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Abstract: This work investigates potential cost reduction trajectories of three emerging offshore
renewable energy technologies (floating offshore wind, tidal stream, and wave) with respect to
meeting ambitious cost targets set out in the Strategic Energy Technology Implementation Plans (SET-
Plans) for Offshore Wind and Ocean Energy. A methodology is presented which calculates target costs
for current early-stage devices, starting from the 2030 SET-Plan levelised cost targets. Component-
based experience curves have been applied as part of the methodology, characterised through the
comparative maturity level of each technology-specific cost centre. The resultant early-stage target
costs are then compared with actual costs for current devices to highlight where further cost reduction
is still required. It has been found that innovation and development requirements to reach these
targets vary greatly between different technologies, based on their current level of technological
maturity. Future funding calls and programmes should be designed with these variables in mind
to support innovative developments in offshore renewables. The method presented in this paper
has been applied to publicly available cost data for emerging renewable technologies and is fully
adaptable to calculate the innovation requirements for specific early-stage renewable energy devices.

Keywords: LCOE; cost target; cost reduction; ocean energy; innovation requirements; offshore
renewables; wave energy; tidal stream; floating offshore wind

1. Introduction

Offshore renewable energy (ORE) is forecast to form a significant component of energy
decarbonisation for the UK, with the offshore wind sector deal specifying a 40 GW target
for offshore wind deployments by 2030, including 1 GW from floating offshore wind [1].
The UK has a large marine energy resource [2], and thus also the potential to utilise
other early-stage offshore renewable technologies such as wave and tidal energy to meet
decarbonisation targets.

To contribute effectively to the UK energy mix and access current policy mechanisms,
early-stage offshore renewables such as floating offshore wind, tidal stream and wave
energy need to significantly reduce costs in order to become commercially viable. Estimates
of the levelised cost of energy (LCOE) of the first commercial arrays of these technologies
vary, depending on data sources, assumptions made, and the date of the study. The ranges
found in literature are around 67–250 €/MWh for floating wind [3,4], 115–476 €/MWh for
tidal stream and 98–804 €/MWh for wave energy [5]. LCOE targets for these technologies
have been established at a European level, at 90 €/MWh, 100 €/MWh and 150 €/MWh by
2030 for floating wind, tidal stream and wave energy, respectively, as part of the Strategic
Energy Technology Implementation Plans (SET-Plans) [6,7].

Energies 2022, 15, 1732. https://doi.org/10.3390/en15051732 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15051732
https://doi.org/10.3390/en15051732
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-5324-7061
https://orcid.org/0000-0002-2121-9250
https://orcid.org/0000-0002-5477-8884
https://doi.org/10.3390/en15051732
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15051732?type=check_update&version=2


Energies 2022, 15, 1732 2 of 19

Therefore, it is important to build an understanding of these cost reduction require-
ments and the implications for current technologies to guide future developments. Address-
ing this need, this work focuses on deriving and analysing cost reduction trajectories for
early-stage offshore renewable technologies. Technology cost reduction is often quantified
through use of experience curves. Single-factor experience curves are most widely used,
in which the learning rate quantifies the percentage cost reduction for each doubling of
capacity. Learning rates used in this manner encompass several drivers of cost reduction:

• Learning by doing, by means of economies of volume and deployment experience.
• Learning by research, by means of innovative research and development.
• Learning by adaption, by means of knowledge and experience transfer from other sectors.
• Learning by interaction, by means of collaborations and knowledge exchange platforms.
• Economies of scale, by means of increasing scale of individual devices.

Technology-specific learning rates can be found in the literature for various electricity
generation technologies. For example, Jamasb identifies a number of generation technolo-
gies as ‘mature’, ‘reviving’, ‘evolving’ and ‘emerging’ and derives learning rates for each
technology, finding that learning rates vary depending on the technologies’ development
stage [8]. In this study, learning rates for single-factor experience curves range from 2.1%
(combined heat and power) to 57.9% (waste to electricity) and a learning rate of 8.3% is
quoted for fixed offshore wind.

A range of predictions can be found in the literature for future learning rates of
offshore renewable energy technologies such as floating offshore wind, tidal stream, and
wave energy. The Offshore Renewable Energy Catapult has produced cost reduction
analysis quoting an expected learning rate of 9.5% for floating offshore wind [9] and of
13% for capital expenditure (CAPEX) and 11% for operational expenditure (OPEX) for
marine energy technologies (both wave and tidal stream) [10]. Astariz and Iglesias use
learning rates of 10%, 13% and 15% within a sensitivity analysis representing a range
of more pessimistic to more optimistic forecasts for projected cost reductions for wave
energy [11].

For emerging technologies where little historical data is available to determine technology-
specific learning rates, component-specific experience curves have been used [12,13]. Some
studies have broken costs down into further detail within the categories of CAPEX and/or
OPEX and applied a range of learning rates to specific cost centres and components [2,14,15].
An analysis by The Carbon Trust in 2011 applies learning rates of 2–18% for different tidal
stream cost centres and 1–12% for various wave energy cost centres [2]. The lowest learning
rates are applied to the electrical connection, as the most technologically mature component,
due to the commercialisation of medium voltage offshore cables for the offshore wind sector.
Conversely, the highest learning rates are applied to the wave and tidal devices and to the
operation and maintenance activities, identified as the more novel costs centres. A further
LCOE study for the CorPower Ocean wave energy converter (WEC) uses learning rates
ranging from 5–15% based on the component maturity [14].

