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Abstract: There is a need for increased renewable energy to meet net-zero targets and decarbonise
the economy. Harnessing the predictable power of the tides with tidal stream turbines can contribute
to this. Tidal energy is a nascent technology with higher costs at present. However, cost reductions
have been observed with an increased deployment in other renewable energy technologies that
have received financial support, and it is postulated that similar will happen with tidal energy. The
first tidal stream projects have been awarded market support in the UK through the Contracts for
Difference (CfD) scheme, with almost 100 MW expected to be commissioned by 2028. This work uses
learning rates to investigate how much investment in ongoing market support might be needed to
achieve cost reductions through subsidised deployment alongside research and innovation. Using a
range of informed ‘what if?’ scenarios, it shows sensitivity to key inputs. The results show that the
support needed is most sensitive to the learning rate, reducing it from 15% to 12.5% or 10% doubles
or more than quadruples the investment required, respectively. The support is also highly dependent
on the starting cost from which learning occurs, taken as the CfD Strike Price in 2025. Varying this
between 156 and 220 GBP/MWh results in total investment of GBP 6.7 and 22.3 bn, respectively.
Most importantly, a balance is needed between subsidising deployment to drive down costs through
learning and funding innovation to maintain a high learning rate.

Keywords: tidal energy; cost reduction; learning rate; market support; funding required

1. Introduction

In 2019, the UK government committed to a legally binding 100% reduction in green-
house gas emissions by 2050, compared to a baseline of 1990 levels [1], becoming the first
G7 nation to do so. Thus, the UK established itself as a leading nation internationally
with regards to climate action. In the intervening years, the UK has been increasingly
urged to place the deployment of renewable energy technologies at the centre of its plans
for national development [2]. It is becoming increasingly clear that the ongoing energy
transition represents a significant opportunity for economic growth, the provision of jobs
that fulfil a just transition, energy security and, above all, the ability to significantly respond
to the climate crisis.

Achieving these ambitious targets will not be simple, and as outlined by the UK’s
Net Zero Strategy (Build Back Greener) [3], the UK Government’s primary climate change
policy document, it will require nothing less than the transformation of every sector of
the economy. With the electricity and fuel supply sectors collectively contributing more
than 18% of UK emissions in 2022 [4], the mass deployment of a range of renewable energy
energy sources is a key step towards achieving Net Zero. While the role of wind as the
backbone of the future UK energy system is well understood [5], there are a number of
more nascent technologies that, given the right support, have an important role to play.

In addition to plentiful wind resources, the UK has a significant tidal resource which,
unlike other variable renewable energy technologies, is predictable years in advance,
albeit with a cyclical nature [6]. Tidal power can be captured using barrages/lagoons that
impound the rising and falling tides (tidal range) or using free-stream turbines that capture
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the movement of the tides (tidal stream), the latter of which is considered in this work.
Recent studies suggest that there could be around 11 GW of exploitable tidal stream energy
around the UK coast [6,7]. For context, this is about 3.0–3.9% of the total installed capacity
projected by the National Grid Electricity System Operator in 2050 accounting for increased
electrification of heating and transport, etc. [5]. The projected future electricity mix for
2030–2050 is shown in Table 1. In addition to being predictable, the tidal resource is also
temporally offset from other renewable resources, thus offering potential system benefits
as part of a diverse generation mix (e.g., [8–13]).

Table 1. Projected installed capacity for different generation technologies in Great Britain [14].

2022 2030 2040 2050

Interconnectors 7.4 11.7–17.5 15.9–25.4 15.9–26.8
Biomass 4.4 3.5–4.8 0.8–3.4 0.2–4.0
Bioenergy with Carbon Capture and Storage 0.0 0.0–0.6 2.2–8.8 2.2–8.8
Nuclear 6.1 4.6–4.6 9.1–11.4 9.8–15.9
Hydrogen 0.0 0.0–1.4 0.0–16.0 4.2–22.6
Fossil fuel 42.3 23.0–47.9 0.0–42.6 0.0–37.8
Gas with Carbon Capture and Storage 0.0 0.0–1.8 3.3–13.2 3.3–21.3
Solar 14.0 18.7–41.4 30.7–71.3 42.7–91.2
Offshore Wind 13.4 31.5–48.4 64.3–96.8 77.6–115.0
Onshore Wind 13.6 20.0–28.8 26.8–38.7 28.3–44.4
Other Renewables † 5.2 5.9–6.4 5.6–6.9 6.1–12.8
Storage 5.3 13.4–29.0 18.1–45.6 21.7–52.1

Total Installed capacity 111.7 158.7–206.7 231.2–320.5 280.8–369.3

Peak System Demand 57.7 62.8–68.5 62.8–68.5 97.5–114.2
† other renewables includes the tidal stream; however this projection by the National Grid assumes a lower
installed capacity than in the rest of this paper.

The UK is a global leader in both developing tidal stream technology and the pipeline
of future projects, but several other countries are also developing technologies and projects
or have ambitions to [15,16]. The IRENA ocean energy database has 2.45 GW of future
projects in 15 countries and notes that other countries are actively developing tidal stream
technologies [15]. Of the 22 member countries in the International Energy Agency’s tech-
nology collaboration programme on Ocean Energy Systems (OES), almost all have some
form of national strategy for ocean energy, and 14 of these have one or more market incen-
tives [17]. Globally, OES reports that 12.6 MW of the tidal stream is currently operational in
member countries, with 81 MW awarded and under construction [17].

