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Abstract 

 
Wave Energy Conversion (WEC) devices are at a pre-commercial stage of 
development with feasibility studies sensitive to uncertainties surrounding assumed 
input costs. This may affect decision-making. This paper analyses the impact these 
uncertainties may have on investor, developer and policymaker decisions using an 
Irish case study. Calibrated to data present in the literature, a probabilistic 
methodology is shown to be an effective means to carry this out. Value at Risk (VaR) 
and Conditional Value at Risk (CVaR) metrics are used to quantify the certainty of 
achieving a given cost or return on investment. The certainty of financial return 
offered by proposed Irish Feed-in Tariff (FiT) policy is analysed. The influence of 
technological ‘learning’ is also discussed. The model presented identifies those rates 
of learning required to achieve cost-effective deployment under various cost certainty 
requirements. The corresponding cost reduction targets for developers are identified. 
Uncertainty is found to have a greater impact on the investment decision when 
learning progresses at a slower rate. This paper emphasises the requirement for a 
premium to account for cost uncertainty when setting FiT rates. By quantifying 
uncertainty, the presented methodology allows for the required premium to be 
identified. 
 
Keywords: Wave Energy; Feasibility Analysis, Uncertainty, Renewable Energy 
Policy Appraisal, Statistical Simulation.  
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1. Introduction 
Many  national and EU-level renewable energy policies incorporate the development 

and deployment of Wave Energy Conversion (WEC) devices (DCENR, 2010; DECC, 

2011; EC, 2010, 2011; MI and SEI, 2005; Scottish Executive, 2005). With regard to 

novel technologies such as WEC devices, Dalton et al. (2010) have stressed the 

importance of reliable cost information to both inform deployment policy but also to 

aid private investment and device development decisions. Certain jurisdictions, such 

as Ireland, have put in place preliminary feed-in tariffs for initial devices (DCENR, 

2014a), whilst tariffs for future deployment have yet to be finalised. It is the purpose 

of this paper to emphasise the importance of incorporating device cost uncertainty and 

allowing for such uncertainty when setting both initial and long-term tariffs. Not 

incorporating any potential risk premium required as a result of this uncertainty may 

result in ineffective policy, whilst an arbitrary risk premium may lead to over-

remuneration, something which may be particularly undesirable given constrained 

public finances. A means to explicitly quantify the effects of cost uncertainty is 

required such that policymakers may identify with greater precision any potential risk 

premia that may be required when designing feed-in tariffs. This paper presents a 

means by which this may be carried out in order to inform effective policy both in 

Ireland and jurisdictions elsewhere.  

The literature to date demonstrates considerable variability in cost estimates quoted. 

Economic evaluation of WEC-based generation commonly employs the Levelised 

Cost of Electricity (LCOE) metric. This is the ‘ratio of total lifetime expense versus 

total expected output, expressed in terms of the present value equivalent’ (Allan et al, 

2011b; Nuclear Energy Agency and International Energy Agency, 2005). The LCOE 

is expressed as the total cost per unit of output (€/kWh or €/MWh), with a review of 

existing WEC device estimates provided in Table 1. 

 
                                                 
 Abbreviations: AHTS: Anchor Handling Tug Supply; CER: Irish Commission for Energy Regulation; 
CVaR: Conditional Value at Risk; DECC: UK Department of Energy and Climate Change; DCENR: 
Irish Department of Communications, Energy and Natural Resources; ESBI: Electricity Supply Board 
International; FiT: Feed-in Tariff; IRR: Internal Rate of Return; kWh: Kilowatt Hour; LCOE: 
Levelised Cost of Electricity; MI: Irish Marine Institute; O&M: Operation & Maintenance; MVAC: 
Medium-Voltage Alternating Current; MW: Megawatt; MWh: Megawatt hour; PCM: Power 
Conversion Module; PV: Photovoltaic; REFIT: Renewable Energy Feed-in Tariff; SEAI (formerly 
SEI): Sustainable Energy Authority of Ireland; VaR: Value at Risk; WEC Device: Wave Energy 
Conversion Device.  
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Table 1: A Review of Existing Cost of Electricity Estimates for WEC devices 
Author Estimate (€/kWh) No. Devices Location Device 

Archetti et al. (2011) 0.64 21 Italy Pelamis 

Allan et al. (2011) 0.216 Unspecified Scotland Pelamis 

Bedard (2006) 0.06-0.12 44 California Pelamis 

Carbon Trust (2006) [Initial] 0.175-0.644 Small Scale UK Unspecified 

Carbon Trust (2006) [Post 

13,000MW]  

0.087-0.365 Unspecified.  UK Unspecified 

Carbon Trust (2011) [Initial] 0.433-0.547 10MW UK Unspecified 

Dalton et al. (2010) [2004 Cost] 0.05 100 Ireland Pelamis 

Dalton et al. (2010) [2008 Cost] 0.15 100 Ireland Pelamis 

Dunnett and Wallace (2009) 0.16-0.26 15-27 Canada Pelamis 

ESBI (2005) 0.105-0.185 26-209 Ireland Pelamis 

O’Connor et al. (2013a) 0.21 100 Ireland Pelamis 

(1MW) 

O’Connor et al. (2013b) c.0.22-0.26 100 Ireland Pelamis 

Previsic et al. (2004) 0.075-0.144 213 California Pelamis 

St Germain (2005) 0.087-0.111 15 Canada Pelamis 

SQW (2010)  c.0.06-0.33 50 – 

300MW  

Ireland Unspecified 

Teillant et al. (2012) 0.213 100 Ireland Unspecified 

Note: These values have been converted from their respective local currencies where required. Each 
conversion is carried out using the exchange rate observed on the date of article submission/publication 
or nearest date possible. These calculations are available from the author upon request.  

Table 1 shows that considerable uncertainty surrounds LCOE estimates for WEC 

devices, with cost estimates ranging from €0.05/kWh-€0.64/kWh. The literature to 

date has quantified the extent to which variability of cost estimates may be explained 

by variations in WEC design (Dunnett and Wallace, 2009; Falcao, 2011; O’Connor et 

al., 2013a); variations in operational, maintenance and deployment characteristics 

(Dalton et al., 2011; O’Connor et al., 2013b); and differences in output across space 

(Archetti et al. 2011; Dalton et al., 2010; Dunnett and Wallace, 2009; ESBI, 2005). 

Alongside these factors, much variability may also be explained by uncertain input 

costs. Cost estimates to date have been calculated using prototype cost data (Dalton et 

al., 2010, 2011; Previsic et al., 2004) or extrapolation from the operating experience 

of similar industries (Teillant et al., 2012) with many of these studies thus including a 

cautionary note as to the uncertainty surrounding the assumed input values employed.  
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The influence of uncertain device costs, specifically the market price of steel and 

cabling, are important determinants of device cost (Dalton et al., 2010). Alongside 

this, Dalton (2012) and O’Connor (2013a) have discussed how uncertain learning 

rates are amongst the primary determinants of variability in project return. O’Connor 

et al. (2013a) quantified the change in cost due to different scenarios of device 

specification, cost reduction and operational conditions. Teillant et al. (2012) focuses 

on explicitly modelling the operational lifecycle of a WEC device installation and 

considered the variability of financial return with respect to changes in operational 

cost assumptions in an Irish context.  

 

These studies and those quoted in Table 1 have identified the drivers of cost 

sensitivity and the range of potential cost values. A number of methods have been 

employed to quantify the impact each factor may have on LCOE estimates and device 

viability. The most basic approach has been to quote costs as a wide range of potential 

values (e.g. SQW, 2010). Although this may cover all potential cost values, this range 

may be quite wide and there is no further information as to the likelihood of achieving 

a given cost estimate. If a more narrow range of values is desired, most likely point 

estimates of each input parameter may be extracted from a stated range (e.g. Dalton et 

al., 2010; 2012). The reliability of such an approach in addressing uncertainty is 

predicated on the subjective accuracy of the point estimates chosen. The potential 

negative affect this may have is fully realised when one considers that although each 

assumed parameter may have a reasonable chance of occurring alone, the probability 

of a number of most likely parameters occurring together is less likely, culminating to 

form an expected cost based on an ‘unlikely coincidence’ of values (Hertz, 1964). A 

supplementary scenario or sensitivity analysis may estimate the cost/return under an 

alternative set of chosen circumstances, however the likelihood of the resulting 

alternate cost value occurring remains unknown. A third approach may choose a cost 

estimate from a stated range based on that value which may yield an adequate rate of 

return under a given public support mechanism (e.g. Allan et al., 2011). Although 

providing a benchmark for certain policy analyses, such an approach does not 

quantify the degree of uncertainty surrounding the estimate used.  

