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Abstract 

This work introduces the concepts related with ocean energy and risk assessment, developing a 

methodology to understand the uncertainties associated with projects in the ocean industry, and their 

effect on project cost, feasibility and cost -competitiveness. The methodology consists of a risk 

assessment of project appraisal indicators used in the industry. It proceeds with the establishment of 

the context of the assessment, the identification and qualitative analysis of project risks, and the 

quantitative analysis of significant uncertainties and risks, followed by an evaluation of the results  

according to pre-established criteria. A case study is presented to exemplify the use of the 

methodology, considering Portugal as the scenario of the execution of the project.  Conclusions from 

the assessment are coherent with the current literature about the industry. 

Keywords: Ocean Energy; Risk Assessment; Project Appraisal Risk Assessment; Monte Carlo 

Simulation. 

1. Introduction 

Ocean energy has a huge potential as a clean 

energy source. In particular, a growing interest 

and focus on energy from waves and tidal 

currents emerged in the last decades. A gross 

estimate considered the global wave energy 

and tidal energy resource available as 1 and 

1.5 times the world consumption (Dal Ferro, 

2006). The industry has limited experience, 

and there is a great number of uncertainties 

related with technology, performance and cost 

(Mueller & Wallace, 2008). This is an industry 

based on capital intensive projects, planned 

for a large time horizon and service-life. 

Uncertainties undermine the confidence of 

investors and other stakeholders, and delay 

the development of the industry.  

This work proceeds with an introduction of the 

concepts related with ocean energy and risk 

assessment, providing relevant information to 

understand and support the methodology 

developed. The methodology assesses the 

uncertainties and risks involved in the 

decision-making process of investment in 

ocean energy projects. An ocean energy 

project is considered as an endeavour made to 

enable the exploitation of ocean energy. The 

life cycle of these projects is considered as the 

life cycle of the device/devices involved in the 

project. 

A case study is presented considering Portugal 

as the location of the project and the Pelamis 

wave energy converter as the device. A wave 

energy converter is selected for the 

exemplification since Portugal is considered as 

an attractive region to extract wave energy and 

resource data is available.  

This work is structured as follows. First 

chapter introduces the ocean energy and 

conversion technologies. Then, ocean energy 
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projects are explained: the life cycle phases, 

the costs and the appraisal indicators. This is 

followed by an introduction to risk assessment 

and its application in project appraisal. The 

methodology is then introduced, and the 

following chapters proceed with an 

exemplification on how to use it. Conclusions 

about the methodology and the ocean energy 

industry are presented in the end.  

2. Ocean Energy and 

Conversion 

Ocean energy comprises all forms of energy 

derived from the ocean. Extracting energy from 

the ocean and converting it into useful energy  

is the process of conversion. Devices capable 

of doing this are ocean energy converters 

(OEC). Here, two types of devices are 

considered: (1) wave energy converters (WEC) 

and (2) tidal energy converters (TEC). These 

convert energy from waves and energy from 

tidal currents respectively.  According to Falcão 

(2010, p. 904) and Guedes et al. (2012) a wide 

variety of WECs have been developed over the 

years. Krohn et al. (2012, p. 25) pointed the 

lack of consensus relative to design as one of 

the causes of the slow development. TECs are 

still at an early stage of development as few 

devices have been built and tested at sea but 

there is a greater design convergence in their 

development. OECs have mechanisms to 

extract energy from the ocean and produce 

usable energy. The conversion occurs through 

several stages in which different elements act 

with a given efficiency (Falcão, 2010). The 

output power generated is integrated into the 

grid through power transmission systems. 

These are described in detail by de Alegría et 

al. (2009). 

Knowledge of wave energy and tidal energy 

(power, characteristics) is essential (1) to 

evaluate their potential, (2) to identify potential 

sites or geographic areas, and (3) to develop 

suitable solutions to extract their energy . 

Portugal is a region with medium-high wave 

energy levels that can be exploited. The Wave 

Energy Centre (2004) report identified 

potential sites for installation of wave energy 

projects along the Portuguese coast . 

3. Ocean Energy Projects 

The life cycle of an OEC consists of four 

phases: (1) the Construction phase, (2) the 

Installation phase, (3) the Operation and 

Maintenance (O&M) phase, and (4) the 

Decommissioning phase. The Construction 

phase corresponds to the concept 

development, design and fabrication of the 

device/devices. The Installation phase 

comprises the transportations, assemblies, 

underwater operations and any other 

processes needed to place the device/devices 

at the planned location. The O&M phase 

corresponds to the regular functioning of the 

device/devices and maintenance activities – it 

corresponds to the project service life.  The 

Decommissioning phase consists of the 

removal from production of the device/ devices 

and project closure. 

