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1 INTRODUCTION

1.1 THE ASSESSMENT OFMARINE RENEWABLE ENERGIES

Electricity generation from marine energy convangias made constant progresses in the recentlyaighas not yet come to the
stage of a fully mature industrial sector. Althougitable research effort has been put in this aneamore and more private and
public organisations are contributing to its depah@nt, only a few technologies have actually progkeatricity production and
even less have been operating while connectecetgrit.

It is clear that, from such a limited experience&omprehensive and reliable economic assessmanafe renewables is very
difficult to be addressed. However, considering ithereasing development of marine renewables aadgtbwing interest of
investors and policy makers, tools and methode#imation of the economic performance should dmelt also for allowing

comparisons between the technologies and idengfg@y factors for cost reduction and improvement.

Design of such methodologies would require a haisamh approach between research institutions, dpeedo utilities and
investors. Previous studies (see chapter 2) haeady attempted to involve as much stakeholdeoasible but there is still a
relevant lack of information on the economic modeiksed by different users.

The EquiMar project will take into account the aéfon of appropriate procedures for the econorsgeasment of marine energy
technologies.

1.2 THE EQUIMAR PROJECT

Figure 1.1 EquiMar project work package structure.

1.2.1 Structure of the project

The EquiMar project is funded by the European Cossion as part of its 7th Framework programme utfteeEnergy topic. It is
a collaborative research and development projectiing a consortium of 23 partners and will rum foree years from the 15th
of April 2008. A list of the partners involved is/gn below:

The University of Edinburgh (UEDIN), United Kingdom
Fundacién Robotiker (TECNALIA-RBTK) , Spain
University of Strathclyde (UOS) United Kingdom
Electricité de France SA (EDF SA) France

PwbdpP
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5. EU Ocean Energy Association (EUOEA)Belgium

6.  University of Exeter (UNEXE), United Kingdom

7.  University College Cork (UCC), Ireland

8. Wave Energy Centre (WAVEC), Portugal

9.  The University of Manchester (UniMAN), United Kingdom

10. Southampton University (SOTON),United Kingdom

11. Institut Francais de recherche pour I'exploitationde la mer (IFREMER), France
12. Consiglio nazionale delle ricerche: Istituto di S@nze Marine (CNR-ISMAR), Italy
13. Det Norske Veritas (DNV),Norway

14. Teamwork Technology (TT), The Netherlands

15. Pelamis Wave Power Ltd (PWP)United Kingdom

16. European Marine Energy Centre (EMEC), United Kingdom

17. Wave Dragon (WD),Denmark

18. Uppsala University (UU), Sweden

19. Sea Mammal Research Unit (USTAN)United Kingdom

20. Scottish Association of Marine Sciences (SAMSYnited Kingdom

21. Feisty Productions Ltd (FPL), United Kingdom

22. Aalborg University (AAU), Denmark

23. Actimar (ACTIMAR), France

The aim of EquiMar is to deliver a suite of prottsctor the equitable evaluation of marine energyvesters (based on wave or
tidal energy). These protocols will harmonise tegtand evaluation procedures across the wide yaofdevices presently

available with the aim of accelerating adoptiorotigh technology matching and improved understandinipe environmental

and economic impacts associated with the deployrmérarrays of devices. EquiMar will assess devittesugh a suite of

protocols covering site selection, device engimggdesign, the scaling up of designs, the deployrogarrays of devices, the
environmental impact, in terms of both biologicalc&astal processes, and economic issues. The plotaill be developed

through a robust, auditable process and dissendiriatéhe wider community. Results from the EquiNpaoject will establish a

sound base for future marine energy standards.

The activity within the project is structured thgbuthe definition of ten different Work Packagencluding the project
management), each one covering a specific pahteoptoject with specific objectives. Six of themiP@/ WP3, WP4, WP5, WP6
and WP7) are mainly focused on technical issues] V¥Rntended to build a knowledge base for magnergy systems, WP8
will deal with the synthesis of the protocols ahd brganization of the documentation while WP9 Wittus on dissemination of
the project activity through the wider communityndly WP10 will include all the coordination ancamagement issues.

A scheme of the structure of the project is givefigure 1.1.

1.2.2 Work Package 7 - Deployment assessment: Perfornafnoelti-megawatt device array

This work package will develop methods for assegbkiow the economic viability of the main types adnme energy technology
may change with increasing scale of deploymentditinguish between technologies the focus wilbheevaluating the essential
infrastructure costs associated with different tyjpé marine energy device and the scope for reducost of electricity by
optimisation of device performance. This will prdgia framework for assessing the long-term vigbit designs that are at
differing stages of development. These tools welldb considerable use to policy makers and maneegy investors. Guidelines
for appraising a given combination of technology aite will be developed and reported through tteéqeols of WP8.

The work is divided into different tasks:

Evaluation of existing cost methodologies

Cost of electricity procedure

Variation of infrastructure costs with deploymeacdle
Influence of site accessibility on technology scale
Scope for cost reduction through performance ogttion
Procedure for technology comparison

This report is the result of part of the work cagdriout within task 1.

°’S”J>P°!\’!‘
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2 COSTMODELS

2.1 BACKGROUND STUDIES

Marine energy conversion is a relatively recenthiedogy field as it evolved from a purely reseasaibject to practical
applications only in the last two decades. For tieigson the amount of information on economic &ssest methods and
procedures is not exhaustive and particularly kohiif compared to other renewables. Previous ecansiudies on the viability
of marine energy technology have indeed been choig, often based on standard economic methodedpdiut they usually
lacked, apart from usable historical data, a unifand consistent approach and an appropriate actmuwmcertainties related to
device and site type.

Estimation of cost factor weights led in some casedifferent results, perhaps due to a differeminber and type of devices
considered and account for operation and maintenaosts appeared to be extremely difficult congigethe scarce experience
of full-scale tested technologies.

A key aspect of the costs estimation performedgyipus researcher has been also the accouninfamdial and technical risks.
A typical procedure used by many is the applicatiba specified discount rate to each cash flowthatchoice of the appropriate
value and its range of variation could seem anyitrBiscussion on how consider this factor is gtitigoing and it should be
reminded that the difference between the variouknelogies complicates the adoption of recognissides for comparative
assessment.