The main objective of this work is to develop a novel methodology for converting
future LCOE targets into current cost targets for specific components and services. This is
achieved by combining the reversed LCOE (RLCOE) methodology previously developed
by de Andres et al. [16] with the use of component-specific learning rates to produce cost
thresholds for early-stage ORE technologies. The SET-Plan future cost targets are used
to derive the current cost requirements for emerging ORE components. This work has
been undertaken with the intention of benchmarking the derived cost thresholds against
current technology costs in order to identify innovation requirements to meet future cost
targets. This study has the additional novelty of using a consistent methodology to apply
cost-centre-specific learning rates to three early-stage renewable technologies, based on the
maturity levels of individual components and services.

The remainder of this paper is structured as follows: Section 2 details the methodology
for the cost requirement calculation, Section 3 introduces three early-stage offshore renew-
able case studies, Section 4 displays the case study results, Section 5 discusses the results,
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uncertainties, sensitivities and limitations of the methodology and Section 6 concludes with
final recommendations.

2. Methodology

In this work, a methodology known as ‘reversed LCOE’ [16] has been used to identify
the cost requirements on different subsystems to meet a system level LCOE target. This
methodology was then extended by using experience curves to translate commercial cost
targets, as calculated through the reversed LCOE method, to cost thresholds which are
more applicable to the current development status of wave, tidal stream, and floating
offshore wind technologies. That is, the equivalent available budget for each component
today is calculated under the assumption that all components experience sustained cost
reductions from today and until the target LCOE value is achieved.

The methodology comprises three steps, illustrated in Figure 1, which involve:

1. Defining the commercial stage target values with the reverse LCOE method by identi-
fying a target LCOE value and deriving the target cost breakdown.

2. Accounting for learning by defining and allocating learning rates specific to the cost
centres identified in (1).

3. Producing a target pre-commercial cost centre breakdown by applying cost-centre-
specific learning rates (2) to the target cost centre breakdown (1). This involves some
assumptions with regards to the deployment requirements to meet the target LCOE.
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These three steps are introduced in more detail in the following sections, with the
required inputs and assumptions outlined within the case studies in Section 3.

2.1. Commercial Stage with Reversed LCOE

In the reversed LCOE calculation process, a target LCOE value to be achieved by
the evaluated technology is defined, so that target cost values for each cost centre (e.g.,
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mooring lines, cables, etc.) can be defined. The process followed to obtain these cost-
centre-specific target values is represented within step 1 of Figure 1. This method was first
developed for wave energy applications [16] but is applicable to other developing energy
generating technologies.

It is based on calculation of the levelised cost of energy represented in Equation (1)

LCOE =
PV(CAPEX + OPEX)

PV(EnergyProduction)
=

∑n
t=0(CAPEX + OPEXt)/(1 + r)t

∑n
t=0(AEPt)/(1 + r)t (1)

where the LCOE comprises all project costs, both capital and operational expenditures
(CAPEX and OPEX respectively), divided by the annual energy production (AEP) for every
year, t, over the project lifetime, n, all discounted to their present values (PV) through a
discount rate, r.

For a given LCOE target and known AEP at a certain location, the available budget
can be calculated in terms of CAPEX and OPEX by re-arranging Equation (1) as (2).

PV(CAPEX + OPEX) = PV(CAPEX) + PV(OPEX) = LCOE· PV(EnergyProduction) (2)

Assuming CAPEX investment occurs in year 0 and undiscounted annual OPEX can
be represented as a fixed ratio of CAPEX, it is then possible to calculate the total CAPEX
required for the commercial LCOE target to be achieved.

This total CAPEX value represents the sum of the contributions of different cost centres,
i. If the percentage contribution (αi) of different cost centres to the CAPEX is approximately
known, the available budget for each cost centre CAPEXi can be calculated. This is shown
in Equation (3).

CAPEX = ∑m
i=1 CAPEXi = ∑m

i=1 αi· CAPEX (3)

To make these future cost targets applicable to current early-stage technologies, this
method is then extended. An available budget for the present day is derived by taking into
account the effects of learning, as introduced in the following subsections.

2.2. Accounting for Learning

The experience curve has been observed across many forms of electricity generation,
where the LCOE or the cost per kW of a unit can be plotted as a curve against cumulative
experience in terms of units deployed [17]. This study proposes using the experience curve
to translate commercial cost targets to targets applicable to earlier stages of development.

The formula for the experience curve can be written as Equation (4)

C(xt) = C(x0)·
(

xt

x0

)−b
(4)

where:

• x0 is the cumulative number of units or capacity at time t = 0,
• C(x0) is the cost of a unit at time t = 0,
• xt is the cumulative number of units or capacity at time t,
• C(xt) is the cost of a unit at time t,
• b is the learning rate parameter.

If Ctarget represents the commercial cost target, a cost threshold for an early-stage
technology today, Ctoday, can be found by re-arranging Equation (4) to become (5).

Ctoday = Ctarget·
(

xtarget

xtoday

)b

(5)
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The shape of the experience curve is governed by the learning rate (LR) which is
calculated according to Equation (6). This represents the percentage unit cost reduction as
a result of each doubling of cumulative experience.