 

Although these efforts provide insight into the variability surrounding a given cost 

value, the degree of confidence with which one may interpret a given value within 
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such a stated range is still unknown. In the context of investment appraisal, 

quantification of uncertainty surrounding a cost estimate allows investors to identify 

how sensitive expected profits may be to deviations in assumed cost parameters. A 

prudent investor may abstain if there is sufficient possibility that financial return is 

inadequate under a given support mechanism. Quantifying this exposure under a 

given policy regime allows for the effectiveness of that policy to be gauged. Indeed, 

not recognising such uncertainty may affect the interpretation of results and the 

reliability of decisions (Mohamed & McCowan, 2001). Thus an updated, policy-

specific analysis to quantify the impacts of cost uncertainty on WEC deployment and 

to explore fully the implications such uncertainty may have for decisions made by 

investors, developers and policymakers is required. Considering these motivational 

factors, this paper applies a probabilistic methodology to quantify the uncertain cost 

of a given WEC installation, focussing on the implications this may have for Irish 

policy as a case study of application. This method allows for the full range of 

potential uncertain values in favour of subjective point estimates to be employed, 

providing a more objective estimation of project profitability, whilst allowing for the 

simultaneous consideration of all potential sources of cost variability. A sensitivity 

analysis is carried out to elicit results under differing scenarios of installation size and 

rate of technological change, providing information for both developers and 

policymakers as to the rate of cost reduction and/or policy support required for 

feasible investment. Following the majority of the literature to date (Dalton, 2010; 

Dalton, 2012; O’Connor et al., 2013a, 2013b) the case study considered in this paper 

uses the Pelamis P1 device.  

This paper proceeds as follows. Section 2 outlines the probabilistic methodology and 

indices of appraisal employed in this analysis. This is followed by an overview of the 

case study data and parameters employed in Section 3. The results of this analysis are 

presented in Section 4; Section 4.1 presents the results in relation to cost 

quantification, Section 4.2 assesses the uncertainty of the internal rate of return on 

investment, whilst Section 4.3 presents a sensitivity analysis. The purpose of the 

sensitivity analysis is to identify rates of cost and financial return under alternate 

assumptions of future cost reduction. These sections demonstrate the use of this 

probabilistic methodology for investors, developers and policymakers. Finally, 

concluding comments are offered in Section 5. 
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2. Material and methods 
As noted in the Introduction, there is a need for an updated, policy-specific analysis to 

quantify the implications cost uncertainty may have for decisions made by investors, 

developers and policymakers. Montes et al. (2007; 2011) have reviewed 

methodologies to quantify the uncertainty of project profitability in the context of 

renewable energy investment, finding that methods of statistical simulation, such as 

Monte Carlo simulation, are most appropriate. 

 

Gass et al. (2011), Darling et al. (2011) and Previsic et al. (2004) have applied 

probabilistic methodologies to quantify this cost uncertainty for renewable energy 

devices. Falconett and Nagasaka (2010) considered input and output variability for 

small-scale hydroelectric, wind energy and solar PV systems whilst Gass et al. (2011) 

incorporated the impact output variability may have on wind turbine investment. 

Darling et al. (2011) have carried out a similar probabilistic analysis for solar 

photovoltaic technology. Previsic et al. (2004) have applied Monte Carlo simulation 

to test the variability of WEC cost estimates in San Francisco. These studies have not 

applied these probabilistic techniques for feasibility analysis of WEC devices in 

Ireland, nor have they fully explored the implications such uncertainty may have for 

investment, development or policy evaluation. Furthermore, the probabilistic analysis 

carried out by Previsic (2004) was but a small component of that study, with data 

pertaining to a 2004 San Francisco installation. Much of this data has since been 

updated in subsequent studies (Dalton et al., 2010, 2012; O’Connor et al., 2013a). 

 

Following the framework outlined by Falconett and Nagasaka (2010), Figure 1 

illustrates the Monte Carlo simulation used in this paper. Simulation inputs may be 

either certain or uncertain, with uncertain inputs characterised by an expected 

distribution. For each scenario, 10,000 Monte Carlo simulation iterations are run, 

from which a probability density function, and thus the likelihood of cost/profitability, 

may be constructed. The Value at Risk (VaR) and Conditional Value at Risk (CVaR) 

methodology, as employed by Gass et al. (2011), is used to identify the probability 

that device cost (financial return) will be less (greater) than or equal to a stated 

probability threshold. A number of probability thresholds are chosen to account for 

various degrees of certainty that may be required by policymakers/investors in project 
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evaluation. Each constituent element of the modelling process will now be outlined in 

greater detail.  
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Figure 1: Overview of Probabilistic Methodology 

    Certain Variables 
(Deterministic Inputs)

 Quantified Risk 
for Investment and Policy Appraisal

 Project Cost
Value of 

Energy OutputCapital Cost

O&M

Index of Project RiskIndex of Project Risk

Monte Carlo Simulation (10,000 iterations)

Scenario Parameters Policy Support Scenario

Learning Rate

Project Output

 Uncertain Variables
(Probabilistic Inputs)

Random Variables drawn  
 from known distribution 
Random Variables drawn  
 from known distribution 

Inputs

Probability Density Distributions
Quantifying Project Cost and Profitability

Indices of Project Cost and ProfitabilityIndices of Project Cost and Profitability

Installation Size
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Note: Flowchart describing steps in probabilistic modelling process used in this paper 

2.1 Scenario Parameters 

We analyse WEC installations of 20, 50 and 100-unit capacity. When considering the 

financial viability of investment, a Feed-in Tariff (FiT) is a price support mechanism 

chosen in many jurisdictions that offers a guaranteed price per unit of electricity 

generated. This is the mechanism chosen to support renewable energy deployment in 

Ireland and is known as the Renewable Energy Feed-in Tariff (REFIT; DCENR, 

2006; 2012). As such, project profitability will be assessed under a Feed-in Tariff 

price support mechanism in this chapter. Numerous feed-in tariff rates are assessed 

for the purposes of this analysis, including the rate of €0.26/kWh proposed by Irish 

policy for initial devices (DCENR, 2014a).  

A ‘learning rate’ is commonly used to approximate the effect economies of scale and 

technological change may have on device cost (e.g. Dalton et al., 2010, 2012; Previsic 

et al., 2004; SQW, 2010). A learning rate or alternatively, an ‘experience curve’, 

calibrates an initial cost estimate to an empirically observed rate of cost reduction 

(Junginger et al., 2004).A full discussion of learning rates is offered by Junginger et al. 

(2004) and Hau (2006). Briefly, a learning rate may be characterised in terms of a 

scaling factor, b, which indicates the percentage scaling of cost with each doubling of 

capacity. Assuming cost reduction begins during the first time period, and denoting p 

as the percentage scaling of cost and A as the cumulative number of units installed at a 

given time, the learning rate may be defined in a continuous fashion by the following 

equation (Bhandari and Stadler, 2009; Dalton et al., 2010; Epple and Argote, 1990; 

Junginger et al., 2004);  

)2ln(
)ln(b

Ap =       (1) 

A lack of operating experience means that the scaling parameter b is unknown for 

WEC devices. The literature to date has employed expert estimates or extrapolated 

patterns of cost reduction observed for offshore wind and photovoltaic (PV) solar 

technology. Dalton et al. (2012) has stated that such values have ranged between 0.82 

and 0.96 (Dalton et al., 2012; Previsic et al., 2004; SQW, 2010), whilst SQW (2010) 

have employed rates of learning of between 0.85-0.90. Following scenarios employed 

by Dalton et al. (2010), SQW (2010), and Carbon Trust (2006), a 0.90 rate of cost 

scaling is chosen for the central analyses of this chapter. Alongside this, a sensitivity 
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analysis is carried out to assess results for cost scaling in the range of 0.82-0.95. This 

range is chosen as that which best represents the rate of cost scaling for most 

industrial products (Hau, 2006), the bounds provided by Dalton et al. (2012) and 

parameters employed by Previsic et al. (2004).  

2.2 Indices of Project Cost and Profitability 

The Levelised Cost of Electricity (LCOE) is employed to calculate project cost whilst 

the Internal Rate of Return (IRR) is calculated to measure profitability. The LCOE is 

a €/kWh metric calculated according to the following equation; 

∑
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Where Ct represents the cost for period t and Yt is the electricity yield at period t. Total 

cost and electricity yield (in kWh) is discounted and summed over T time periods of 

operation subject to the discount rate r. The discounted and summed value of lifetime 

cost is then divided by the discounted and summed electricity yield.  