Some previous studies have also applied learnitgg @ equivalent coefficient for account of ecoresrof scale to future cost
estimation in order to provide a wider scenario rftarine energy development. Outcomes given by theseedures generally
agree in showing future competitiveness of marinergy technology on the market assuming a relevahte of cumulative
installed capacity will be reached. The learningsapplied are usually similar to the ones reabfesimilar industries (such as
wind energy). However, slight differences might mpa dramatically the level of competitiveness asesnaking estimation for
return from future large scale deployments pardidylvague.

A general summary of existing literature on thibjeat can be found in the chapter 6 of the Delibkr@®1.1 ([l]) of the EquiMar
project.

2.1.1 WaveNet Report

The WaveNet was set up as a European Commissiomatiee Network to share understanding and infornmatom the
development of ocean energy systems. A global tepas issued in 2003 as a result of this projed.([

Chapter D of this document addresses financingesnahomics of wave energy projects. The report dmtgake into account
tidal technologies but since most of the technisalies involved in cost estimation are common tth lveave and tidal, the
methodology outlined should be applicable to amgllaf ocean energy device.

This section proposes an approach for economiaiatiah of marine energy technology based on thienatbn of the cost of
electricity generated. This is found through amtlan of a Net Present Value Approach (see se@i@h with a discount rate
equivalent to the 10%. This number, corresponding minimum Required Rate of Return (RRR) on a wawger project, took
into account risk factors related to market asdetsugh application of the Capital Assets Pricingddl (CAPM) plus a specific
proportion of leverage derived by typical valuessdimilar industrial sectors.

Procedures to accounting for risk are explaineddtails but only a single discount rate is finalyplied to all the cash flows.
Indicative capital cost breakdowns, obtained thfopgrametric methods, are shown for several typetevices. Some of the
operation and maintenance costs are assumed tqQuiaé te a percentage of the capital costs (e.qirepsts and spares) while
parametric models are used to estimate repairdimiefrequency of failures.

2.1.2 The Marine Energy Challenge

The Marine Energy Challenge (MEC) was an 18-montlyiamme of directed engineering support to acatdghe development
of marine renewable energy technologies. The swaly principally aimed at assessing the presenfnde costs of wave and
tidal electricity generation and determining thesgbility of an effective cost-competitive develogmh Different engineering
consultants were asked to evaluate the feasilofitlifferent wave and tidal energy technologies.

Results from this evaluation process were publisimed report (8]), where current and future cost of energy geiamais
estimated through the NPV approach. Lower and uppends were considered for different cost facthts current costs of
energy were found to be within a relatively widaga of values. Estimation of future evolutions Wwased on the application of
learning curves where different values were usedlifferent possible scenarios. A gradual reductbthe discount rate was also
considered for these long-term estimations to agcéwr the different risk level associated respegii with early-stage and
matures technologies.

The costing methodology applied was described iother report @]) where the principal key cost factors are listmd
explained in details and main drivers are briefated. Additional information can be found in a doent prepared by Black and
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Veatch ([5]), where the different cost componeritthe global capital cost of a marine energy deviaee analysed and possible
mechanisms of reduction are identified and listed.

2.1.3 The analysis of the Electric Power Research Ini{&PRI)

A global economic assessment procedure has beemlefised by the Electric Power Research Insti(EfeRI) and summarised
in two distinct reports concerning respectively di6]) and tidal ([7/]) energy technologies. The EPRI studies focusedhen

North American (United States) market and legistatand took into account specific taxation and mtiges corresponding to
federal and state regulations. Different methode®gvere proposed for utility generators (UG) and-atility generators (NUG).

Key differences are in the obligations set by th@ ®perator since this determines its positionttoe market and arise in the
financing assumptions (i.e. capital structure axa$) leaving practically all the other factorshemged.

Cost methodology is based on cash flow analysis fsted discount rate and evaluation is based fferént indicators such as
Net Present Value, Internal Rate of Return anddisted Payback Period.

2.1.4 Comparisons with other electricity generating teclogies

The models applied to estimate the cost of gemgyaiectricity with marine renewables are very imt@ot to attract investments
and induce policy makers to support its developrigiatugh appropriate actions.

In order to represent a reasonable alternative doventional technologies, marine energy has to erds economic
competitiveness against them and to this aim tls¢ wmdels defined for ocean energy should be cemsisvith the same ones
historically used for fossil-fuel and other renelesb

Several reports on energy generating costs have ibseed in the latest years and some of themegmting to evaluate wave

and tidal energy conversion with the same tooldieghppo conventional technologies. The methodologgd is basically the same
for almost all the documents analysed. Future castsdiscounted through the use of a properly ddfidiscount rate and

integrated in the calculation of the net presemtievaf the total cost. Dividing the total cost hetforeseen energy output an
estimation of the cost of energy is obtained.

The main differences between the methodologiesotiem due to the kind of detail entailed in thecotdtion of different cost
factors (some items may be listed in different gaties depending on the approach) and discouns r@iéferent financial
assumptions on the structure of the company migherely affect this parameter). Confidence of #mults is strongly dependent
on the amount of available historical data.

The International Energy Agency publishes periddliagports on projected costs of generating eieityr([8]). In this document
different generating technologies are comparedsing data collected from several countries. Esfioms on cost of energy and
other cost factors associated with a specific csiwr are given for each country for two differeigcount rates (5% and 10%).

Most of the methods do not take into account theadyic variation of the power output that is typliigassociated with renewable
energy and could create problems in an energy rhezgelated by the instantaneous power demandp#értéssued by the Royal

Academy of Engineering in 20049) tried to account for the intermittency due toctiuations of wind energy supply by
considering additional costs of standby genergii@n cost of operating conventional power plantgénerate surplus capacity to
cover wind energy falls).

