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1 ASSESSINGMARINE ENERGY ECONOMICS

There are a wide variety of users of economic mgtion on energy generation technologies: policyenskanalysts, technology
developers, equity investors in specific technadsgir projects (e.g., venture capitalists), utiéitibanks and other lenders. Each
has their own information requirements and critéoiadecision-making. For example, lenders typicétiok at the security of
repayments through examination of coverage ratiesture capitalists look at growth in value of teehnology developer itself
and are interested in the quality of the humantagpihile policymakers may be looking to suppadipising technologies. With
newer technologies like wave and tidal energy, miscmade of their costs being higher than estaddisgenerating options.
However, it is abundantly clear from the literat(eeg., Gros®t al, 2007) and discussions with stakeholders (elggtigcité de
France, 2009) that while cost is an important fafdiodecision making it is not the only considevat

Cost information is used by marine energy technpldgvelopers as a metric for measuring design isgreents towards full
production levels. Typically cost is measured bgtaaf energy (or levelised cost) which aims to aepthe lifetime costs of a
generator and allocate those costs to the lifetieetrical output with both costs and output disded to present value. It is
expressed in €cents/kWh. The approach was develimpedgulated monopoly utilities to provide a fiestimate of the relative
costs of plant (Gross et al., 2009); it is stiledsn a similar manner by liberalised utilities ¢&fricité de France, 2009). It is most
widely used by policymakers to indicate the rekatiwerits of different generating technologies adl @ in identifying and
justifying the need for subsidy for developing teclogies (Gros®t al, 2009). The major limitation of this measure hattit
neglects the entire revenue side of the investiecision.

Real investment decisions cover both costs anchimse assessing them on the basis of discountedloas. Such present value
methods account for the timing as well as the ntagdgiof costs and revenues. The basis of theseodeeth the idea that a lower
value — a greater discount — should be placed sin fbaws in the future than on those occurring yods there is a risk that future
cash flows may not occur. Net present value (NBVhe sum of all the costs and revenues over filiintie of the investment
discounted to the present day. A project with ar'WVNfPeater than zero has a return exceeding thenmimi expected rate and
would be regarded as beneficial to undertake. Fgergeration project the NPV can be expressed iW4€ifistalled. For high
capital cost, low fuel cost technologies such agenand tidal energy, the cost of energy is vergisige to variations in discount
rates. Internal rate of return (IRR) is related\ti®V as it is the discount rate at which the NP\zéso (i.e., where the present
value of all future expenditures balances the prtegalue of all future revenues). In effect the IRRRasures the cost of capital
that the project could support and is often conghdcea hurdle (minimum) rate. Care must be taketh WRR as it implicitly
assumes that returns can be invested at the saen@nchthat changes in net cash flows can leaduttiphe project IRRs.

Often the only information communicating economigbility is the rate of return or the unit cost. Wiever, this implicitly hides
the critical role of risk in economic appraisal. Mgtdiscounting methods like cost of energy, NP 8RR attempt to encapsulate
risk through the discount rate it is in a non-sfieevay. Discount rate is typically the company’sighted average cost of capital
which reflects the differing required rates of rettor equity (shares) and debt as well as thengalaf debt to equity. This does
not fully capture the risks affecting specific gois or technologies, particularly for new projegt®se risk structure differs from
existing activities. A higher discount rate is oftenposed in such cases to allow for ‘technologk’r(Electricité de France,
2009). The premium can be substantial with Ent@962 suggesting that for UK marine energy a distoate of 15% would
apply to less developed technologies to represengteater uncertainty associated with both desighcost estimation while an
8% rate would apply to more established technotgie

It is common when comparing different technolodlest the same discount rate is applied acrossdbedl(i.e. to all cash flows)
(IEA, 2005). However, this implicitly suggests thhe risk profile of (say) a wave energy conveisethe same as that of a gas-
fired power station. Common sense suggests thistisrue since one has a largely predictable dosas whereas the other is
exposed to volatile wholesale gas prices. Spetidiceof discount rates on the basis of exposurgpgific risk factors has been
suggested as a means of properly levelling theirmagield (Awerbuch, 2003). This involves applyimtifferent risk-adjusted
discount rates to different cost or revenue streandasses of streams, e.g., a higher discouatwatld be used for cash flow
dependent on fuel prices than for long-term fixedue contracts). Identification of the risk premidan each risk factor is a
significant challenge and the ‘technology risk’ ipiam that applies a single risk-adjusted discoaté ris a much simplified
version of this.