For a given LCOE, policy support offered must yield a certain return to be financially 

viable. A suitable tool for such appraisal is the Internal Rate of Return (IRR). The 

IRR may be considered as the discount rate r that allows the discounted returns to 

equal the discounted costs of a particular investment, calculated according to (4). A 

greater IRR indicates a greater return on investment, with an IRR value of 10% 

considered the ‘hurdle rate’ required to yield an attractive investment in technologies 

such as WEC devices (Dalton et al., 2010; SQW, 2010). 
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2.3 Index of Certainty 

When interpreting the results, one must choose a point in the calculated probability 

distribution that indicates the profitability and/or cost of WEC deployment with an 

acceptable degree of certainty. Following Gass et al. (2011), the Value at Risk (VaR) 

and Conditional Value at Risk (CVaR) metrics are employed to carry this out. VaR 

may be interpreted as the value at which the probability of observing an event is equal 

to a β threshold probability (Rockafellar and Uryasev, 2002). By using this 
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methodology, one can incorporate investor or policymaker’s aversion to 

underestimating cost/overestimating profitability by choosing a β probability that 

represents an acceptable degree of certainty. CVaR augments this analysis by 

considering the entire tail of the profitability/cost distribution and measures the 

expected value of return, conditional on achieving a value beyond the β Value at Risk 

(Gass et al., 2011; Rockafellar and Uryasev, 2002). CVaR is thus a more prudent 

metric. Furthermore, CVaR does not rely on the assumption of normally distributed 

returns required for VaR (Gass et al., 2011). 

 

The formula to calculate the CVaR from a given probability density function is 

outlined in great detail in Scaillet (2004) and Rockafellar and Uryasev (2000; 2002). 

CVaR calculations for cost are illustrated below in Equation 4:  

( ) ( )∑ ≥=≥=
C

c
VaRcccpVaRccECVaR ββ |)(|    (4) 

This metric is also used to determine the likelihood that the Internal Rate of Return, 

irr, is greater than or equal to an acceptable threshold using Equation 5:  

( ) ( )∑ ≤=≤=
IRR

irr
VaRirrirrirrpVaRirrirrECVaR ββ |)(|    (5) 

where C is project cost; irr is project internal rate of return; (x) is the probability 

density function of parameter x; VaR is the minimum real value of project cost 

achieved with probability β. 

3. Data 
The productivity and cost of a wave energy installation is spatially heterogeneous and 

cost estimates must be interpreted in the context of the chosen location. This paper 

considers the cost of deployment off the north-west coast of Ireland. The specific 

location chosen is that of pre-commercial test site currently being developed at 

Belmullet, Co. Mayo (see Figure 2). Each of the model inputs for this scenario will 

now be outlined. 
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Figure 2: Belmullet Case Study Site and M4 Data Buoy Location 

 
Data Source: Marine Institute (2011) and SEAI (2012) 

3.1 Wave Energy Output 

To model the output of a WEC device, one must obtain data detailing wave activity at 

a particular location and convert this to electricity output. To best approximate these 

conditions, and ensure consistency with existing Irish studies (Dalton et al., 2010; 

2012; O’Connor, 2013a) 2008 wave energy data from the M4 buoy is used (Marine 

Institute, 2012; see Figure 2). The M4 buoy is one of the Irish Marine Institute’s 

network of data collection buoys and is located near the considered Belmullet 

deployment site. 2008 represented the most complete annual profile from the data 

available, which recorded wave conditions in hourly intervals. The data had 127 

missing observations which were interpolated by duplicating observations before/after 

any missing period such that all missing hours were accounted for. This profile of 

wave energy output is converted to electricity output using the Pelamis WEC power 

conversion matrix (Pelamis, 2012).  
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A WEC Power Conversion matrix characterises output at any one moment in time in 

terms of the significant wave height (Hs) and the wave energy period, Te. The Pelamis 

WEC is the device to be analysed in this chapter as it has been employed in the 

majority of studies to date (Table 1). The Pelamis power matrix lists energy output in 

terms of significant wave height (Hs) and Tpow, the power period of a wave cycle. 

Dunnett and Wallace (2009) have defined Tpow as being the ‘period of a single 

sinusoidal wave with the same power as the sea-state’ and assumed that Tpow = Te. The 

analysis presented in this chapter will follow this approach and make a similar 

assumption.  

Tpow and Te are not easy to observe and record in conventional data and, as such, 

simpler measures are recorded instead. The Irish Marine Institute records the mean 

zero up-crossing period, Tz. Dalton et al. (2012) illustrate that assuming a broad wave 

energy Bretschneider spectrum, the best suited function for deep sea long-fetch 

locations, Tz may be converted to Te (and thus Tpow) using the following equation; 

zepow TTT 2.1==       (6) 

3.2 Cost Specification 

Inputs may be categorised as manufacture/procurement cost, installation cost, 

operational and decommissioning costs and output. It is assumed that all 

manufacture/procurement and installation costs are incurred in the initial time period. 

Operation of the plant begins in the following year with O&M and insurance costs 

incurred annually throughout the 15 year operating lifetime of the plant. 

Decommissioning costs are incurred at the end of the life of the plant, in time period 

15. Site-related infrastructural costs have been obtained from the Sustainable Energy 

Authority of Ireland (SEAI). This profile outlines costs used in the Belmullet test site 

and is thus representative of actual infrastructural costs at the chosen case study 

location. Device costs pertain to the Pelamis-P1 WEC, as this is the most mature 

device with the most comprehensive data available in the public domain. The 

Pelamis-P1 has also been used in many Irish studies to date (Table 1). Other 

infrastructural, component and installation data are sourced from the literature.  

Table 2 shows that each uncertain parameter is classified as a probability distribution 

and each known parameter is classified as a point estimate. Each probability 

distribution is selected based on the most appropriate fit to expected values of each 
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input and updated where required to represent 2010 cost values. This is carried out by 

converting to euro using the exchange rate at the time of each analysis, and adjusting 

for inflation if required.  

Each input cost used in this paper is derived from industry interaction and a review of 

those present in the literature. The calculation of each parameter from these primary 

sources will now be discussed in detail. 

 

The Pelamis WEC is comprised of two primary components; 3 Power Conversion 

Modules (PCM) and 4 tubular segments. PCM costs for the Pelamis P1 device are 

sourced from Previsic et al. (2004). Prices are updated to account for changes in price 

from 2003-2010 by using the Irish Wholesale Price Index for machinery and 

equipment manufacture (CSO, 2010). 2003 is chosen as the base year as much of the 

research carried out for the Previsic (2004) data is sourced from 2003 (DTI, 2003; 

Previsic, 2004). This results in 2010 a cost of €1,623,127 for 3 PCM modules4. This is 

considered as a central ‘most likely’ value. In the absence of alternative source of 

device cost variation, the uncertainty surrounding this estimate is considered by 

employing a triangular distribution, taking the range of minimum (-21%) and 

maximum (+31%) bounds quoted by Previsic et al. (2004). 

 

The tubular segments for initial Pelamis WEC devices will be constructed from steel 

for initial installations (Previsic, 2004). Dalton et al. (2010) state that the 2008 cost 

per ton of finished and coated steel may be between €5,000-7,000/ton, with four 

segments, including end caps, totalling 289 tonnes. Since these values were estimated 

in 2008, the price of steel rose briefly in 2009. However, the cost returned to that of 

2008 levels in 2011 (Indexmundi, 2012a), with O’Connor et al. (2013a) deeming 

these estimates appropriate for 2013 steel costs. Thus, it is assumed that the range 

quoted by Dalton et al. (2010) is sufficiently up to date for this analysis. Steel costs 

are parameterised by assuming that €6,000/ton represents the mean expected value. 

Any deviations beyond this are distributed according to a normal distribution, with all 

                                                 
4 Previsic et al. (2004) have estimated that the cost of 3 PCM units totals $1,565,000 (€1,492,181; 
according to the Jan 2003 exchange rate of US$1 = €0.9534706331). NACE 29 (Machinery and 
Equipment) had an 8.775% increase in prices according to the Irish Wholesale Price Index (CSO, 
2010), giving a 2010 cost of €1,623,127.  
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potential values falling within the €5,000-€7,000/ton range. This corresponds to a 

standard deviation of €333 per tonne.  

 

Mooring line costs are taken from Allan et al (2011b), where the central value is 

converted to give a 2010 euro value of €552,1655. Given that these values were 

considered valid in 2011 they have not been updated for inflation. The variation 

surrounding this central estimate is assumed to follow a triangular distribution with 

minimum (54%) and maximum (118%) values corresponding to the range quoted by 

Allan et al. (2011b).  

Once the electricity has been generated, it must be transported to the grid. It is 

assumed that 8.7km of export cable will be required, as this is the amount of cabling 

required for the deep sea test site at Belmullet (O’Connor et al., 2013a; SEAI, 2011). 

The type of export cable required varies depending on the capacity of the installation 

considered. Scenarios of 20, 50 and 100 unit Pelamis installations are considered for 

this study, with capacities of 15MW, 37.5MW and 75MW respectively. Sharkey et al. 

(2011) and O’Connor et al. (2013a) assume that 33-38kV Medium Voltage 

Alternating Current (MVAC) is sufficient for smaller WEC installations of 20MW or 

less, whilst O’Connor (2013a) assume 110kV cable is employed for installation sizes 

of 21-110MW. Thus, 38kV MVAC is employed for 20 unit installations, with 110kV 

cable installed for larger installations. The central cost values per unit of cable are 

derived from O’Connor et al. (2013a), where it is assumed that one kilometre of 38kV 

export cable costs €173,000, whilst one kilometre of 110kV export cable costs 

€288,000.  