A detailed report from UKERC 1[0]) includes a discussion of the present methodh wait extensive explanation of the risk
factors involved in these calculations and givegaeral overview also on the limit of the method@s currently being applied.
It is suggested that a deeper treatment of riskilshbe carried out when performing cost analysieleitricity generating
technologies since, for example, current approadwesot take into account revenue risks associatigd electricity price
fluctuations and volatility.

Comparison with previous experiences in wind enefggpecially offshore plants) might be largely W@ to improving
current cost models for marine renewables. Indication operational costs breakdown and key factowd be particularly
useful as well as the applicability of techniquesdccount of uncertainties (sed], [12] and [L3])

2.2 EcoNomic APPRAISAL: ESTIMATION OF THE CoSTOF ENERGY (COE)

Almost all of the procedures briefly outlined wittthe previous section consider as principal meastithe economic viability of
a project the cost at which energy generated Isypifject could be offered (with appropriate acedanreturn).

The meaning of this economic indicator is indeedigalarly clear to understand to a broad audieswe represents an efficient
parameter for communication with investors andgoitnakers. Moreover, results from a recent enggligwed that a majority of
the stakeholders considers the predicted preséné yeer unit of generated electricity (€/kwWh) amahg best parameter for
comparison of different technologies.

In this section the common approach to estimagevhiue will be briefly presented. It has to beiced that the cost of energy by
itself should not be the only determinant for amestment choice as capital expenditures and fuwvenues might be also
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decisive in deployment decisions. This is partidylé&rue if one observes that operational futurstsare extremely difficult to
estimate for marine energy.

2.2.1 The Net Present Value Approach (NPV)

Industrial and financial projects are usually eaddd through a cash-flow basis. The cash flow éshithlance of the amounts of
cash being received and paid by a business duritedi@ed period of time.

The Net Present Value is defined as the total ptesdue (PV) of a time series of cash flows. laistandard method for using the
time value of money to appraise long-term projeetd is widely used for assessment of differentiatestment opportunities.
Interpretation of its meaning might be differenpdading on the parameters accounted for and tledypnd-user or investor but
the calculation procedures is roughly the same.

Also the NPV might not be the final result of areomic assessment but an intermediate result f@edether more interesting
indicators (e.g. the cost of the energy generafEit®. same approach could be used as well for edionlof different economic
quantities (for example the rate of return or thglack period).

Ignoring uncertainty, and assuming that money lier investment can be borrowed at a risk-free ragesingle up-front capital
investment cost and annual cash inflovesin a period oh years, the NPV can be calculated as:

NPV= —
iz @)

In reality many elements of the project financel be uncertain. In principle each uncertain eletradrthe cash inflowg; should
be replaced with a certainty-equivalent amouthe value of in yeari is chosen such that it has the same present asltiee
uncertain cash inflow when they are discounteth@ppropriate (risk-adjusted) rate:

s _ E@©)

@+r)'  @+k)

WhereE(qg) is the expected (mean) value if the uncertain @afdtw ¢, andk is the opportunity cost of capital (or risk-adpost
discount rate) for projects of that class of rifken the NPV under uncertainty can be written as:

NPV= — 2 |
iz @+T)

This certainty-equivalent approach disaggregatesetfiects of time value of money under certaintynfrthe effect of risk.
Equivalently, one may define a risk premium asdkpected value of the cash flow in a given yearusithe certainty equivalent
cash inflow. The risk premium should reflect theell market risk premium for that class of projednder a very general
approach, the cash inflows in each period may bgstto a different level of risk, requiring aféifent risk premium to be used
for each period. A more detailed account for uraeties would require different elements of a snghnual cash flow to be
discounted using different risk premiums (s&€] [and [L4]). Usual practice, however, consists in the sifgplg assumption to
represent both risks and time value of the moneg bingle risk-adjusted discount rate k:

NPy = =G
o @)

Use of an internal rate of return (IRR) avoids tieed for a detailed assessment of the valdebyfchoosing its values such that
the NPV becomes equal to zero. The IRR measuresffbetive cost of capital that the project coulel ¢harged, and still be
expected to break-even.

If the discount rate is assumed constant, an altemevaluation criterion consists in finding dusion for the number of years
that would make the NPV equal to zero. This sofutiepresents the Discounted Payback Period (DRP)néght be an important
parameter for marine energy technologies investors.

In principle any kind of cash flow could be inclabliem a NPV estimation but, since the main objectsviypically the comparison
of a range of investments that could possibly bderay a firm, account is generally made for maktennal financial costs and not
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for internal costs related to the operation offim itself (e.g. personnel, management etc.). Toisld be justified considering
that the same costs would be afforded by the cogpnpammatter what investment decision would be taken

Anyway, for the sake of comparison between differaarine energy technologies, some developers gubiotit that these factors
should be taken into account at some level of & model calculation. One might suppose to alldateach cost factor
calculation the exact amount of management, engimge@nd labour costs sustained during the spetEg& related to that (e.g.
the salary of a structural engineer could be phith® structural cost of the device) but this cooddvery complicated to estimate
on a parameterised basis valuable for all the woigies.

2.2.2 The estimation of the cost of energy through th& NP

Cost of generating electricity can be calculatedightforward from the equations above once thahal cost elements related to
the installation and operation of a power plantkar@wn.

Typically investors are used to distinguish betweapital costs and operation and maintenance coses.former ones are
generally related to the production, installatiowd all the possible additional elements necessarhe start-up of the plant.
Since they are generally sustained before the efatfte life cycle of the project, they are compltes a fixed quantity not
dependent on any discount ratio or timely factgre@tion and maintenance costs account for altdlsés required by the plant to
efficiently operate over its expected life, inclagimonitoring, insurances, licenses and, clearytlie case of thermoelectric
generation, also fuel.

A third factor, which could be ascribed to capitalsts as well, is represented by decommissionirsgscéor marine energy
technologies operating at large distances fronttiaest these costs might be relevant. However tivadl approaches considered
also that these costs could be partly balanceddditianal revenues derived by re-use or sale ofrémsaining equipments and
materials.

