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In order to convey this the remainder of this paper is
structued as follows :

Introduction
Since the early 1990s cost reduction and learning rates
have attracted significant interest in technology and
policy analysis. Learning rates (or experience curves)
provide a method of analyzing technical change and
policy measures and have hence found a role in assessing
future technology options for the energy sector.

Section A Provides an overview and discussion of
learning rates and cost reduction to portray the current
state of understanding in this field and how this fits with
marine energy.
Section B Consists of a quantitative analysis of the
potential learning investments required to progress the
sector to a level where it can compete with other
renewable energy technologies.

At present, the UK is believed to be at the forefront of
marine renewable research and development. This
creates a significant opportunity for the UK to lead the
world in these energy technologies and thereby to create
a home and export market (DTI 2004), in addition to
providing low carbon energy. Despite the significant
potential benefits that marine renewables could deliver,
at present wave and tidal energy is not cost competitive
with other forms of energy, hence wave and tidal will
rely on future cost reductions to secure its place in the
UK and international energy portfolios.

Section A: Learning rates and Marine
Energy:
Overview of learning rates theory
The overall concept of learning rates or curves is that
they describe the cost reduction of a technology as a
function of cumulative experience in terms of units
produced and deployed, in other words, they display the
percentage cost reduction that occurs for each cumulative
doubling of capacity. Consequently they can also be used
to provide insight on the learning investments required to
reach a situation where costs break even with
conventional technologies .

The objective of this paper is to enhance the
understanding of, and add clarity to, the potential cost
reductions that could be achieved in marine energy in
combination with assessing how existing learning rate
models fit with this emerging technology. A secondary
but nevertheless important objective is the identification
of the underpinning causal factors that facilitate and
govern future cost reductions, and hence dictate the
overall learning investments for this sector. This will
have the following benefits:
•
•
•

Although there is very little work in this area specific to
marine energy, much of the existing work in this area
utilises single factor learning curves, where cost or often
price is represented as a function of cumulative
experience. It is suggested in work by Jamasb and others
that these single factor learning curves are most suited to

Inform the energy forecasting community
Inform the public and private sector investment
community
Inform policy makers
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mature technologies (Jamasb 2006). Furthermore Jamasb
also suggests that single factor learning curves are not
appropriate for the analysis of nascent technologies,
where the innovation and develpment stage of the
technological process is generally of most interest. He
suggests that instead a two factor leaning curve is more
representative of nascent technologies where the overall
learning or experience is dissected into two main
portions:

Section B: Sensitivity analysis of marine
learning rates
With section A having discussed the concepts of learning
and how they relate to each other, the following section
B will present, explain and discuss the potential learning
investments required to progress the marine energy
sector. This will be done predominantly by displaying a
range of cost sensitivity analysis that have been
performed for this paper and which investigate the
following 4 main areas:

1. Cost reduction and learning attributed to research and
development “Learning by research”, and
2. Cost reduction and learning attributed to
manufacturing or implementing “learning by doing”.

•

An example of a generic two factor learning curve is
displayed in Figure: 1

•
•
•

Learning investments and the factors affecting
them
Analysis of varying the starting capital costs of
marine energy technology
Analysis of varying the cumulative installed
capacity point at which sustained cost
reduction occurs.
Analysis of the effects of varying the value of
the learning rates employed

Note: Throughout this analysis the following criteria
have been utilised:
•

•

Figure 1: Example of a two factor learning rates
From the above discussion it would be sensible to
suggest that the most pertinent learning type discussed
relevant to an emerging technology is the learning by
research. At this early stage of technology development,
marine energy devices are utilising existing “off the shelf
technology” in novel way to progress device design. This
would suggest that in addition to the classical learning by
doing and learning by research models for learning that
there is evidence that learning by identification and
adaptation is occurring in the marine sector which is not
discussed in the existing learning literature. This type of
adaptation is displayed in many of the leading wave and
tidal technologies. For example, Pelamis Wave Power in
their Pelamis1 device, use existing standard hydraulic
components in their power take off but in a very novel
way that has required adaptation. Similarly, Wavegen
have used and adapted wind turbine power control
technology in their LIMPET device2.

•

All analysis is performed using cost per
installed kW capacity rather than pence per kW
hour in order to remove the ambiguity
surrounding operational and maintenance costs
associated with marine energy technology
The target for marine energy is £1500 per
installed kW as this is in line with present
targets cited by the developers during the
consultation process
To avoid any ambiguity surrounding what
values should be used to represent the “normal
cost of energy” all learning investments are
stated as full cost values without removing the
normal investment that would be required
when installing this energy capacity.