 

As CER (2005) discuss, the cost of this cable is subject to considerable uncertainty 

and fluctuation, with the primary driver of these costs being materials costs. This 

claim is enforced by Green et al. (2007), who state that one third of cable costs may 

be attributable to the price of copper on commodity markets. To account for this 

uncertainty a standard deviation of 27% of the copper component of cost is assumed. 

                                                 
5 Allan et al. (2011b) employ a central mooring estimate of £362,240. The source for these cost 
estimations is Carbon Trust (2006) and as such, costs are converted to euro using the July 2006 
exchange rate of GBP£1 = €1.449. This gives a 2006 euro value of €525,229 for the central estimate. 
This is updated according to the Wholesale Price Index for Machinery and Equipment where an 
increase of 5.1282% was observed to yield a 2010 Irish cost value of €552,165.  
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27% is chosen as this is the standard deviation of annual average copper prices 

observed since 2002 (Indexmundi, 2012b). A 27% change in copper price, when 

considered in the context of the effect it may have on overall cable cost, results in a 

standard deviation of €15,570/km for 38kV cable, and €25,920 per kilometre for 

110kV cable. To improve the accuracy of simulation results, it is assumed that steel 

and copper commodity prices are positively correlated. The degree of correlation is 

estimated from market data, where average annual commodity prices have been 

observed to have a correlation coefficient of 0.647 (Indexmundi, 2012a; 2012b).  

To facilitate the transmission of electricity from WEC devices, an offshore substation 

is required. O’Connor et al. (2013a) assume that an offshore substation for an 

installation of greater than 5 MW in size costs €60,000 per MW installed. This cost is 

included as a deterministic point estimate. 

The cost of onshore works have been obtained from SEAI, pertaining to the costs for 

the first full scale installation at Belmullet, Co. Mayo, of 5MW capacity. These costs 

are parameterised as deterministic variables as they pertain to an actual installation. 

They are also assumed constant regardless of the scale of the installation.  

The installation of cable is assumed to follow the same pattern as that assumed by 

O’Connor et al. (2013a), where 1km of untrenched, rock protected cable installation is 

required, at a total cost of €1,039,000. The remaining 7.7km will be installed by 

trenching. The calculation of installation costs for this 7.7km requires both an 

approximation of the number of days’ work and the cost per day. Kaiser and Snyder 

(2011) outline the determinants of installation cost variability and give insight into the 

potential variability of days required. O’Connor et al. (2013a) report an expected 

value of €288,000/km for export cable installation for sites similar to the Belmullet 

site. This is combined with the variability in duration observed by Kaiser and Snyder 

(2011) to give an overall measure of export cable laying cost variability. Kaiser and 

Snyder (2011) report a median rate of installation at 0.73km/day. Converting the 

expected cost per km reported by O’Connor (2013a) to the expected cost per day 

using the findings of Kaiser and Snyder (2011), it is assumed that the present value 

expected daily cost for export cable installation at a site like Belmullet is 

€386,301/day. The rate at which cable is installed is simulated according to a 

triangular distribution fitted to the data observed by Kaiser and Snyder (2011), where 
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the rate of installation ranges from 0.2km/day to 1.4km/day, with a median value of 

0.73/day.  

As similar vessels are employed, mooring and array cable installation are dealt with 

together in model specification. An Anchor Handling Tug Supply (AHTS) class 

vessel was used for prototype deployment in the UK (Previsic, 2004), and it is 

assumed that this class of vessel will be used for deployment in Ireland. The range of 

day rates for AHTS and the associated vessel spread from Kaiser and Snyder (2011) is 

employed, whereby a range of €17,596 - €52,824 per day is used. This is simulated 

according to a normal distribution, with a mean €35,228 and standard deviation 

€5,871. An estimated average installation time of 6 days (2 days for mooring and 4 

for device installation) has been assumed, following RPS (2009). As there is no data 

outlining commercial-level device installation, this is taken as a central value with the 

associated distribution taken from AHTS installation activity outlined by Kaiser and 

Snyder (2011). Thus, a triangular distribution is assumed, with a central value of 6 

days, a minimum value 0.52 times the central value (3.12) and a maximum value of 

2.12 times the central value (12.72 days). 

 

No empirical data explaining costs during the operational phase exist to date. The 

majority of recent studies have calculated O&M costs as % of capital costs (e.g. Allan 

et al., 2011; Dalton et al., 2010, 2011; O’Connor et al., 2013a; SQW, 2010). Thus, 

both annual insurance and operation and maintenance costs are assumed to range 

uniformly from 1-3% of total capital costs following the ranges quoted to date (Dalton 

et al., 2012; Dunnett and Wallace, 2009; Previsic et al., 2004; St Germain, 2005; 

SQW, 2010). Decommissioning costs are incurred in time period 15, and represent 

10% of the total capital cost, as per the assumptions employed by Dalton et al. (2012). 

Finally, it is assumed that the devices will have 75% availability when operational, 

following the assumption of O’Connor et al. (2013a) for Mature Technology 

Reliability in Ireland.  
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Table 2: Unit Costs for Typical Pelamis Wave Energy Installation 

Parameter 

Parameters 

Source 
Min 

Mean 

(SD if 

applicable) 

Max 
Distribution 

Type 
Requirement  

A. Manufacture and Procurement 

PCM (3) 79% €1,623,127 131% Triangular Total per WEC A, B  

Steel (per tonne)  €6,000 

(€333) 

 Normal 280t  A, B  

Mooring  54% €552,165 118% Triangular Total per WEC C 

Admin, EIS and 

Onshore works 

- €5,682,925 - Point Estimate Total per installation D 

Export Cable  

(≤20MW) 

- €173/m 

(€15.57) 

- Normal 8.7km per installation J 

Export Cable  

(≥20MW) 

- €288/m 

(€25.92) 

- Normal 8.7km per installation J 

Offshore 

Substation 

- 60,000/MW - Point Estimate Total per installation J 

B. Installation 

Device/Mooring 

(per day) 

- €35,228 

(€5,871) 

- Normal - E, F 

Device/Mooring 

(no. days) 

52% 6 112% Triangular - F 

Export Cable Lay 

(per day) 

- €386,301 - Point Estimate 7.7km   E, J 

Export Cable Lay 

(rate of 

installation) 

27% 0.73km/day 191% Triangular 7.7km   E 

Untrenched 

Export Cable Lay 

and Rock 

Protection 

- €1,039,000 - Point Estimate 1km J 

C. Operational & Decommissioning Costs (Calculated as % of Capital Expenditure [A+B]) 

O&M 2%  - 5%  Uniform per annum; for 15 

years 

G 
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Insurance 2%  - 5%  Uniform per annum; for 15 

years 

G 

Decommissioning  - 10% - Point Estimate Time Period 15 G 

D.Further Model Parameters 

Learning Rate 82% 90% 95% Point Estimate 

Scenarios  

- A, B, F, G 

Device 

Availability 

- 75% - Point Estimate  J 

Discount Rate - 6% - Point Estimate - G 

Corporation Tax  - 12.5%  - Point Estimate Per unit of profit H 

Note: Sources are as follows. A: Previsic et al., 2004; B: Dalton et al., 2010; C: Allan et al., 2011b; D: 
SEAI, 2011b; E: Kaiser and Snyder, 2011; F: SQW, 2010; G: Dalton et al., 2012; H: Department of 
Finance, 2011; J: O’Connor et al., 2013a. 

4. Results and Discussion 

4.1 Quantification of Cost Uncertainty 

Assuming 100% availability, the annual energy output for one Pelamis P1 device 

using the methodology outlined in Section 3 is 2,500,480kWh. Scaled according to 

the 75% availability factor, this results in an annual output of 1,875,360kWh. 20, 50 

and 100 unit steel-based Pelamis installations are considered for this analysis. Table 3 

lists the distributional characteristics of project cost for each installation size and 

technology specification. The expected (mean) cost of electricity generated from 

small-scale installations of 20-unit size is €0.324/kWh, falling to €0.27/kWh and 

€0.244/kWh respectively for 50 and 100-unit installations. To incorporate aversion to 

risk and identify cost values at various degrees of certainty, LCOE estimates are also 

evaluated at various other probability thresholds using the VaR and CVaR 

methodologies. Results displayed in Figure 3 plot the VaR for each β threshold. Using 

the VaR criterion, the levelised cost of 20-unit installations will not be greater than 

€0.348/kWh at 95% probability according to the assumptions of this analysis. If a 

lower degree of certainty is preferred, the VaR at other thresholds may also be 

observed using the cumulative density functions of Figure 3. The CVaR methodology 

provides a more prudent measure, with results presented for 75, 85 and 95 percentile 

thresholds in Table 3. One can see that CVaR95 is slightly greater than VaR95, rising to 

€0.353/kWh from €0.348/kWh for 20-unit installations, for example. Overall, a 

premium of 5.5% is required when evaluating cost at CVaR75 instead of the mean 
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expected value, rising to 6.7% for CVaR85 and between 8.9%-9.2% for CVaR95. 

