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This reÐÏÒÔ ÉÓ ÔÈÅ ÏÕÔÃÏÍÅ ÏÆ 4ÁÓË ήȢΩ Ȱ&ÅÁÓÉÂÉÌÉÔÙ ÁÎÄ ÃÏÓÔ-ÂÅÎÅÆÉÔ ÁÎÁÌÙÓÉÓȱ ÏÆ ÔÈÅ $4/ÃÅÁÎ0ÌÕÓ 

project. The aim of this task is to conduct an economic feasibility and cost-benefit analysis, to assess 

the technologies and funding frameworks to support attractive business cases for both public and 

private funders. The task focuses on an investigation of the public funding to reduce the costs of ocean 

ÅÎÅÒÇÙ ÕÓÉÎÇ ÂÏÔÈ ÔÅÃÈÎÏÌÏÇÙ ÐÕÓÈ ÁÎÄ ÍÁÒËÅÔ ÐÕÌÌ ÆÕÎÄÉÎÇ ÍÅÃÈÁÎÉÓÍÓȢ Ȭ0ÕÓÈȭ ÐÏÌÉÃÉÅÓ ÁÉÍ ÔÏ 

increase the supply of innovation predominantly through research, development, and demonstration 

ÁÃÔÉÏÎÓȢ Ȭ0ullȭ ÐÏÌÉÃÉÅÓ, on the other hand, increase demand for innovation, often through subsidy for 

deployment. The balance between these types of funding policies is explored together with the 

overall balance of costs and benefits. 

Ocean energy remains a nascent energy industry, with tidal stream technology at a pre-commercial 

stage and wave technology at demonstration level. These technologies require further research and 

development effort and significant cost reductions to partake in the highly competitive markets for 

grid power. Consistent cost reductions with increasing deployment have been seen in other 

renewable energy technologies, such as wind turbines and solar photovoltaics, and it is expected that 

a similar trend will be seen in future for ocean energy. Therefore, ocean energy has the opportunity 

to play a crucial role in the transition to net-zero, especially with the predictable nature of the tides 

and complementary generation profiles of wave to wind and solar. 

This required reduction in the costs of ocean energy technologies could occur through some 

combination of two mechanisms: 

} Incremental reductions in the Levelised Cost of Energy (LCOE) facilitated by subsidised 

deployment of technology, and  

} Step-change cost reductions resulting from directed innovation programmes.  

! ÒÁÎÇÅ ÏÆ Ȭ×ÈÁÔ-ÉÆȩȭ ÓÃÅnarios are used to illustrate the costs of different policy mixes within a range 

of input assumptions. These consider including, or not: 

} Policies to increase the ÉÎÃÒÅÍÅÎÔÁÌ ÃÏÓÔ ÒÅÄÕÃÔÉÏÎ ȬÌÅÁÒÎÉÎÇ ÒÁÔÅȭ ÔÏ ΧΫϻ ÆÒÏÍ Á ÂÁÓÅÌÉÎÅ ΧΩϻȢ 

} Innovation programmes that deliver a 25% step-change reduction in LCOE.  

} Delaying subsidised deployment until after the step-change cost reduction has been 

demonstrated. 

These scenarios all have the target of meeting cost-parity assuming an average European wholesale 

market price of 50 ΏȾ-7È. The inputs come from published literature, case studies of other renewable 

energy technology development, and experience of the industrial partners within the DTOceanPlus 

consortium.  

The benefits of ocean energy are assessed both in monetary terms using Gross Value Added (GVA) 

plus a review of other wider socio-environmental benefits. These are compared with the costs to 

society of developing ocean energy, using country case-studies of the commercialisation of four other 

energy sectors to add context. The case studies illustrate the balance of policy mechanisms used 
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historically in the development of other energy sectors, namely German solar PV, Japanese solar PV, 

German onshore wind, and Danish wind (onshore & offshore). 

The costs and benefits calculated in this study are not the direct costs associated with deployment of 

devices nor benefits in terms of market revenues. Instead, they consider the higher-level costs and 

benefits to society/the economy as a whole. These are used to illustrate different balances of policy 

mechanisms available globally to reduce LCOE in the ocean energy sector.  

This work highlights the need for a mix of policies to drive down the LCOE of ocean energy whilst 

minimising the overall investment needed for wide-scale deployment of these technologies. The 

most attractive scenarios considered in the cost modelling included both faster incremental cost 

reductions (higher learning rate) and a step-change cost reduction from a structured programme of 

innovation in the early stages. These actions would both be funded through technology push (TP) 

type mechanisms. They would also significantly reduce the overall investment required on 

subsidised deployment (a market pull (MP) mechanism) by tens of billion euro for tidal energy and 

many hundreds of billion euro for wave energy, as discussed in section 5.3.  

Although not necessarily presenting an optimal pathway for ocean energy, the country case studies 

of other energy sectors ranged from spending 25ɀ117 times more on MP subsidies than TP policies, 

whereas most of the scenarios modelled were lower at between 3 and 51. In terms of the ratios of MP 

subsidy to deployment, the case studies were in the range of Ώ1.2ɀ2.1 million/MW with most of the 

cost modelling scenarios around Ώ0.8ɀ2.0 million/MW, i.e. similar or slightly lower than has been seen 

in other sectors. 

This work also shows the wider benefits to society that can be achieved by ocean energy, and how 

these benefits can outweigh the costs involved. For the more attractive scenarios considered, the 

benefits in monetary terms of Gross Value Added outweigh the costs of funding TP and MP policies 

to reach cost parity by a factor of 2.5ɀ3. It was also seen that GVA results are dependent on the overall 

spend invested within the project, a higher project investment will lead to a higher GVA benefit. 

Additionally, there are a wide range of other social and environmental benefits that ocean energy can 

add. For example, it was seen that the ocean energy sector can potentially create significant social 

and economic benefits for rural and coastal by providing power, establishing local supply chain 

networks, enabling linkages to global supply chains and markets, encouraging local skilled workforce, 

and enabling social inclusion.  

In all the scenarios discussed in this report, the open-source design tools being developed in the 

DTOceanPlus project can contribute to the development of the ocean energy sector, facilitating 

both incremental and step-change cost reductions. The Structured Innovation and Stage Gate tools 

can assist with step-change cost reductions as part of structured, staged innovation programmes. The 

Deployment and Assessment tools can then be used to design optimised arrays, facilitating 

incremental cost reductions through wide scale deployment of ocean energy technologies to 

generate renewable electricity. 
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IO Input-Output 

IxI Industry by Industry 

KPI Key Performance Indicator 
LCOE Levelised Cost of Energy  

LMO Logistics and Marine Operations 

LR Learning Rate 

MC Machine Characterisation 

MP Market Pull 
NFFO Non-Fossil Fuel Obligation 

OE Ocean Energy 

OEE Ocean Energy Europe  

OES Ocean Energy Systems 
OPEX Operational Expenditure 

PV Photo-Voltaic (solar) 

QFD Quality Function Deployment 

R&D Research and Development 

RAMS Reliability Availability Maintainability Survivability 
RD&D Research, Development, and Deployment 

ROC Renewable Obligation Certificates 

SG Stage Gate 

SI Structured Innovation 
SIC Standard Industrial Classification 

SK Station Keeping 

SLC System Lifetime Costs 

SPEY System Performance and Energy Yield 

STEPS Stated Policies Scenario 
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TP Technology Push 

TRIZ Theory of Inventive Problem Solving 

TRL Technology Readiness Level 

WACC Weighted Average Cost Capital 
WEO World Energy Outlook  

WES Wave Energy Scotland 

WMP Wholesale Market Price 
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Levelised Cost of Energy 
(LCOE) 

Levelised Cost of Energy represents the ratio of the capital and operational 
expenditures incurred over the lifetime of a project in relation to the annual 

energy produced over the operational life. Commonly used to compare 

energy generating technologies. 

Learning investment The total amount of subsidy required to achieve the cost reductions required to 
meet the target LCOE. 

Learning rate (LR) Reduction in technology unit costs (often in terms of LCOE) associated with 

each doubling of cumulative installed capacity. 

TRL The 9-point Technology Readiness Level scale is widely used to measure 

technology development. 
Capital expenditures 

(CAPEX) 

CAPEX costs are the investments made in the initial stages (development, 

consenting, production, installation, commission) of a project to buy project 

components, assets, or services.  

Operational 

expenditures (OPEX) 

OPEX costs are the regular expenses that incur throughout the project cycle in 

running and maintaining the project.  
Annual Energy 

Production (AEP) 

AEP is the total amount of energy produced by a turbine over a year. 

Capacity  Used to denote the amount of ocean energy deployed. Could be annual 

deployment or cumulative deployment. 
Generation  The amount of electricity generated by a project in a year. 

Capacity Factor (CF) CF is the total amount of energy produced by a project during a period, 

divided by the amount of energy produced at full capacity. 

Technology-Push (TP) 

funding 

The investments made during the early stages of a technology that would 

push it towards commercialisation, e.g. Government grants, RD&D etc. 
Market-Pull (MP) funding The incentives provided to a technology, post commercialisation that would 

help establishing a stable market around it, e.g. subsidies, tax credits etc.  