The Cost Of Energy (COE), for example expressedi pier kWh, could be determinedt]) from the division between the global
NPV of the projects over its whole service life ahd NPV of the expected energy production alomgttme:

NPV _ PV (capitalcost)+ PV(O & M cost9 + PV(Decommissaningcost9
PV (energyproduction)

COE=

Other referencesd] and [g]) use an annual basis for this estimation throagiortisation of the capital cost over each year:

_ capitalcost:r
@- @+k)™")

In such a way, if O&M costs can be considered necurevery year and, the simple estimation of teual output can be given
by the equation:

Ann+ O & M costs
AEF

COE=

Assuming constant O&M costs and constant annualymtions, it can be shown that the two proceduies the same result.
Calculating the cost of the energy with the formrewever, might be preferable when, for exampleinteaance interventions
are required only at few times along the duratibthe project and are not easily accountable siheesecond calculation would
require an allocation of the cost along the whioletspan.

Wave and tidal energy technologies, being genermlyital-intensive conversion devices, will indegith at achieving high
reliability and limited requirement for maintenanmgerations, possibly intensifying redundancy amhitering. Capital cost per
MW unit could be therefore another important intticdor comparison between different concepts.
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3 MAIN COSTFACTORS

Once the methodologies outlined above have beamesh the calculation of the cost of energy of di@alar device is not
particularly complicated from the mathematical paif view and the main difficulties consist in tlestimation of each cost
component and the proper account for uncertaingi@ged to these assumptions.

As mentioned before, analysts tend to distinguistwben capital costs and operation and mainteneosts. Within these two
large categories, several different cost centrasbeasubsequently recognised but there exist diffas in literatures between the
type of factors included and the specific weigletythave on the global cost.

Indeed, due to the large range of different commgetioncepts in marine energy, it is rather difficd define a generally
applicable composition of the costs and most ofpfevious studies have focused on the identificatiba reduced number of
types of device for which more precise data on bosakdown could be deduced.

The determination of the relevant O&M cost factaggpears to be particularly hard and prone to langeertainties since
operational experience is very limited and knowkedgming from offshore oil and gas extraction anddwenergy is not easily
transferable. Even the definition of maintenandeedales is rather complicated because several aoenp® installed on marine
energy devices are often commercial products dedigo operate in very different conditions or apenpletely newly designed
technologies and lack of historical failures data.

Another key aspect in defining the cost of enerfig generating technology is the accurate estimaifaits revenue, i.e. in this

case the electrical power output. The reliabilityh® annual energy production calculations depanthe degree of development
of the technology and on the accuracy of the siseurce assessment. Thus it is clear that a catoulaf the cost of the energy,

to be really indicative in terms of numbers (and oy used for comparison purposes), should leesgecific or at least related
to a well-defined wave or tidal resource.

3.1 CAPITAL COSTS
Capital costs of marine renewables are usuallydaown into two major components:
Production cost (associated with the constructiah® single unit itself)
Put-into-operation cost (associated with deploynaewt all the operation required for the plant toduce)

These two main drivers are common to almost aheftechnologies currently being developed, althathgir relative magnitude
is dependent on the type of device considered. Sarsenderstanding might arise for fixed onshoreicks/where construction
and installation operations are basically the séraethe device is produced and assembled direcsitu).

Cited reports ([2] and [4]) subdivide further oresle two components. Under a rather general approaguital cost could be
separated in four main drivers:

0 Structural costs

0 Installation costs

0 Station-keeping costs

0 Mechanical and electrical equipment costs

A brief introduction to each one of these composésatgiven but it is clear that this subdivisiongigestionable and one might
find useful to include separate items related # d¢bnnection to the grid while another could coesidstallation and station-
keeping as part of the same item (indeed fixed tdaices will be built and installed on site).

3.1.1 Structure costs

The cost of the structure is often cited as onh@®fargest cost factor for a marine energy devite. structure of a marine energy
device has the dual aim of withstanding wave atial {bads and securing the integrity of the equiptme

Preliminary estimates for this cost component camgiwen by the product of the mass of the mateeiglired times the cost per
unit volume of the material utilised. For relatiyedimple geometries this approach might work (esfigcif applied to an
optimisation procedure or for comparison of simiggometries with different parameters) but compeii the design could
complicate the estimation considerably.

An accurate estimate should account also for tis¢ reated to manufacturing every element but @lésr that such calculation
would be largely influenced by the number of unitesidered.

From a technical point of view, structural coste aerhaps among the easiest factors to be paraseetesince they mainly
depend on the device design and specific models deubuilt for different device types.
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3.1.2 Installation costs

Installation costs present as well relevant desgjoecific characteristics. Moreover they might adsdfer influence from the
chosen deployment site (not only distance to shatalso seabed conditions could complicate irsttat operations).

However, some similarities might be found in costimation for particular typologies of devices. Feotample, most of the
offshore floating wave energy converters curreiyng developed could be towed to the deploymdatthrough the use of
vessels generally operating for offshore oil ansl igdustry.

Costs associated with these vessels, however, inegbhanging depending on demand. The Marine Enéhgylenge ([3]) used
long-term average rates for estimation of theséscmsd additionally considered the possibilityhie future to obtain lowest rates
for long-term operations (large scale farms witjuige several units to be installed and therefolerge number or vessels or a
long hiring period).

Installation costs could include also grid conrmttinfrastructure installation and laying of theattical cables, especially for
large scale projects. However, transmission cast:at considered in detail within this Work Paakdgcause they are expected
to be similar irrespective of the generating te¢bgy deployed at the offshore site.

3.1.3 Station-keeping costs

Station-keeping costs include all the componergsired to hold the device in place. Depending andhbsign, the structure of
the device might effectively work itself as stati@eping element. Horizontal axis tidal turbines &ypically installed on a
monopole that represents also the main structutieeodievice.

For offshore floating converters, mooring are ulyuakparate systems that allow the device to modegendently within a
limited range and are required to prevent its itigft Design of foundations and moorings has beennecon practice for decades
in offshore oil and gas extraction and thereforenynatandards on mooring design criteria are avialaimd cost accounting
procedures of mooring systems have been definedeker, the difference of the scale of the projé@uoiglies choices that would
not be cost-effective at all if applied to marimmewables. Moreover typical safety coefficientsraef for the offshore industry
are generally quite conservative.