Interestingly, the proportional cost premia are relatively stable across installation 

scenarios. This is an important consideration for policymakers and investors when 

considering the impacts of uncertainty on investment performance and policy support.  

The cost of electricity is inversely correlated with installation size, due to two factors. 

First, larger installations have the same range of fixed costs as smaller installations. 

These fixed costs are spread over a larger number of units, thus reducing the cost per 

unit of electricity. Second, a larger installation results in greater scope for cost 

reduction through ‘learning’. Indeed, these factors result in cost values for 50 unit 

installations being 16% less than 20-unit installations across all thresholds. If the first 

full-scale installation is of 100-unit structures, the cost of electricity falls by a further 

9%. 

 

Table 3: Levelised Cost (€/kWh) 

Installation Size Expected value (Mean) CVaR75 CVaR85 CVaR95 

20 Units (15MW) 0.324 0.342 0.346 0.353 

50 Units (37.5MW) 0.270 0.285 0.288 0.294 

100 Units (75MW) 0.2444 0.258 0.261 0.267 
Note: The ‘CVaRn’ value represents the expected (mean) cost value greater than or equal to those at the 
nth percentile. 

Although each estimate found in the literature (See Table 1) is calculated under its 

own specific set of assumptions and circumstances, the probability calculated using 

this methodology allows one to apply the findings of previous research in the context 

of a given case study application. To illustrate, O’Connor et al. (2013b) state that if 

insurance costs are 1% of capital costs per annum, the LCOE for a 100 unit 

installation may be either c.22 or c.26c/kWh under respective scenarios of 1% or 3% 

O&M costs. However, O’Connor et al. (2013b) are unable to calculate the likelihood 

of achieving either value. This probabilistic framework provides this understanding. 

Under the assumptions of this paper (as opposed to those of O’Connor et al. (2013b)), 

the VaR criterion suggests that there is a 1.1% chance that the LCOE of 100-unit 

based installations will be less than or equal to €0.22/kWh. This rises to 92.13% for 

€0.26/kWh. Thus, the added value of this model is realised when one considers that 

the degree of risk associated with each cost value is now estimated. For a risk-averse 
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investor who is basing an investment decision on either cost value, the stated 

probabilities for the €0.22/kWh estimate is likely to be too great a risk burden to 

incentivise investment. Furthermore, this probabilistic approach also allows for the 

probability of achieving intermediate cost values.  

The results of Table 3 should be interpreted in the context of the Irish deployment 

scenario outlined in this paper. However, these results overlap with the Irish case 

study of O’Connor et al. (2013b). This provides a degree of validation for this model, 

as it can be seen that results of this paper correspond to those carried out for similar 

installation sizes, although under an alternate set of assumptions.  

 

Figure 3: Cumulative Density Distribution of Pelamis Cost 

Figure 3(a) 20 Unit Installation 

 

Figure 3(b) 50 Unit Installation 
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Figure 3(c) 100 Unit Installation 
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Note: Figures display cumulative probability of achieving a given levelised cost value. 

Each point on the curve represents the probability that cost will be less than or equal to 

that value. Vertical lines mark key CVaR levelised cost values quoted in Table 3. The 

point on each LCOE curve indicates the probability that LCOE will be less than or equal 

to this value. This value is analogous to the Value at Risk (VaR), whilst the cumulative 

probability is analagous to the β threshold. 

 

4.2 Policy Appraisal in the Presence of Cost Uncertainty 

4.2.1 Appraisal of Current REFIT Policy Proposals 

Using the case study parameters presented, we will now use the probabilistic model 

for analysis of policy support mechanisms, quantifying the degree of certainty to 

which the proposed Irish REFIT of €0.26/kWh provides a positive rate of return on 

investment. Profitability values are evaluated at CVaR5, CVaR15 and CVaR25 

thresholds. These criteria analyse the weighted mean of IRR values less than or equal 

to the nth percentile and may be interpreted as there being an n% chance that the IRR 

will be greater than or equal to the cost value quoted.  

Table 4 shows that the threshold of risk aversion chosen has a greater impact on the 

magnitude of return than LCOE, with absolute premiums of 1.5-1.64%, 1.9-2% and 

2.4-2.6% required when evaluating IRR at CVaR25, CVaR15 and CVaR5 thresholds 

respectively. Cost uncertainty has a much greater proportional impact on smaller 

installation sizes, with IRR rates falling by 0.75%-122% for 20-unit installations. 

However, this falls as installation size increases, with 100-unit installations having 

increased IRR rates of 27-46% at the various thresholds of risk aversion.  

Table 4: Internal Rate of Return: REFIT €0.26/kWh  

Installation Size Mean CVaR25 CVaR15 CVaR5 

20 Units (15MW) -0.0216 -0.038 -0.042 -0.048 

50 Units (37.5MW) 0.0272 0.011 0.008 0.003 

100 Units (75MW) 0.054 0.039 0.035 0.029 

Note: CVaRn represents the expected (mean) IRR achieved for cost values less than or equal 
to those at the nth percentile when a REFIT of €0.26/kWh prevails. 
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Similar to Figure 3, Figure 4 plots the IRR VaR for each probability threshold, where, 

although positive IRR values are prevalent for larger installations, the unlikely 

possibility of achieving 10% IRR under a €0.26/kWh REFIT can be clearly observed. 

Overall, Figure 4(a) shows that 20-unit installations have a 3.9% chance of having a 

positive IRR according to VaR criteria. Figures 4(b) and 4(c) show that 50 and 100-

unit installations have greater potential to yield a positive IRR. It has been stated that 

an IRR of 10% is the rate required to incentivise investment (Dalton et al., 2010; 

SQW, 2010). Although there is a 99% chance or greater that 50 or 100-unit 

installations will yield a positive rate of return, there is <1% chance that this will 

exceed the 10% IRR required for viable investment. Analysing expected values in this 

context reveals that there is less than 1% chance that current REFIT policy is effective 

in incentivising deployment for all installation sizes.  

These results quantify the effect cost variability may have on WEC project return and 

the impact this may have on the investment decision. This further demonstrates the 

added value offered by the developed probabilistic model of analysis. One can see 

that results are also sensitive to installation size, with these considerations thus 

important in designing an appropriate REFIT.   

Figure 4: Cumulative Density Distribution of Internal Rate of Return 

Figure 4(a) 20 Unit Installation 
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Figure 4(b) 50 Unit Installation 

 
 

Figure 4(c) 100 Unit Installation 
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Note: Figures display cumulative probability of achieving a given Internal Rate of 

Return (IRR). Each point on the curve represents the probability that cost will be less 

than or equal to that value. The point on each IRR curve indicates the probability that 

IRR will be less than or equal to this value. This value is analogous to the Value at Risk 

(VaR), whilst the cumulative probability is analagous to the β threshold. 

 

4.2.2 REFIT required for different installation sizes 

Given the unprofitability of the proposed €0.26/kWh REFIT rate, this section analyses 

the minimum REFIT required to yield an IRR of at least 10% at each CVaR threshold. 

This allows one to identify the minimum cost required to incentivise deployment in an 

uncertain cost environment, with each CVaR threshold representing different 

thresholds of certainty required by investors. These results are presented in Table 5 

 

Table 5: REFIT yielding an IRR of 10% or greater at various thresholds of 

certainty  

Installation Size 
Mean CVaR25 CVaR15 CVaR5 

(€/kWh) (€/kWh) (€/kWh) (€/kWh) 

20 Units (15MW) 0.42 0.44 0.45 0.46 

50 Units (37.5MW) 0.34 0.36 0.37 0.38 

100 Units (75MW) 0.31 0.33 0.34 0.34 

Note: CVaRn represents the expected (mean) IRR achieved for cost values less than or equal 
to those at the nth percentile. 

Table 5 shows that, evaluated at the expected (mean) value, a REFIT of €0.42/kWh is 

required to ensure an IRR of 10% or greater for 20-unit installations, falling to 

€0.34/kWh and €0.31/kWh for 50 and 100-unit installations. In absolute terms, a 

REFIT premium of €0.02-0.04/kWh is required, depending on the scenario and degree 

of risk aversion. Given that the current REFIT for onshore wind is €0.069/kWh 

(DCENR, 2014b), with the majority of that funded by wholesale prices, this is not an 

insignificant amount.  

Alongside quantifying the added premium required at different thresholds of certainty, 

this section highlights the importance of anticipating installation size for the setting of 

an appropriate policy. If installations of many different sizes are anticipated under the 
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REFIT scheme, a policy of support which discriminates by size may be appropriate. 

This may result in a REFIT which changes with time, if average installation size is 

anticipated to change with time. Alternatively, a constant REFIT for viable 100-unit 

investment may be offered for all installation sizes, with a supplementary capital grant 

to cover additional costs. These are but two suggestions to reconcile the different 

optimal REFIT rates of Table 5 within a tractable policy framework. A full 

cost/benefit analysis of potential price support mechanisms to overcome this problem, 

alongside the impacts on uncertainty and required risk premia, is outside the scope of 

this paper, but is a future potential application of this probabilistic cost model.  