Many different devices have been developed and tested to harness tidal stream energy;
the European Marine Energy Centre alone lists 15 tidal clients in its 20 years of operation,
the majority of whom have developed multiple iterations of their technology [18]. Various
types of tidal energy technologies have been developed, including horizontal and vertical
axis turbines, tidal kites, and Archimedes screws, with technology readiness levels (TRLs)
of 5–8 [15]. The first tidal stream arrays were installed in the UK in 2016/17 and have been
operating since the MeyGen project in the Pentland Firth and Nova Innovation’s Shetland
Tidal Array [19] (p. 130). A ringfence for tidal stream projects was introduced in the UK’s
Contracts for Difference (CfD) market support mechanism for allocation round 4 in 2022,
which resulted in four contracts totalling 40.8 MW being awarded [20]. The following year,
a further 11 contracts totalling 53 MW were awarded [21], giving a pipeline for around
100 MW of tidal stream energy to be operational in the UK by 2028.

Despite significant progress in recent decades, tidal stream is still a nascent technology
with a relatively high cost of energy at present; although, this is predicted to reduce over
time. Cost reductions can occur through learning by doing, incrementally improving
a technology as more are developed; they can also result from focused research and
innovation. Many studies over the years have modelled cost reduction trajectories for tidal
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stream or for ocean energy more broadly; however, only a few have calculated the costs of
supporting this. Key studies are summarised below with further background in Section 2.

A study by the Carbon Trust [22] as part of the Marine Energy Accelerator looked at
potential cost reductions based on input from innovators and consultants. It considered
different subsystem improvements to develop cost reduction pathways for wave and tidal
stream to 2050. A related study estimating the UK resources by Black & Veatch Ltd. [23]
used learning rates for tidal energy of 8–16% together with a step-change cost reduction
for second generation technologies. The ORE Catapult [24] used an approach based on
learning rates for capital and operational costs (CAPEX and OPEX), plus reductions in the
cost of capital as the sector matures. This was updated within the TIGER (Tidal Stream
Industry Energiser) project; Frost [25] developed a cost reduction pathway of tidal stream
energy in the UK and France that used industry input to forecast deployments and a
range of levelised cost of electricity (LCOE) from 2023 to 2035. However, none of these
studies calculated the total amount of subsidy required to support these deployments and
cost reductions.

An earlier study by the Carbon Trust [26] did consider the amount and cost of sub-
sidised deployment required; however, the methodology used to calculate this is not stated,
and the assumptions used are now slightly dated. A sensitivity analysis of the ‘learning
investment’ (analogous to the subsidy required) was presented by MacGillivray et al. [27];
although, this only considered CAPEX, given the uncertainty in the project lifetime consid-
erations required to calculate LCOE. Kerr et al. [28] focused on the impact step-change cost
reductions from radical innovation could have on the costs of commercialising a technology
such as wave energy, showing that high starting costs and low learning rates may lead
to an infeasibly large investment required to drive costs down through learning by doing
alone. A wider range of scenarios and other considerations were included in related work
within the DTOceanPlus (Advanced Design Tools for Ocean Energy Systems Innovation,
Development and Deployment) project [29].

Our current work builds on these with the following novelty. It focuses in on an
individual country, considering the detailed policies and market funding mechanisms of
the UK renewable electricity market. For this, it uses real data from industry auctions to
show what the cost to the UK Treasury might be in supporting commercialisation and cost-
reduction of tidal stream energy in the UK. Results are presented as total amounts but also
highlight how the annual investment required may vary over time. It includes scenarios to
quantify recent supply chain cost increases experienced across the wider renewable energy
sector, and what this might mean for the investment required for tidal energy. While a case
study of tidal stream energy in the UK is presented, the methodology developed and used
could also be applied to other countries/markets or technologies, and the overall findings
are more widely applicable to these.

The remainder of this article is structured as follows: Relevant background is presented
in Section 2, followed by the methodology and model inputs in Section 3. Section 4 presents
the results and sensitivities to the input parameters, together with a discussion of what
these mean. Finally, conclusions are offered in Section 5.

2. Background

Before introducing the methodology used in this work, requisite background is pre-
sented on four areas. Firstly, the historical growth in deployment observed for renewable
technologies and what this might mean for tidal stream in the UK. Then, further back-
ground on modelling technology cost reductions and learning investment using learning
rates is presented, followed by historical learning rates observed for other technologies.
Finally, details are given on UK electricity market subsidy.

2.1. Growth in Renewable Energy Deployment

As discussed by Hansen et al. [30], the temporal change in many systems can be
described by a logistic or sigmoidal function, characterised by exponential growth up to a
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limiting factor then the rate of growth slows as capacity asymptotically approaches a limit.
They show that this can also describe the deployment of renewable energy technologies.

This exponential growth in deployed capacity has been observed in renewable energy
technologies. Both onshore and offshore wind expanded from 10 MW–10 GW over a period
of around 20 years in Europe, as shown in Figure 1. A similar pattern could happen with the
tidal stream, when considering historical deployments and planned projects [25], together
with industry targets [31,32]. Solar PV experienced even faster growth in deployment
between 2000 and 2012, but as discussed in Section 2.3, this may not be a good proxy for
marine energy, given that billions of individual small-scale solar panels were installed.
Other renewable energy technologies have not shown such sustained rapid growth.