Life cycle costs of these projects are 

influenced by the OEC (concept, stage of 

development) and the specific circumstances 

of the project. It comprises the costs of 

building and installing a device (or devices) – 

the initial Capital cost, operating it (them) – the 

O&M cost – and decommissioning it ( them) (a 

Capital cost also) (Entec UK Ltd, 2006). 

Capital cost is easier to estimate due to the 
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lack of operational experience but the 

available data for both costs is reduced. 

Life cycle costs and benefits must be valued in 

terms of present value equivalent (PV) to 

determine the feasibility and attractiveness of 

these projects. A discount factor is applied to 

future cash flows to obtain its PV. Four 

indicators are used to appraise projects in this 

field: (1) the Net Present Value (NPV), (2) the 

Internal Rate of Return (IRR) or its modified 

version (the modified IRR, or MIRR), (3) the 

Discounted Payback Period (DPP), and (4) the 

Levelised Cost of Energy (LCoE). The criteria 

is as follows. A positive NPV indicates that a 

project might be worth pursuing. An IRR 

(MIRR) higher than the discount rate indicates 

the same, and the DPP measures project risk 

in terms of reaching the break-even. Projects 

with a LCoE equal or lower than its selling 

price of energy are cost-competitive. 

4. Risk Assessment 

Risk assessment is a process that is structured 

to provide information on how project 

objectives might be affected (IEC, 2009, p. 6). 

It is applied within a pre-established and clear 

context. It comprises the identification, 

analysis and evaluation of the risks, and it is 

applicable to all phases of the project life 

cycle. 

Risk identification consists of determining and 

documenting the risks that may affect a project 

(PMI, 2008). The risks are registered in the 

Risk Register of the project, considering 

aspects such as (1) the event, (2) root causes, 

(3) impact, or (4) likelihood (PMI, 2008), 

(Vose, 2008). Risk analysis is the process of 

understanding the identified risks . A qualitative 

risk analysis consists of analysing risks in 

terms of their probability of occurrence and 

impact on project objectives (PMI, 2008). 

These attributes, along with the level of risk, 

are described through nominal or descriptive 

scales (Cooper et al., 2005). A quantitative risk 

analysis consists of quantifying the effect of 

identified risks on project objectives (PMI, 

2008). Risk evaluation consists of comparing 

the levels of risk found during the risk analysis 

with established risk criteria in order to 

determine the significance of the risk (Cooper 

et al., 2005), (ISO, 2009). It assists decision-

making on responses for each risk. 

The risk assessment process might be applied 

for project appraisal. In this context, the 

assessment consists of identifying, analysing 

and evaluating the costs and benefits 

associated with a project, their uncertainties 

and the risks that might affect them. The 

European Commission (2008) guide 

recommended some steps to perform a similar 

assessment.  

Ocean energy projects should benefit from risk 

assessment. The Renewable UK (2013, p. 3) 

report mentioned this, suggesting risk 

assessment as a mean to (1) develop more 

realistic projections, (2) educate and engage 

stakeholders, and (3) understand how best to 

develop the industry. 

The impact of the uncertainties on project 

objectives can be assessed by the Monte Carlo 

Simulation (MCS). The strengths and 

weaknesses of this technique are described 

with detail in the literature (Vose, 2008). In a 

MCS each variable is modelled by a 

probabilistic distribution, and part of a model 

structured to link all variables and measure 

their combined effect on the parameters of 

interest. 
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5. Methodology 

Project appraisal risk assessment is an  

appropriate method to improve decision-

making. The goal of this process is to 

determine the uncertainty in the project 

appraisal indicators, and the main sources of 

uncertainty and risk drivers.  

The method purposed in this work is as 

follows. First, the context of the assessment 

must be established, defining (1) the scope of 

the project and (2) the scope of the risk 

assessment. Then, the risk identification and 

qualitative analysis occurs, enabling (1) the 

creation of a Risk Register of project risks, (2) 

the analysis of their likelihood and impact, and 

(3) the definition of the risks that require 

further analysis. This is followed by a 

quantitative analysis of the most significant 

uncertainties and risks that occurs in two steps 

– first, a sensitivity analysis, and then a 

simulation through the MCS technique. The 

assessment is concluded with a risk 

evaluation. 