4.3 Influence of Learning on Device Cost and REFIT Requirement 

As with all WEC feasibility analyses, results presented are highly sensitive to the 

assumed rate of cost reduction or ‘learning’. This section identifies the implications 

this may have for both device developers and policymakers.  

 

Table 6 lists the rate of learning required for a REFIT of €0.26/kWh to be effective. 

To achieve an expected (mean) IRR of 10% or greater, 20 unit steel-based devices 

require a rate of cost scaling considerably greater than the most likely range of 0.82-

0.95 quoted by Hau (2006). For every doubling of capacity, this analysis suggests that 

the cost of a 20-unit installation must be scaled by a factor of 0.68, or 68%. This rate 

increases when uncertainty is taking to account. 

 

The expected rate of cost scaling falls to 0.80 for installations of 50 unit devices. This 

is closer to the potential range of Hau (2006). The premium to account for uncertainty 

falls for 50 and 100 unit devices, with an added 2-3% rate of ‘learning’ required for 

both, depending on the degree of risk aversion present. The observed values for 100 

unit steel-based devices are within the range of 0.82-0.95 cited by Hau (2006), 

however, they are still greater than the likely value of 0.90 commonly employed in the 

literature and may thus be considered optimistic. Interestingly, one can see that the 

required rate of cost scaling declines with each subsequent device specification. This 

reflects two factors. First, there are greater economies of scale to be achieved with 

larger installations, whereby constant infrastructural costs are spread over a greater 

output. Second, a larger installation size, and thus a greater level of cumulative 

installation, presents scope for a greater absolute change in cost. The impact of 
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uncertainty, in absolute terms, seems to fall albeit at a potentially diminishing rate, for 

larger installation sizes. This illustrates the greater importance of incorporating 

uncertainty in small installation scenarios. Early deployment is likely to comprise 

smaller installation sizes (DCENR, 2014a; MI & SEI, 2005) and thus the findings of 

this paper may be more pertinent in such scenarios.  

Table 6: Rate of Learning Required for IRR of 10% when REFIT of €0.26/kWh 

in place 

Installation Size Mean CVaR25 CVaR15 CVaR5 

20 Units (15MW) 0.68 0.65 0.64 0.63 

50 Units (37.5MW) 0.80 0.78 0.78 0.77 

100 Units (75MW) 0.85 0.83 0.83 0.82 
Note: The rate of learning represents the scaling of cost with every doubling of capacity. 

Although the accepted convention within the literature, the quoting of cost reduction 

as a scale or percentage is somewhat abstract. In order to ground these parameters in 

measures of unitary cost, the rate of cost reduction required between the first and last 

unit deployed for each installation scenario is displayed in Table 7. Such information 

may provide cost targets for potential device developers to achieve profitable 

deployment, demonstrating an added use of this modelling framework. In the context 

of this analysis, the CVaRn threshold may be interpreted as a prudent cost value for a 

developer to aim for in order to achieve an appropriate rate of cost reduction. Thus, if 

a developer can produce the first/last device at a levelised cost less than or equal to 

the CVaR5 value quoted in Table 7, there is a 95% chance of achieving an IRR of 

10% or greater under the assumptions of this case study. The rate of cost reduction 

under a 0.90 rate of cost scaling is calculated also to provide a benchmark against 

which required rates of reduction may be compared to those expected.  

Evaluated at CVaR5, costs fall by 35% from the first to the last device under the 

benchmark 0.90 rate of cost reduction. However, in order to achieve cost-effective 

deployment costs must fall by between 51-68%. This highlights the considerable 

difficulty developers may face in achieving cost-effective deployment under currently 

proposed policy conditions, especially for lower installation sizes.  

 



14-WP-SEMRU-02 
 

 

Table 7: Difference Between Levelised Cost of First and Last Unit due to 

Learning 

Installation Size 
Learning 

Rate 

Mean Levelised Cost 

(€/kWh) 
CVaR5 Levelised 

Cost (€/kWh) 
Rate of 

Cost 

Reduction Unit 1 Final Unit Unit 1 Final Unit 
20 Units (15MW) 0.63 0.399 0.135 0.366 0.117 68.03% 

0.9 0.399 0.260 0.366 0.236 35.52% 

50 Units (37.5MW) 0.77 0.359 0.153 0.328 0.137 58.23% 
0.9 0.359 0.234 0.328 0.213 35.06% 

100 Units (75MW) 0.82 0.344 0.169 0.314 0.152 51.59% 
0.9 0.344 0.224 0.314 0.203 35.35% 

Note: Unit cost values quoted are levelised cost estimates for first and last units of a given installation 
specification, evaluated at mean and CVaR5 thresholds. Differences in these cost estimates are due to 
the assumed learning and resulting cost reductions through the cumulative installation of intervening 
units, evaluated at the CVaR value.  

Table 8 displays the impact that sensitivity to learning may have on financial return 

and thus the required REFIT policy of support. For this analysis, the required REFIT 

is defined as that which yields an IRR of 10% at 95% probability, according to CVaR5 

criteria. Similar to the findings of Table 7, the required rate of REFIT is highly 

sensitive to the assumed rate of learning. For policymakers, this illustrates the degree 

to which correct prediction of the anticipated learning rate is especially important to 

yield an IRR of 10%. The premium for uncertainty declines as the rate of cost scaling 

approaches 1, indicating that accounting for potential uncertainty in cost values is of 

greater importance if cost reduction is likely to proceed at a greater pace.  

Finally, it can be seen that the proposed REFIT rate of 0.26/kWh only provides an 

adequate rate of return under the extreme upper bound in cost scaling, at a learning 

rate of 0.82. This indicates that it is only under the most optimistic of deployment 

criteria that proposed Irish REFIT policy is adequate to yield an appropriate financial 

return for deployment.  

 

Table 8: REFIT Required (€/kWh) for IRR of 10% 

Installation Size Learning Mean CVaR25 CVaR15 CVaR5 
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20 Units (15MW) 0.82 0.35 0.37 0.37 0.38 

0.95 0.47 0.49 0.5 0.51 

50 Units (37.5MW) 0.82 0.27 0.29 0.29 0.3 

 
0.95 0.4 0.43 0.43 0.44 

100 Units (75MW) 0.82 0.24 0.25 0.25 0.26 

  0.95 0.37 0.4 0.4 0.41 
Note: ‘Learning’ refers to the rate of cost reduction for every doubling of capacity (cost scaling) 
employed in calculation. The ‘REFIT required’ is calculated as the REFIT rate required to yield a mean 
IRR value of 10% IRR for the lowest nth percentile of simulated distributions.  

 

5. Conclusion and Policy Implications 
The economic evaluation of wave energy conversion devices has been limited to date 

by the uncertainty surrounding the true value of existing cost estimates. To 

incorporate the effect this uncertainty may have in policymaker, investor and 

developer decision-making, this paper has developed a tool to quantify the likelihood 

of achieving a given cost estimate. This model has been applied to a representative 

case study to further inform policymakers and investors as to the cost of wave energy 

devices in Ireland. The first goal of this paper was to quantify cost estimates for a 

central scenario of deployment. It was found that the expected levelised cost of 

electricity for 100 unit steel-based installations is €0.244/kWh. The uncertainty 

surrounding this estimation was quantified, with VaR and CVaR methodologies 

shown to account for risk in cost and policy appraisal. It was found that there is a 95% 

likelihood of achieving a cost value less than or equal to €0.267/kWh for 100-unit 

installations using the CVaR methodology.  

 

The second goal of this chapter was to assess the certainty to which a feed-in tariff of 

0.26/kWh provides an adequate return on investment, when investments are evaluated 

at their expected value or at a threshold accounting for uncertainty. This gives insight 

into the influence of cost uncertainty when policymakers are setting feed-in tariff 

rates. It was found that a tariff of €0.26/kWh is insufficient for all considered device 

specifications, with a REFIT of €0.42 required for 20-unit installations when 
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evaluated at the expected mean value, rising to €0.46 when evaluated under CVaR5 

criteria. For 100-unit installations, expected mean and CVaR5 criteria suggest values 

of €0.31/kWh and €0.34/kWh respectively. Thus, this methodology may identify the 

premium required to account for cost uncertainty. The third goal of this chapter was to 

explore the sensitivity of results to different rates of cost reduction or ‘learning’. The 

rates of learning required for feasible deployment under proposed REFIT policy were 

identified, whilst the REFIT rates required for feasible deployment under different 

rates of learning were presented.  