Gross Value Added (GVA) Gross Value Added is a popular economic metric and is usually defined as the 

difference between output (sales) and intermediate consumption (purchases) 

for a given sector or firm. 
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1. ).42/$5#4)/. 

1.1 SCOPE OF REPORT 

Ocean energy remains a nascent energy industry, with tidal stream technology at a pre-commercial 

stage and wave technology at demonstration level. These technologies require further research and 

development (R&D) efforts to partake in the highly competitive markets for grid power. The high up-

front costs and the embryonic stage of some ocean energy technologies make their development a 

challenging task. Notwithstanding this, wave and tidal stream technologies have shown significant 

performance and reliability improvements lately. Coupled with significant resource potential and 

valuable features such as higher predictability than wind and solar, low land requirements, and a more 

uniform energy output, wave and tidal stream energy have become attractive option for the global 

energy transition.  

There has been a resurgence of interest in these ocean energy technologies given the highly 

ambitious climate-related targets set by different governments worldwide, which has reflected in 

more R&D funding available from public agencies to ocean energy projects. One of these projects is 

DTOceanPlus, which seeks to accelerate the growth of the ocean energy sector by developing and 

demonstrating advanced design tools for the selection, development, and deployment of ocean 

energy systems, thereby aiding the understanding and identification of future opportunities.  

This report iÓ ÔÈÅ ÏÕÔÃÏÍÅ ÏÆ 4ÁÓË ήȢΩ Ȱ&ÅÁÓÉÂÉÌÉÔÙ ÁÎÄ ÃÏÓÔ-ÂÅÎÅÆÉÔ ÁÎÁÌÙÓÉÓȱ ÏÆ ÔÈÅ $4/ÃÅÁÎ0ÌÕÓ 

project. The aim of this task is to conduct an economic feasibility and cost-benefit analysis in order to 

assess the technologies and funding frameworks to support attractive business cases for both public 

and private funders. The task focuses on an investigation of the public funding to reduce the costs of 

ocean energy using both technology push and market pull funding mechanisms. ȬPushȭ policies aim 

to increase the supply of innovation predominantly through research, development, and 

demonstration actions. Ȭ0ullȭ ÐÏÌÉÃÉÅÓ, on the other hand, increase demand for innovation, often 

through subsidy for deployment. These policies are discussed further in section 2. In this study, the 

balance between these types of funding policies is explored together with the overall balance of costs 

and benefits, as shown schematically in Figure 1.1. 

 
FIGURE 1.1: SCHEMATIC REPRESENTATION OF THE BALANCE BETWEEN FUNDING POLICIES 

PLUS BALANCE OF OVERALL COSTS AND BENEFITS 
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The reduction in costs of ocean energy technologies could occur through some combination of 

incremental reductions in Levelised Cost of Energy (LCOE) facilitated by subsidised deployment and 

step-change cost reductions resulting from directed innovation programmes. A rÁÎÇÅ ÏÆ Ȭ×ÈÁÔ-ÉÆȩȭ 

scenarios are used to illustrate the costs of different policy mixes within a range of input assumptions. 

These scenarios consider the balances of subsidising deployment through market pull mechanisms, 

technology push policies to promote increased learning (i.e. larger cost reductions with this 

deployment) and technology push policies to facilitate step-change cost reductions. 

Both wave and tidal stream technologies are considered in line with the scope of the DTOceanPlus 

project, with the LCOE of each sector estimated from literature ɀ as exact values are unknown for 

these nascent technologies. It should be stressed that this is not the LCOE of any particular project or 

device concept.  

The wider benefits to society from ocean energy are then assessed, both in monitory terms using 

Gross Value Added (GVA) plus a review of other wider socio-environmental benefits that can be more 

difficult to quantify. These benefits are compared with the costs to society of developing ocean 

energy, using case studies of the commercialisation of four other sectors to add context. The case 

studies illustrate the balance of policy mechanisms used historically in the development of other 

energy sectors, namely German solar PV, Japanese solar PV, German onshore wind, and Danish wind 

(onshore & offshore). 

The costs and benefits calculated in this study are not the direct costs associated with deployment of 

devices nor benefits in terms of market revenues. Instead, they consider the higher-level costs and 

benefits to society as a whole. These are used to illustrate different balances of policy mechanisms 

available globally to reduce LCOE in the ocean energy sector. Other work, such as in the ETIP Ocean 

project1  has addressed the GVA of ocean energy to the European economy in more detail, which is 

beyond the scope of this task. 

This work highlights the need for a mix of policies to optimally drive down the LCOE of ocean energy. 

It also shows the wider benefits to society that can be achieved by ocean energy, and how these 

benefits can outweigh the costs involved. 

 

1.2 OUTLINE OF REPORT 

This report is structures as follows, 

} Chapter 1 introduces the scope of the study and summarises the DTOceanPlus tools. 

} Chapter 2 provides background on funding options, cost reductions in renewable energy 

technologies more broadly, sectorial LCOE estimates for wave and tidal, and future deployment 

scenarios for these two technologies. 

 
1 European Technology and Innovation Platform for Ocean Energy, ETIP OCEAN 2, http://www.etipocean.eu/  

http://www.etipocean.eu/
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} Chapter 3 introduces four case studies showing the balance of policy mechanisms in other energy 

sectors, namely German solar PV, Japanese solar PV, German onshore wind, and Danish wind 

(onshore & offshore). 

} Chapter 4 presents the methodology to estimate the costs of ocean energy starting with an 

overview of the methodology, incremental cost reduction through subsidised deployment, and 

finally step-change cost reduction from targeted innovation programmes. 

} Chapter 5 presents the results of the cost modelling in terms of incremental cost reduction 

through subsidised deployment, adding step-change cost reductions, and illustrating the balance 

of funding policies. 

} Chapter 6 covers the benefits of ocean energy, with methodology and results of the GVA 

modelling, and an assessment of other socio-environmental benefits. 

} Chapter 7 provides discussion of the results. The modelling is compared to the case studies, 

along with discussion of the case studies and lessons that can be learnt. Limitations and further 

work are summarised. 

} Chapter 8 summarises the benefit of the DTOceanPlus tool s to the sector, and how these can 

help achieve both the incremental and step-change cost reductions discussed in the modelling. 

} Chapter 9 provides conclusions and perspectives, followed by references and annex tables. 

 

1.3 THE DTOCEANPLUS TOOLS 

DTOceanPlus will accelerate the commercialisation of the Ocean Energy sector by developing and 

demonstrating an open-source suite of design tools for the selection, development, deployment, and 

assessment of ocean energy systems (including sub-systems, energy capture devices and arrays). 

At a high level, the suite of tools developed in DTOceanPlus will include: 

} Structured Innovation Tool (SI), for concept creation, selection, and design.  

} Stage Gate Tool (SG), using metrics to measure, assess and guide technology development. 

} Deployment Tools, supporting optimal device and array deployment: 

Á Site Characterisation (SC): to characterise the site, including metocean, geotechnical, and 

environmental conditions 

Á Machine Characterisation (MC): to characterise the prime mover 

Á Energy Capture (EC): to characterise the device at an array level 

Á Energy Transformation (ET): to design PTO and control solutions 

Á Energy Delivery (ED): to design electrical and grid connection solutions 

Á Station Keeping (SK): to design moorings and foundations solutions 

Á Logistics and Marine Operations (LMO): to design logistical solutions operation plans related to 

the installation, operation, maintenance, and decommissioning operations 

} Assessment Tools, to evaluate projects in terms of key parameters: 

Á System Performance and Energy Yield (SPEY): to evaluate projects in terms of energy 

performance 

Á System Lifetime Costs (SLC): to evaluate projects from the economic perspective 
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Á System Reliability, Availability, Maintainability, Survivability (RAMS): to evaluate the reliability 

aspects of a marine renewable energy project 

Á Environmental and Social Acceptance (ESA): to evaluate the environmental and social impacts 

of a given wave and tidal energy projects 

 

Underlying common digital models and a global database will support these tools, as shown 

graphically in Figure 1.2.  

The benefits of DTOceanPlus in assisting with commercialisation of the ocean energy sector are 

discussed further in section 8, considering both incremental cost-reduction through subsidised 

deployment as well as step-change cost reductions achieved through structured and staged 

innovation programmes. 

 

 
FIGURE 1.2: REPRESENTATION OF DTOCEANPLUS TOOLS 
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2. "!#+'2/5.$ 

This section covers the background on several topics pertinent to the assessment of the costs and 

benefits of ocean energy. Firstly, there is an overview of funding mechanisms used in renewable 

energy split along the technology pushɀmarket pull dichotomy, plus funding sources for ocean energy 

technologies. A few key themes for cost reduction assessment are then covered: levelised cost of 

energy (LCOE), learning investment, and radical or step-change cost reductions. LCOE estimates for 

ocean energy (wave and tidal) are collated in section 2.3, with scenarios of future deployment of these 

discussed in section 2.4. 