1: Learning Investments and the Factors
Affecting Them
A learning investment can be described as the investment
required by a non cost competitive product or service in
order to reduce its cost though learning to make it cost
competitive with competing products or services. Marine
energy is estimated to be in the price range of £2000£4000 per installed kW (Carbon Trust 2006) while
offshore wind, the main competitor/alternative to marine
energy is estimated to be around £1500 per installed kW.
Hence, in this example, in order for marine energy to
compete with other energy sources the learning
investment would be the investment required over and
above the normal cost of energy in order for marine
energy to gain the experience to reduce costs to the level
that it can compete with offshore wind. Figure 2 displays
the concept graphically with the shaded area representing
the learning investment required in order to reduce the

1

The Pelamis Wave Energy Converter is a semisubmerged, articulated structure composed of cylindrical
sections linked by hinged joints. The wave-induced
motion of these joints is resisted by hydraulic rams,
which pump high-pressure fluid through hydraulic
motors via smoothing accumulators.
2
Limpet (Land Installed Marine Powered Energy
Transformer) is a shoreline energy converter sited on the
island of Islay, off Scotland’s west coast. Limpet 500 –
was installed in 2000 and produces power for the
national grid.
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technology costs down to target price or break even/cost
competitive point.

costs will remain constant or even rise during the first
number of deployments in order to gain the initial
experience with a new technology required to facilitate
cost reductions (Risoe 2006). Hence the cost involved in
doubling capacity from a starting point of 1 device is
obviously less than the cost of doubling capacity at a
starting point of 10 devices. A sensitivity analysis of this
is performed later in this section.
Learning rate: At present there is no evidence that can
fully support one particular learning rate for marine
energy. Often the analogy is made with the existing wind
sector learning rates in order to predict future costs with
learning rates of 15% (Carbon Trust 2006) being
commonly used. As discussed in section B of this
paper ,there are many causal factors that underpin a
learning rate and that influence its value. For this reason
a sensitivity analysis involving a range of learning rates
is performed later in this section.

Figure 2: Learning investments
However this type of learning investment analysis is only
possible and meaningful if reliable input data is
available. The 3 main variables affecting this learning
investment analysis are as follows:
•
•
•

2: Starting Cost Analysis.
Current estimates of the cost of marine energy lie
between £2000 and £4000 per installed kW. In order to
see the effect that starting costs have on potential
learning investments, a sensitivity analysis has been
performed using starting costs of £2000, £4000 per
installed kW in combination with:

The starting cost of the technology
The cumulative installed capacity at which cost
reduction occurs
The learning rate that is expected to be
achieved

•
•

These variables have been highlighted in the following
IEA graph (IEA 2000) in Figure 3 which displays the
varying starting costs, capacity cost reduction points and
learning rates for a range of renewable technologies.

A fixed 15% learning rate
10 MW of deployed capacity cost reduction
starting point

The following graph in Figure 4 displays the outcomes of
this analysis. Unsurprisingly, this displays an increase in
the learning investment required in line with increasing
starting costs. However it is the magnitude of the overall
investment required in order to reach the £1500 target
that is of main interest. This varies from between £70
million (Full cost) for a starting cost of £2000/kW rising
to £1.3 billion (Full cost) for a starting cost £4000/kW,
i.e. almost a 20 fold increase.
15% Learning Rate at different Staring Costs , at a 10MW
Reduction point
5000
4000
Cost in £/kW

Figure 3: Learning rates in other energy technologies.
Source: Adapted from IEA 2000
Expanding on these 3 variables in the context of Marine
energy:

3000

4000/kW

2000

2000/kW

1000
0
0

Starting cost: Previous studies (Carbon Trust 2006)
have suggested starting costs for marine energy of
between £2000-£4000 per installed kW. In simple terms
a higher starting cost will have the effect of increasing
the learning investment, number of deployments and time
required to meet the target costs for marine energy. A
sensitivity analysis of this is performed later in this
section.
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Figure 4: Sensitivity to varying starting costs.
The magnitude of these figures highlights the importance
of having accurate starting costs. It would be reasonable
to assume that investors, be they public funding bodies or
private sector institutions, may regard £70 million as a
manageable learning investment in order to secure the
benefits that marine energy could bring to the energy
mix. However a learning investment of £1.3 billion to

Capacity at which cost reduction occurs: It is naïve to
suggest that cost reduction will occur from the point that
the first prototype is installed. It is reasonable to suggest
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bring marine energy to a competitive cost is a
significantly less attractive option! In short, the variation
in these results have the potential to make or break an
industry depending on their interpretation. This
highlights the need for robust estimates of the starting
costs for marine energy in order to allow meaningful
predictions, whilst simultaneously displaying the
variation in the significance of the investment
commitment that is required depending on the actual
starting costs of marine energy assumed.