Although cost estimates are still subject to uncertainty and thus to be treated with a 

degree of caution, this paper has presented a means to quantify this uncertainty 

through probabilistic simulation. This analysis recommends that prudent policy, cost 

and developer evaluation should incorporate cost variability into WEC project 

appraisal and has demonstrated how this may be done. For investors, a means to 

quantify the uncertainty of the investment environment allows for more informed 

investment decisions. For developers, this model has been applied to determine 

targets of cost reduction for feasible deployment. Furthermore, using the CVaR 

methodology allows for potential uncertainties to be incorporated in appropriate 

targets, such that prudent goals of cost reduction that account for potential cost 

uncertainties may be defined. Policymakers have been presented with a framework 

that quantifies the certainty with which a given measure will create the desired 

investment environment. This has contributed to the policymaker’s decision-making 

process in two ways. First, the need for a premium in FiT rates to account for cost 

uncertainty has been identified. Second, a means to efficiently specify this premium 

has been outlined.  

 

A sensitivity analysis also identified the impact that greater levels of device learning 

may have for levelised cost estimates. Cost-benefit analysis of R&D investments to 

achieve such accelerated learning and application to alternate jurisdictions are further 

extensions.  

 

The current economic climate is characterised by increasingly constrained public 

finances, alongside a global energy market characterised by increasingly uncertain 

fuel prices. Many jurisdictions, such as Ireland, have made considerable and 



14-WP-SEMRU-02 
 

 

continuing commitments to support WEC device deployment, despite these economic 

conditions. This paper has demonstrated the impact uncertainty may have on the 

policymaking process, outlining an appropriate modelling framework with which 

policymakers may take this into account. Quantifying the effects of cost uncertainty 

allows policymakers to identify with greater precision any potential premia that may 

be required, allowing for more efficient use of constrained public finances. Applied to 

an Irish case study, this provides a timely contribution by complementing existing 

cost estimates to better inform future policy processes in Ireland and elsewhere.  

Acknowledgements 

This work was funded through the Beaufort Marine Research Award, which is carried 

out under the Sea Change Strategy and the Strategy for Science Technology and 

Innovation (2006-2013), with the support of the Marine Institute, funded under the 

Marine Research Sub-Programme of the National Development Plan 2007–2013. The 

authors would like to thank the Ocean Energy Development Unit of the Sustainable 

Energy Authority of Ireland for assistance in acquiring data, along with Ronan 

Costello for helpful comments and suggestions on an earlier draft of this paper. The 

usual disclaimer applies.  

References 

Allan, G.; Gilmartin, M.; McGregor, P. & Swales, K. (2011), 'Levelised costs of 

Wave and Tidal energy in the UK: Cost competitiveness and the importance of 

“banded” Renewables Obligation Certificates', Energy Policy, 39(1), 23 - 39. 

Archetti, Renata, Silvia Bozzi, and Giuseppe Passoni. (2011), ‘Feasibility study of a 

wave energy farm in the western Mediterranean sea: comparison among 

different technologies,’ASME 2011 30th International Conference on Ocean, 

Offshore and Arctic Engineering: Volume 5: Ocean Space Utilization; Ocean 

Renewable Energy. Rotterdam: The Netherlands. 

Bedard, R. (2006), EPRI ocean energy program, possibilities in California, EPRI 

Technical report [online]. Available: 



14-WP-SEMRU-02 
 

 

http://oceanenergy.epri.com/attachments/ocean/briefing/June_22_OceanEnergy.

pdf [Accessed 1 September 2012]. 

Carbon Trust (2006), Future marine energy, Carbon Trust Technical report [online]. 

Available:http://www.oceanrenewable.com/wp-

content/uploads/2007/03/futuremarineenergy.pdf [Accessed: 12 August 2012].` 

Carbon Trust (2011), Accelerating Marine Energy: The Potential for Cost Reduction 

– Insights from the Carbon Trust Marine Energy Accelerator. Carbon Trust 

Technical Report [online]. Available: 

http://www.carbontrust.com/media/5675/ctc797.pdf [Accessed: 20 September 

2012]. 

Central Statistics Office (CSO) (2010), Wholesale Price Index (Excl VAT) by Industry 

NACE Group and Month. Dublin: Stationery Office. 

Dalton, G.; Alcorn, R. & Lewis, T. (2010), ‘Case study feasibility analysis of the 

Pelamis wave energy convertor in Ireland, Portugal and North America’, 

Renewable Energy, 35(2), 443 - 455. 

Dalton, G.; Alcorn, R. & Lewis, T. (2012), ‘A 10 year installation program for wave 

energy in Ireland: A case study sensitivity analysis on financial returns’, 

Renewable Energy, 40(1), 80 - 89. 

Darling, Seth B., Fengqi You, Thomas Veselka, and Alfonso Velosa. (2011), 

‘Assumptions and the Levelized Cost of Energy for Photovoltaics.’ Energy & 

Environmental Science 4 (9): 3133.  

Department of Communication, Energy and Natural Resources (DCENR) (2009), A 

competition for electricity generation from Anaerobic Digestion, Biomass 

powered high efficiency CHP, Ocean Energy and Offshore wind energy [online]. 

Available:http://www.dcenr.gov.ie/NR/rdonlyres/3B13ECAA-9351-41E0-

8B44-7C02E98E4F50/0/AdditionalREFITcetegories.pdf [Accessed 12 April 

2012]. 

Department of Communication, Energy and Natural Resources (DCENR) (2010), 

National Renewable Energy Action Plan [online]. Available: 



14-WP-SEMRU-02 
 

 

http://www.dcenr.gov.ie/NR/rdonlyres/C71495BB-DB3C-4FE9-A725-

0C094FE19BCA/0/2010NREAP.pdf [Accessed: 11 April 2012]. Dublin: 

Department of Communications, Energy and Natural Resources 

Department of Communications, Energy and Natural Resources (DCENR) (2012), ‘A 

Competition for Electricity Generation from Biomass, Hydro and Wind 2010-

2012’ [online]. Available: http://www.dcenr.gov.ie/NR/rdonlyres/500F4F12-

089D-470F-B97D-

1A6C4CD173A5/0/REFIT2TermsandConditionsMar2012.pdf [Accessed: 12 

April 2012]. 

Department of Communications, Energy and Natural Resources (DCENR) (2014a), 

‘Offshore Renewable Energy Development Plan’ [online]. Available: 

http://www.dcenr.gov.ie/NR/rdonlyres/836DD5D9-7152-4D76-9DA0-

81090633F0E0/0/20140204DCENROffshoreRenewableEnergyDevelopmentPla

n.pdf [Accessed: 14 February 2014]. 

Department of Communications, Energy and Natural Resources (DCENR) (2014b), 

‘REFIT Reference Prices’ [online]. Available: 

http://www.dcenr.gov.ie/Energy/Sustainable+and+Renewable+Energy+Divisio

n/REFIT.htm [Accessed: 14 February 2014]. 

Department of Energy and Climate Change (UK) (DECC) (2011), UK Renewable 

Energy Roadmap [online]. Available: 

http://www.decc.gov.uk/assets/decc/11/meeting-energy-demand/renewable-

energy/2167-uk-renewable-energy-roadmap.pdf [Accessed: 20 August 2012]. 

Department of Trade and Industry (UK) (DTI) (2003), Pelamis WEC- Main Body 

Structural Design and Material Selection, DTI Technical report.  

Department of Trade and Industry (UK) (DTI) (2004), Renewable Supply Chain Gap 

Analysis [online]. Available: www.dti.gov.uk/files/file15401.pdf [Accessed: 18 

November 2012]. 

Dunnett, D. & Wallace, J. S. (2009), ‘Electricity generation from wave power in 

Canada’, Renewable Energy, 34(1), 179 - 195. 



14-WP-SEMRU-02 
 

 

Epple, D. & Argote, L. (1990), ‘Learning Curves in Manufacturing’, Science, 

247(4945), 920-924. 

European Marine Energy Centre (EMEC) (2012), Site Activity [online]. Available: 

http://www.emec.org.uk/site_activity.asp [Accessed: 12 April 2012]. 

European Commission (EC) (2010), Energy 2020 A strategy for competitive, 

sustainable and secure energy, Communication from the Commission to the 

European Council and the European Parliament, COM(2010) 639 Brussels: 

Office for Official Publications of the European Communities. 

European Commission (EC) (2011), Energy Roadmap 2050, Communication from the 

Commission to the European Parliament, the Council, the European Economic 

and Social Committee and he Committee of the Regions, COM(2011) 885/2. 

Brussels: Office for Official Publications of the European Communities. 

European Commission (EC) (2012), The EU climate and energy package [online]. 

Available at: http://ec.europa.eu/clima/policies/package/documentation_en.htm 

[Accessed: 10 April 2012]. 

ESBI (2005), Accessible wave energy resource atlas, Technical report, ESBI Report 

4D404A-R2 for Marine Institute (MI) and Sustainable Energy Ireland (SEI) 

[online]. Available: http://www.marine.ie/NR/rdonlyres/90ECB08B-A746-

4247-A277-7F9231BF2ED2/0/waveatlas.pdf [Accessed: 18 August 2012]. 

European Parliament and Council (2009), Directive 2009/28/EC of the European 

Parliament and of the Council of 23 April 2009 on the promotion of the use of 

energy from renewable sources and amending and subsequently repealing 

Directives 2001/77/EC and 2003/30/EC. Brussels: Office for Official 

Publications of the European Communities. 