LR = 1 − 2−b (6)

Applying this concept to an LCOE target of 100 €/MWh achieved after a cumulative
capacity deployment of 1 GW, the LCOE value required today depending on the assumed
learning rate can be obtained as shown in Figure 2. This assumes that sustained cost
reductions take place from today and until the target is reached.
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2.2.1. Choice of Learning Rates

The appropriate learning rate to apply to different components and activities is as-
sumed to be dependent on the maturity of the technology that is being evaluated, with
maturity level being representative of the cost reduction potential, as observed in [8]. Al-
though the maturity level classifications, as set out in [8], are based on analysis of different
forms of electricity generation, in this study they have been adapted to a subsystem level.
This is because each subsystem will have different opportunities for innovation, differ-
ent levels of previous experience, and different potential for knowledge transfer from
other sectors.

Three maturity levels are defined in this analysis for technology classification:

1. Low: A technology or activity that is new and has a large scope for improvement or
cost reductions.

2. Medium: A technology or activity which has scope for improvement or future cost
reductions, but is not completely new, or is already used elsewhere.

3. High: An established technology or activity in which there is limited scope for im-
provement or future cost reductions.

Different learning rates are assigned to each maturity level, based on the range of
expected learning potential. The learning rates reported in [2] for tidal and wave energy
technologies were grouped into high, medium and low values, with resulting average
learning rate values of 14%, 11% and 6%, respectively. Following a similar approach with
the learning rate values estimated by Jamasb in [8] for a number of energy-generating
technologies at different maturity levels, these could be grouped in average values of 4%,
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8% and 31%, respectively. In line with these, the assigned learning rates per maturity level
for the present study are summarised in Table 1. These learning rate assumptions have
been selected for the purpose of demonstrating the calculation methodology.

Table 1. Learning rate assumptions applied depending on component and process maturity.

Maturity Level Learning Rate (%) Sensitivity (%)

Low 15 ±5
Medium 10 ±5

High 5 ±5

Although a specific learning rate was prescribed for each category to represent the
baseline case (‘central LR’), the cost thresholds are very sensitive to the choice of the learning
rate, as can be seen from the example provided in Figure 2. For this reason, a sensitivity
on the learning rate was performed to represent lower (‘−5% LR’) and higher (‘+5% LR’)
learning potential cases relative to the baseline case. A low learning rate results in lower
cost threshold values as slower cost reduction is expected. A high learning rate results in
higher cost threshold values and therefore should only be used when a faster cost reduction
appears feasible.

2.3. Early-Stage CAPEX Thresholds

By considering the learning potential associated with each cost centre, the cost thresh-
olds for the cost centres today, as well as the overall CAPEX value required today (CAPEXtoday),
are obtained. This is done by combining Equations (2), (3) and (5), so that:

CAPEXtoday =
CAPEXtarget

KLR
= ∑m

i=1
CAPEXi((

xtarget
xtoday

) ln (1−LRi)
ln (2)

) (7)

where KLR represents a learning constant as then further defined in the Equation (7).

3. Case Studies

The methodology detailed in Section 2 has been applied to study the innovation
requirements of three ORE technologies: (a) floating offshore wind, (b) tidal stream and
(c) wave energy, as illustrated in Figure 3. These technologies could make significant
contributions to the attainment of the net-zero targets, if cost reductions are achieved in line
with the 2030 SET-Plan targets. Therefore, the studied case demonstrates the application of
the methodology developed in investigating the innovation requirements to achieve the
SET-Plan targets.

The key inputs for the reversed LCOE calculation are the commercial stage cost
target and the corresponding commercial stage cost-centre breakdown. For the former, the
SET-Plan target LCOEs for 2030 are used, namely, 90 €/MWh for floating offshore wind,
100 €/MWh for tidal stream and 150 €/MWh for wave. It is notably more challenging to
find commercial stage cost-breakdowns for technologies that have not yet been deployed
at a commercial scale. Furthermore, it is not possible to publish cost-breakdowns for
state-of-the-art technologies due to confidentiality and intellectual property concerns.
Publicly-available cost-breakdowns have thus been chosen from the available literature
that represent 100-device arrays of recent devices from 2014–2015. Maturity levels for each
of the cost centres were then assigned through expert assessment, where discussions with
sector stakeholders were undertaken. The criteria outlined in Section 2.2.1 were used to
allocate these maturity levels. The following sections detail the cost breakdowns assumed
for each of the three technologies in turn, and the stage of development for each cost centre.
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Figure 3. Illustrative representations of the three case studies; (a) spar-type floating offshore wind
system, adapted from [18] and reproduced with permission from aquaret.com ©Aqua-RET Project (EU
Lifelong Learning Programme Agreement No LLP/LdV/TOI/2009/IRL–515), (b) RM1 tidal current
reference model and (c) wave point absorber reference model RM3, reproduced with permission from
Sandia National Laboratory [19,20].

Other relevant parameters, such as the discount rate and the project lifetime, are
assumed to be the same for the three considered cases. An overview of these universal
assumptions is provided in Table 2.

Table 2. Universal assumptions used for extended reverse LCOE calculation for all technologies.