Mooring system for wave energy devices should b&saesigned not only to withstand extreme loadsatsat to interfere as less

as possible with the nominal working operationtd tlevice. Since there is still scarce experiemcéhis subject, estimation of

costs related to this factor is rather difficuldagost reduction mechanisms could appear in thedus large scale arrays might
allow application of more efficient purposely dewg configurations.

3.1.4 Mechanical and electrical equipment cost

Mechanical and electrical equipment costs inclutitha items that convert energy from a prime mofveater flow, air pressure,
the device itself etc.) to electrical energy.

In a general tidal design this would include thadels of a tidal turbine, the gearbox, the eledtigemerator and the power
converter while for a wave energy device we cowldsider hydraulic components, linear generators etc

Mechanical and electrical costs are strongly desppecific and generally sized according to the geaker output of the device.
Generally speaking, marine energy converters asgyded to operate at an optimum power level thasdwmt correspond to the
maximum power possibly encountered. This is becamg&Eonomic oversize would result otherwise sinighdst power levels

are rare to occur.

The choice of the adequate rated power for conmensiechanism should follow economic and engineesptgnisations. A wide
range of different conversion principles have bapplied to marine energy technologies but moshefrhore advanced concepts
make use of the same types of systems. Tidal ceiveis usually performed through a turbine cone@db a gearbox and
subsequently to a generator. Wave energy converdepending on the type of device, is usually genfed through hydraulic
systems, linear generators, air turbines (in cd<@saillating Water Columns) or hydraulic turbin@sostly used on overtopping
devices).

Some of these conversion mechanisms are indeedosatifpy standard commercial components in suchyahaa a preliminary
costing estimate is possible (for example it iatieely easy to obtain pricing for hydraulic equiggmh like accumulators, motors
and valves) but in most cases purposely designetimm make difficult the definition of a uniforoost model.

Mechanical and electrical equipment include, wittiie present frame, also all the necessary itemsfitoring, control and
communication of the plant as well as additionat&bnic devices for grid-connected generation grovonverter).

3.1.5 Other cost items
Some references define also additional cost itdsmight fall into the “capital costs” category.

Grid connection costs, for example, are consider®de by some analysts. One might also make anclisth between grid
connection infrastructures (i.e. the set of elemeatuired to perform power transmission from taployment site to the chosen
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connection point to the grid including substatiotmansformers etc.) and the proper electrical aaenection equipment of the
device (umbilical cable, connector and possibly @owonverter). Some of these elements could baided in one of the
categories explained above. For instance, umbiticalysis is somehow related to moorings while okireds of elements could
be easily included in the “electrical equipmentttasm.

Project management is another cost item that shoelldonsidered since some level of managementoejllat a certain point,
required by any project. However, it might be diffit to give an estimate for this component. Moexoit is likely that the same
level of management will be needed for similar pot§ in such a way that, for the sake of comparidatifferent marine energy
concepts, its account is not expected to havega lanpact on the results.

Some references ([6] and [7]) include also distonmcbetween engineering costs and development Eostmature technologies
one might think to include a specific factor accing for labour expenses for the production of rgkd unit. This would be
different from the corresponding labour effort reegqd by operation and maintenance of the device.

Spare provisioning should be also included in wtéreation but for preliminary assessment it couddcbnsidered as belonging to
one of the four categories outlined above and estichas a percentage of the total hardware cost.

3.1.6 Capital cost breakdown

Considering the different types of costs listed\ahat would be interesting to understand in whpgrcentage they actually
contribute to the whole capital cost and whethiex ¢bmposition could be applicable to several detypologies.

Existing literature has proposed such figures baserksponses from enquiries or engineering apgdraighe technologies. As it
is understandable, tidal and wave technologies Qaite a different capital cost composition.

Figure 3.1Breakdown of capital costs for a wave farm ([3])

Figure 3.2Breakdown of capital costs for a tidal farm ([3])
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lllustrative examples, taken from the MEC repo8])[are shown in figure 3.1 and 3.2. It has to &iel shat such data cannot be
representative of marine energy as whole but asé lpased on data gathered during the project agthesring analysis
performed by consultants.

3.2 OPERATION AND MAINTENANCE COSTS
Operation and maintenance costs can be also steddtuseveral parts:
Replacement parts
Maintenance personnel costs
Vessel and equipment for transportation and maamtes
Monitoring
Insurance
Licences
Some prefer to include also a “refit” item that @aots for updates of the design and adoption ofdmrgd components.

Distinction is typically made for maintenance opienas between planned and unplanned maintenanc®! @#&ts depend on the
size and location of the installation and are aspnt extremely difficult to estimate for marineegy installations. Useful
information on components life might be taken froffshore oil and gas industry experience.

Indeed a report ([15]) issued by the UK Departnahtrade and Industry (DTI) in 2005 applied relidpidata taken from the
OREDA handbook ([16]) to evaluate failures moded astes for several components. This document &sé into account
weather window influence on maintenance operatibraugh Montecarlo simulation techniques.

A NORSOK standard ([17]) specifies also formulad aalculations of life cycle costs of componentsdi the offshore oil and
gas industry.

Costs of vessels for maintenance are usually deperah hiring day rates and might be largely chaggiepending on demand
and weather conditions. It has to be noticed theihtanance interventions might be reduced throughey redundancy of critical
components. This would increase capital costs hgihinbe largely beneficial in terms of future oparg issues.

3.3 POWER OUTPUT ESTIMATION
Calculation of the cost energy clearly dependshereixpected power output estimation.

Technologies at an advanced stage are generaltgatbased by appropriate performance indicatceis allow the calculation of
the power output along the year through relatidgy calculations. Tidal devices usually make dgsower curves depending
on the tidal flow velocity while performance of weaenergy converters is assessed through a ma#tisfiecifies the expected
output given by a sea state with determined sicguifi wave height and energy period.

