrated into National Maritime Spatial Plans.
Setting such ambitious targets re ects the global leadership position EU companies have
in this sector. Across the world, some other countries have also developed speci ¢ plans
for harvesting energy from the oceans [31, 32], namely, the members of Ocean Energy
Systems - an International Energy Agency technology collaboration program.

2.2 Ocean Power Technologies

2.2.1 Tidal barrage

As its name indicates, tidal barrage technology uses the tides' potential energy by
placing a dam or other barrier to harvest power from the height di  erence between high
and low tides. This technology is a commercially feasible and represents more than
90% of the total ocean energy combined capacity currently operational. This capacity is
mainly distributed across three projects: 254 MW in Sihwa Lake Tidal Power Station in
Korea (2011), 240 MW in La Rance Tidal Power Station in France (1966) and 20 MW in
Annapolis Tidal Station in Canada (1984). However, it must be said that Annapolis is
currently going through a dismantling process, after it stopped generating electricity in
2019 due to equipment failure. The remaining capacity is installed in smaller projects in
China and Russia. The total installed capacity of tidal barrage technology sums up to 494
MW.

In tidal barrages, power is generated in tidal turbines (usually bulb turbines) similar
to those used in hydropower power stations. The main principle is the following: water
enters an enclosed tidal basin when the tide is high and it is released from there when
the tide is low; the water released drives the turbines that generate electricity. There are
one-way power generation tidal barrages and two-way power generation tidal barrages.
The former can produce energy either only at ebb or only at ood but not at both. The
latter can produce energy at both ebb and ood. One-way power generation allows for
only a short period of electricity production, and the generation of electricity at ood
induces ecological collateral damage, as the water level in the impoundment is kept low
for a long time. Two-way power generation allows power generation for a longer period
but requires reversible turbines. (See references [16, 19, 33] for a detailed description of
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tidal barrage technology).

Despite having a TRL 9, tidal barrage technology reveals the following disadvantages:
i) considerable environmental impact in the bays or estuaries where it is implemented;
i) high capital investment costs [33]. Another problem associated with tidal barrage
costs is that these may vary considerably from one site to another; important variables
to take into account in this respect are: i) the size of the barrage (both in length as well
in height) and ii) the di erence in height between high and low tide. Last but not least,
the resource potential to be explored in tidal barrages, is low compared to other ocean
power technologies. Given these disadvantages, no tidal barrage power plants of scale
have been developed over the last decade.

2.2.2 Tidal stream

Among ocean power technologies, the tidal stream was probably the one that made
more technological advances in the last years; it is close to reaching a commercialization
stage. This technology is very close to maturity; expectations are that it will become
more widespread than tidal barrage technology in the near future. A global installed
capacity of 10.6 MW is already operational, and a signi cant number of projects, at
di erent levels of readiness, are being tested; it is expected that tidal stream technology
will have 2.4 GW of installed capacity in the next decade only in Europe [16, 34]. The
10.6 MW mentioned above of installed capacity refers to subscale test plants, full-scale
demonstration plants, smaller completed commercial projects and, the last step before
full-scale commercialization, some rst-stage projects of larger commercial tidal farms.
The United Kingdom (UK) is a frontrunner in tidal energy globally, but other countries
such as Australia, Canada, France and Korea also have large tidal energy ambitions.

Tidal stream technologies convert the kinetic energy caused by the changing tides
into usable energy. The process follows: sea water is driven into tidal stream turbines to
generate power. Several concepts of tidal stream turbines have been proposed and tested
in recent years. Still, the last decade has observed a strong convergence toward horizontal
axis turbines (TRL 8). This is similar to what happened with wind turbine generators.
Vertical axis turbines, cross ow turbines and other concepts (e.g., oscillating hydrofoil,
helical screw devices and tidal kites) are among other extensively tested tidal stream
technologies. The main di erences between the several concepts involve the number of
blades, the control of blades pitch and the method of securing the turbine. Typically, tidal
current devices are generally modular and intended for deployment in multi-unit arrays
for a utility-scale generation. (See references [16, 18, 19] for a detailed description of
tidal stream technology). Figure 2.2 display three types of tidal energy technologies.
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Figure 2.2: Tidal energy technologies ([16], adapted)