Assumption Value Reasoning/Reference

CAPEX to OPEX ratio 4% Commonly used value in offshore renewable energy studies [21]
Discount factor 12% Commonly used value in offshore renewable energy studies [22,23]
Project lifetime 20 years Commonly used value in offshore renewable energy studies [21]

3.1. Floating Offshore Wind Case Study

For floating offshore wind, the 100-device array costs produced by Myhr et al. in [23]
were used as a basis for the assumed proportional CAPEX breakdown. These are based on
available design data from the first 5 MW Hywind demonstrator project with the help of
expert elicitation and engineering assessment [24]. The Hywind technology consists of a
direct drive wind turbine with a spar-type foundation, shown in Figure 3a.

The calculation assumptions specific to the floating offshore wind case study are
shown in Table 3, with the cost centre breakdown and maturity level assumptions shown
in detail in Table 4. The wind turbine and tower are combined as a single cost centre,
separate from the floater. The floater is the only cost centre with a ‘low’ maturity level,
as the key innovative component of the technology which is not present in fixed offshore
wind deployments.
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Table 3. Technology-specific assumptions used in floating offshore wind case study.

Assumption Value Reasoning/Reference

Target LCOE (2030) 90 €/MWh SET-Plan target, from [6].
CAPEX breakdown — Based on [23]. Shown in detail in Table 4.

Cost centre maturity levels — Based on expert judgement. Shown in detail in Table 4.
Capacity factor 44% Based on [23].

Deployment necessary to reach target LCOE 500 MW Based on [25].

Table 4. Cost centre breakdown and corresponding maturity levels assumed for floating offshore
wind; cost data based on [23].

Category Cost Centre % of CAPEX Maturity Level

Development and insurance Development and consenting 5.1% High
Construction phase insurance 1.2% High

Infrastructure
Intra-array cables 2.6% High

Export cable 4.3% High
Substation 7.0% Medium

Mooring/Foundation Mooring lines 0.6% Medium
Anchor 1.7% Medium

Device structural components
and Power take off

Floater 18.3% Low
Tower and turbine 36.7% High

Installation

Turbine and floater 3.9% Medium
Electrical cables 7.6% High

Offshore substation 1.2% Medium
Mooring system 0.8% Medium

Contingency (direct % of total CAPEX) 9% N/A

Operations and Maintenance 4% (annual) Medium

3.2. Tidal Stream

For tidal stream, a 100-device array cost breakdown is used from the Sandia National
Laboratories Reference Model Project [19,20]. Specifically, the 1.1 MW tidal reference model
1 (RM1) was used, illustrated in Figure 3b. The RM1 concept design is a dual-rotor variable-
speed variable-pitch axial-flow tidal turbine device, inspired by the SeaGen system. It
comprises a monopile foundation with a cross arm assembly used to mount the two rotors.

The calculation assumptions specific to the tidal stream case study are shown in
Table 5, with the cost centre breakdown and maturity level assumptions shown in detail in
Table 6. The pile is included within the device structural components, rather than within the
foundation system, as it comprises the main device structure, as well as the anchor. Device
installation and operations and maintenance (O&M) have been identified as the cost centres
with ‘low’ maturity levels, as services must develop new procedures to install and operate
tidal devices, which are not directly transferrable from existing offshore technologies.

Table 5. Technology specific assumptions used in tidal stream case study.

Assumption Value Reasoning/Reference

Target LCOE (2030) 100 €/MWh SET-Plan target. From [7]
CAPEX breakdown — Based on [20]. Shown in detail in Table 6.

Cost centre maturity levels — Based on expert judgement. Shown in detail in Table 6.
Capacity factor 39% Based on [22].

Deployment necessary to reach target LCOE 1000 MW Based on [10].
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Table 6. Cost centre breakdown and corresponding component maturity levels assumed for tidal
stream (bottom fixed), cost data based on [20].

Category Cost Centre % of CAPEX Maturity Level

Development
Permitting and environmental compliance 1.8% High

Site assessment 0.1% High
Project/Array design, engineering and management 1.4% Medium

Infrastructure
Subsea cables 0.4% High

Dedicated O&M vessel 4.3% Medium

Mooring/Foundation and device
structural components

Pile 11.3% High
Cross-arm 3.3% High
Nacelles 5.4% Medium

Device access (railings, ladders etc.) 2.0% High

Power take-off

Generator 5.6% Medium
Gearbox and driveshaft 8.2% Medium

Hydraulic system 0.9% High
Frequency converter 6.0% High
Step-up transformer 0.8% High

Riser cable/umbilical 0.4% Medium
Control system 5.6% Medium

Bearings and linear guides 7.8% High
Rotors 0.5% Medium

PTO mounting 2.3% High
Other 4.1% Medium

Subsystem integration 6.8% Medium

Installation

Cable shore landing 0.7% High
Mooring/Foundation system 3.8% Medium

Subsea cables 3.3% Medium
Device installation 4.1% Low

Contingency (direct % of total CAPEX) 9.1% N/A

Operations and maintenance 4% (annual) Low

3.3. Wave Energy

For wave energy, again a 100-device array cost breakdown is used from the Sandia
National Laboratories Reference Model Project [19,20]. Specifically, the 286 kW wave
reference model 3 (RM3) was used, illustrated in Figure 3c. The RM3 concept is a two-body
floating point absorber, comprising of a vertical column spar buoy and a subsurface reaction
plate, inspired by the Ocean Power Technology PowerBuoy.