Figure 1. Historical growth and future estimates of European deployment of renewable technologies
(EU27+UK), solar PV, onshore and offshore wind data [33–37]. Tidal stream shows historical deploy-
ments and known projects [25], plus a plausible growth scenario reaching 20–40 GW by 2050 [32].
Figure adapted from [32].

2.2. Modelling Cost Reductions and Learning Investment Using Learning Rates

Cost reductions with increasing production have been observed in many sectors, and
these can be characterised by experience/learning curves and learning rates, as outlined by
many studies (e.g., [38–41]). Following the approach of Ferioli et al. [38], a mathematical
relationship can be developed linking costs C and cumulative production x, Equation (1)

C(xt) = C(x0)

(
xt

x0

)−b
(1)

where b is a positive learning parameter, xt is the cumulative production and C(xt) the
corresponding cost at time t, and C(x0), x0 are the cost and cumulative production, respec-
tively, at some arbitrary starting point, often taken as the current level. The learning rate
LR, which is the relative (percentage) cost reduction after each doubling in cumulative
production, is then given by Equation (2)

LR = 1 − 2−b (2)

where 2−b may sometimes be referred to as the ‘Progress Ratio’.
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The ‘learning investment’ can be defined as the additional cost required above that of
a cheaper incumbent technology (or an average market price), which is proportional to the
area between the two learning curves, shown in Figure 2.

Figure 2. Graphical illustration of the learning investment required to reach a breakeven cost level Cb.
Shown on log–log axis. Adapted from [38].

In renewable energy applications, learning curves can be established between pa-
rameters such as cumulative experience, production (units, MW), deployment (MW), or
generation (MWh), and costs expressed as total or CAPEX (GBP, GBP/MW) or as LCOE
(GBP/MWh). When calculating learning investment, care must be taken that the units
are consistent, noting that the market subsidy is usually paid on energy generated (in
GBP/MWh).

Where historical data are available a trend can be fitted and a learning rate deter-
mined from this, as discussed in the following Section 2.3; however, it may require several
doublings in capacity to accurately determine these.

It is noted that the single factor learning rate used in the modelling is a proxy for
multiple sources of cost reduction that may occur alongside increased deployment, as set
out in [28]; these include

• Learning by searching—improvements through research and development;
• Learning by doing and learning by using—improvements in product manufacturing

mechanisms, labour efficiency, etc.;
• Learning by interacting—improvements in network interactions between research

institutes, industry, end users, policy makers, etc., that improve knowledge diffusion;
• Upsizing/downsizing—changing the technology scale may reduce specific costs;
• Economies of scale—product standardisation and upscaling of production facilities.

2.3. Historical Learning Rates for Other Renewable Energy Technologies

Historical cost reduction depends significantly on the scope of the assessment, the
timing, technology status, and the supporting policies in place. A selection of learning rates
from different sources is shown here to give context to the values used in this work. While
these cannot be used to predict what will happen in future, they have been used to guide
reasonable assumptions of what could happen with suitable support policies.

The learning rate can be for unit capital expenditure (i.e., CAPEX, GBP/MW), or for
generation cost (i.e., cost of energy, GBP/MWh). CAPEX-based LR are typically lower,
as they do not include learning over the lifetime of the projects, e.g., on operations and
maintenance (O&M). Global LCOE learning rates for renewable generation have been
calculated from IRENA data [42,43] for two time periods, 2010–2019 and 2010–2022. The
latter period is shown in Figure 3, with learning rates of 7–43%, although noting that costs
for hydropower (a mature technology) actually increased over this period giving a negative
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LR. Some technologies, such as solar photovoltaic (PV), show a clear trend illustrated by a
high R2 coefficient of determination, whereas others like geothermal are less clear.

Figure 3. Estimated global learning rates (%), trend equations and coefficient of determination (R2)
for selected renewable technologies. Data from IRENA [43]. CSP: Concentrating solar power.

It is important to note that a wide range of learning rates has been observed for various
technologies, in a range of countries and timescales, and that suitable innovation funding
must be available to achieve these higher learning rates. An influential review paper by
Rubin et al. [44], on learning rates for electricity supply technologies, summarised single
factor learning rates for various technologies. These have varying temporal and geographic
scope (mostly Europe and North America); some of the reported studies are CAPEX-based
LR. The ranges of LR found are listed in Table 2, along with specific cases from that paper
and other studies.

A more recent review paper from 2020 focused on CAPEX-based LR for various
low-carbon technologies [45]. These were classified into three types by degree of design
complexity (simple, design-intensive, complex) and need for customisation (standardised,
mass-customised, customised), with wind turbines and concentrating solar power in the
middle of both classifications. Tidal stream and wave energy would also fit into this ‘type
2’ class. Furthermore, in type 2, rooftop solar PV balance of supply is considered simpler,
while electric vehicles are more standardised. Type 1, mass-produced products such as
solar PV modules may not be a good reference case for tidal, nor would more complex
type-3 technologies, such as gas and nuclear power plants. The ranges of learning rates
from this review paper for types 1 and 2 are shown in Figure 4.
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Table 2. Range of single factor learning rates from various studies.