Learning Investments for different cost reduction capacity
points
3500
3000
2500
Le ar ning 2000
inve s tm e nt
£M illions 1500
1000
500
0
1

2

3

Ins talle d capacity at w hich cos t re duction occurs
1=1M W, 2=10M W, 3=100M W

3: Commencement of Learning Driven Cost
Reduction

Figure 6: Varying the point at which learning
commences with cumulative installed capacity.

The analysis above displayed the effect of varying the
starting cost of marine energy and the effect it had on the
overall learning investments. The following analysis will
deal with the effect of varying the deployed capacity at
which cumulative sustained cost reduction commences.
The following graph displayed in Figure 5 demonstrates
how in the Danish wind power sector significant and
repeatable cost reduction did not occur until an installed
capacity of over 100MW had been deployed (Risoe
2006).

These results highlight the importance of achieving
consistent cost reductions at an early stage due to the
very significant impact they have on the learning
investment required. This will be a challenge for the
marine renewables sector given the current lack of design
consensus within the sector and the potential limited
ability of the different technology solutions to learn from
each other. Overall, this analysis highlights the
requirement for the sector to achieve design consensus in
order to minimize the learning investment required. The
wind sector went through a 4 year period between 1981
and 1984 of experimenting with varying design concepts
(Risoe 2006) before consolidating onto the 3 blade, up
wind horizontal axis turbine that is dominant in the
market today. However care must be taken when
focusing in on a technology solution, that a sub optimal
design does not become the industry standard as has
happened in wind power in the Netherlands (Jacobsson
2004)
4: Varying the Learning Rate
Section A of this paper highlighted the factors that can
underpin any single learning rate that can be achieved for
a technology. Although a 15% learning rate is often cited
as the overall wind turbine learning rate, there are also
many example of where the wind industry achieved
much lower learning rates, for example, 7% in Germany
and 8% in Sweden (IEA 2000). In order to explore the
learning investment for a range of learning rates other
than 15%, a sensitivity analysis has been performed
using learning rates, 8%, 12% and 15%, while using a
10MW cost reduction point and a starting cost of £3000
per installed kW. The following graph in Figure 7
displays the results of this analysis showing how the
learning investments range from around £320 million for
a learning rates of 15% up to £1.2 billion for a learning
rate of 8%. These outcomes highlight the requirement to
fully identify the causal factors that would underpin
learning in order to ensure they are given appropriate
attention so as to minimise the learning investments
affected by learning rates.

Figure 5: Cost reductions in the Danish wind power
sector. Source: Risoe (2006)
In order to explore the significance of this variable to the
marine energy sector, a sensitivity analysis was
performed by varying the starting capacity point for
sustained cost reductions in the technologies using 1MW
10MW and 100MW, whilst using a fixed learning rate of
15% and a starting cost of £3000 per installed kW. The
following graph in Figure 6 displays the results of this
analysis, showing the significant difference that this
variable has on the overall learning investment which
varies from around £30 million (Full cost) at a 1MW cost
reduction point up to over £3 billion (Full cost) for a
100MW cost reduction point.
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Learning Investments : Summary and
Conclusion
Overall this briefing paper has provided an overview and
explanation of factors governing potential cost reduction
in the marine energy sector, and their influence on
learning Investments in that area. The 3 sets of sensitivity
analysis performed have highlighted the wide variety of
learning investment results that can be produced and their
sensitivity to input conditions. These vary in some
scenarios from displaying what would appear to be
relatively modest learning investment of 10s of millions
of GBPs in order to stimulate an industry at one end of
the scale through to other scenarios displaying learning
investments of several billion GBPs in order to achieve
the required cost reductions. This quantitative section of
the paper highlights the necessity of using accurate and
credible inputs in such analysis in order to achieve useful
and meaningful outputs, especially as these results have
the potential to influence policy and investment.
Overall this sensitivity analysis suggests messages for
both the challenges of the technology development and
also that of the supporting policy. The technology itself
must be able to maintain sustained cost reductions over
time in a combination of learning by research, to bring
breakthroughs in understanding, whilst at the same time
learning by research through the continued deployments
of technology. The supporting policy has the challenge of
providing a coherent approach with the correct balance of
both technology push and market pull mechanisms to
facilitate both technology breakthroughs and a
meaningful level of deployment. Finally, these learning
investments will required to be timely and targeted in
there distribution to be of maximum benefit to the sector.
The challenges are clear, and the solutions are
challenging
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