The calculation assumptions specific to the wave energy case study are shown in
Table 7, with the cost centre breakdown and maturity level assumptions shown in detail
in Table 8. The cost centre breakdown is more detailed for the wave case study than for
floating offshore wind and tidal stream, due to the number of components included within
the device structure and PTO. Device control systems, commissioning, installation and
O&M have been identified as the cost centres with ‘low’ maturity levels, which require
innovative concepts and have the highest scope for cost reduction.

Table 7. Technology specific assumptions used in wave case study.

Assumption Value Reasoning/Reference

Target LCOE (2030) 150 €/MWh SET-Plan target. From [7].
CAPEX breakdown — Based on [20]. Shown in detail in Table 8.

Cost centre maturity levels — Based on expert judgement. Shown in detail in Table 8.
Capacity factor 33% Based on [22].

Deployment necessary to reach target LCOE 200 MW Based on [10].
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Table 8. Cost centre breakdown and corresponding component maturity levels assumed for wave
(point absorber), cost data based on [25].

Category Cost Centre % of CAPEX Maturity Level

Development
Permitting and environmental compliance 1.8% High

Site assessment 0.1% High
Project/Array design, engineering and management 0.9% Medium

Infrastructure
Subsea cables 2.2% High

Terminations and connectors 0.2% Medium
Dedicated O&M vessel 2.0% Medium

Mooring/
Foundation

Mooring lines/chain 4.2% Medium
Anchors 4.2% Medium

Buoyancy 1.4% High
Connecting hardware (shackles etc.) 2.4% High

Device structural
components

Surface float 13.6% Medium
Vertical column 14.6% Medium
Reaction plate 16.6% Medium

Device access (railings, ladders etc.) 0.9% High

Power
take-off

Generator 0.5% Medium
Hydraulic components 2.5% High

Hydraulic energy storage 0.6% High
Frequency converter 0.5% Medium
Step-up transformer 1.1% High

Riser cable/umbilical 2.3% Medium
Control system 0.1% Low

Bearings and linear guides 1.7% High
Assembly, testing and QA 1.1% Medium

PTO mounting 0.1% High
Other 0.1% Medium

Subsystem integration 5.6% Medium

Installation

Transport to staging site 0.8% High
Cable shore landing 0.4% High

Mooring/Foundation system 2.8% Medium
Cable installation 1.9% Medium

Device installation 1.9% Low
Device commissioning 1.9% Low

Contingency (direct % of total CAPEX) 9.1% N/A

Operations and maintenance 4% (annual) Low

3.4. Case Studies Summary

The data has been summarised between the three technologies within nine cost cate-
gories: development and insurance; electrical infrastructure; mooring/foundation; device
structural components; power take-off; subsystem integration; installation; contingency;
and operations and maintenance. It can be seen from Tables 4, 6 and 8 that the commercial
scale cost breakdown data differs considerably between technologies, both in terms of the
detail provided in the cost breakdown and the proportional share of costs. Figure 4 further
illustrates this, showing the commercial scale cost centre breakdown with respect to the
eight cost centres associated to CAPEX.

It should be noted that the breakdown between technologies is not completely consis-
tent between the case studies in the source data, as separate data sources have been used for
each technology. For example, the costs associated with the offshore wind turbine within
the floating offshore wind case combine the floater, the tower and turbine to represent
the ‘device structural components’, with no separation of the power take-off components.
Additional granularity within the cost breakdown was not required in this case as the
offshore wind turbine as a whole (including both tower and turbine) was assumed to be
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a relatively mature technology in its own right. Similarly for the tidal stream case, the
monopile is included within the device structural components, as a single monopile is
used as both the device anchor and for the device structure. These combined cost-centre
allocations are illustrated by hatched bars in Figure 4.
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4. Results

The following subsections summarise the results from each of the case studies outlined
in Section 3, where the methodology detailed in Section 2 has been applied in order to
calculate current cost thresholds from the SET-Plan future LCOE targets for 2030. The final
subsection summarises and compares the results between the three technologies. The data
presented in the results figures is tabulated in the supplementary materials provided.

4.1. Floating Offshore Wind

The early-stage technology cost breakdowns calculated for floating offshore wind are
shown in Figure 5, alongside the commercial cost requirements to meet the SET-Plan target
of 90 €/MWh. Costs are shown per MW of capacity. Starting from the commercial-stage
CAPEX requirement of 2 €M/MW, the early-stage CAPEX ranges from 2.5 €M/MW to
5.2 €M/MW depending on the assumed learning rates. Similarly, from a commercial-
stage discounted lifetime OPEX requirement of 0.6 €M/MW the early-stage OPEX ranges
from 0.8 €M/MW to 1.8 €M/MW. The cost centres with the highest expected cost reduc-
tions between the early-stage and the commercial-stage cost breakdowns are the moor-
ing/foundation (costs reduce by 66%), device structural components and power take-off
(64%), and O&M (66%). This is due to the lower maturity levels (and thus higher learning
rates) associated with mooring/foundation systems, floatation structures and O&M.
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Figure 5. Results per cost centre for floating offshore wind commercial-stage and early-stage CAPEX.
Note that some subsystems are combined, shown by hatched bars.