To meet the long-term climate and sustainability goals under the Paris Agreement, it has become 

increasingly more important to decarbonise the economy and transition the world towards net-zero 

carbon emissions. With numerous governments setting targets to reduce their emissions and achieve 

net-zero, inclusion of other technologies beyond the existing ones have become more pertinent. Net-

zero transition calls for unprecedented innovation not just in advancing existing technologies, but also 

in fostering new technologies. While the existing renewable energy technologies in use today are 

fundamental for achieving climate goals, they are insufficient on their own to bring the world to net 

zero [2].  With the predictable nature of the tides and the complementary generation profiles of wave 

to wind and solar, ocean energy can play a crucial role in this global effort. While still at a nascent 

stage, ocean energy can bring in significant cost reductions and development if supported with 

consistent and strong funding policy support.   

While many different models of innovation exist, the Research, Development, Demonstration and 

Deployment (RDD&D) paradigÍ ÃÏÍÂÉÎÉÎÇ ȬÔÅÃÈÎÏÌÏÇÙ-ÐÕÓÈȭ ÁÎÄ Ȭmarket-ÐÕÌÌȭ ÁÃÔÉÖÉÔÉÅÓ ÉÓ Á 

common thread in energy innovation literature [3]. This could be taken to suggest a simple, one-way 

progression from R&D to commercial deployment. However, the Ȭinnovation chainȭ is a complex 

process with feedback loops and knowledge spill overs [4, 5]. As a renewable energy technology 

develops, different effects drive the technology progress. In a nascent stage, progress is mainly driven 

through R&D and knowledge transfer. As the technology develops, feedback effects through 

deployment also become key drivers of performance improvement (see Figure 2.1) [6]. 

 

 

FIGURE 2.1: 4(% Ȭ)../6!4)/. #(!).ȭ ɉ!$!04%$ &2/- )%! [5]) 
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2.1 OVERVIEW OF RENEWABLE ENERGY FUNDING MECHANISMS 

While policy instruments are influential in supporting technology development and commercial-

isation, their effects vary depending on the stage of the technology innovation chain, in which they 

are applied. Figure 2.2 below shows the different policy instruments that can be used within an energy 

technology innovation process. 

Funding support for the innovation process can be split or classified into many types or along various 

axes depending on context. One of the most ubiquitous and high-level classification of renewable 

energy funding mechanisms, being push and pull [7], is discussed in the sections below, but in 

summary: 

} (Technology) push policies allow innovation to be carried out at lower cost and/or time (increases 

innovation supply).  

} (Market) pull  policies reward the outcomes of successful innovation (increases innovation 

demand). 

Technology push (TP) is mostly funded through government budgets, whereas market pull (MP) is 

often funded through energy bills. A summary of funding mechanisms specifically for ocean energy 

technologies is given in section 3.4 of DTOceanPlus D8.1 Potential Markets for Ocean Energy [8]. 

Sections 2.1.1 and 2.1.2 illustrate some of the broad range of TP and MP funding mechanisms 

available, although this is in no means an exhaustive list. The UK is used as a case study for many 

examples, although similar mechanisms will be available in other countries.  

 

 
FIGURE 2.2: THE ENERGY TECHNOLOGY INNOVATION PROCESS [6] 
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2.1.1 TECHNOLOGY PUSH FUNDING MECHANISMS  

As seen in Figure 2.1, a TP funding mechanism is used during the pre-commercial stage of a project. 

Mostly funded through government budgets, it  allows innovation to be carried out at lower cost/time 

while facilitating increasing efficiency and learning. Thus, it is particularly useful in developing new 

radicÁÌ ÔÅÃÈÎÏÌÏÇÉÅÓ ÄÕÒÉÎÇ Á ÓÅÃÔÏÒȭÓ ÎÁÓÃÅÎÔ ÓÔÁÇÅÓȢ 3ÏÍÅ ÃÏÍÍÏÎ ÅØÁÍÐÌÅÓ ÁÒÅ ÇÏÖÅÒÎÍÅÎÔ 

sponsored R&D, tax credits for companies to invest in R&D, enhancing the capacity for knowledge 

exchange, support for education and training, and funding demonstration projects etc. [7]. Some of 

these are discussed more in detail below: 

Government R&D funds/grants 

Government support in the form of R&D funds or grants is often needed for high-risk pre-commercial 

projects to find radical new solutions. The EU provides several direct funds to its member states when 

it comes to technological innovation, which can be accessed by many innovative technologies 

including wave and tidal energy. As seen in Figure 2.3 below, these cover early stage (Horizon Europe), 

demonstration stage (Innovation Fund) and commercial stage (Invest EU and CEF). Providing around 

Ώ10 bn of support over 2020-2030, the InnovatiÏÎ &ÕÎÄ ÉÓ ÏÎÅ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÌÁÒÇÅÓÔ ÆÕÎÄÉÎÇ 

programmes for the demonstration of innovative low carbon technologies [9]. The InnoFin Energy 

Demo, NER300, Cohesion Fund etc. are some other forms of funds provided by the government for 

technological innovation. 

For the wave sector, the Wave Energy Scotland programme uses a funding mechanism of pre-

ÃÏÍÍÅÒÃÉÁÌ ÐÒÏÃÕÒÅÍÅÎÔ ÃÏÍÂÉÎÅÄ ×ÉÔÈ Á ȬÓÔÁÇÅ ÇÁÔÅȭ ÁÐÐÒÏÁÃÈ ÔÏ ÁÌÌÏÃÁÔÅ ÆÕÎÄÉÎÇ ÔÏ ÔÅÃÈÎÏÌÏÇÙ 

developers. This approach will also be used for the upcoming Europe Wave programme. 

 
FIGURE 2.3: FUNDING FOR RD&D UNDER EU FUNDING MECHANISMS [9] 
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Universities and Research and Innovation Organisations  

Universities and Research and Innovation Organisations both play key roles in driving technological 

innovation. As seen in the Japanese solar PV industry from 1940s to the 1990s, public research and 

development conducted in universities fuelled most basic science breakthroughs. This is accepted as 

being a key part of the early formative development stage of technology development [4]. Funding 

for academic research is often carried out through competitive bids for government funding 

programmes and independently managed research councils.  

Universities are generally responsible for carrying out a higher proportion of basic research and 

further engage themselves ÉÎ ȬËÎÏ×ÌÅÄÇÅ ÅØÃÈÁÎÇÅȭ ÁÃÔÉÖÉÔÉÅÓ; one of the main ways in which 

knowledge is transferred and feeds into innovations. Research and Innovation Organisations, on the 

other hand, are mostly responsible for supporting industrial innovation, creating, and maintaining 

infrastructure, and developing and implementing public policy [10]. For example, the UK Research 

and Innovation (UKRI) brings together different research councils while supporting research and 

knowledge exchange at higher education institutions [11]. 

Competitive grants 

The process of competitive grants involves awarding funds based on a competition where applicants 

are required to meet certain challenges.  For example, the UK Energy Catalyst program set up in 2014 

is a type of competitive grant that aims to meet energy trilemma, energy access, plus gender equality 

and social inclusion. Funded by the government, the programme supports businesses to develop 

highly innovative, sustainable energy technologies and business models, that can enable clean energy 

transition in Sub-Saharan Africa and South/South East Asia [12]. 

Repayable Advances/Loans 

This is a kind of blend between a loan and a grant, where the condition for the reimbursement 

depends on the outcome of the project [13]. Along with grants and loans, repayable advances make 

up the three financial support mechanisms offered under European structural and investment funds 

[14]. Under the EU framework, these do not have a payback period or an interest rate. 

Tax incentives for R&D 

 A form of indirect support, these are government incentives awarded to companies for investing in 

innovative projects. To drive more R&D activity, firms participating in certain fields of research are 

given a tax rebate based on the cost of R&D that they carry out.  

In the UK, two principal tax reliefs are available to companies undertaking research and development: 

R&D Expenditure Credit (RDEC) is a payable tax credit (subject to tax) equivalent to 13% of qualifying 

R&D costs claimed; R&D tax relief for SMEs is a 230% deduction of qualifying R&D costs from a 

ÐÒÏÆÉÔÁÂÌÅ ÃÏÍÐÁÎÙȭÓ ÙÅÁÒÌÙ ÐÒÏÆÉÔ [15]. In France, support is provided to private companies for 

supporting their own R&D costs through tax relief. This support reaches 30% of all declared R&D costs 

including human resources, investments, sub-contracting and is recognised as a major incentive for 

the private sector to invest in R&D [16, 17]. 
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Support for education and training  

This is another indirect form of public funding mechanism that aims to increase the skillset within a 

country. In the UK, a mixture of UK and EU public funds finance the marine renewable energy-based 

centres for doctoral training (CDTs) and PhD. Some examples of training networks in the UK that are 

linked to wave energy are Industrial Doctorate Centre in Offshore Renewable Energy (IDCORE), 

Centre for Doctoral Training in Wind & Marine Energy Systems (WMES) and Centre for Doctoral 

Training in Renewable Marine Structures (REMS).  