Technology Years Scope LR Source

Onshore wind

1979–2010 All studies reviewed, various metrics −11–32% Rubin et al. [44]
1980–1995 Europe, cost of electricity vs. cumulative production 18% IEA [41]
1983–2015 US project cost vs. global installed capacity 6% Samadi [46]
2010–2019 Global, LCOE vs. Installed capacity 24% IRENA [42]
2010–2022 Global, LCOE vs. Installed capacity 43% IRENA [43]

Offshore wind
1985–2001 Both studies reviewed, various 5–19% Rubin et al. [44]
2010–2019 Global, LCOE vs. installed capacity 10% IRENA [42]
2010–2022 Global, LCOE vs. installed capacity 21% IRENA [43]

Solar PV

1959–2011 All studies reviewed, various metrics 10–47% Rubin et al. [44]
1975–2015 Global, module price vs. Installed capacity 22% Samadi [46]
2010–2019 Global, LCOE vs. installed capacity 36% IRENA [42]
2010–2022 Global, LCOE vs. installed capacity 39% IRENA [43]

Biomass † 1976–2005 All studies reviewed, various metrics 0–24% Rubin et al. [44]

Bioenergy 2010–2022 Global, LCOE vs. installed capacity 17% IRENA [43]

Gas turbine 1958–1990 All studies reviewed, various metrics 10–22% Rubin et al. [44]

Concentrating solar power 2010–2019 Global, LCOE vs. installed capacity 23% IRENA [42]
2010–2022 Global, LCOE vs. installed capacity 35% IRENA [43]

Geothermal 2010–2022 Global, LCOE vs. installed capacity 7% IRENA [43]
† For power generation, includes combined heat and power and biodigesters.

Figure 4. Range of estimated CAPEX learning rates for different technologies. For each box, the
quartiles and whiskers cover the full range of values. Individual studies shown by markers: green
circles represent a global scope, purple crosses for country/regional scope. Adapted from [45].

2.4. UK Electricity Market Subsidy

There are many types of market support mechanisms used to support renewable and
low-carbon energy. These include production subsidies such as feed-in tariffs, portfolio
standards such as the Renewable Obligation used in the UK from 2002 to 2017, and
emissions trading schemes such as the EU ETS.

In the UK, the main incentive for new low carbon electricity is the Contracts for
Difference (CfD) scheme. This aims to drive down costs using a reverse auction process
amongst competing developers. The CfD scheme also aims to protect developers from
fluctuating wholesale market prices by offering them a set price for electricity supplied
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over a 15-year contract period. This offers longer term clarity for renewable generation
technologies that have higher up-front costs but no ongoing fuel costs.

Successful developers are paid a fixed ‘Strike Price’ for the electricity they generate,
receiving a top-up when the market price is below this. However, if the market price is
higher they are expected to repay the difference, to avoid undue burden on the consumer.
Note that for the UK CfD scheme, all strike prices are stated in 2012 prices (GBP2012/MWh)
for consistency with previous years, but developers receive an inflation-adjusted amount
linked to the Consumer Prices Index (CPI).

There have been five auctions, or allocation rounds (AR) to date, with the sixth (AR6)
being conducted in 2024. In total, this has seen over 25 GW of contracts awarded, with
nearly 17 GW of offshore wind plus 4 GW each of onshore wind and solar PV. The first
auctions were held approximately two years apart, but since AR4, they have been being
held annually.

In AR4 and AR5, ringfenced budgets of 20 and 10 GBP2023m were set specifically for
tidal stream, allowing developers to bid a higher cost than for other technologies.

For each technology, a maximum bid amount is set before the auction, called the
‘Administrative Strike Price’ (ASP). In AR5, there were no successful bids for offshore wind
projects. Analysis by Regen [47] suggests that the ASP for offshore wind should have been
increased to account for commodity prices and the cost of capital rising above the CPI,
which the industry warned about beforehand.

3. Methodology

This work uses a series of informed ‘what if?’ scenarios to illustrate what the cost to
the UK Treasury might be in supporting the commercialisation and cost reduction of tidal
stream energy in the UK. The scenario analysis investigates key parameters (with credible
ranges of model inputs) to show what most influences the overall investment required (the
model output).

The projected reduction in costs of tidal stream technology is modelled using the
CfD Strike Price for each annual auction, as a proxy for LCOE which is more difficult to
quantify. This is modelled using a single-factor learning rate, with an assumed percentage
cost-reduction for every doubling in deployed capacity. It is postulated that the CfD Strike
Price reduces by the learning rate in AR8 and beyond (i.e., after 2025). Strike Prices for
AR4–AR7 are thus inputs to the model. The total CfD subsidy required is then the difference
between the Strike Price and the electricity wholesale market price for the total tidal power
generated over the 15-year lifetime of the support mechanism.

All electricity costs—i.e., the wholesale market price, Strike Prices, and LCOE—are
presented throughout in 2012 values (GBP2012/MWh), as per the CfD. The AR4 and AR5
Strike Prices are as published in GBP2012/MWh. The wholesale market price is deflated
from the source GBP2022/MWh to GBP2012/MWh using published ONS GDP data [48], as
per note 8 in the source guidance [49]. The annual and total subsidy calculated is inflated
to current day (GBP2023m or GBP2023bn), using the latest ONS CPI data available during
the analysis (to Oct. 2023) [50].