4.2. Tidal Stream

The early-stage cost breakdowns calculated for the tidal stream case study are shown
in Figure 6 alongside the commercial-stage cost requirements to meet the SET-Plan target
of 100 €/MWh. Costs are shown per MW of capacity. The early-stage CAPEX ranges
from 2.6 €M/MW to 6.9 €M/MW, derived from a commercial-stage CAPEX requirement
of 1.9 €M/MW. The discounted early-stage lifetime OPEX ranges from 1.5 €M/MW to
4.3 €M/MW, from a commercial-stage lifetime OPEX requirement of 0.6 €M/MW. The
cost centres with the highest expected cost reduction between the early-stage and the
commercial-stage cost breakdowns were O&M (costs reduce by 87%), installation (81%)
and subsystem integration (77%). This is due to lower maturity levels, and thus higher
learning rates, in marine operations and subsystem integration.
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some subsystems are combined, shown by hatched bars.

4.3. Wave

The early-stage cost breakdowns calculated for the wave energy case study are shown
in Figure 7 alongside the commercial-stage cost requirements to meet the SET-Plan target
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of 150 €/MWh. Costs are shown per MW of capacity. The early-stage CAPEX ranges from
3.6 €M/MW to 8.3 €M/MW, from a commercial-stage CAPEX requirement of 2.5 €M/MW.
The discounted early-stage lifetime OPEX ranges from 1.7 €M/MW to 4.1 €M/MW, from
a commercial-stage lifetime OPEX requirement of 0.7 €M/MW. The cost centres with
the highest expected cost reductions between the early-stage and the commercial-stage
cost breakdowns are O&M (cost reduce by 82%), installation (76%), device structural
components (71%) and subsystem integration (71%). This is due to lower maturity levels,
and thus higher learning rates, in marine operations, novel wave energy device concepts
and subsystem integration.
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4.4. Technology Comparison

The calculation of early-stage target costs for three different ORE technologies allows
for a comparison of the results between technologies. Figure 8 shows the commercial-stage
and early-stage cost requirements for the central LR scenario for each of these technologies.
The total costs and cost breakdown differ considerably for the different technologies, which
reflects the difference in components and services required as well as the difference in
maturity level of each of the three technologies. For example, the total cost permissible
for early-stage wave is 1.6 times the total cost for early-stage floating wind in the central
LR scenario.

Interesting insights are gained when comparing the commercial-stage target costs
for the three technologies, shown in Table 9. The total CAPEX and lifetime OPEX for the
floating offshore wind array are slightly higher than the equivalent costs for the tidal stream
array, even though the cost target of 90 €/MWh for floating offshore wind is less than the
cost target of 100 €/MWh for tidal stream. This is because of the difference in capacity
factors assumed for these technologies, which are 44% for floating offshore wind and 39%
for tidal stream. However, the early-stage cost threshold values calculated for floating
offshore wind are lower than those for tidal stream, as shown in Table 10. This is due to
the cost centre maturity assumptions resulting in higher maturity levels, and thus, lower
learning rates being applied to floating offshore wind cost centres. In other words, since a
lower cost reduction potential is identified for floating offshore wind than for tidal energy
technologies, the early-stage cost of floating offshore wind is expected to be closer to the
target cost.



Energies 2022, 15, 1732 14 of 19Energies 2022, 15, x FOR PEER REVIEW 14 of 20 
 

 

 

Figure 8. Commercial- and early-stage costs for the central LR scenario for each of the three offshore 

renewable technologies. Note that some subsystems are combined, shown by hatched bars. 

Interesting insights are gained when comparing the commercial-stage target costs for 

the three technologies, shown in Table 9. The total CAPEX and lifetime OPEX for the float-

ing offshore wind array are slightly higher than the equivalent costs for the tidal stream 

array, even though the cost target of 90 €/MWh for floating offshore wind is less than the 

cost target of 100 €/MWh for tidal stream. This is because of the difference in capacity 

factors assumed for these technologies, which are 44% for floating offshore wind and 39% 

for tidal stream. However, the early-stage cost threshold values calculated for floating off-

shore wind are lower than those for tidal stream, as shown in Table 10. This is due to the 

cost centre maturity assumptions resulting in higher maturity levels, and thus, lower 

learning rates being applied to floating offshore wind cost centres. In other words, since a 

lower cost reduction potential is identified for floating offshore wind than for tidal energy 

technologies, the early-stage cost of floating offshore wind is expected to be closer to the 

target cost. 

Table 9. Commercial stage target costs per MW for floating offshore wind, tidal stream, and wave 

energy. 

Cost Centre 

Floating Offshore 

Wind (Commer-

cial) 

(€k/MW) 

Tidal Stream 

(Commercial) 

(€k/MW) 

Wave Energy 

(Commercial) 

(€k/MW) 

Development 125.7 60.9 69.8 

Electrical infrastructure 277.3 88.4 109.7 

Mooring/Foundation 45.9 

414.6 

304.2 

Device structural compo-

nents 1097.3 
1139.7 

Power take-off 799.7 264.3 

Subsystem integration n/a 110.0 139.7 

Installation 269.3 224.0 241.9 

Contingency 179.6 178.8 226.9 

Total CAPEX 1995.1 1876.4 2496.2 

O&M (lifetime) 596.1 587.0 745.1 

  

Figure 8. Commercial- and early-stage costs for the central LR scenario for each of the three offshore
renewable technologies. Note that some subsystems are combined, shown by hatched bars.

Table 9. Commercial stage target costs per MW for floating offshore wind, tidal stream, and wave energy.