As mentioned above, recent advances in tidal energy technologies have been made.
Some of the projects at the forefront of this endeavour are the following. Minesto ®,
a tidal developer, signed a power purchase agreement in 2020 with the Faroe Islands,
after successfully testing their large-scale tidal kite device [35]. Simec Atlantis Energy ®
deployed a 500 kW tidal project in China and secured a 12 MW tidal project in France,
while its agship MeyGen tidal stream project in Scotland remains one of the largest
tidal power installations in the world with four 1.5 MW turbines; for the next stage
of development, expected for 2024, forty-nine more turbines will be deployed with a
total capacity of 73.5 MW [36, 37]. In Nova Scotia, Canada, feed-in-tari s of around
350€/MWh, and government grants have created conditions for tidal projects to emerge;
Big Moon Power® was granted a license and signed a power purchase agreement for a 4
MW tidal project [37].

2.2.3 Wave energy converters

Most wave energy projects worldwide are still in the prototype and demonstration
stages. Thus, no speci c type of design has yet gained the upper hand. By 2020 the global
installed capacity of wave energy was of only 2.3 MW and only one project above 1 MW
was being deployed (in Hawaii). Most other locations where electricity is generated from
wave energy are in Europe (France, Italy, Portugal, Spain and the UK) [19, 38].

Wave energy converters capture the energy contained in ocean waves to use it to gen-
erate electricity. It is possible to divide these technologies into three main categories:
Oscillating Water Columns (OWC), Oscillating Bodies (OB) and Overtopping Devices
(OD). OWC use trapped air pockets in a water column to drive a turbine; OB, either

oating or submerged, use the wave motion (from side to side, forwards/backwards,
up/down) to produce electricity; OD use water potential energy in closed reservoirs to
drive hydraulic turbines subsequently. These technologies are also classi ed in function
of water depth (shallow, deep, intermediate), motion (pitching, surging, heaving), mode
of conversion (translation, rotation), power take-o  system (hydraulic engines, hydraulic
turbines, air turbines), mooring and foundation structures (submerged, oating, xed)
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and location (o shore, nearshore, shoreline). According to [39], the combination of char-
acteristics from this set has resulted in over 50 di  erent technology types. As of today, the
technologies better suited for commercialization are of the OWC type, (TRL 8 already)
and of the OB type (such attenuators - TRL 8 -, point absorbers and oscillating water surge
converters - TRL 7). An attenuator consists of several connected segments or of a unique
long exible part that extracts energy from the waves by following their parallel motion.
Point absorbers may be oating or submerged devices and generate energy thanks to a
buoy's movement in all directions relative to its anchor point. Oscillating water surge
converters are structures using the surging movement of the waves (the back-and-forth
motion) in order to capture energy in the oscillating arm. (See references [16, 18, 38] for a
detailed description of wave energy converters technology). Figure 2.3 display four types
of wave energy technologies.

Figure 2.3: Wave energy technologies ([16], adapted)

OWC's three main projects dominate global total installed capacity: Ocean Energy
Ltd's ® OE35 device in Hawaii, the largest wave energy device ever operated so far (1.25
MW capacity) [40]; Mutriku wave plant in Spain (296 kW capacity) [41]; and REWEC3®
project in Italy [42]. However, major advances have been made recently in OB devices,
such as the ones performed by Ocean Technologie® [43] and Carnegie Wave® [44] (point
absorbers). Promising new oscillating water surge converters have also been released
recently by AW-Energy's WaveRoller ® 0.3 MW. An ongoing project in Portugal may lead
to the introduction there of WaveRoller ® farms (with up to 24 integrated units) in the
near future [45].

2.2.4 Levelized cost of electricity

One of the most important metrics to assess economic readiness of an electricity gen-
erating technology is the Levelized Cost of Electricity (LCOE). This is a very useful
economic measure for comparing the lifetime costs of generating electricity within sev-
eral generation technologies. The lifetime costs that should be considered are among the
following groups: capital costs, operation and maintenance costs and disposition costs.
Financing costs are internalized in the LCOE calculation, which by considering tax bene-
ts, includes depreciation that may provide a tax shield. The LCOE can be viewed as a
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tool for comparison of di  erent electricity generation technologies [46].