The following information is critical: (1) data 

about resource characteristics; (2) data about 

life cycle costs; (3) data related with the 

project macro environment, such as the feed in 

tariff (FIT), tax regime or legislation; and (4) 

data about the device characteristics and 

project execution procedures. These 

assessments must consider time, and assign 

costs, production and revenues to specific 

periods to perform the appraisal in terms of 

present value equivalent.  

This work proceeds with an exemplification on 

how to apply the methodology – a case study 

of potential ocean energy projects installed at 

Portugal. The evaluation is not performed in 

this exemplification as several distinct – and 

valid – responses could be used. This is 

ultimately up to the decision-makers. 

6. Ocean Energy Project 

Context 

Context is essential to proceed with – and 

understand – the assessment. 

6.1. External Context 

Legal and regulatory requirements to develop 

an ocean energy project in Portugal (at the 

Portuguese Pilot Zone) were established in the 

decree-law 5/2008. The marine energy project 

owner must (1) pay a fee to obtain the 

installation consent, (2) pay an annual rent 

throughout the project service life, and (3) 

establish an insurance contract for liability to 

develop a project in this area. The FIT were 

not disclosed but a value of 0,26 €/kWh is 

assumed for this exemplification. Likewise, in 

terms of taxation, a general tax rate of 25% is 

considered. 

6.2. Project Context 

Four scenarios are considered: 1 unit, 4 units, 

8 units and 32 units of an OEC. For this 

exemplification the Pelamis wave energy 

converter is selected as the device. Yemm et 

al. (2012) described the main characteristics of 

the device. The duration of maintenance and 

overhaul activities is assumed due to the lack 

of concrete data in the literature. A broad view 

on project activities is preferred instead of a 

detailed one, and the requirements are 

assumed to be considered in the costs 

presented. For this exemplification, cost 

estimates are taken or calculated based on the 

literature data from Raventos et al. (2010), 

Dalton et al. (2010), O ’Connor et al. (2013) 
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and the Carbon Trust (2006) report (see Table 

1). 

Table 1: Base cost estimates for the assessment  

Cost item  Base estimate 

WEC (WEC IC) 3.000.000 €  

Power transmission system 1.500.000 €  

Mooring 300.000 €  

Deployment and commissioning 60.000 €  

Monitoring 48.114 €  

Planned maintenance 155.124 €  

Unplanned maintenance 254.302 €  

Spares 60.000 €  

Insurance 60.000 €  

Annual rent 2.187 €  

Overhaul 300.000 €  

Decommissioning 300.000 €  

 

Other assumptions of the project context 

include: (1) the discount rate in between 10-

15% (Entec UK Ltd, 2006); (2) the linear 

depreciation and null Salvage value at the end 

of the device life, assumed to be 20 years; (3) 

the funding amount of 70-80% of the initial 

Capital cost repaid in 20 years, and the 

interest rate in between 4-8%; and (4) the 

insurance as an annual cost. Resource data is 

taken from Hogben et al. (1986). It refers to a 

much larger area of the Atlantic Ocean in 

which the Portuguese coast is included, and 

considered here as an approximate 

assessment. 

6.3. Risk Assessment Context 

The following objectives are considered for the 

purpose of this exemplification:  

- What is the likelihood of each 

scenario for which affordability is 

assured? 

- What are the main sources of 

uncertainty and risk in these projects?  

Impact and likelihood descriptive scales are 

defined to perform the qualitative risk analysis. 

Cost (reduction or increase) is the only impact 

considered. The likelihood scale is adapted 

from Cooper et al. (2005). The levels of risk 

considered are three: high, medium and low.  

High and medium level risks are considered as 

risks that require further analysis.  

7. Ocean Energy Project Risk 

Identification and Qualitative 

Analysis 

The risk identification process focused on 

typical risks in these projects, based on (1) 

evidence from the literature, and (2) analysis 

of the work required. The qualitative risk 

analysis enabled the determination of the 

priority risks. The medium and high level risks 

are presented in the Risk register of the 

project (see Table 2). Most events identified 

are related with the Installation or O&M 

phases. For this exemplification, and due to 

the lack of available data, some risks are not 

considered for further analysis. Hence, the 

risks of cost reduction and the risk of 

unplanned maintenance are the events 

considered for the quantitative risk analysis. 
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Table 2: Project life cycle Risk Register of medium and high level risks  

Event Life Cycle Phase Root Cause 
Type of 

Risk 
Impact Likelihood 

Level 

of Risk 

Cost reduction 

due to scale  

Construction; 