The following sections set out in more detail the model inputs and assumptions
including the deployment trajectory and then the calculation of cost reductions and total
market support.

3.1. Model Inputs and Assumptions
3.1.1. Deployment Trajectory

There is the potential in the UK to deploy at least 6 GW each of tidal stream and
wave energy by 2050, according to results from an Energy Systems Modelling Environment
(ESME) run by the Energy Systems Catapult (ESC) [51]. The 2050 ESME results present
an energy mix for the GB grid, based on the ESC 96% Further Ambition (FA96) scenario,
which in turn is aligned to the Committee on Climate Change (CCC) Further Ambition
position defined in their Net Zero technical report [52] and used in the ESC’s Innovating to
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Net Zero analysis [53]. Within this, it is assumed that wave and tidal stream meet the 2030
SET Plan LCOE targets [54].

We assume that a similar rapid growth is observed for tidal stream in the UK as
has been observed in onshore and offshore wind in Europe, see Section 2.1. This is not
a prediction of what will happen, but an ambitious scenario of what could happen to
estimate the funding required to enable this. Changing the deployment rate does not have
a significant impact on the total investment required, since the cost reduction is based
on learning from cumulative deployment. A slower deployment rate will obviously take
longer to get to cost parity and thus will not contribute as much to decarbonisation and
net-zero targets. It will have a reduced annual investment, but the investment is spread
over a longer period.

A deployment trajectory was developed for this work assuming a compound annual
growth rate (CAGR) in each allocation round auction to meet three defined points:

• A total of 10 MW in 2023, representing the existing deployment of tidal-stream energy
in UK waters [25].

• A total of 0.9 GW in 2035, based on the UK Marine Energy Council’s ask for a target of
1 GW of ocean energy by 2035, assuming the majority of this will be from tidal stream,
with the remainder coming from wave energy deployments.

• Around 6.2 GW in 2050, based on ESME modelling by ESC summarised above with
further detail in [51].

The trajectory is included as Table S1 and reaches 0.840 GW in 2035 and 1.055 GW by 2036.
The deployment is assumed to occur in a phased manner, 3–5 years after the AR

auction. This is based on the AR4 auction in 2022 resulting in deployments scheduled for
2025/2026 and 2026/2027. It is likely that deployments will be towards the end of this
period, so our modelling assumes the following split: 15% in year 3, 35% in year 4, and the
remaining 50% in year 5.

The high initial growth rate is from the deployment of projects awarded in AR4 and
AR5, after a period of limited deployment and no previous CfD awards. The deployment
trajectory used in this work is also consistent with the UK deployment forecast in the recent
TIGER project cost reduction study [25]. Continued CAGR of 5% after 2050 was assumed
for consistency, even though for some scenarios, this resulted in >11 GW of deployment,
which may exceed the technically/economically viable resource in the UK.

3.1.2. Cost Reduction Inputs, Baseline Assumptions, and Sensitivity Ranges

A range of plausible input values have been used in the modelling as discussed in this
section. These include the CfD Strike Prices for the first four years, the learning rates, and
the electricity wholesale market price.

As noted above, the Strike Prices for AR4–AR7 are inputs to the model, values con-
sidered are shown in Table 3. The total amount (MW) of contracts awarded in AR6 was
assumed to be the same as AR4, with growth in subsequent auctions to meet the deploy-
ment trajectory in Section 3.1.1. For AR6, the Strike Price is limited by the ASP, with a lower
bound of the AR4 value considered. The lower bound for AR7 was based on an ambitious
cost reduction from AR4, assuming AR5 was a blip. The upper bound of AR7 reflects the
limit to which cost reductions at the learning rates used are possible within the UK tidal
stream resource, as discussed further in the results.

Three main learning rates are used in the analysis, with intermediate values also used
in some cases. These are consistent with other similar studies and historically observed in
other related technologies.

• 10%—a sub-optimal learning rate;
• 15%—a preferred and realistic learning rate;
• 20%—an ambitious learning rate.
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Table 3. Model inputs for CfD allocation rounds 4–7.

Year Round Amount Strike Price(s) Notes
(MW) (GBP2012/MWh)

2022 AR4 40.8 178.54 From 2022 auction results [20]
2023 AR5 53.0 198.00 From 2023 auction results [21]

2024 AR6 40.8 178.54–261.00 Deployment amount as per AR4,
SP range of AR4 SP to AR6 ASP [55]

2025 AR7 51.0 156.00–220.00 Assumed growth in deployment to meet trajec-
tory, and wide range of SP considered

The electricity wholesale market price (WMP) for each year has been taken from
DESNZ ‘2023 Energy and emissions projections 2022–2040’ [49], using the baseload elec-
tricity price. This was extended beyond 2040 using a constant 2040 price in the absence of
other data. Sensitivity to future price rises was explored by a +5% per decade scenario, see
Appendix A. The WMP used is shown in Figure 5.

Figure 5. DESNZ 2023 Energy and emissions projections: electricity wholesale market price deflated
to GBP2012/MWh, with scenarios for 2040 onwards.

3.2. Calculation of Cost Reductions and Total Market Support

Because the CfD allocation round auctions in the UK happen several years ahead of the
deployment, a ‘what if?’ assumption has been made in the modelling, that developers can
predict future cost reductions that are expected to occur through learning from development.
Each future AR Strike Price is therefore set at the LCOE expected at the end of the following
year, assuming perfect knowledge. This will have reduced as a result of learning from the
deployments until that point, e.g., the Strike Price for AR8 in mid-2026 includes the cost
reductions from deployments until the end of 2027, i.e., all of the AR4 contracts, some of
AR5, and a little of AR6, as shown in Figure 6.