In the last years, the LCOE for renewable energy technologies has been falling (see
Figure 2.4) and it is becoming increasingly below the costs of conventional fossil fuel
generation. This is even more obvious, when considering CO, emission certi cate costs
[1]. The latest data regarding 2020 [47] shows that, despite costs varying strongly from
country to country, global weighted-average LCOE from new capacity additions of on-
shore wind declined 13%, utility-scale solar Photovoltaic (PV) declined 7% and o shore
wind declined 9% compared with 2019. This sets the corresponding LCOE at 35 €/MWh
for onshore wind, 51 €/MWh for solar PV and 74 €/MWh for o shore wind in 2020.
Even more impressive is comparing actual LCOE for these renewable energy technologies
with 2010 gures: there was a price reduction of 56% (onshore wind), 85% (solar PV)
and 48% (o shore wind). This was possible due to the steadily improving technologies,
economies of scale, competitive supply chains and improving developer experience.

Figure 2.4: Global weighted-average LCOE from newly commissioned utility-scale solar
and wind power technologies, 2019-2020 [47]

In ocean power technologies, as previously mentioned, the LCOE is still uncertain
due its early lifecycle stage, and future projections are di  cult to make. In 2015 the EC
proposed targets for the LCOE for ocean power technologies: 150 €/MWh by 2025 and
100 €/MWh by 2030 for tidal energy technologies, with wave energy technologies reach-
ing the same targets but with a ve-year delay (150 €/MWh by 2030 and 100 €/MWh
by 2035). For achieving such targets, technology costs must reduce by about 75% from
2016 values [48].

Data from current European demonstration projects (FloTec, Meygen) and the lat-
est publications [48-50], assess that the current LCOE of tidal stream is 350 €/MWh.
Still, the costs will drop substantially when volumes increase, with the LCOE expected
to decrease for 180€/MWh at 100 MW of installed capacity, to 110 €/MWh at 1 GW,
and to 97 €/MWh at 2 GW. In [50], the cost reduction can occur through initial accel-
erated reductions (economies of scale, turbine size, volume and accelerated learning),
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industry learning and innovation. In [13], now regarding wave energy technology, con-
sidering a high-growth industry scenario, it would be possible to anticipate EC targets
and achieve an LCOE of 110€/MWh in 2030, with 494 MW installed. However, despite
larger capacity development means a signi cant cost reduction, with still so low capacity
deployment made so far, assumptions of cost reduction can be too optimistic and need to
be viewed with caution. Besides, these projections, based on increases in deployment, can
only be achieved with su cient nancial support mechanisms. While even the most opti-
mistic scenario is considerably higher than cost projections for other renewables, the extra
charge could be justi ed, if this ocean power technology provided additional bene ts,
such as predictability and steady energy supply. Also, niche markets could be seriously
competitive, such as islands, which depend on costly fossil fuel imports [16].

2.3 Future Energy System Scenarios Projections

As previously mentioned, the present work will use a developed dataset of electricity
generation historical data and future scenarios for the electricity generation sector. To
develop it, updated energy publications were reviewed. In this section, it will be described
the main sources of data for the present work. The publications reviewed have multiple
sources. energy agencies, academia, utilities, non-pro t organizations, and others. The
main results of the future scenarios modelled in the literature concern energy-related CO
emissions, energy demand, fossil fuels use, renewable energy share both in total nal
energy consumption and in electricity generation, electri cation share of nal energy
and many other energy metrics. The electricity generation system is also modeled, so one
might understand how much capacity must be installed to ful Il future energy needs.