Cost Centre
Floating Offshore

Wind (Commercial)
(€k/MW)

Tidal Stream
(Commercial)

(€k/MW)

Wave Energy
(Commercial)

(€k/MW)

Development 125.7 60.9 69.8
Electrical infrastructure 277.3 88.4 109.7
Mooring/Foundation 45.9

414.6
304.2

Device structural components
1097.3

1139.7
Power take-off 799.7 264.3

Subsystem integration n/a 110.0 139.7
Installation 269.3 224.0 241.9

Contingency 179.6 178.8 226.9
Total CAPEX 1995.1 1876.4 2496.2

O&M (lifetime) 596.1 587.0 745.1

Table 10. Early-stage target costs per MW for floating offshore wind, tidal stream and wave energy
for the central LR scenario.

Cost Centre
Floating Offshore
Wind (Early-Stage)

(€k/MW)

Tidal Stream
(Early-Stage)

(€k/MW)

Wave Energy
(Early-Stage)

(€k/MW)

Development 176.7 121.7 120.3
Electrical infrastructure 474.8 219.6 204.0
Mooring/Foundation 92.4

757.6
609.0

Device structural components
2104.3

2533.0
Power take-off 1722.8 481.2

Subsystem integration n/a 283.0 312.5
Installation 450.2 694.4 634.8

Contingency 330.2 380.3 490.0
Total CAPEX 3628.6 4179.4 5384.8

O&M (lifetime) 1200.3 2520.5 2580.6

The cost-weighted average learning rates applied to CAPEX in this analysis are shown
in Table 11. Here, the average overall learning rate applied for each of the low, mid and
high learning scenarios has been calculated, weighted by the cost component breakdowns
shown in Tables 4, 6 and 8. It can be seen that, within each of the learning rate scenarios,
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floating offshore wind has the lowest average learning rate and wave energy has the highest
average learning rate, reflecting the comparative maturity of the generation technologies.

Table 11. Cost-weighted average learning rates applied to CAPEX in the analysis.

Learning Rate Scenario Floating Offshore Wind Tidal Stream Wave Energy

−5% LR 2.8% 3.1% 4.3%
Central LR 7.8% 8.1% 9.3%

+5% LR 12.8% 13.1% 14.3%

5. Discussion

This section discusses the case study early-stage target cost results presented in Sec-
tion 4. First, the calculated target costs are benchmarked against typical costs for current
ORE arrays. Secondly, the limitations and uncertainties associated with the calculation
methodology and case study results are discussed.

5.1. Comparison with Existing Devices

To demonstrate how the methodology could be used to judge how on-track the selected
ORE technologies are to meeting long-term cost targets, we can compare the early-stage
cost target results from Section 4 with current cost breakdowns for floating offshore wind,
tidal stream and wave energy devices. To do this, ‘typical costs’ for small scale floating
offshore wind, tidal stream and wave energy projects in 2020 have been taken from an
Ocean Power Innovation Network value chain study by BVG associates [26] and compared
with the central LR scenario early-stage results for each technology in Table 12. The central
LR scenario has been selected purely to demonstrate how this methodology can be used to
benchmark calculated target costs against published current cost figures. It can be seen in
Table 12 that the BVGA figures are higher than the estimated thresholds for all wave energy
cost centres, and many of the tidal stream and floating offshore wind cost centres, resulting
in a negative percentage change. This indicates that if the costs estimated by BVGA are
representative of early-stage projects of these technologies, then further innovation is still
required for each of these technologies beyond the innovation assumed to be implicit within
the cost-centre-specific learning rates to achieve the SET-Plan targets in 2030.

Interestingly, the +5% LR cost target results, tabulated in the supplementary materials,
are greater than the BVGA figures across all cost centres for the floating offshore wind and
tidal stream technologies. The +5% LR wave cost target results remain lower than the BVGA
figures, however. These results indicate that for the case studies undertaken, wave energy
devices could still require significant innovations across almost all components and services,
while tidal stream and floating offshore wind technologies require to undertake innovative
activities to ensure slightly higher learning rates than those assumed in the central LR
scenario. In these latter cases, initial pointers of potential focus areas for innovation
activities can also be derived from these figures, for example within the device structural
components and the mooring and foundations. The percentage difference in terms of Total
CAPEX is also shown in Table 12, to allow for a comparison of the technology as a whole
alongside the individual cost centres.

It should be noted that the early-stage cost results derived in Section 4 are based on
three specific technology case studies, selected to demonstrate the methodology outlined
in Section 2 using publicly available cost data. The specific technology cost assumptions
allocated to each cost centre may not be completely consistent between these case stud-
ies and the BVGA cost estimates for current projects. This should be considered when
using this methodology to identify specific hotspots in terms of innovation requirements.
Ideally, when benchmarking current cost target results to produce recommendations for
innovation requirements, these would be based on future and current deployments of the
same technology.
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Table 12. Percentage change between early-stage cost results (central LR) and BVG associates ‘typical
costs’ for small-scale projects in 2020. Negative figures indicate where BVGA 2020 figures are higher
than the early-stage thresholds calculated.