The reduction in Strike Price SP as a function of cumulative deployment D is modelled
as Equation (3), where LR is the learning rate, and subscripts R and 0 refer to the allocation
round and base year, respectively.

SPR = SP0

(
DR
D0

)−b
, b = − ln(1 − LR)

ln(2)
(3)

This is equivalent to Equations (1) and (2).
The amount of subsidy required is calculated discretely in the model for each AR

separately. This is paid on the total energy generated for all the deployments in that round
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ER, calculated as Equation (4), where f is a constant load factor of 38.9% as in the CfD
Valuation Formula [55], and h the average number of hours per year, 8766.

ER = DR × f × h (4)

The subsidy for each round is calculated using Equation (5), where MR is the average
electricity wholesale market price (WMP) over the 15-year subsidy period p. Because of the
staggered deployments assumed, MR is a function of the split per year and the WMP over
the period 3–20 years after the AR auction. The total subsidy required to reach cost parity
with the WMP is simply the total for all rounds, Equation (6).

SR = (SPR − MR)× ER × p (5)

Stotal = ∑
R

SR (6)

Figure 6. Illustration of phased deployment 3–5 years after auction with rounds AR4–6 highlighted
in blue shading. Deployments until end of 2027 underlined, which AR8 ‘learns’ from. AR7 baseline
deployment D0 also marked.

4. Results and Discussion

This section presents the modelling results and explores sensitivities to key parameters.
It should be stressed that these are not predictions of what will happen, but scenarios of
what could happen if appropriate policies are put in place. The results first show the
sensitivity to learning rates, then the annual investment required for each round over
time. This is followed by sensitivity to Strike Prices in AR6/AR7 and finally a combined
sensitivity to both AR6/AR7 Strike Price and learning rate.

4.1. Sensitivity to Learning Rate

The impact of the assumed learning rate (LR) on the total investment required is
shown in Figure 7. Reducing the LR from the 15% central case to 12.5% almost doubles
the investment required; reducing it from 15% to just 10% more than quadruples the
investment, highlighting the non-linear impact. Indeed, for this case, with only 10% LR,
there may be insufficient UK tidal resources to deploy enough devices to reach cost parity,
and this would be well after 2050. Increasing the LR to 20% from 15% cuts the investment
nearly by half.
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Figure 7. Sensitivity of total investment to learning rate. * insufficient UK resources and cost parity
after 2050.

4.2. Annual Investment/Cfd Ringfence Required Per Round

This example also uses a baseline scenario where AR6 is a similar price to AR4 at
178.54 GBP2012/MWh, and prices then reduce with learning in AR7 and onwards; see
Section 4.3 for other AR6 and AR7 price scenarios. Assuming the preferred and realistic
learning rate of 15%, the annual investment is around 20–30 GBP2023m per AR for around
10 years, as shown in Figure 8. This then decreases almost linearly over the following
decade, with the final AR around 2041. For the more ambitious 20% LR, the costs and
timescales are reduced, with a maximum annual investment of around 25 GBP2023m and
the final AR of around 2034. However, if the LR is sub-optimal at only 10%, annual costs
could rise to around 50 GBP2023m by the late 2030s and remain unpalatably high for several
decades, not reaching cost parity until around 2070; there may be insufficient UK resources
to achieve this cost reduction through learning from deployment at this low rate.

Figure 8. Annual investment distribution and sensitivity to learning rate. * insufficient UK resources
and cost parity after 2050.
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4.3. Sensitivity to Ar6/Ar7 Strike Price

In this section, a series of scenarios (a–j) are considered with varying Strike Prices for
AR6 and AR7. Prices are then assumed to reduce with learning at 15% from deployment in
AR8 onwards. Results are shown in Figure 9 and Table 4.

• The first two scenarios (a) and (b) assume that AR5 was a blip and that AR6 will be like
AR4 at GBP 178.54/MWh, with a reduction in AR7 to (a) GBP 156/MWh or (b) GBP
160/MWh, resulting in total investment of GBP 6.7bn or GBP 7.3bn, respectively.

• Scenario (c) assumes that AR6 is mid-way between AR4 and AR5 at GBP 188.27/MWh,
and AR7 is GBP 170/MWh, resulting in a total investment of GBP 8.9bn.

• Scenarios (d)–(f) then assume that AR6 is like AR5 at GBP 198.00/MWh, with AR7
reducing to (d) GBP 180/MWh, (e) GBP 190/MWh, or remaining at GBP 198/MWh in
(f). The latter costs about double scenarios (a) or (b).

• Scenario (g) assumes that AR6 takes the Administrative Strike Price of GBP 261/MWh,
but AR7 returns to GBP 198/MWh with prices reducing thereafter. Scenario (j) is a
less extreme example of this with AR6 at GBP 220/MWh.

• Scenarios (h) and (i) assume higher Strike Prices in AR6 and AR7 before cost reductions
occur. These require around three times the base case investment and do not meet cost
parity by 2050.