For obvious reasons, energy agencies publications were reviewed rst. Every year,
the International Energy Agency (IEA) publishes a World Energy Outlook (WEO) report
analyzing energy demand and supply trends and providing valuable insights. Other
key subjects usually discussed in these reports are emissions, environmental protection,
energy security and economic development. 2021 WEO is dedicated to the emerging new
global energy economy. It highlights how this new economy managed to thrive despite
the heavy blows in icted on economies in general by Covid-19 lock-downs. However, it
reminds us that still a lot needs to be done. In particular, it points out how conservative
the status quo is. As an illustration, it remarks that despite the current availability of
highly cost-e ective solutions to the problem of reducing emissions, so that the 1.5 °C
target may be reached, today's pledges will enable us to reach by 2030 only 20% of the
necessary emissions reduction. But incentives exist; as a matter of fact, the authors of
the report consider that there is a huge potential prize awaiting those who will be able
to leap to the new energy economy. On the other hand, 2021 extreme weather events
highlighted the enormous costs of inaction. This report was published a few weeks before
the UN Conference of the Parties (COP26) in Glasgow; ironically, one of its conclusions
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was that if we are to make this decade the decade of massive clean energy deployment,
then COP26 conclusions would need to contain unmistakably clear commitments of the
parties regarding future energy policies [5].

As usual, besides the latest energy data, the report sketches four scenarios for the
development of the global energy system: net zero emissions by 2050, sustainable de-
velopment, the announced pledges and stated policies scenarios. The net zero emissions
by 2050 scenario assume, obviously, that the global energy sector will reach the net zero
emissions target; the sustainable development scenario assumes the implementation of
further clean energy policies and investments; the announced pledges scenario assumes
that all of the climate commitments made by governments around the world will be met
fully; and stated policies scenario holds a more conservative vision for the future, assum-
ing that not all governments will achieve the announced goals. All these scenarios use as
inputs economic and population assumptions, energy and carbon prices, and technology
innovation, deployment and costs [5]. Other relevant IEA publications address future
energy technology perspectives [51], forecast and analyze renewable energy technologies
[52] and draw road maps for achieving net zero emissions by 2050 [53].

International Renewable Energy Agency (IRENA) also releases periodic publications
dealing with the energy and climate agenda. IRENA's most recent reports [7, 54] present
road maps for the 2050 energy sector analyzing future global socioeconomic consequences
and assessing regional techno-economic performances. Starting from the baseline energy
scenario (Paris Agreement 2015 policies), IRENA forecasts three di erent scenarios: 1.
planned energy scenario, based on current energy plans; 2. transforming energy scenario,
based on renewable energy sources and improved energy e ciency; 3. 1.5°C scenario,
limiting global average temperature increase to this value by the end of the century. A
deeper decarbonization perspective is also sketched according to which energy is reduced
and process-related CO, emissions are brought down to zero by 2050-2060. IRENA also
publishes yearly reports containing updated renewable energy production and capacity
statistics [55, 56]. A 2022 report on NDCs and the renewable energy targets in 2021
attests that, in spite of the recent increase in ambition, many more changes need to be
undertaken if the world is to be put on a path enabling us to keep the rise in global
temperature below 1.5 °C [57].

Several reports from di erent energy companies are also available; all of them are
highly relevant for the discussion concerning the future of energy. BP ® describes business-
as-usual, rapid and net zero scenarios [58]; Shell® analysis compares waves, islands
and sky 1.5 scenarios until 2100 [59]; DNV ® details its energy transition outlook [60];
Total Energies® presents momentum and rupture scenarios [61] and Equinor ® focuses
in reform, rebalance and rivalry scenarios [62]. Moreover, they bring to the fore the
private sector's perspective regarding the possible evolution of the global energy industry.
All models in these scenarios consider the socioeconomic consequences of the covid-19
pandemic. Distinct networks of professional services related to energy business areas
also present periodic reports displaying their views on energy's future [63—65]. Figure
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2.5 below present examples of several future energy system scenarios publications.

Figure 2.5: Future energy system scenarios publications [7, 16, 25, 34, 37, 59]

The UN also issues publications containing the modeling of energy scenarios. In 2019,
the IPCC issued a report focusing on the impacts associated with a global warming of
1.5 °C above pre-industrial levels and related global GHG emissions [66]. This report
de nes two pathway groups (1.5 °C and 2 °C), and divides them further into classes
(bellow 1.5 °C, 1.5 °C-low-0OS, 1.5 °C-high-OS, lower-2 °C, higher-2 °C). Within these
classes, multiple scenarios are then portrayed, reaching a total of 222 hypotheses for the
future. UN documentation also displays the NDCs de ned by di  erent countries, and
their long-term strategies for energy and climate change.