The accuracy of the calculation depends on the mmad#ised for performance assessment and/or erathount of historical real
data. Performance assessment is part of Work Packagd 4 within the EquiMar project and will net tudied in detail.

However, it has to be said that electrical powerdpction could change a lot along the years antinithe same year. For
example, annual average power output for the chemwe energy could be subject to large variatidus to the stochastic nature
of the resource. This level of uncertainty shoudd groperly assessed and taken into account whdorpéng an economic
analysis.
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4 ACCOUNT FOR RISK AND UNCERTAINTY

Different studies use different definitions of riskome aim to distinguish between uncertainty aski by ascribing the term
uncertainty to a situation where it is not posstiolgparameterise the variability of outcomes, asmhgirisk when outcomes are
variable within some expected probability distribantwhich can be parameterised.

The act of investment involves exchanging a lumm €i money now in return for an income stream ia tliture. Companies
will make this exchange if the expected projectmed are high enough to cover the initial lump sasrwell as compensating
them for taking on the project risks.

There are different approaches to take into accthintisk associated with an investment. Some eféifierences previously cited
have considered included within the choice of aprapriate discount rate risks and uncertaintiest@ndard method largely
applied in economic and financial assessment iesemted by the Capital Asset Pricing Model.

4.1 THE CAPITAL ASSETPRICING MODEL

In finance, the Capital Asset Pricing Model (CAPIglused to determine a theoretically appropriatgired rate of return of an
asset, if that asset is to be added to an alreatlydiversified portfolio. The model takes into acoit the asset sensitivity to non-
diversifiable risk (also known as systemic risknaairket risk), often represented by the quantityl§etin the financial industry,
as well as the expected return of the market am@tpected return of a theoretical risk-free asset.

Even in the complete absence of risk the Requie Bf Return would be positive, because, in génpeaple prefer to consume
now rather than later. If they are to forgo presmmsumption and channel the value of it into itwest, they must be rewarded
for doing so. The RRR is the rate of return thairmestment should guarantee to attract investors.

If the outcome of a project is certain, so thatas no risk, there is no problem in deciding anrappate RRR. It would be the
interest rate on zero risk investments (typicablygrnment bonds). This is generally named Risk-R&® of Return (RFRR).

On the other hand, if the outcome of an investienncertain, the investors will need to be offettesl prospect of a higher rate
of return to compensate for taking on the risk Iagd. Clearly the RRR on a project should refléis.t Therefore the RRR on a
project should be equal to the risk-free rate plpsemium for risk.

A company’s risk manifests itself as variabilitythre returns it makes to shareholders. Variabd#ty be split into market risk and
specific risk, being the former one related to gahearket movements and the latter to events 8peoithe company and its
sector.

In the CAPM approach, risk is generally accountedugh the definition of a beta coefficiei)(representing the sensitiveness
of the project risk to market changes, that oftennpt be measured directly (such as the case dfenanergy projects) but can
be guessed by observation of published figuresdonpanies or sectors. To obtain a measure of thenreequired for the risk
taken in the investment, one needs also to defMarket Risk Premium (MRP), which is generally lihsa historical data of the
equity market (i.e. the return is referred to plolgssimilar risky investments).

Given these parameters, the return on equity catefieed:
ROE=RFRR+ 6~ MRP

Typically capitals will be funded through leveraged the company will be required to guarantee gppate returns
corresponding to the interest rate of the debtamiat. Considering a capital composed by a detednRroportion of Equity
(POE) and a proportion of debt (DEBT) with a spedifinterest rate (IR), the RRR can be finally deieed through the
equation:

RRR= ROE" POE+IR" DEBT

This could be considered as the rate of return Waaild be capable of satisfying investors, shamdrsl, creditors and other
capital providers.

The discount rates used in economic analyses asidodcenergy estimations should be based on thim&®. An extensive
explanation of this method with tables of dataisk coefficients is given in the chapter D1 of iWaveNet report ([2]).
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5 COSTMODELS APPLIED BY DEVELOPERS

One of the objectives of the Work Package 7 ofEEhaiMar project is to define a procedure for cadtinlg the cost of electricity
generated that accounts for design stage and anugrof performance.

With the scope of defining a methodology agreedablarge range of stakeholders and intending totifiyenommonalities
between different cost inputs specified by devels@ad utilities, a request for information wastderthe developers within the
EquiMar consortium to collect information on costdels currently applied and defined by stakeholders

5.1 CONTENTS OF THESURVEY
The survey was conducted through the preparatienguiestionnaire. The questions included are spddii annex 1.
The questionnaire was structured in four parts:
Importance of COE estimation (question 1)
Assessment methods (questions 2-3)
Capital cost estimation (questions 4-6)
Operating cost estimation (questions 7-10)
There is also a first introductory question thantifies the actual experience in operating a neagimergy power plant.

To date four developers have replied to the sutwatlyadditional data are expected to be collectedutih circulation of the
questionnaire outside the consortium.

5.2 RESULTS

5.2.1 Background of the developers

All the developers are at a relatively advancedestaf development. Two of them have been operaitdrconnected marine
energy devices (one of these two both wave and).tilahird developer is still at the stage of opsa scaled testing and has not
experience of grid-connected operations. The fodeteloper has been operating a large scale tmlaépplant but the person
who filled out the questionnaire has mainly an eigee of technology watcher.

5.2.2 Importance of COE estimation

Developers tend to consider the estimation of & of the energy as an important parameter foestment decision. Three
respondents out of four considered this influenggesor than the 50%. Only one respondent assuimedthe cost of energy
would be decisive only for a limited percentageaorinvestment decision.

This points out to the effective importance of tledinition of a recognised methodology for COE rastiion.

5.2.3 Assessment methods

Most of the respondents make use of the net presdut for economic assessment of their technato@me respondent pointed
also to comparative methods as efficient methodgmessment. Also internal rate of return with aitdout account for gearing
was mentioned.

Learning curves for future cost estimation are alsdely applied (three out of four marked this opi, especially at less
advanced stages of development.

A respondent pointed also that economic appraisas ahot involve only a single project but also Wiele company as it is the
developing company that is financed. In this framelity of management and business plan shoulisbessed as well.