The modelling shows that the total investment is most sensitive to the Strike Price
in AR7, as this sets the price for all subsequent rounds accounting for learning from
deployment. This can be seen by the minimal difference in total investment between
scenarios (f), (j) and (g) all with AR7 at 198, but have AR6 at 198, 220 and 261 GBP/MWh,
giving a total investment of GBP 15.09bn, GBP 15.16bn and GBP 15.27bn, respectively. If
the AR7 Strike Price is around GBP 220/MWh or higher, costs would need to fall faster
than a 15% learning rate to achieve parity with the wholesale electricity market price within
the estimated UK tidal stream resource of around 11 GW. In summary, if AR6 and AR7
are like AR5 at around GBP 198/MWh, the total investment would be double the baseline
assumption of AR6 having a similar price to AR4. If the Strike Price for AR6 and AR7
increase further to around GBP 220/MWh and we do not see a rapid reduction soon after,
the total investment could be three times the baseline assumptions.

Figure 9. Scenarios (a)–(j) showing sensitivity to AR6 and AR7 Strike Prices, see text for details.
Colours reflect AR6 value. * Does not meet cost parity by 2050, ‡ Insufficient UK resources.
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Table 4. Scenarios (a)–(j) showing sensitivity to AR6 and AR7 Strike Prices, see text for details, with
total investment required and last allocation round before cost parity met. Colours reflect AR6 value.
* Does not meet cost parity by 2050, ‡ Insufficient UK resources.

Scenario AR6 AR7 Total Investment Last AR
(GBP2012/MWh) (GBP2012/MWh) (GBP2023bn) and Year

(a) 178.54 156.00 6.711 AR24, 2042
(b) 178.54 160.00 7.273 AR24, 2042
(c) 188.27 170.00 8.898 AR27, 2045
(d) 198.00 180.00 10.811 AR30, 2048
(e) 198.00 190.00 13.041 AR32, 2050
(f) 198.00 198.00 15.092 AR35, 2053 *
(g) 261.00 198.00 15.272 AR35, 2053 *
(h) 210.00 210.00 18.723 AR38, 2056 *
(i) 220.00 220.00 22.268 AR41, 2059 *‡

(j) 220.00 198.00 15.155 AR35, 2053 *

4.4. Annual Investment/Cfd Ringfence Required for Selected Ar6/Ar7 Strike Prices

The timeseries of annual investment required for selected scenarios (a, c, f, g and i)
is shown in Figure 10, all assuming the baseline 15% learning rate beyond AR7. This also
illustrates the difference between scenarios (f) and (g) which only differ in AR6, but which
have the same annual investment in AR7 onwards.

Figure 10. Annual investment distribution showing sensitivity to AR6 and AR7 Strike Prices for
selected scenarios; see Table 4 for scenario details. Colours reflect AR6 value.

4.5. Sensitivity to Learning Rate and Ar6/Ar7 Strike Price

The sensitivity to the learning rate for selected scenarios of AR6 and AR7 Strike Prices
is shown in Figure 11 and Table 5. The 10% LR is not shown for (f)–(i) as this would be too
extreme. As shown in Table 5, some of the examples shown do not meet cost parity by 2050,
and some exceed the estimated UK tidal stream resource, so it would not be possible to
fully reduce costs at those learning rates through deployment alone. Again, the important
point from this sensitivity analysis is that the learning rate has a more significant impact on
the total investment than the Strike Prices in AR6 and AR7. Therefore sustained innovation
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funding is required alongside market subsidy to achieve high learning rates and faster
cost reductions.

Figure 11. Sensitivity to learning rate (LR) and AR6/AR7 Strike Prices, multiplier for other LR relative
to 15% baseline. Colours reflect AR6 Strike Price, grouped bars show LR in 2.5% increments from
20% (darker) to 10% (lighter). 10% not shown for (f), (g) and (i) as too extreme.

Table 5. Selected scenarios showing sensitivity to learning rate and AR6/AR7 Strike Prices. Colours
reflect AR6 value.

Scenario AR6 AR7 Total Investment (GBP2023bn)
(GBP2012/MWh)(GBP2012/MWh) 20% LR 17.5% LR 15% LR 12.5% LR 10% LR

(a) 178.54 156.00 3.843 4.808 6.711 11.466 * 29.427 *‡

(c) 188.27 170.00 4.638 6.033 8.898 16.644 *‡ 42.135 *‡

(f) 198.00 198.00 6.610 9.225 15.092 * 33.383 *‡ —
(g) 261.00 198.00 6.790 9.405 15.272 * 33.563 *‡ —
(i) 220.00 220.00 8.603 12.605 22.268 *‡ 49.578 *‡ —

* Does not meet cost parity by 2050, ‡ Insufficient UK resources.

4.6. Other Considerations and Limitations

As with all such modelling and analysis, some simplifications and generalisations are
needed, which are discussed here.

It is important to note that this modelling only considers subsidy and deployments in
the UK; however, we live in a global market. Therefore, an implicit assumption is that tidal
stream technology is following a similar cost reduction pathway in the rest of the world.

There is a fixed deployment rate for all scenarios, which is not influenced by the cost re-
duction achieved. In reality, the rate of cost reduction will drive the amount of deployment,
based on the quantity of contracts awarded in the CfD auctions. However, modelling the
cost-reduction using a learning rate approach uses the cumulative deployment as an input.