2.1.2 MARKET PULL FUNDING MECHANISMS 

A MP funding mechanism involves rewarding the outcome of a successful innovation while 

ÁÔÔÅÍÐÔÉÎÇ ÔÏ ȬÐÕÌÌȭ ÔÈÅ ÔÅÃÈÎÏÌÏÇy through commercialisation. )Ô ÒÅÁÌÉÓÅÓ ÔÈÅ ÔÅÃÈÎÏÌÏÇÙȭÓ ÂÅÎÅÆÉÔÓ 

through deployment, while facilitating incremental cost reductions. MP mechanisms are often paid 

out directly in relation to energy production; therefore, they incentivise not only competitive 

CAPEX/OPEX but also increased device performance. TP, on the other hand, usually does not have 

any requirements for device performance and so does not incentivise the same dimensions. Some 

common examples of TP funding mechanisms are intellectual property protection, tax credits and 

rebates for consumers of new technologies, government procurement, technology mandates, 

regulatory standards, and taxes on competing technologies [7]. Some of these are discussed more in 

detail below: 

Renewable energy portfolio standards  

There are standards that require electricity suppliers to produce a certain percentage of their portfolio 

from sustainable or renewable energy sources. Examples include the Renewable Obligation standards 

(ROs) of the UK (2002ɀ2017) and USA portfolio standards (2000ɀpresent). The UK Renewable 

Obligation Certificates (ROCs) are issued to sustainable energy generators based on the MWh 

produced. The electricity suppliers are obligated to gather a certain number of certificates per MWh 

ÔÈÁÔ ÔÈÅÙ ÓÕÐÐÌÙ ɉÏÖÅÒ Á ÙÅÁÒɊ ÏÒ ÆÁÃÅ Á ȬÂÕÙ ÏÕÔȭ ÃÈÁÒÇÅ ÔÏ /ÆÇÅÍ [18]. 

Investment and production subsidies 

Investment subsidies incentivise installation of new forms of renewable energy either through tax 

rebates, grants, or favourable loan terms. They allow an individual, a utility, or consortia to deduct a 

percentage of their investment costs from their tax liability. Some popular forms include the federal 

investment tax credits (ITC) of the USA, the Second Energy Plan grant subsidies of Denmark [19, 20].  

Mostly paid through energy bills, production subsidies are standard market support mechanism; 

these include Feed in Tariffs (FiT), Feed in Premiums (FiP), Contract for Differences (CfD) and 

production tax credits. A popular production subsidy, the CfD was introduced in the UK in 2014, with 

a move to replace ROCs.  Tendered through competitive auction, they work by fixing a set price for 

energy purchased from developers for a duration of 15 years. These are allocation in rounds where a 

competitive auction format allocates CfD payments to the bidding developers (starting with the 

lowest cost first) until either the budget or capacity cap is met  [21]. In the UK, the FiT, RO and the CfD 

are funded through the Levy Control Framework (LCF) and paid through the consumerȭÓ ÅÎÅÒÇÙ ÂÉÌÌÓȢ 
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Emissions/supply trading schemes  

This cap-and-trade system sets a cap on emissions for selected sectors in a certain geographical area. 

Emissions allowances or credits for the right to emit greenhouse gas equivalent are then auctioned or 

sold by member stÁÔÅÓ ÔÏ ÃÁÒÂÏÎ ÅÍÉÔÔÅÒÓȢ 0ÕÂÌÉÓÈÅÄ ÉÎ ΨΦΦΫȟ ÔÈÅ %5 %43 ÉÓ ÔÈÅ ×ÏÒÌÄȭÓ ÌÁÒÇÅÓÔ 

emissions trading scheme and a cornerstone of EU emissions reduction policy [22].  

Regulatory standards on competing technologies  

For energy generating technologies, regulatory standards are mostly seen in the form of a carbon tax, 

fuel duty etc. In the UK, some common examples would be the Carbon Tax, Climate Change Levy, 

Non-Fossil Fuel Obligation (NFFO) levy etc.  

The NFFO was the first attempt by the UK to support the generation of low-carbon energy in a 

liberalised energy market. It was introduced in 1990 essentially to support nuclear power generation 

following privatisation of the electricity markets in 1989, as the private sector was unwilling to buy 

nuclear power plants from the UK government [23]. 

Tax incentives on IP gains  

Tax incentives on IP gains is a form of indirect policy incentive for innovation activities. It increases 

the payoff of a successful innovation by providing payoff to companies that profit from owned 

Intellectual Properties (IP). For example, in the UK, the Patent box (launched in 2013) encourages 

companies to commercialise IP in the UK by providing a lower corporation tax rate of 10% on profits 

derived from qualifying patents and other similar IP [24]. In conjunction to the Patent Box incentive, 

the UK also provides other incentives like R&D tax relief, R&D tax credit and R&D allowance, which 

allows a company to effectively receive a mix of push and pull incentives for R&D in the UK [25]. 

While both funding mechanisms are used in different stages of technology development, it is seen 

that a balance of both technology push (supporting RD&D) and pull policies (supporting market 

formation) are required for successful innovation in energy technologies [26, 27, 5]. 
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2.2 COST REDUCTIONS AND LEARNING INVESTMENT IN RENEWABLE 

ENERGY TECHNOLOGIES  

Cost estimates for ocean energy technologies are currently much higher that other renewable or 

conventional electricity generation methods, and as such need to be reduced for these to compete in 

the market for grid power. Experience from other renewable energy generation technologies shows 

a pathway of cost reduction over time with increasing volume of production. This process of learning 

and how it can be modelled using learning investment and learning rates is discussed below. This 

forms the basis of the cost modelling work undertaken, described fully in sections 4 and 5. The cost 

reductions seen in other sectors are further illustrated by the four case studies in section 3. 

2.2.1 LEVELISED COST OF ENERGY REDUCTION 

A key metric used to determine the attractiveness of ocean energy technology is the LCOE, as defined 

in equation (2.1). This is a standard way of comparing the cost-effectiveness of energy generation 

technologies. A reduction in LCOE may be achieved through either a reduction in costs (CAPEX or 

OPEX), an increase in annual energy production (AEP), or an increase in the project lifetime. As LCOE 

is based on the present value, changing the discount rate used will also have an impact; change in 

investor confidence and the perceived risk of a technology will influence the cost of capital available 

to developers, and this may vary over time as the technology becomes more mature [28]. All these 

factors contributing to reduction in LCOE are included within the single factor learning rate used in 

the modelling. 
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(2.1) 

Where: 
} ὅὃὖὉὢ is the Capital Expenditures in year t 

} ὕὖὉὢ is the Operational Expenditures in year t 

} ὈὉὅὕὓ is the Decommissioning cost in year t 

} ὃὉὖ is the Annual energy production in year t 

} Ὕ is the lifetime of the system in years 

} ὈὙ is the discount rate 

 

2.2.2 LEARNING INVESTMENT  

A graphical representation of typical technology cost-reduction curves is shown in Figure 2.1. These 

curves tend to show a (relatively) consistent cost reduction with every doubling of cumulative installed 

capacity, described mathematically below. ThÅ ȬÌÅÁÒÎÉÎÇ ÉÎÖÅÓÔÍÅÎÔȭ is the total amount of subsidy 

required to achieve the cost reductions required to meet the target LCOE. 

The consistent cost reduction curve is assumed to occur after the first commercial-scale array 

projects, with a certain cumulative deployed capacity ὅὈὅ and an associated levelised cost ὒὅὕὉ. 
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Therefore, the base point for the cost modelling in section 4 is defined in terms of (ὅὈὅȟὒὅὕὉ). 

Before this point, LCOE estimates may be uncertain for various reasons, including: 

} The LCOE estimate could be based on deployments of individual devices and/or demonstration 

arrays that will likely have a higher cost than future commercial scale arrays. 

} There may not be sufficient operating experience to justify assumptions used for the long-term 

availability, capacity factor, project lifetime, etc. 

} There can often be a decoupling of costs and prices in the early stage of technology development, 

leading to a price umbrella. [29, 30]. 

 
 FIGURE 2.4: REPRESENTATION OF LEARNING CURVE SHOWING COST REDUCTIONS WITH 

INCREASING CUMULATIVE DEPLOYED CAPACITY 

 
In renewable energy technology applications, experience curves can be used to describe technology 

performance (usually cost) as a function of output or experience (usually cumulative deployed 

capacity) [31, 32]. This relationship between costs ὅέίὸ and output ὗ is shown in equation (2.2), 

where ὅέίὸ is an initial cost at output ὗ , and ὒὙ is the learning rate, which describes the fractional 

decrease in cost ὅέίὸ  for every doubling of cumulative output ὗ : 

 
ὅέίὸ ὅέίὸ  where:  ὦ

ÌÏÇρ ὒὙ

ÌÏÇς
 (2.2) 

The cost modelling in section 4 uses a single factor learning rate, using LCOE as the dependent 

variable, with an independent variable of cumulative capacity deployed in MW [33, 34]. This learning 

rate is a proxy that aggregates several factors shown to contribute towards cost reduction in other 

sectors, including: 

1. Learning by searching ɀ improvements through research and development (R&D) 
2. Learning by doing & Learning by using ɀ improvements in product manufacturing 

mechanisms, labour efficiency, etc. 