Risk is taken into account through single fixedcdimt rate for two respondents. Another one poiotgdhe use of range values
by assigning confidence errors to estimates. CARM &lso been mentioned by a respondent as a meassessment of the
whole financial project.

A need for improving risk assessment is perceigdgestions are made to apply stochastic approéeivesisider uncertainties.
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5.2.4 Capital cost estimation
Responses to the first question of this sectiorsanemarised in figure 5.1.

4) Which fraction of the whole capital cost of a fu Il-scale single marine energy device would
you expect to be represented by each one of the fol ~ lowing factors.

60%

50%

40% —
oPWP
0 mTEC
30% aTr
OEDF
20% -
10% -+ ’—‘
0% T

Construction costs Installation costs Station-keeping costs Electrical and Others
(material, structure, (deployment and (foundations, moorings)  mechanical equipment
manufacturing connecting operation) includes installation costs (power conwersion,
PWP. generator, umbilical etc.)

Figure 5.1 Responses to question 4 (capital cost breakdown).

A relevant difference in the influence of each clastor can be observed. Broadly speaking, it aarsdid that structural costs
constitute a large part of the whole capital cdshe device.

Deviations can be observed on electrical and mecalkequipment cost (as the PTO concept influenbés factor). One
developer estimated the installation costs includitk the station-keeping ones.

Other cost components listed were:
Labour
Project Management
Engineering and organisation

Figure 5.2 summarises the responses to question 5.

5) Considering your current state of development an d/or degree of involvement in marine
energy activities, which uncertainty range would yo u consider appropriate for each one of
the following factors in a cost assessment?
5
4
3 oPWP
mTEC
oTT
24 O EDF
1 I
0
Construction costs Installation costs Station-keeping costs Electrical and Others
mechanical equipment
costs

Figure 5.2Responses to question 5 (uncertainties on cajgtlestimation).
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The level of uncertainty is scaled from 1 to 4:
Level 1: 0-5%
Level 2: 5-20%
Level 3:20-40%
Level 4: more than 40%

Generally speaking, high uncertainties are takemaacount by most of the developers. The loweetamties estimated by one
respondent could be related indeed to a more addatievelopment stage. This could give some indioatbn uncertainties on
costs to be accounted in future cost models depgrat the development status of a particular telcyyo

One respondent pointed out that commodity pricettdiations (especially steel) and currency exchdluigéuations can contribute
larger uncertainty than design/specification change

Figure 5.3 summarises responses to question 6.
The level of change is scaled from -1 to 4:

Level -1 Increase 0-20%

Level 1: Reduction 0-5%

Level 2: Reduction 5-20%

Level 3: Reduction 20-40%

Level 4: Reduction more than 40%

6) Consider the influence of deployment scale,int  erms of the installed capacity of the
project, on each one of the cost factors previously identified. How much would you expect
each of the cost factors outlined above to change?

4
3
oPWP
2 mTEC
oTr
14 0O EDF
0 -
Construction costs (per  Installation costs (per Station-keeping costs  Electrical and mechanical Others
MW unit) MW unit) (per MW unit) equipment costs (per
MW unit)

Figure 5.3 Responses to question 6 (scalability of the chpists).

Reductions of costs due to increased installedaigpare agreed by all the developers. Expectedatémhs are often in the order
of 5-20% per doubling of the installed capacity.

Only one respondent sees the possibility of inereds cost item (station-keeping costs).
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5.2.5 Operating cost estimation
Respondent were asked to rank three different faétoorder of percentile fraction of the expeotperating costs.
Through weighted evaluation of the responses,dhalis are:
1. Cost of vessels and equipment for transportatiahcemsite maintenance: 9 points
Cost of personnel for maintenance and monitoringoibits
Insurances: 3.5 points
Costs related to long outage periods due to unsitGity: 3 points
Cost of replacement parts: 2.5 points
6. Organisation and finance cost: 1 point

It appears clear that developers see in the cdstiafy vessels and equipment for maintenance timeipal cost source during the
operation of the device (all the respondents natmiscbption).
Additional cost factors mentioned by respondentduite organisation and outage periods. The lagtendeed related to the

availability of the device and would affect the @aue in terms of lack of output therefore it coble accounted within the
estimation of the annual energy production (i.euasng a lower availability factor).

Respondents pointed out the importance of the sdalee project that would probably have a stramftuence on the distribution
outlined above. Within this frame the results abswymmarise the perception of O&M costs based orthent state.

Other comments included the consideration of lizensosts as operation and maintenance costs anddlusion of refit of the
components as an independent item (in this cdsesibeen considered as part of the cost of repkmsparts).

ok own

Figure 5.4 summarises the responses to question 8.
The level of uncertainty is scaled from 1 to 4:

Level 1: 0-5%

Level 2: 5-20%

Level 3:20-40%

Level 4: more than 40%

8) Which uncertainty range would you consider appro priate for each one of the following
factors in a marine energy cost model?

aPWP
BTEC
oTT
OEDF

T T T
Cost of replacement parts Cost of personnel for Cost of vessels and equipment Insurances
maintenance and monitoring for transportation and site
maintenance

Figure 5.4 Responses to question 8 (uncertainty of the oipgrabsts).

Uncertainty ranges for operating costs are perdeasevery high by developers. Most of the respotsdemked each cost factor
as having the same uncertainty of the others.

Again, the grade of development is obviously infiti@ on the degree of certainty of the cost ediioms. A respondent with a
long experience of offshore grid-connection operagstimated lower uncertainties than the othes.one

Figure 5.5 summarises responses to question 9.
The level of change is scaled from -1 to 4:

Level -1 Increase 0-20%

Level 1: Reduction 0-5%

Level 2: Reduction 5-20%
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Level 3: Reduction 20-40%
Level 4: Reduction more than 40%

9) Starting from a hypothetical first deployment (s ay 50 MW) suppose to estimate the costs
of a deployment with a doubled rated power (say 100 MW). How much would you expect
each of the cost factors outlined above to change?
4
3
o PWP
2 B TEC
oTT
OEDF
l i
0 - T T T
Cost of replacement parts (per Cost of personnel for Cost of vessels and equipment Insurances (per MW unit)
MW unit) maintenance and monitoring for transportation and site
(per MW unit) maintenance (per MW unit)

Figure 5.5Responses to question 9 (scalability of the opegaiosts).