Within the EU, EC's Joint Research Centre (JRC) publishes science reports in order
to prepare and assist policymakers. After the publication of an EU reference scenario
[67], in JRC's latest energy outlook [25], four di erent scenarios regarding the future of
energy were put forth: CurPol, NDC-LTS, 1.5 °C-Uniform, 1.5 °C-Di erentiated. The
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rst, assumes a world where currently existing GHG emissions policies, renewables de-
ployment and energy e ciency policies are implemented; the second, considers NDCs
policies in the medium term and longer-term strategies in the long term; the third, rep-
resents an economically e cient pathway to the 1.5 °C climate target, assuming a single
global carbon price; the last, is consistent with the same temperature target, but assumes
adi erentregional and temporal allocation of the mitigation e  orts. There are analyses
and results for all G20 countries. It is also possible to nd the NECPs within EU docu-
mentation, where EU countries state their ambitions for the 2021-2030 period. Outside
the EU, several countries also make public their vision regarding the future of energy.
Canada, Japan and the United States of America issued very complete reports on this
topic [68—70]. Greenpeace also issued a very insightful publication referring to three
possible energy scenarios: reference, energy revolution and advanced energy revolution
scenarios [71]. Another respected reference on potential climate change outcomes that is
often quoted is [72]. Three scenarios are there modeled: 5°C, 2 °C and 1.5 °C scenarios.
Finally, Eurelectric also discusses periodic decarbonization targets for 2050 (models in
which 80%, 90% and 95% reductions in emissions are reached [73]).

Projections regarding the future of ocean energy are not abundant in the reports
referred to above. This is mainly due to current limited technology development and
deployment worldwide. Nevertheless, some of these reports give us insights regarding
both ocean energy capacity in the future and its share in the future electricity generation
system [5, 59, 71, 72] (see Figure 2.6 and Figure 2.7). In particular, [59] details tidal and
wave technologies. As it may, speci ¢ ocean power reports were reviewed, in which it was
possible to nd current projections for ocean energy deployment. Ocean Energy Systems
(OES) is an intergovernmental collaboration project associating countries under the IEA
framework that aims to connect individuals and organizations working in the ocean en-
ergy systems sector to accelerate its economic viability in an environmentally acceptable
manner and therefore promote its social acceptance [74]. OES publishes annual reports
describing yearly achievements and international activities [75]. It put forth a strategic
plan for 2022-2026 containing well-de ned objectives for the ocean energy sector [76].
IRENA and the EC JRC also produced several publications addressing the potential for
electricity generation in the coming decades of ocean power technologies [16, 19, 38]. The
latest of these publications [34, 48, 77] show the impact ocean energy can have on the Eu-
ropean electricity generation system and its economy in the forthcoming years. Another
good source of information on this topic is Ocean Energy Europe (OEE), a non-pro t or-
ganization, which claims to be the largest ocean energy professionals network. OEE edits
mainly annual key trends and statistics covering tidal and wave technologies in Europe
but it also develops global outlooks [37]. For the future, OEE foresees two di  erent 2030
deployment projections: one is a high growth scenario, picturing a European recovery
fully driven by decarbonization; the other is a low growth scenario, according to which
Europe simply delivers the Strategic Energy Technology Plan targets [13, 49].
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Figure 2.6: Global ocean power generation in the IEA net zero emissions scenario, 2000-
2030 [78]

Figure 2.7: Global ocean current and projected capacity according to IRENA 1.5-S, 2020-
2050 [7]
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3

Methodology

This chapter is dedicated to describing the methodology underlying this work. It
begins with a review of a sample of the relevant literature originating in a variety of
sources. This review is guided by the purpose of studying di erent future scenarios
regarding the energy system. Next, in order to perform a meta-analysis using the RRS
Model, a dataset needed to be gathered. It turns out that the model developed by Project
Drawdown is an "Excel workbook that contains all of the data necessary to calculate
the greenhouse-gas reductions and nancial implications associated with a solution and
allows users to change important inputs and see how the results are impacted” [79]. It
thus admits being used as a tool in order to study how conventional electricity generation
technologies (coal, natural gas, oil), and their respective emissions, may be replaced by
alternative solutions. In particular, by the adoption of ocean power systems at a European
Union level.