Installation 
Economies of scale Positive Outstanding Likely High 

Short term 

exploitation 

consent 

Installation Legislation Negative Catastrophic Unlikely Medium 

Inadequate 

weather 

window 

Installation; 

Decommissioning  

Sea state 

conditions 
Negative Moderate Unlikely Medium 

Asset damage Installation; O&M 
Collisions, 

entanglements 
Negative Catastrophic Rare Medium 

Inadequate 

weather 

window 

O&M 
Sea state 

conditions 
Negative Minor Likely Medium 

Cost reduction 

due to scale 

O&M; 

Decommissioning 
Economies of scale Positive Major Likely High 

Unplanned 

maintenance 
O&M 

Fault requiring 

immediate 

intervention 

Negative Moderate Possible Medium 

Lower than 

expected 

performance 

O&M 

Poor resource 

assessment or 

changing resource 

characteristics 

Negative Catastrophic Possible High 

 

8. Ocean Energy Project 

Quantitative Risk Analysis 

A model must be built to perform this analysis, 

with input variables that relate with each other 

through different formulas to originate the 

output variables. The input variables of the 

model correspond to (1) project cost items and 

maintenance and overhaul durations , (2) 

project characteristics (i.e. sea state 

probability matrix, power matrix, device life 

time, number of units, funding, and relevant 

rates), (3) external requirements or 

characteristics (FIT, tax rate, annual rent), and 

(4) the significant risks identified (likelihood 

and impact). The output variables are the NPV, 

MIRR, DPP and LCoE. 

The model is centred on the project service life 

but all life cycles are assessed. Construction 

and Installation phases are acknowledged at 

the beginning and Decommissioning is 

acknowledged at the end. The service life is 

divided in equal year intervals or periods, and 

the model characterises each period in terms 

of costs, events, productivity and revenues. A 

constant prices model is considered for this 

assessment. The output variables require the 

calculation of (1) the net cash flow per period 

and (2) the net cost per period. The 
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parameters considered to calculate each of 

these are presented in Table 3 and Table 4. 

Table 3: Parameters to calculate the net cash 
flow 

Period 

−𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 (beginning only) 

+𝐵𝑜𝑟𝑟𝑜𝑤𝑒𝑑 𝐹𝑢𝑛𝑑𝑠 (beginning only) 

±𝑁𝑒𝑡 𝐼𝑛𝑐𝑜𝑚𝑒 (except beginning) 

+𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 (except beginning) 

−𝐷𝑒𝑏𝑡 𝑅𝑒𝑝𝑎𝑦𝑚𝑒𝑛𝑡 (except beginning) 

−𝐷𝑒𝑐𝑜𝑚𝑚𝑖𝑠𝑖𝑜𝑛𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 (end only) 

= 𝐶𝐹 

 

Table 4: Parameters to calculate the net cost  

Period 

−𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 (beginning only) 

−𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠 (except beginning) 

−𝐷𝑒𝑐𝑜𝑚𝑚𝑖𝑠𝑖𝑜𝑛𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 (end only) 

= 𝐶 

 

To obtain the output variables of the model it is 

also important to calculate the produced power 

output (Output) per period. For a period i, this 

is obtained by multiplying the expected power 

and the availability of that period (see equation 

1). 

𝑂𝑢𝑡𝑝𝑢𝑡𝑖 = 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑖 × 𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟𝑖 (1) 

 

Expected power is obtained from the sea state 

probability and device power matrices, 

whereas availability is equal to a year interval 

minus the time spent in that period on 

maintenance and overhaul activities. This 

model enables (1) the deterministic analysis 

and (2) the simulation analysis.  

8.1. Sensitivity Analysis of the 

Variables 

A sensitivity analysis is performed to 

determine the most significant inputs for the 

simulation analysis, considering the results 

from the deterministic analysis for the single -

unit scenario and varying the value of each 

input at a time by +1% and +10%. Figure 1 

presents the variation of the LCoE per 

variation in several input variables. The 

analysis is made to the NPV and MIRR also. 

Conclusions from the analysis of the LCoE, 

NPV and MIRR are similar. For the simulation 

analysis, cost items of the Installation phase 

are considered as a single cost item, and (1) 

the costs of monitoring, annual rent, overhaul 

and decommissioning, and (2) maintenance 

and overhaul durations, and the financial 

discount rate are modelled as certain. The risk 

of cost reduction in the Decommissioning 

phase is excluded. 