Falcão, A.F.  (2010), ‘Wave Energy Utilization: A Review of the Technologies’, 

Renewable and Sustainable Energy Reviews, 14(3), 899–918. 

Falconett, I. & Nagasaka, K. (2010), ‘Comparative analysis of support mechanisms 

for renewable energy technologies using probability distributions’, Renewable 

Energy, 35(6), 1135 - 1144. 



14-WP-SEMRU-02 
 

 

Gass, V.; Strauss, F.; Schmidt, J. & Schmid, E. (2011), 'Assessing the effect of wind 

power uncertainty on profitability', Renewable and Sustainable Energy Reviews, 

15(6), 2677 - 2683. 

Gupta, S., Tirpak, D. A., Burger, N., Gupta, J., Höhne, N., Boncheva, A. I., Kanoan, 

G. M., Kolstad, C., Kruger, J. A., Michaelowa, A., Murase, S., Pershing, J., 

Saijo, T., Sari, A. (2007), ‘Policies, Instruments and Co-operative 

Arrangements’. In: Climate Change 2007: Mitigation, Contribution of Working 

Group III to the Fourth Assessment Report of the Intergovernmental Panel on 

Climate Change [B. Metz, O.R. Davidson, P.R. Bosch, R. Dave, L.A. Meyer 

(eds)], Cambridge and New York: Cambridge University Press. 

Hau, Erich (2006), Wind Turbines - Fundamentals, Technologies, Applications, 

Economics. Netherlands: Springer – Verlag [online]. Available: 

http://www.knovel.com/web/portal/browse/display?_EXT_KNOVEL_DISPLA

Y_bookid=3203&VerticalID=0 [Accessed 20 September 2012]. 

Hertz, D. (1964), 'Risk Analysis in Capital Investment', Harvard Business Review, 95-

106. 

Huckerby, J.A., and P. McComb (2008), Development of Marine Energy in New 

Zealand. Published consultants’ report for Energy Efficiency and Conservation 

Authority, Electricity Commission and Greater Wellington Regional Council, 

Wellington, New Zealand. 

ICE, 2012. Market Data Report Center [online]. Available: 

https://www.theice.com/marketdata/reports/ReportCenter.shtml#report/87 

[Accessed 10 October 2012]. 

Indexmundi (2012a), Cold Rolled Steel Monthly Price – US Dollars per metric tonne 

[online]. Available: 

http://www.indexmundi.com/commodities/?commodity=cold-rolled-

steel&months=120 [Accessed: 28 July 2012]. 



14-WP-SEMRU-02 
 

 

Indexmundi (2012b), Copper Futures End of Day Settlement Price [online]. Available: 

http://www.indexmundi.com/commodities/?commodity=copper&months=120 

[Accessed: 28 July 2012]. 

Junginger, M., Faaij, A. & Turkenburg, W.C. (2004), ‘Cost Reduction Prospects for 

Offshore Wind Farms’, Wind Engineering, 28(1), 97-118. 

Kaiser, B. & Snyder, M. J. (2010), ‘Offshore Wind Energy Installation and 

Decommissioning Cost Estimation in the U.S. Outer Continental Shelf', Bureau 

of Ocean Energy Management, Enforcement and Regulation Technical report 

[online]. Available: http://www.boemre.gov/tarprojects/648/aa.pdf [Accessed 1 

September 2012]. 

Marine Institute (MI) and Sustainable Energy Ireland (SEI) (2005), Ocean Energy in 

Ireland, An Ocean Strategy for Ireland submitted to the Department of 

Communications, Marine and Natural Resources. Dublin: Stationery Office. 

Marine Institute (2012) Irish Marine Weather Buoy Network [online]. Available: 

http://www.marine.ie/home/publicationsdata/data/buoys/ [Accessed 10 

November 2012]. 

Metropolis, N. & Ulam, S. (1949), ‘The Monte Carlo Method’, Journal of the 

American Statistical Association, 44(247), pp. 335-341. 

Mohamed, S. & McCowan, A. K. (2001),’Modelling project investment decisions 

under uncertainty using possibility theory’, International Journal of Project 

Management, 19(4), 231 - 241. 

Montes, G. M. & Martín, E. P. (2007), ‘Profitability of wind energy: Short-term risk 

factors and possible improvements’, Renewable and Sustainable Energy 

Reviews, 11(9), 2191 - 2200. 

Montes, G. M.; Martin, E. P.; Bayo, J. A. & Garcia, J. O. (2011), 'The applicability of 

computer simulation using Monte Carlo techniques in windfarm profitability 

analysis', Renewable and Sustainable Energy Reviews, 15(9), 4746 - 4755. 



14-WP-SEMRU-02 
 

 

O'Connor, M., Lewis, T., Dalton, G. (2013a), ‘Techno-economic performance of the 

Pelamis P1 and Wavestar at different ratings and various locations in Europe’, 

Renewable Energy, 50, 889-900. 

O'Connor, M., Lewis, T., Dalton, G. (2013b), ‘Operational expenditure costs for wave 

energy projects and impacts on financial returns,’ Renewable Energy, 50, 1119-

1131.  

Pelamis Wave Power (2012), Pelamis Technology and Media Centre [online]. 

Available: http://www.pelamiswave.com/ [Accessed: 12 April 2012]. 

Previsic, M., et al. (2004), System level design, performance, and costs of California 

Pelamis wave power plant, EPRI Technical report [online]. Available: 

http://oceanenergy.epri.com/attachments/wave/reports/006_San_Francisco_Pela

mis_Conceptual_Design_12-11-04.pdf [Accessed: 20 June 2012]. 

Rockafellar, R.T. and Uryasev, S. (2000), ‘Optimization of conditional value-at-risk’, 

Journal of Risk, 2, pp. 21–41 

Rockafellar, R.T. and Uryasev, S. (2002), ‘Conditional value-at-risk for general loss 

distributions’, Journal of Banking & Finance, 26(7), 1443-1471 

RPS Group (2009), Review of Engineering & Specialist Support Requirements for the 

Ocean Energy Sector, A report prepared by RPS Group to Sustainable Energy 

Authority Ireland [online]. Available: 

http://www.seai.ie/Renewables/Ocean_Energy/Ocean_Energy_Information_Res

earch/Ocean_Energy_Publications/Engineering_Study.pdf [Accessed: 24 

August 2012]. 

Scaillet, O. (2004), ‘Nonparametric estimation and sensitivity analysis of expected 

shortfall’, Mathematical Finance, 14, 115-129. 

Scottish Executive (2005), Going for Green Growth: A Green Jobs Strategy for 

Scotland  

Sharkey, F., Bannon, E., Conlon, M., Gauhgan, K. (2011), ‘Dynamic Electrical 

Ratings and the Economics of Capacity Factor for Wave Energy Converter 



14-WP-SEMRU-02 
 

 

Arrays’, Paper Presented at the European Wave and Tidal Energy Conference 

2011 [online]. Available: http://arrow.dit.ie/engscheleart/167/ [Accessed: 20 

September 2012]. 

SQW (2010), Economic Study for Ocean Energy Development in Ireland.A report 

prepared by SQW Consulting to Sustainable Energy Authority Ireland and 

Invest Northern Ireland[online]. Available: 

http://www.seai.ie/Renewables/Ocean_Energy/Ocean_Energy_Information_Res

earch/Ocean_Energy_Publications/SQW_Economics_Study.pdf [Accessed: 20 

June 2012]. 

St Germain, L. (2005), A case study of wave power integration into the Ucluelet area 

electrical grid, PhD thesis, Department of Mechanical Engineering, University 

of Victoria, Canada. 

Sustainable Energy Authority of Ireland (SEAI) and Marine Institute (MI) (2005), 

2005 Wave Energy Resource Atlas [online]. Available: 

http://www.seai.ie/Renewables/Ocean_Energy/Ocean_Energy_Information_Res

earch/Irelands_Wave_and_Tidal_Energy_Resources/ [Accessed: 5 February 

2012]. 

Sustainable Energy Authority of Ireland (SEAI) (2010), Renewable Energy in Ireland: 

2010 Update [online]. Available: 

http://www.seai.ie/Publications/Statistics_Publications/SEI_Renewable_Energy

_2010_Update/RE_in_Ire_2010update.pdf [Accessed: 12 April 2012]. Dublin: 

SEAI 

Sustainable Energy Authority of Ireland (SEAI), (2011), Belmullet Site Infrastructural 

Budget Data. Dublin: SEAI 

 

Teillant, Boris, Ronan Costello, Jochem Weber, and John Ringwood. 2012. 

‘Productivity and Economic Assessment of Wave Energy Projects Through 

Operational Simulations’. Renewable Energy 48, 220–230. 

doi:10.1016/j.renene.2012.05.001 

 

 



14-WP-SEMRU-02 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

  

 

 

 

 

 



14-WP-SEMRU-02 
 

 

 