Cost Centre Floating Offshore Wind Tidal Stream Wave

Development −12% −51% −60%
Electrical infrastructure 36% −27% −42%

Mooring/foundation

−24%
−20%

−47%
Device structural components

−33%Power take-off
0.3%Subsystem integration

Installation 29% 40% −37%
Contingency −13% −5% −42%
Total CAPEX −12% −8% −41%

O&M (annual) 28% 25% −14%

5.2. Limitations and Uncertainties

As with any study, there are limitations and uncertainties associated with the presented
methodology and its application within this study. The case study assumptions have been
detailed in Section 3, and the analysis from Section 4 can be extended to explore the
sensitivity of the output early-stage cost thresholds to some of these assumptions.

A key assumption is the array CAPEX cost centre breakdown, shown in Tables 4, 6 and 8.
These cost breakdowns are specific to certain devices: the Sandia National Laboratory
RM1 and RM3 models and the Hywind demonstration technology. The input data have
been scaled up to represent large-scale array costs in terms of infrastructure and marine
operations, but they will not represent the cost breakdowns of all future offshore renewable
energy arrays. ORE technology development could take a range of different forms by 2030.
For example, the Hywind technology design involves a spar buoy floatation system, but
there are many competing floatation systems currently under research and development.
Similarly, the RM1 and RM3 models represent specific tidal stream and wave energy
devices, a twin nacelle bottom-fixed tidal stream design and a steel point-absorber WEC
design. There have been many device and array demonstration deployments of wave and
tidal technologies in recent years using radically different device designs, which could have
very different cost-centre breakdowns. As such, the results presented within this study
are not intended to indicate the innovation requirements of the sector as a whole, but to
present a methodology which can be applied by technology developers and technology
funders to indicate technology-specific innovation requirements.

Figure 9 shows the sensitivity of the early-stage floating offshore wind cost results
for the central LR scenario to five calculation inputs: learning rates, capacity factor, OPEX-
to-CAPEX ratio, installed capacity to reach the SET-Plan target and discount factor. It
can be seen that the results are most sensitive to capacity factor assumptions followed
by the assumptions on discount factors and learning rates. The results are considerably
less sensitive to the OPEX-to-CAPEX ratio and installed capacity assumptions. Similar
sensitivity analysis has been applied to the tidal stream and wave energy case studies, and
the results have been found to be consistent with the floating offshore wind sensitivity
presented here.

It is also important to consider where the highest uncertainties exist within the input
cost data. There are particularly high uncertainties associated with operational expenditures
for all offshore renewable technologies included in this study. Due to the relatively nascent
stage of development, there is very little real-sea operational data spanning multiple years
of operation. As such, many studies tend to quantify OPEX as a percentage of CAPEX
rather than calculate the costs associated with marine operations in detail [27,28]. Some
computational models and tools have been developed to conduct more detailed modelling
of operational costs, accounting for component reliability and waiting times based on vessel
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operational limits [29–31]. Without the long-term data required to validate such models,
however, such costs cannot be verified.
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6. Conclusions

This work has presented a methodology to investigate the current early-stage cost
requirements to reach the Strategic Energy Technology (SET) Plan LCOE targets for 2030
for floating offshore wind, tidal stream and wave energy devices. The innovation and
development requirements to reach these SET-Plan LCOE targets have been found to differ
considerably between these three technologies, due to their different physical compositions,
cost centre breakdowns, and technology maturity levels.

The case studies presented within this work use commercial-scale cost inputs from
the Sandia Laboratories Reference Models Project for wave and tidal and the Hywind
demonstration project for floating offshore wind. The methodology presented applies
component-based learning rates to produce the cost thresholds for current deployments,
if the SET-Plan targets are to be met. The comparison with ‘typical costs’ of current
projects in 2020 highlights where innovation and cost reduction still need to take place.
The findings from these case studies indicate that the floating offshore wind and tidal
stream technologies represented are largely on track to meet future cost targets if the
technologies achieve slightly more ambitious learning rates and deployment levels than
the central assumptions included in our analysis. Innovative step-changes are still implicit
within these ambitious learning rates and as such, the case study results indicate that these
technologies still require funding for research, development and demonstration activities.
In addition to R&D funding, market-pull mechanisms will be required to allow these
technologies to meet the deployment necessary to achieve this long-term cost reduction.

Wave energy technology, however, requires significant further innovation to meet
long-term target costs due to its lower maturity level and lack of convergence on device
design. The wave energy case study presented here indicates that an innovative step
change is required across all cost centres, resulting in cost reduction exceeding the more
ambitious learning rate assumptions within this study, if the long-term cost targets are to
be met. This finding highlights the importance of further focused innovation funding for
wave energy, for example through the Wave Energy Scotland [32] and EuropeWave [33]
programmes. This focused innovation funding can be supported by innovation studies and
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roadmaps, so long as the recommendations are evidence-based and taken up consistently
by funding providers.

This work is intended to illustrate a methodology which can be used to identify
innovation requirements for early-stage renewable energy technologies. It can be utilised
by researchers, technology developers and funding providers looking to benchmark current
technologies against early-stage technology requirements and justify further innovative
research with the purpose of reducing technology costs. It could be of particular use to
indicate the merit of specific emerging technologies to funding bodies and to facilitate
decision making for future funding calls based on the technologies which are most on
track to meet long term cost reduction targets. Future work could include applying this
methodology to current offshore renewable energy demonstration projects, to analyse the
innovation requirements of existing devices in meeting long term cost reduction targets.
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www.mdpi.com/article/10.3390/en15051732/s1, Table S1: Results per cost centre for floating offshore
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centre for wave energy, commercial- and early-stage costs and percentage change.
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