Below, the Project Drawdown Excel-based model will be described. Its underlying
parameters and inputs will be detailed and the data collection process will be explained
(namely, which assumptions were made and which criteria were used in selecting future
energy scenarios). This process focused on three main types of input: Total Addressable
Market (TAM) data, Adoption data and Variable Meta-Analysis (VMA) data. These data
comprise emissions, nancial and technical variables; distinct sensitivity analyses were
carried out in order to understand how the behaviour of nancial variables cana  ectthe
results.

3.1 Project Drawdown Reduction and Replacement Solutions
Model

As mentioned above, Project Drawdown RRS Model was used in [4] to compare and
rank the di erent climate solutions assessed within the electricity sector. This Model
evaluates the proposed technological solutions for electricity generation and models the
possibilities such technologies display for replacing conventional ones (coal, natural gas,
oil). The model is divided into four sections, each of them comprising several Excel

23



CHAPTER 3. METHODOLOGY

workbook sheets, which account for the following:

» Basic sheets
» Advanced sheets
» Developer sheets

» Additional sheets

The period analyzed in the RRS Model is the period 2021-2050; the currency unit
used there is the 2014 USD; and the Functional Unit of measure for electricity generation
is TWh. To update nancial inputs, an in ation adjustment factor was used to convert
historic USD to 2014 USD [80]. However, for this work context, results will be presented
in 2022 €. Regarding the functional unit of measure, it represents the output produced
by the solution, or, as described in [79], the ‘function’ of the solution. This unit is not to be
confused with the Implementation Unit of measure, represented by the number of instal-
lations, or 'implementations’, of the solution. The two units are, however, interconnected:
the implementation unit creates the function that is in demand. The implementation unit
of measure for capacity installed for the electricity sector is TW.

In this section, a brief overview of the model's content will be 0  ered focusing spe-
cially on the sheets carrying more impact to the present work.

3.1.1 Basic sheets

There are nine di erent sheets to be found in the Basic sheets section. It is important
to highlight four of them. The rst of these is the Welcome sheet, where the model and
the most important of its sheets are presented, together with a brief explanation of their
contents (see Figure 3.1). The second one is the Basic Controls sheet, where the most
commonly used parameters of the model are available for editing. The main outputs
of the model are also displayed here, namely the overall nancial and GHG reduction
results. The third one is a Data Interpolator sheet, a fundamental tool for the usability
of the model. It allows users to interpolate and extrapolate data for the model inputs,
namely for TAM and Adoption data. In the literature reviewed, it is not always possible
to nd TAM and Adoption projections for every year of the analysis; however, yearly data
are a mandatory input for the RRS Model. Thanks to this interpolator sheet, users can
cope with this speci cation. The model allows users to choose from a prede ned set of
options for the interpolation in order to get the best trend line: linear trend, 2 "4 order
polynomial, 3 ™ order polynomial, exponential trend and S-Curve (logistic function).

Finally, there is the Total Addressable Market Datasheet, which contains one of the
main inputs for the model. It is where users can insert a set of future growth scenarios for
the electricity generation market for the period under analysis. The RRS Model allows
the upload of fteendi erent future energy scenarios, displaying yearly data for electric-
ity generation for the period 2021-2050, and of historic data for the period 2012-2020.

24



3.1. PROJECT DRAWDOWN REDUCTION AND REPLACEMENT SOLUTIONS
MODEL

Within the context of this sheet, the model also computes annual values for high, medium
and low market growth scenarios using multiple regression ts. The above-mentioned
fteen di erent market growth scenarios are ranked in four categories: Modest TAM
Growth (four scenarios), Intermediate TAM Growth ( ve scenarios), Ambitious TAM
Growth ( ve scenarios) and Very Ambitious TAM Growth (one scenario). TAM data in-
cludes all technologies for electricity generation - fossil fuels and renewable sources - that
o er the same function.