Target LCOE 

LCOE of first commercial arrays, 
and point after which sustained 
cost-reduction observed 

Consistent cost reduction 
with every doubling of 

installed capacity 

Uncertain LCOE in early stages 

CDC0 
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3. Learning by interacting ɀ improvements in network interactions between research 
institutes, industry, end-users, policy makers, etc. that improve knowledge diffusion 

4. Upsizing/downsizing ɀ changing the scale of the technology may reduce specific costs and 
will also impact performance 

5. Economies of scale ɀ product standardisation and upscaling of production facilities 

If the LCOE is the dependent variable, the learning rate will also include the changes in the Weighted 

Average Cost Capital (WACC) associated with reduced perceived risk by financers and insurers. That 

is because the LCOE represents the lifetime costs of a project over lifetime energy production, 

discounted to their present values. The WACC is equal to the discount rate ὈὙ used in LCOE 

calculations [28], as shown in equation (2.1). As technologies gain proven operational time and are 

regarded as more mature, significant LCOE reductions are also achieved through reductions in cost 

of finance (WACC) as investment risk premiums reduce [28]. 

Given an LCOE for ocean energy above the wholesale market price (WMP) of electricity (i.e. where 

we are today), this difference needs to be subsidised in order to drive commercial deployment of the 

technology, which will then result in the desired cost reduction. The total amount of subsidy, or 

ȬÌÅÁÒÎÉÎÇ ÉÎÖÅÓÔÍÅÎÔȭȟ ÉÓ ÓÈÏ×Î ÇÒÁÐÈÉÃÁlly in Figure 2.5. Region Ӯ ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ÃÏÓÔ ÏÆ incumbent 

technologies, i.e. the wholesale market price for electricity, ÒÅÇÉÏÎ ӭ ÉÓ ÔÈÅ ȬÌÅÁÒÎÉÎÇ ÉÎÖÅÓÔÍÅÎÔȭ ÏÒ 

subsidy costs for the novel technology above this, ÁÎÄ ÒÅÇÉÏÎ Ӭ ÓÈÏ×Ó ÕÎÃÅÒÔÁÉÎ ,#/% ÅÓÔÉÍÁÔÅÓ ÆÏÒ 

early-stage technologies, which may be above the base LCOE. Given the uncertainty, and limited 

contribution to the total learning investment, these are considered to be subsidised at the base LCOE. 

 
FIGURE 2.5: GRAPHICAL REPRESENTATION OF LEARNING INVESTMENT 

 

Target LCOE 
= WMP 

Base LCOE, and point 
after which sustained 
cost-reduction observed 

Subsidising differential 
costs above the target 
LCOE of the Wholesale 
Market Price (WMP) Cost of incumbent technology 

Ӭ 

ӭ 

Ӯ 
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2.2.3 RADICAL OR STEP-CHANGE COST REDUCTIONS 

The cost modelling in this study investigates the effects of integrating radical innovation in experience 

curve analysis. This builds on the concept of step-change innovation enabling shifts between 

experience curves [31, 35] as shown in Figure 2.6. These experience curves can represent an 

incumbent technology (curve A) and a technology variant (curve B) which is enabled through step-

change innovation. It is important to note that these step-changes are the result of new and novel 

technologies (devices and/or subsystems) being developed. The private energy sector is generally 

more inclined to improve existing technologies locking itself in to current portfolios, rather than to 

pursue higher-risk speculative R&D, which could lead to radically new technologies with a reduced 

cost. This point highlights the need for funding programmes to drive radical innovation. 

This integration of step-change cost reduction into the experience curve analysis allows us to 

construct scenarios comparing the investment required to meet an LCOE target including step-

change innovation (line B) compared to the counterfactual of incremental cost reductions alone (line 

A). It is assumed that accumulated experience is transferred from the incumbent to the novel 

technology. 

 
FIGURE 2.6: EXPERIENCE CURVE WITH TRANSITION BETWEEN TECHNOLOGY VARIANTS. 

BASED ON [31]. SOLID LINE SHOWS SECTOR WIDE COST CURVE.  

THE TECHNOLOGY VARIANTS ARE ASSUMED TO HAVE EQUAL LEARNING RATES.  
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2.3 LEVELISED COST OF ENERGY ESTIMATES OF OCEAN ENERGY  

A wide range of cost estimates have been published for ocean energy technologies. There is 

significant uncertainty at this nascent stage of the sector, where only single demonstration devices or 

small arrays have been deployed, and few devices have been operated for many years. It is also 

important to note there is uncertainty due to the reliance on projected costs for operating these 

arrays, which could be ±30% for simplified cost estimates for pilot plants [36, 37].  

Estimates from the following studies are presented in Table 2.1 and Table 2.2 for wave and tidal, 

respectively, and shown graphically in Figure 2.7 and Figure 2.8.  

} Ernst & Young / Black & Veatch (2010) Cost of and Financial Support for Wave, Tidal Stream, and 

Tidal Range Generation in the UK [38] 

} SI Ocean (2013) Ocean Energy: Cost of Energy and Cost Reduction Opportunities [39]. 

} IEA OES (2015) International Levelised Cost of Energy for ocean energy technologies [36]. 

} Jenne, Yu & Neary (2015) Levelized Cost of Energy Analysis of Marine and Hydrokinetic Reference 

Models [40]. 

} JRC (2018) Ocean Energy Technology Development Report [41]. 

} Offshore Renewable Energy Catapult (2018) Tidal Stream and Wave Energy Cost Reduction and 

Industrial Benefit [42]. 

} BEIS (2020) Electricity generation costs [43] 

 
These studies are reported in different currencies (EUR, GBP, USD) and have been calculated for a 

range of base years. Therefore, three estimates are shown for LCOE: (1) in reported currency, (2) 

converted to euro, and (3) corrected for inflation to 2020 (report publication date used if no currency 

date stated). Conversion factors of EUR 1.00  = USD 0.83 and EUR 1.00 = GBP 1.11 have been used 

based on the 3-month average to end 20202.  Historical inflation based on UK ONS Data [44]. Different 

studies quote either a single number, a range, or high/medium/low estimates. 

Note also that these studies represent varying levels of sector commercialisation, some give values 

for 100 MW of cumulative deployed capacity (CDC)ȟ ×ÈÉÌÓÔ ÏÔÈÅÒÓ ÑÕÏÔÅ ȬÆÉÒÓÔ ÃÏÍÍÅÒÃÉÁÌ ÁÒÒÁÙÓȭ ÏÒ 

10 MW project (which is assumed to be similar). They are not directly comparable due to differing 

input assumptions, etc. However, the broad trends from these studies have been used to inform the 

estimate of LCOE at sector commercialisation (assumed to correspond with 100 MW of CDC for each 

ÓÅÃÔÏÒɊȢ 2ÅÐÒÅÓÅÎÔÁÔÉÖÅ ÖÁÌÕÅÓ ÆÏÒÍ ÔÈÅ ÌÉÔÅÒÁÔÕÒÅ ÏÆ ΩΫΦ ΏȾ-7È ÆÏÒ ×ÁÖÅ ÁÎÄ ΨΦΦ ΏȾ-7È ÆÏÒ ÔÉÄÁÌ 

stream have been used. These two values are used as case studies to illustrate possible trends in future 

investment.  It is important to note that this is a representative for the whole sector (wave or tidal) 

and encompasses a range of values across different devices and developers. 

 
2 https://www.xe.com/currencyconverter/convert/?Amount=1&From=USD&To=EUR  

https://www.xe.com/currencyconverter/convert/?Amount=1&From=USD&To=EUR
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TABLE 2.1: LCOE ESTIMATES FOR WAVE ENERGY CONVERTERS 

Source Wave Sector Maturity 
LCOE1  

(¤/MWh) 
LCOE2  
ɉΏȾ-7ÈɊ 

LCOE3  

ɉΏ2020/MWh) 

Ernst & Young / Black 

& Veatch (2010) 

10 MW commercial 

array in 2020 
177ɀ253 (GBP) 195ɀ278 263ɀ376 

SI Ocean (2013) 
10 MW deployed (EUR) 330ɀ625 393ɀ744 

100 MW deployed (EUR) 230ɀ435 274ɀ518 

Jenne, Yu & Neary 

(2015) 

Small commercial 

array (RM3 10 MW) 
980 (USD) 804 908 

IEA OES (2015) 

First commercial array, 

Reference studies 
280ɀ480 (USD) 230ɀ394 259ɀ445 

First commercial array, 
Developer responses 

120ɀ280 (USD) 98ɀ230 111ɀ259 

JRC (2018) 

Estimate of sector 

costs in 2015 
(EUR) 470ɀ1400 531ɀ1582 

Estimate of sector 

costs in 2018 
(EUR) 560 594 

BEIS (2020) 9 MW project in 2025 169ɀ338 (GBP) 188ɀ375 212ɀ424 

 

  
FIGURE 2.7: LCOE ESTIMATES FOR WAVE ENERGY CONVERTERS  

ERROR BARS SHOW RANGE BETWEEN LOW & HIGH VALUES QUOTED,  

SHADED BARS SHOW MID-POINT ESTIMATE WHERE AVAILABLE OR MEAN OF RANGE WHERE NOT  
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TABLE 2.2: LCOE ESTIMATES FOR TIDAL STREAM TURBINES 

Source Tidal Sector Maturity 
LCOE1  

(¤/MWh) 
LCOE2 
ɉΏȾ-7ÈɊ 

LCOE3 

ɉΏ2020/MWh) 