8.2. Simulation Analysis 

To proceed with the simulation analysis the 

significant input variables of the model must be  

described in terms of discrete or continuous 

probabilistic distributions. The distributions 

used were as follows: 

- Uniform distributions to model (1) the 

rates, (2) the funding amount, and (3) 

the impact of the cost reductions 

considered. 

- Triangular distributions to model the 

significant cost items. Pessimistic and 

optimistic estimates were percentage 

deviations from the base estimate, 

based on data mentioned by Previsic 

& Epler (2012). 
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Figure 1: Sensitivity analysis for the LCoE 

 

- Normal distribution to model the 

average power, truncated in between 

0 and 750, the power range of the 

device. 

The MCS is performed using the @Risk 

software and 10.000 iterations are considered 

for the simulation of each scenario to reduce 

the error in the mean to a minimum 

percentage. The simulation statistics for the 

MIRR and LCoE are shown on Table 5 and 

Table 6. Similar statistics were obtained for the 

NPV and DPP. The analysis enables the 

determination of the probability of different 

scenarios and the specific input variables that 

are critical for its occurrence (see Table 7). An 

analysis of the regression coefficients of a 

given output variable indicates the exact 

impact of variability in a given input variable on 

that output variable. 

 

Table 5: Simulation statistics for the MIRR 1  

Scenario Mean 
Std 

deviation 
P(affordable) 

1 unit 5,64% 2,91% 5.4% 

4 units 8,69% 3,20% 35.8% 

8 units 9,97% 3,46% 51.2% 

32 units 12,06% 4.11% 69.3% 

 

Table 6: Simulation statistics for the LCoE 

Scenario Mean 
Confidence 

interval (95%) 

Std 

deviation 

1 unit 
0,339 

€/kWh 

[0,338 €/kWh; 

0,340 €/kWh]  

0,057 

€/kWh 

4 units 
0,286 

€/kWh 

[0,285 €/kWh; 

0,287 €/kWh]  

0,056 

€/kWh 

8 units 
0,265 

€/kWh 

[0,264 €/kWh; 

0,266 €/kWh]  

0,058 

€/kWh 

32 units 
0,232 

€/kWh 

[0,231 €/kWh; 

0,233 €/kWh]  

0,065 

€/kWh 

 

In this exemplification, the results from the 

simulation analysis indicate that larger scale 

projects are more likely to be affordable due to 

                                                                 
1 A financial discount rate of 10% is assumed 
throughout the quantitative analysis.   

-15,00% -10,00% -5,00% 0,00% 5,00% 10,00%

WEC IC [€]

Mooring [€]

Installation cost [€]

Monitoring [€]

Spares / Insurance [€]

Overhaul [€]

Planned maintenance [hours]

Financial discount rate (%)

Power [kW]

1% 10%



9 

 

positive risks of cost reduction, being the 

reduction of the annual O&M costs the most 

influential aspect. Device performance is also 

an important aspect. Average power levels in 

each period have a significant impact on the 

output variables that decreases with time, 

meaning that good performance (i.e. 

productivity) on the first years of service life is 

essential. Device cost and interest rate are 

also variables with significant influence, an 

indicator that the cost of design and fabrication 

and the market conditions and perception of 

the industry must be controlled and managed 

by project owners and developers.  

Table 7: Key inputs for a non-negative NPV 

Scenario Key inputs 

1 unit Average power; Interest rate  

4 units O&M cost reduction due to scale  

8 units O&M cost reduction due to scale  

32 units O&M cost reduction due to scale  

 

9. Conclusion 

In this work, a methodology is presented to 

appraise ocean energy projects. It consists of 

a risk assessment applied to project appraisal 

indicators used in the industry, exemplified 

here considering a case study with Portugal as 

the project location and the Pelamis wave 

energy converter as the project device.  

The methodology comprises the following 

processes: (1) establishment of the context, 

(2) risk identification and qualitative analysis, 

(3) quantitative risk analysis, and (4) risk 

evaluation. The case study demonstrated that 

the method is applicable to different scenarios, 

the techniques useful and the results valid. It 

is possible to understand the uncertainties and 

risks of a project, and to obtain a detailed 

statistical description for the variables of 

interest and the probability of different 

outcomes in a given scenario . This is important 

for stakeholders: specific strategies might be 

implemented to target the critical variables and 

exceed the objectives.  

It should be noticed that conclusions taken 

from the assessment exemplified are coherent 

with the literature. However, the lack of data 

available in the literature limited the 

assessment. Access to this information will 

improve the accuracy of the results.  
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