A single factor learning rate that is constant over time has been used. Approaches
using multi-factor learning rates have been used, but this would significantly complicate
the analysis and results. The focus of this study was instead to explore at a high level the
main factors influencing the total market support needed.

Finally, the CfD scheme is assumed in this work to continue over the next 30–40 years.
The UK Government announced in 2022 a Review of Electricity Market Arrangements
(REMA), which “includes consulting on both the continued evolution and expansion of
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existing schemes, such as . . . Contracts for Difference” [56]. However, it is beyond the scope
of this analysis to consider potential future tweaks and changes to the market support
mechanisms in the UK.

While it is not possible to guarantee that innovation and cost reductions will result from
implementing support policies, not having these policies would definitely lead to lower
innovation. Similarly, uncertainty in these policies will limit their effectiveness. As shown
in this work, lower innovation (expressed as a learning rate) leads to significantly increased
investment required and may also delay the deployment of much needed renewable energy.

5. Conclusions

This work sets out several plausible and informed scenarios of future cost reductions
in UK tidal stream projects, and the corresponding support required through the CfD
mechanism. The amount of ‘market pull’ policy support through subsidising deployment
has been calculated, but in order to achieve the cost reductions suitable ‘technology push’
policies must also be established to facilitate research and innovation.

A UK tidal stream deployment trajectory has been used in the modelling, consistent
with other work. It starts from 10 MW in 2023, reaching 1 GW around 2036, and 6.2 GW
by 2050. Changing this rate does not significantly impact the total subsidy, as the cost-
reduction is based on learning from cumulative deployment. Slower deployment may have
a reduced annual investment but spread over a longer period. It will also not contribute as
much to decarbonisation and net-zero targets.

A baseline learning rate of 15% is used, consistent with other studies and historical
observations from other similar technologies. It is important to note that a very wide range
of learning has been observed in other similar technologies, over differing geographical
temporal scopes, depending on the policies in place. Sensitivity of reducing the LR to 12.5%
or 10% doubles or more than quadruples the investment required, respectively.

Assuming AR6 in 2024 is similar to AR4, in terms of capacity and Strike Price, then
costs reduce through learning at 15% in AR7 onwards, the annual investment for each
allocation round is between 20 and 30 GBP2023m per year over the next decade, then
dropping almost linearly to zero by around 2041. If AR6 and AR7 are both similar to AR5
at around 198 GBP2012/MWh before costs reduce at a 15% LR, then the total investment
would double relative to the base case above. Similarly, with 15% LR and AR6 and AR7
both around 220 GBP2012/MWh, the investment would triple relative to the base case. The
impact of one or two AR with higher Strike Prices is limited, providing that costs then
reduce significantly.

The results are sensitive to the future electricity wholesale market price (WMP), as
this is directly removed from the total investment calculated. Higher WMP would directly
reduce the CfD subsidy required, but this cost would just be transferred to the consumer.

The total subsidy is most affected by the cost reduction pathway which is determined
by the learning rate. A short-term blip in Strike Prices in the next allocation rounds is OK,
provided that costs return to lower levels by AR7 or AR8. A balance is also needed between
subsidising the deployment to drive down costs through learning, and funding innovation
to maintain a high learning rate.
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Abbreviations
The following abbreviations are used in this manuscript:

AR Allocation Round
ASP Administrative Strike Price
CAGR Compound Annual Growth Rate
CAPEX Capital Expenditure
CfD Contract for Difference
CPI Consumer Prices Index
CSP Concentrating Solar Power
DESNZ [UK Government] Department for Energy Security and Net Zero
ESC Energy Systems Catapult
ESME Energy Systems Modelling Environment
GDP Gross Domestic Product
IRENA International Renewable Energy Agency
LCOE Levelised Cost of Energy
LR Learning Rate
ONS Office for National Statistics
OPEX Operational Expenditure
ORE Offshore Renewable Energy
PV Photovoltaic
WMP [Electricity] Wholesale Market Price

Appendix A. Sensitivity to Future Electricity Prices

The modelling is sensitive to future electricity prices; however, it is beyond the scope
of this analysis to consider this in detail, and there is considerable uncertainty especially in
the long term. It is important to remember that the CfD subsidy is for a period of 15 years,
and the deployment is assumed to occur 3–5 years after the auction, therefore the total
subsidy is based on the average electricity price over the period 3–20 years following the
allocation round (AR).

As noted in Section 3.1.2, the electricity wholesale market price for each year is from
DESNZ projections out to 2040. Beyond this, two assumptions have been used: a baseline
of a constant price—scenario (a) in the results—and a sensitivity of a linear 5% increase
per decade.

A shown in Figure A1, the baseline assumption with a constant electricity price results
in a total subsidy of GBP 6.72bn required. However, if electricity prices were to increase
at 5%, the total subsidy would reduce to GBP 6.22bn (7.5% lower). The difference in cost
would be borne by the electricity-bill payers instead.

For scenarios where the AR7 price is higher, and thus the cost reduction takes longer,
the impact of future electricity prices will be more significant. However, the AR7 Strike
Price and particularly the learning rates beyond have a more significant impact on the total
subsidy required.
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Figure A1. Sensitivity to future electricity wholesale market price (WMP), showing bars of annual
investment on left axis, lines of WMP on right axis. First deployments expected to happen in 2025,
last subsidy is 20 years after final AR auction before cost parity is met.
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