Ernst & Young / Black 

& Veatch (2010) 

10 MW commercial 

array in 2020 
141ɀ211 (GBP) 155ɀ232 209ɀ313 

SI Ocean (2013) 
10 MW deployed (EUR) 245ɀ470 292ɀ559 

100 MW deployed (EUR) 180ɀ350 214ɀ417 

Jenne, Yu & Neary 

(2015) 

Small commercial 

array (RM1 10 MW) 
420 (USD) 344 389 

IEA OES (2015) 

Commercial scale 

project 
140ɀ270 (USD) 115ɀ221 130ɀ250 

10 MW project 
(<500kW trend) 

145ɀ280 (USD) 119ɀ230 134ɀ259 

10 MW project 

(>500 kW trend) 
305ɀ580 (USD) 250ɀ476 283ɀ537 

JRC (2018) 

Estimate of sector 

costs in 2015 
(EUR) 470ɀ1020 531ɀ1153 

Estimate of sector 

costs in 2018 
(EUR) 400 424 

OREC (2018) 

(in 2012GBP) 

10 MW deployed 300 (GBP) 333 410 

100 MW deployed 150 (GBP) 167 205 

200 MW deployed 130 (GBP) 144 177 

BEIS (2020) 9 MW project in 2025 195ɀ391 (GBP) 216ɀ434 229ɀ460 

 

 
FIGURE 2.8: LCOE ESTIMATES FOR TIDAL-STREAM ENERGY CONVERTERS 

ERROR BARS SHOW RANGE BETWEEN LOW & HIGH VALUES QUOTED,  

SHADED BARS SHOW MID-POINT ESTIMATE WHERE AVAILABLE OR MEAN OF RANGE WHERE NOT  
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2.4 FUTURE SCENARIOS FOR DEPLOYMENT OF OCEAN ENERGY 

The current cumulative global deployment for wave and tidal energy is approximately 25 MW for wave 

and 40 MW for tidal stream. This is based on reported deployments over the period 2001ɀ2020 [45] 

[46], excluding redeployment of existing devices. 

The focus of this study is on the costs and benefits of commercialising the ocean energy sector and 

reducing LCOE to a level competitive with other technologies. The results in section 5 show that the 

total investment required to achieve a competitive LCOE is not strongly linked to the deployment 

rate, however the temporal aspect has to be considered in the modelling.  

Exponential growth in cumulative deployed capacity has historically been observed in other 

renewable energy technologies, including wind and solar, as covered in the case studies in section 3. 

For the base cases of the modelling, the increase in cumulative deployed capacity is assumed to 

increase exponentially at 30% increase/year, as seen in capacity addition rates for solar PV and 

onshore wind energy from 2006 to 2018 [47]. An ȬÁÇÇÒÅÓÓÉÖÅ ÄÅÐÌÏÙÍÅÎÔȭ ÓÃÅÎÁÒÉÏ ÉÓ ÁÌÓÏ ÃÏÎÓÉÄÅÒÅÄ 

with a 60% increase/year, based on solar PV capacity additions from 2006-2013 [47].  

These scenarios have been used to explore the likely timescales involved, although it should be noted 

that exponential deployment is highly sensitive to the initial capacity and deployment in the early 

years. The rate of deployment for wave and tidal is also unlikely to be equivalent as these technologies 

are at different levels of maturity and have different resource available globally.  

It is beyond the scope of this study to model future deployment of technology in any detail. Therefore, 

the modelling in this study assumes this exponential growth in the cumulative deployment over time. 

The following caveats apply: 

} This may not be fully accurate at the early stages prior to commercial scale roll-out of a technology. 

Exponential growth might over-estimate how much can realistically be deployed in the next few 

years. Conversely, it may be possible for the sector to roll out faster than these exponential 

trajectories when the absolute number of devices/MW installed is low.  

} The rate of exponential growth is likely to reduce as the market matures and the rate of annual 

deployment approaches limits in the supply chain, availability of good deployment sites, etc. 

Therefore, the faster 60%/year exponential growth might be unlikely for a prolonged period. 

Where related to calendar years, the first year of the exponential deployment trajectories is taken to 

be 2022. There is significant uncertainty over how fast the ocean energy sector can start to deploy 

technology, especially when subsidy mechanisms are not yet in place. However, some deployment 

will occur in 2021, which smoothens the transition to the exponential deployment.  

The two exponential deployment scenarios used for the modelling have been compared against two 

projections from the IEA 2020 World Energy Outlook (WEO) [48]. These projections show the balance 

of global electricity generation by various technologies, including marine energy, for two possible 

future scenarios: 
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1. Stated Policies Scenario ɉ34%03Ɋ ÒÅÆÌÅÃÔÓ ÔÈÅ ÉÍÐÁÃÔ ÏÆ ÅØÉÓÔÉÎÇ ÐÏÌÉÃÙ ÆÒÁÍÅ×ÏÒËÓ ÁÎÄ ÔÏÄÁÙȭÓ 

announced policy intentions, to provide a detailed sense of the direction in which existing policy 

ÆÒÁÍÅ×ÏÒËÓ ÁÎÄ ÔÏÄÁÙȭÓ ÐÏÌÉÃÙ ÁÍÂÉÔÉÏÎÓ ×ÏÕÌÄ ÔÁËÅ ÔÈÅ ÅÎÅÒÇÙ ÓÅÃÔÏÒ ÏÕÔ ÔÏ ΨΦΪΦȢ 

2. Sustainable Development Scenario (SDS) which shows a possible future course working 

backwards from the achievement of energy-related UN Sustainable Development Goals and 

shows what would be required to meet them. 

The WEO notes that even the SDS is not sufficient to achieve the goal of net-zero emissions by 2050, 

this would require significant additional renewable energy generation above that in SDS, in 

combination with behavioural changes across society [48]. 

The classification of marine energy in the WEO includes tidal range, of which there are currently three 

significant schemes worldwide totalling approximately 0.5 GW. Tidal range schemes are very site 

specific and have potentially large environmental impact, so there is limited availability for additional 

tidal range deployments worldwide and thus have been excluded from this analysis. 

Figure 2.9 shows the two exponential deployment scenarios projected forwards from the end of 2021, 

for wave, tidal, and total cumulative deployment, compared against the IEA WEO projections for 

marine energy (minus existing tidal range) and Ocean Energy Europe (OEE) targets for 2030 under 

low and high growth scenarios, shown in Table 2.3. The cumulative total deployments are also 

presented in Table 2.4. Indicative annual capacity additions are shown in Table 2.5, noting these are 

not shown every year due to the sensitivity of the exponential deployment and the fact that projects 

are not likely be deployed with equal growth per year.  

 
FIGURE 2.9: COMPARISON OF FUTURE GLOBAL CUMULATIVE DEPLOYMENT TRAJECTORIES 

NOTE THAT APPROXIMATELY 0.5 GW OF EXISTING TIDAL RANGE CAPACITY HAS BEEN REMOVED 

FROM THE IEA SCENARIOS WHICH CONSIDER ALL TYPES OF MARINE ENERGY IN A FUTURE 

ELECTRICITY GENERATION MIX. SDS IS THE SUSTAINABLE DEVELOPMENT SCENARIO, STEPS IS THE 

STATED POLICIES SCENARIO. 
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TABLE 2.3: OCEAN ENERGY EUROPE 2030 DEPLOYMENT TARGETS (MW) 

Year Growth Scenario Wave Tidal Total 

2030 Low 178 1,324 1,502 

2030 High 494 2,388 2,882 

 

TABLE 2.4: POTENTIAL FUTURE GLOBAL CUMULATIVE DEPLOYMENT TRAJECTORIES (MW)  

30%/year increase 60%/year increase 
IEA WEO2020 

Marine Energy 

Year Wave Tidal Total Wave Tidal Total STEPS SDS 

2019 25 38 63 25 38 63 564 564 

2020 25 40 65 25 40 65 ɀ ɀ 

2025 71 114 186 164 262 426 623 1,671 

2030 265 424 689 1,718 2,749 4,467 3,737 5,907 

2035 984 1,575 2,559 18,014 28,823 46,837 ɀ ɀ 

2040 3,655 5,848 9,502 188,895 302,231 491,126 19,228 28,514 

 

TABLE 2.5:  INDICATIVE FUTURE GLOBAL ANNUAL DEPLOYMENT (MW)  
30%/year increase 60%/year increase 

Year Wave Tidal Total Wave Tidal Total 

2025 16 26 43 61 98 160 

2030 61 98 159 644 1,031 1,675 

2035 227 363 591 6,755 10,809 17,564 

2040 843 1,349 2,193 70,835 113,337 184,172 
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3. #!3% 345$)%3 3(/7).' "!,!.#% /& 0/,)#9 -%#(!.)3-3 

). /4(%2 %.%2'9 3%#4/23 

A broad background review covering a variety of funding mechanisms across different energy sectors 

and countries has been conducted. This review aims to build country-specific sectoral case studies to 

understand how different funding mechanisms have been used at different stages of technological 

maturity and how the markets around these sectors have developed. In turn, these case studies would 

help assess what a good balance of technology-push (TP) and market-pull (MP) mechanisms is and 

thus provide learning for the ocean energy sector. Additionally, the case studies will also help 

benchmark the assumptions used in the investment cost modelling (sections 4 and 5). 