Figure 3.1: RRS Model Welcome sheet [79]

3.1.2 Advanced sheets

The Advanced sheets section comprises also nine sheets; three of them will be detailed.
These are the following. First, there is the Adoption Datasheet, another major input for
the RRS model. Itis here that the user can insert a set of future adoption scenarios associ-
ated with the proposed solution for the period under analysis. Itis very similar in shape to
the TAM Datasheet. It allows, for each solution, the upload of sixteen di  erent adoption
scenarios with yearly data for electricity generation for the period 2021-2050, and histor-
ical data for 2012-2020. The model also estimates here annual values for high, medium
and low adoption scenarios. The sixteen di erent adoption scenarios are ranked into
four categories: Modest Growth (four scenarios), Intermediate Growth ( ve scenarios),
Ambitious Growth (six scenarios) and Very Ambitious Growth (one scenario). Adoption
data are the data of electricity generation by ocean power technologies.

The second of these sheets is the Variable Meta-Analysis sheet. It plays a key part in
model inputs. This sheet is to be used for collecting data on the various key assumptions
used to calculate the model outputs. It is here that the emissions, nancial and technical
inputs are uploaded. In order to provide the model with these variables, data from both
ocean power technologies and conventional fossil fuels (coal, natural gas, oil) are used,
since the latter are the current solutions to be replaced. At least thirty-three emissions,
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nancial and technical di  erent variables can be used in the model. For each variable,
several data points can be collected from the literature, and the model organizes the data
by source, world region and speci ¢ geographic location, year and original units. It is
however necessary to convert the original units to the functional/implementation units

of the model or the currency unit for some nancial variables. In this sheet, the model
performs a sensitivity analysis for each variable based on standard deviations around the
mean of all data points collected. The standard deviation value de ned by the model

is the value 1. The results are expressed as Mean, High and Low and appear on the
Advanced Controls sheet.

The Advanced Controls sheet can be described as the main output of the model. Simi-
larly to the Basic Controls sheet, one can nd here the model outputs and the adjustable
parameters of the model. However, one nds here a much higher level of detail; thus,
this sheet is the appropriate one to use in order to perform sensitivity analyses and to get
a very clear understanding of the model's results. The key results are divided into three
categories: Adoption results, Financial results and Emission results.

In terms of Adoption results, the model presents the increase by 2050 of the implemen-
tation unit adoption (TW) and the functional unit adoption (TWh) by comparing several
Project Drawdown Solution (PDS) Adoption scenarios with a Reference (REF) Adoption
Scenario. The REF Adoption Scenario is where the Adoption of the proposed technology
remains a xed percentage value of the TAM until 2050; the PDS Adoption scenarios are
those used as inputs in the Adoption Datasheet, both individually or aggregated in the
respective categories.

Regarding the Financial results, the model computes marginal rst costs, net operat-
ing savings and lifetime operating savings (Billion <€). The marginal rst costs represent
the increase in rst costs for the emissions reduction calculated for the period under anal-
ysis; the operating savings represent the savings obtained by all implementation units
for the period of study; and the lifetime operating savings relate to the savings for the
entire lifetime of all implementation units. The Financial results displayed in this work
will show whether replacing the existing fossil fuel solutions for electricity generation by
ocean power technologies incurs in additional costs or in desired net savings.

For the Emission results, the model calculates the sum of all emissions (Gt CO5.¢)
reduced by comparing the PDS Adoption scenarios with the REF Adoption Scenario over
the period under analysis. The Emission results displayed in this work will exhibit the
amount of emissions that can be avoided by using ocean power technologies for electricity
generation during the period under analysis.

As previously explained, along with the TAM and Adoption data, the model outputs
rely on the emissions, nancial and technical variables collected in the literature. These
variables, provided in the VMA sheet, can be chosen and edited in the Advanced Control
sheet, in order to understand their impact on the nal results.
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3.1.3 Developer and Additional sheets

The model contains a set of seven di erent Developer sheets that are locked for edit-
ing in order to protect the integrity of the model. It is in these sheets that the nancial
modeling necessary to compute the nancial results is performed. This modeling adjusts
both the default rst costs and operating costs assumptions. It is also here that the calcu-
lations for emissions reduction are performed; the latter take into account the emission
factors related to electricity generation (kg CO ,.eq/kWh).