Most respondents see a concrete possibility ofatiolu of costs with the increase of the installegacity of a specified power
plant.

Cost of personnel, vessel and equipment seem thebtactors that most likely will experience langeluctions for doubling of
the installed capacity.

The last question asked the developer to rank tlpessible maintenance activities in order of desirep frequency of
intervention.

Responses were different and included several cotam®ne remark concerned the need of taking iotownt, at the current
stage of development, of refitting needs that woallire additional engineering and developmernvities (and costs).

Two respondents specified the benefit of redundamy the need for designing proper redundant systeavoid criticality of
failures. One remark particularly underlined thepartance of assessing the importance of maintenaotieities by a cross-
matrix that accounts for risk of the failure anéiduency of the failure.

Device component replacement and device maintenanoe recognised as possibly most frequent aas/tequired by marine
energy devices.
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7 ANNEX 1: REQUEST FOR INFORMATION ON COSTASSESSMENTMETHODS

7.1 BACKGROUND OF THEUSER

The Equimar partners represent a majority of resesis active in marine energy research. The purpb#iéis pro-forma is to
obtain an overview of the knowledge held by Equimpartners concerning cost assessment methodsativdicquantities and
explanations of methods used are required wherpossible. Where these are not available, referetwesther sources of
information would be of use.

A) Briefly describe your experience of marine enermpjgrts

Experience of offshore wind energy project. IndécstW scale.

More than six months operation of a grid-conneftéicscale device

One to six months operation of a grid-connectebsitdle device

More than six months operation of a grid-connecéstliced-scale device
One to six months operation of a grid-connectediced-scale device
Six months operation of a not connected reducelstevice

One to six months operation of a not connectedaedhscale device
Other ... (Please specify)

S@ "0 o0 T

7.2 QUESTIONS

General info on cost model perception and importare

1) If you are, or have been, involved in any marinergp project, how important would you rate theuefice of predicted
cost of electricity in an investment decision? ¢eetage from 1 to 100)
0 Lessthan 30%
o0 From 30% to 50%
o0 From 50% to 80%
0 More than 80%

Assessment methods

2) What assessment method do you use, or recommemgi ési economic appraisal of marine energy teabgiek?
Net Present Value
Comparative method
Portfolio method
Future cost estimation (learning curves)
Other ... (Provide a reference or brief explanatibth e method used)

3) Which method do you use, or recommend using, faantfication of risk and uncertainty of a marineesgy
investment?
Single fixed discount rate
Capital Asset Pricing Model (CAPM) — discount ratependent on a risk parameter related to financial
movements
Different risk parameters to separate cash flowsduch)
Use of range values by assigning confidence etootise estimates
Other ... (Provide a reference or brief explanatibthe method used)
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Capital cost estimation

4) Which fraction of the whole capital cost of a fattale single marine energy device would you expiebie represented
by each one of the following factors, based on yeyperience? Indicate a percentage of the totdtatapst (Do not
consider site to shore transmission infrastructure)

Cost factor Percentile fraction of the total cost

Construction costs (material, structure, manufaagr
Installation costs (deployment and connecting dpmra
Station-keeping costs (foundations, moorings)

Electrical and mechanical equipment costs (powewersion, generator, umbilical
etc.)
Others ......

Others ......

5) Considering your current state of development andegree of involvement in marine energy activitieghich
uncertainty range would you consider appropriateefch one of the following factors in a cost assest?

Uncertainty range 0%-5% 5%-20% 20%-40% >40%
Construction costs

Installation costs
Station-keeping costs

Electrical and mechanical
equipment costs
Others ......

6) Consider the influence of deployment scale, in seofithe installed capacity of the project, on eaok of the cost
factors previously identified. Starting from a hyfpetical first deployment (say 50 MW) suppose tineste the costs of
a deployment with a doubled rated power (say 100)MYéw much would you expect each of the cost factutlined
above to change?

Percentile variation Increase Reduction Reduction Reduction Reduction
0%-20% 0%-5% 5%-20% 20%-40% >40%

Construction costs (per MW

unit)

Installation costs (per MW

unit)

Station-keeping costs (per

MW unit)

Electrical and mechanical
equipment costs (per MW
unit)

Others ......

Others ......

Operating cost estimation

7) Which three of the following factors represent tireatest fraction of the operating cost of a masnergy device?
Specify the rank of each by writing a number betwgand 3 (1=most important, 3= least important)
o0 Cost of replacement parts
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Cost of personnel for maintenance and monitoring

Cost of vessels and equipment for transportati@hcemsite maintenance
Insurances

Others .................

O O o o

8) Which uncertainty range would you consider appiprifor each one of the following factors in a marenergy cost
model?

Uncertainty range 0%-5% 5%-20% 20%-40% >40%
Cost of replacement parts

Cost of personnel for

maintenance and monitoring

Cost of vessels and equipment

for transportation and site

maintenance

Insurances

Others ......
Others .....

9) Starting from a hypothetical first deployment (&yMW) suppose to estimate the costs of a deploymih a doubled
rated power (say 100 MW). How much would you exgm@aath of the cost factors outlined above to change?

Percentile variation Increase Reduction Reduction Reduction Reduction

0%-20% 0%-5% 5%-20% 20%-40% >40%
Cost of replacement parts (per
MW unit)
Cost of personnel for
maintenance and monitoring
(per MW unit)
Cost of vessels and equipment
for transportation and site
maintenance (per MW unit)
Insurances (per MW unit)

Others ......
Others ......

10) Which three of the following options represent thest frequent maintenance activity for a marinergyelevice?
Specify the rank of each by writing a number betwgand 3 (1=most important, 3= least important)

Device maintenance

Device component replacement

Electrical connection maintenance

Mooring component maintenance

Other: ...

Other: ...

O O O O O o