The framework behind these case studies and their inputs are discussed in detail below. Overall 

discussion of the case studies and resulting lessons that could be learnt for the ocean energy sector is 

given in section 7.1. 

Based on the availability of information under the background review conducted, four case studies 

have been selected based on the availability of information, technological maturity, and the success 

of the sector. The case studies are: 

} German solar PV,  

} Japanese solar PV, 

} German (onshore) wind, and 

} Danish (onshore and offshore) wind. 

 

The data behind these case studies are entirely based on secondary research, sourced from relevant 

research papers, journals, government studies, reports, websites etc., which have allowed us to build 

a robust database for our analysis. The period between 2000-2018 has been selected for this study to 

capture the most recent and relevant developments of these energy sectors. The data collated has 

been grouped under the below-mentioned indicators and is further defined in Table 3.1 below: 

Technical Indicators include cumulative capacity deployed, cumulative generation, LCOE, and 

capacity factor (CF), to help us assess the maturity of the sector. 

Financial Indicators include various TP (R&D grants, government funding etc.) and MP (FiT, tax 

credits, subsidies, ROCs, etc.) funding mechanisms, as well as capital investment (where available) to 

help gauge the funding support required for the commercial development of the sector.  

Economic Indicators such as GVA, annual turnover or business value and jobs created, to help assess 

the economic performance/benefits generated from the sector. 
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TABLE 3.1: DESCRIPTION OF THE INDICATORS USED WITHIN THE CASE STUDIES 

Indicator Unit  Description 

Cumulative capacity GW 
Cumulative capacity installed of a specific technology between 2000 

and 2018. 

Cumulative Generation GWh Cumulative energy generated from a specific technology until 2018. 

Capacity factor % 
Ratio of actual electrical energy output over one year to the 
maximum possible electrical energy output over that same period. 

Levelised cost of energy ΏȾkWh Average lifecycle cost per unit of energy produced. 

Investment in construction Ώ m Capital investment available for the construction of power plants 

Technology-Push funding Ώ m  
Total funding provided to a specific energy sector in the form of TP 
support mechanisms between 2000 and 2018. 

Market-Pull funding Ώ bn  
Total funding provided to a specific energy sector in the form of MP 

support mechanisms between 2000 and 2018. 

Turnover Ώ bn  
Total returns in the form of economic stimuli or turnover generated 

between 2000 and 2018 by a specific energy sector. 

Business value Ώ bn  
Amount of capital investment made including the turnover from the 

import of specific components 

Spend Ώ bn  
Sum of funding provided to a specific energy sector between 2000 

and 2018 in the form of TP and MP support. 

Jobs created Τ 
Total number of employment or jobs created in a specific energy 
sector between 2000 and 2018. 

Penetration level % 
Share of electricity generated by the energy sector in the national 

energy mix in a specific year. 

 

The above indicators are used to generate two sets of metrics: absolute numbers and ratios between 

the indicators. The absolute numbers are absolute representations of the cumulative figure under 

each indicator. For example, the cumulative capacity is the sum of the total capacity installed between 

the period. These numbers are further used to generate the ratios, which are defined in Table 3.2 

below. 



D8.3  
Feasibility and cost-benefit analysis  

 
 

 DTOceanPlus Deliverable, Grant Agreement No 785921 Page 38 | 151   

TABLE 3.2: DESCRIPTION OF THE RATIOS USED WITHIN THE CASE STUDIES 

Metric/ Ratio Unit  Description 

Employment to 

generation 
Jobs/GWh 

Number of jobs created within the 2000 ɀ 2018 period per energy 

generated. 

Turnover to 

generation 
ΏȾMWh 

Economic return or added value created by an energy sector respective 

to the amount of energy generated between 2000 and 2018. 

Market-pull to 

technology-push 
ɂ 

The ratio of amount invested in technology innovation to amount 

invested to foster demand in a specific energy sector within 2000 ɀ 2018. 

Technology-push 
to generation 

ΏȾMWh 
Cumulative investment in technology innovation per energy generated 
between 2000 and 2018. 

Market -pull to 

generation 
ΏȾMWh 

Cumulative sum of subsidies and premiums offered to foster demand in 

an energy sector per energy produced between 2000 and 2018. 

Spend to 

generation 
ΏȾMWh 

Cumulative investment, both in terms of TP and MP, between 2000 and 

2018 per energy generated. 

Turnover to 

spend 
ɂ 

Economic return generated per investment in both TP and MP between 

2000 and 2018. This ratio is virtually a return-on-investment. 

Jobs to spend *ÏÂÓȾΏ 
Number of jobs created between 2000 and 2018 per total investment in 

both TP and MP. 

Learning rate % 
Reduction in technology unit costs associated with each doubling of 
installed cumulative capacity. 

 

It is important to highlight that the basis of our analysis is very much dependent on the ratios that 

have been calculated. A limitation in our analysis is that each case study has different indicators 

available, and the methodology used to calculate them differs as well. Also, the fact remains that each 

of these case studies will have a different point of initiation and commercialisation, which means that 

our study period 2000-2018 might capture a different market situation for each one of them. This 

makes it difficult to draw a direct comparison between the case studies. However, the case studies do 

provide an interesting context when compared with the ocean energy sector, by helping understand 

the balance of technology-push and demand-pull funding that would be required to generate similar 

benefits in this sector. 

A detailed overview of these case studies will be discussed in the sections below. Each case study 

begins with an overview of the data inputs, their sources, assumptions and identified gaps. This is 

followed by a discussion section drawn on an analysis of the inputs, ratios, and findings.  

 

3.1 CASE STUDY 1: GERMAN SOLAR PV 

'ÅÒÍÁÎÙȭÓ ÅÎÅÒÇÙ ÔÒÁÎÓÉÔÉÏÎ ÐÌÁÎ ɉȰ%ÎÅÒÇÉÅ×ÅÎÄÅȱɊ ÈÁÓ ÃÏÎÔÒÉÂÕÔÅÄ ÔÏ ÔÒÁÎÓÆÏÒÍÉÎÇ ÔÈÅ ÃÏÕÎÔÒÙȭÓ 

energy system. The main target of this plan ÉÓ ÔÏ ÓÕÐÐÌÙ ÍÏÓÔ ÏÆ 'ÅÒÍÁÎÙȭÓ ÅÎÅÒÇÙ ÆÒÏÍ ÒÅÎÅ×ÁÂÌÅ 

energy sources and without electricity generation from nuclear by 2022. Currently, the transition to 

ÒÅÎÅ×ÁÂÌÅ ÅÎÅÒÇÙ ÓÏÕÒÃÅÓ ÉÓ ÖÉÓÉÂÌÅ ÉÎ 'ÅÒÍÁÎÙȭÓ ÅÌÅÃÔÒÉÃÉÔÙ ÓÅÃÔÏÒȢ 4ÈÅ ÃÏÕÎÔÒÙ ÈÁÓ ÅØÐÅÒÉÅÎÃÅÄ ÒÁÐÉd 

growth in both its solar and wind capacity since the introduction of the Renewable Energy Sources 

!ÃÔ ɉȰ%ÒÎÅÕÅÒÂÁÒÅ-Energien-'ÅÓÅÔÚȱ ÏÒ %%') in the early 2000s. Through a combination of TP and MP 
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mechanisms, Germany has made funding available towards more competition and cost efficiency in 

the solar PV sector. This section reviews the evolution of this energy sector and presents a detailed 

breakdown of the various indicators, the data used, the sources, assumptions, and the existing gaps 

under this case study. A discussion section is also included analysing the effect of TP and MP support 

mechanisms on the development of the sector and the benefits derived from the investment and 

operation of solar PV plants in Germany. No significant gaps exist under this case study except an 

incomplete set of LCOE numbers (available from 2011-2018 only).  

3.1.1 TECHNICAL INDICATORS 

The technical indicators used in our analysis are summarised in Table 3.3 and include annual 

deployment capacity, generation, LCOE and estimated CF.  

TABLE 3.3: DESCRIPTION OF TECHNICAL INDICATORS AND SOURCES FOR THE GERMAN SOLAR PV 

SECTOR 

 Capacity Generation LCOE CF 

Year 2000-2018 2000-2018 2010-2018 2010-2018 

Units MW MWh ΏȾkWh % 

Data Source 

Working Group on 

Renewable Energy 

Statistics Report 

[49] 

Working Group on 

Renewable Energy 
Statistics Report [49] 

IRENA Report [50] 

Estimated as 

per Equation 
(3.1) 

Conversion Factor None None ΦȢήΫΏ Ђ ΓΧ None 

Calculations None None None Equation (3.1) 

Assumptions None None None None 

Gaps None None 2000-2009; 10 yrs. None 

The figures corresponding to cumulative installed capacity (MW) and electricity generation (GWh) 

×ÅÒÅ ÏÂÔÁÉÎÅÄ ÆÒÏÍ ÔÈÅ ÒÅÐÏÒÔ Ȱ4ÉÍÅ ÓÅÒÉÅÓ ÆÏÒ ÔÈÅ ÄÅÖÅÌÏÐÍÅÎÔ ÏÆ ÒÅÎÅ×ÁÂÌÅ ÅÎÅÒÇÙ ÓÏÕÒÃÅÓ ÉÎ 

'ÅÒÍÁÎÙȱ ÐÕÂÌÉÓÈÅÄ ÂÙ ÔÈÅ 7ÏÒËÉÎÇ 'ÒÏÕÐ ÏÎ 2ÅÎÅ×ÁÂÌÅ %ÎÅÒÇÙ-Statistics (AGEE-Stat) [49]. The 

data is directly available for the years 2000ɀ2018 and, thus, no assumptions or calculations were 

necessary. 