For some models additional sheets may be used, containing speci c data for the so-
lutions studied in relation with custom calculations. These custom calculations may not
conform easily with the RRS Model, so it is important to be in possession of the sheets
necessary to perform them. In the case of the present work, these sheets were used mainly
as an auxiliary to upload all raw data points from the literature before inserting them in
the corresponding sheets.

3.2 Data Collection

In the previous section, it was possible to understand the three main inputs for the
Project Drawdown RRS Model: Total Addressable Market data, Adoption data and Vari-
able Meta-Analysis data (which include emissions, nancial and technical variables).
These inputs were compiled through literature search having as its objective the assess-
ment of the potential of ocean power to reduce GHG emissions (taking into consideration
also its total net costs and potential operational savings at a European Union level). As
previously explained in [4, 8], the Project Drawdown RRS Model was used in all solutions
put forth in order to revert global warming with a global perspective, including the ocean
power technology solution. The aim is now to conduct a similar approach on a drill-down
regional level focused on the European Union.

The primary data sources used in the research undertaken for writing this work were
already presented in section 2.3. The aim of this research was to collect data from the
largest possible number of di erent stakeholders. It is true that all such publications
address the same subject - modeling future energy scenarios. However, their models
are di erent (e.g. Integrated Assessment Models, Energy-Environment-Economy Models,
Energy System Models) and are based on a disparate set of complex and multidisciplinary
variables (e.g. population and economic growth, gross domestic product, pollutant emis-
sions).

Depending on the nature and format of such publications, the data collection process
was performed in di erent ways: some publications provided free access to the results
contained in their model databases [5, 7, 25, 62]; others chose to insert the data in tables
within the published reports [69, 71]; in a few cases, however, the data had to be collected
by visual inspection from gures and charts [72, 73]. Itis also interesting to highlight that
for the TAM and Adoption most of the publications provide data points with ve or ten
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years intervals: in order to cope with the model, the interpolation sheet was used to obtain
yearly data values. Another important topic to address was the geographic de nition of
the data. The present work aims to access ocean power potential in the European Union,
which, in the most recent publications, is de ned as a political and economic union of
twenty-seven member states. However, since the withdrawal of the UK from the EU took
place only very recently, in many of the publications the EU is taken to be a union of
twenty-eight member states. Some other publications de ne the region targeted in their
study either as OECD Europe or as Europe simpliciter. The way this issue was addressed
with TAM and Adoption data is explained in the following sections.

The data collection process was performed in order to include the most updated
publications; the number of reviewed publications issued in 2022 re ects this. Between
TAM, Adoption and VMA data collection, more than 200 publications were consulted
and 72 future energy scenarios were identi ed. An extensive list of these publications as
well as of the di erent scenarios contained in them may be found in Appendix A.

3.3 Total Addressable Market

As already discussed, the Total Addressable Market data to be used in the Project
Drawdown RRS Model must include the future growth scenarios for the EU electricity
generation market for the period under analysis 2021-2050, as well as the historical data
for the period 2012-2020. The historical data are important for the model for two reasons:
on the one hand, when interpolations are performed, they provide a strong foundation
for future projections made from few data points; on the other hand, they allow the user
to understand the coherence of future projections.

TAM historical data were elicited fromtwo di  erent sources: data concerning electric-
ity generation from conventional sources (coal, natural gas, nuclear and oil) were obtained
from the IEA; data concerning electricity generation from renewable sources (bioenergy,
geothermal, hydro, ocean, solar, wind) were obtained from the IRENA. However, since
the data concerning electricity generation from renewable sources for 2020 were not yet
available in IRENA, both conventional and renewables data for 2020 were obtained from
IEA. It has to be reminded though that the historical data for the EU include the electric-
ity generation data from the UK. In order to obtain TAM historical data from the EU-27,
UK values, as indicated by the IEA and by the IRENA, were subtracted from them.

Figure 3.2 shows the electricity generation by source for 2020 in the EU, the last year
used for the historical data. Although renewable sources already accounted for almost
40% of the electricity generated in 2020, the two primary sources are still nuclear energy
and natural gas.

In the case of the future growth scenarios for the EU electricity generation market
for the period under analysis (2021-2050), data from several di  erent publications were
used. Among the 72 future electricity generation scenarios reviewed, thirty scenarios
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