The data for LCOE in $/kWh was ÐÒÏÃÕÒÅÄ ÆÒÏÍ ÔÈÅ ΨΦΧί )2%.! 2ÅÐÏÒÔ Ȱ2ÅÎÅ×ÁÂÌÅ 0Ï×ÅÒ 

'ÅÎÅÒÁÔÉÏÎ #ÏÓÔÓȱ [50] for the years 2010-2018. An exchange rate of Ώ0.85 to $1.00 was assumed. 

There is a gap of 10 years (2000ɀ2009) for this metric as the values are only available from 2010 

onwards. 

Lastly, the average annual capacity factors were estimated based on the generation and cumulative 

capacity previously described as per Equation (3.1), where ὸ is the specific year between 2000 and 

2018.  

ὅὊ
ὉὲὩὶὫώ ὋὩὲὩὶὥὸὭέὲ ὓὡὬ

ὅόάόὰὥὸὭὺὩ ὅὥὴὥὧὭὸώ ὓὡ

ψχφφὬέόὶί

ώὩὥὶ
 (3.1) 
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3.1.2 FINANCIAL INDICATORS 

Our analysis considers federal energy research programmes as the main TP funding mechanism and 

total annual FIT spend as the most prominent and relevant MP funding mechanism. For this case 

study, we have also compiled information regarding the annual investment in the construction of 

power plants. The summary of these indicators is presented below in Table 3.4. 

TABLE 3.4: DESCRIPTION OF FINANCIAL INDICATORS AND SOURCES FOR THE GERMAN SOLAR PV 

SECTOR 

 
Investment Federal Energy Research 

Funding 

FIT and 

Premiums Spent 

Year 2000-2018 2000-2018 2000-2018 

Units Ώ m Ώ m Ώ m 

Data Source 

Working Group on Renewable 

Energy Statistics Report [49] 

Evaluation of Energy Research 

Programme, Renewable 

Energies Reports and Federal 
Ministry for Economic Affairs 

and Energy Report [51] [52] [53] 

Federal Ministry 

of Economics and 

Energy Report 

[54] 

Conversion 

Factor 

None 
None None 

Calculations None None None 

Assumptions None None None 

Gaps None None None 

The data for federal energy research funding has been procured from periodic reports put together 

by the German government and, also, supported by research papers [51] [52] [53]. No assumptions 

were made nor were any conversion factors used. The time series is complete. 

The data for the annual investment and FIT spent have also been procured from reports put together 

by the German government and does not involve any assumptions or conversion factors [54]. The 

time series is complete. 

3.1.3 ECONOMIC INDICATORS 

To gauge the benefits of the support mechanisms in the German economy, we reviewed the economic 

indicators summarised in Table 3.5, which include economic stimuli from the operation of solar PV 

plants and gross employment numbers under the German solar PV sector. Economic stimuli are a 

representation of the revenue generated from the German solar PV sector (i.e., manufacturers, 

suppliers, sales, and service companies) and the economic benefits derived from this sector. The data 

has been procured from reports put together by the German government [49] [55] and does not 

involve any assumptions or calculations. No conversion factor has been used and the available data is 

for the complete set of years. 

Gross employment numbers are used as a representation of the gross number of jobs generated under 

this sector and has also been taken from a German government report [55]. This indicator refers to 

direct employment and includes temporary jobs and, therefore, is higher than the net employment 
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generated by the sector (i.e., the figures are not full-time-equivalent adjusted). No assumptions or 

calculations were required, and the time series is complete. 

TABLE 3.5: DESCRIPTION OF ECONOMIC INDICATORS AND SOURCES FOR THE GERMAN SOLAR PV 

SECTOR 

 Economic stimuli Gross employment 

Year 2000ɀ2018 2000ɀ2018 

Units Ώ m ɂ 

Data Source Working Group on Renewable Energy 

Statistics Report [49] 

Federal Ministry for Economic Affairs 

and Energy Report [55] 

Calculations None None 

Assumptions None None 

Gaps None None 

 

3.1.4 DISCUSSION 

Key Findings: German Solar PV 

} Solar PV has become a key generation technology in the German energy transition 

} Capital investment peaked in 2010 at Ώ19.5 bn (refer  

}  

}  

 

 

 

 

 
 

 

 

 
 

 

 

} Figure 3.1). 

} Ώ13.26 bn have been received from economic stimulus triggered in other sectors through 

personnel demand, auxiliary services, spare parts, fuel, etc. This represents a 14% return on 

investment in technology-push and market-pull support. 

} 3.8 direct jobs have been created per GWh of electricity generated between 2000 and 2018 from 

solar PV. 

} Due to the aggressive industrial policy in Asia, particularly China and Japan, the market share 

of German manufacturers decreased significantly, and the cost competitiveness of the sector 

collapsed in 2012 and 2013. 
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} The sector has started regaining strength in 2018 with the constantly decreasing costs of 

German PV modules, the increasing freight costs, and long delivery times for Asian PV modules. 
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FIGURE 3.1: INVESTMENT AND ECONOMIC BENEFIT UNDER THE GERMAN SOLAR PV SECTOR 

BETWEEN 2000 AND 2018 

 

} Ώ1.02 bn have been allocated to energy research between 2000 and 2018. 

} The LCOE ÈÁÓ ÄÒÏÐÐÅÄ ÆÒÏÍ ΦȢΨή ΏȾË7È ÉÎ ΨΦΧΦ ÔÏ ΦȢΦί ΏȾË7È ÉÎ ΨΦΧήȢ 4ÈÉÓ ÒÅÐÒÅÓÅÎÔÓ Á 

reduction of approx. 67.6%. 

} Ώ94.91 bn have been invested in MP support mechanisms such as FiT and FiP between 2000 and 

2018. 

} Germany has spent approx. 93 times more in MP mechanisms for the solar PV sector than in TP 

mechanisms (refer to Figure 3.2). 

} Total spend in TP and MP support between 2000 and 2018 is equivalent to Ώ60.70  per capita 

per year. 

 

 
FIGURE 3.2: FUNDING AVAILABLE TO THE GERMAN SOLAR PV SECTOR THROUGH MARKET-PULL 

AND TECHNOLOGY-PUSH SUPPORT MECHANISMS BETWEEN 2000 AND 2018 
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Photovoltaics has become a key generation 

ÔÅÃÈÎÏÌÏÇÙ ÉÎ 'ÅÒÍÁÎÙȭÓ ÅÎÅÒÇÙ ÔÒÁÎÓÉÔÉÏÎ 

with approx. 45 GW of cumulative capacity 

installed between 2000 and 2018. This energy 

sector generated approx. 45.8 TWh of electricity 

in 2018, accounting for nearly 8% of the gross 

electricity consumed that year [56]. However, 

reaching this level of progress and maturity has 

required time and investment. 

Between 2004 and 2012, the solar PV sector was 

the renewable energy sector with the highest 

level of investment in the country. In 2010, the 

investment level in the sector peaked at Ώ19.5 

bn (refer to Figure 3.1) [57].  

The German federal energy research 

programmes have provided approx. Ώ1.02 bn for 

research in the solar PV sector. With this 

support, technological progress, the learning 

curve, and economies-of-scale, the LCOE has 

decreased by 67.6%, from 0.28 ΏȾkWh in 2010 to 

0.09 ΏȾkWh in 2018 [50]. The annual learning 

rates have increased from 11% in 2010-2011 to 

15% in 2017-2018 as can be seen in ¡Error! No se 

encuentra el origen de la referencia.. The cost 

reduction in the German solar PV sector seems 

to respond to the cumulative deployment, 

generation, and capacity factors with Pearson 

correlation coefficients of 0.91, 0.95 and 0.93, 

respectively.  

Additionally, diverse MP policies have supported 

the rapid market growth. First, the 100,000 Solar 

Roofs Initiative rolled out in 1999 incentivised 

the installation of PV systems in the early 2000s 

[58]. Later, the German Renewable Energy 

Source Act (Erneuerbare Energien Gesetz EEG) 

rolled out in 2000, guaranteed plant operators a 

fixed rate of purchase to obtain an appropriate 

profit. The EEG has facilitated approx. Ώ95 bn in 

demand-pull support through feed-in-tariffs 

and premiums [49]. The strong investment 

carries along considerable economic importance 

FIGURE 3.3: SUMMARY OF INDICATORS 

(ABSOLUTE FIGURES OVER THE 2000ɀ2018 

PERIOD) FOR GERMAN SOLAR PV 




















































































































































































