Techniques applied in financial markets may be faélip tackling such difficulties. The Capital Agsericing Model (CAPM),
widely used to translate the required rate of refie. discount rate) to the risk of specific cdlstws has also been proposed
(Awerbuch, 2003). Normal practice sees this appiietthe returns from specific company stocks bynited their correlation with
the stock market as a whole. For an emerging séktomarine energy with few (if any) companiesesiifig traded stock, there is
limited data to enable such analysis. Boud and géa¢2003) assessed the risk parameter (Beta) étorsethat are ‘similar’ to
marine energy and found that no sector-level rijkistment is required. A parallel approach applyimg CAPM to the variance
of individual cash-flows rather than stock retufptarrisonet al, 2003) may be a more appropriate way of assesgngific
marine energy devices at different stages of dgveémt. To do this requires a much greater undetstgnof the risk and
uncertainty associated with individual technologiesffectively a device specific breakdown of ttechnology risk'.

The main uncertainties for marine energy can beiggd into capital costs, operating costs and rea&nthis report sets out
where uncertainty can arise and explores how #nishe incorporated generically within economic ajgal.
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2 CAPITAL EXPENDITURE (CAPEX)
2.1 CAPEXCOMPONENTS

The capital costs of marine energy scheme may\eedi into four broad categories
0 Marine energy converter (MEC) itself
0 Mooring / Station-keeping
0 Cabling (inter-array and site to shore)
0 Site to grid transmission (not considered in EquiMa

Much of the analysis of these cost components nigpticated by their technology-specific nature slaiso the case that much of
the information is commercially sensitive and i4 tieerefore in the public domain. It is possiblewever, to examine the broad
cost inputs and their associated uncertainties.

2.1.1 MEC Devices

The capital cost of a MEC device is determinedtbycomponent (e.g. structure) and functional (ergduction) costs and these
elements can be further subdivided into cost asemb as power take-off and structure. Elementsspeeific to the device
technology and are dependent on the detailed desitie device. Commercial sensitivity and intefiled property considerations
effectively prevent fully independent appraisal tbE capital costs associated with a particular aevWhile this type of
engineering cost approach would be useful for tlvasaing to conduct a cross comparison of a withgeaof MEC device types
and concepts, it may not be significant in the sss®nt of a planned deployment. In these cases wilstoe supplied by the
device suppliers. The evolution of future costsl teir associated uncertainties, is likely to baagor topic of interest.

Identification of the major cost factors associatéth the device may allow for future design andlsa@volutions to be assessed.
For example, prices of individual components andenias will potentially remain fairly constant whiproduction costs (per
device) reduce as the technology and manufactiecigniques mature. As the device design becomesrentite cost risk that
remains will largely be due to fluctuations in maks and production prices.

The station keeping technology, e.g., mooring of@Mievices tend to be device- (or device class<ifipand it may therefore

be sensible to combine the cost of the station ikgelpardware with the cost of the MEC device itsElements of these costs,
however, will be site dependent; water depth, thieine of the sea bed and prevailing weather camditivill all affect the costs

associated with the station keeping technologyil8imsk profiles would be expected to the devittemmselves.

2.1.2 Site Infrastructure

The civil infrastructure required for an offshoreanime energy scheme will generally be associatetl sfiation keeping. As
discussed above, these costs will be highly despeific. Floating MEC devices require a mooringteyn while fixed devices
will have some form of anchoring system (e.g. gisiror gravity base). The choice of station keepimeghanism may also affect
the operational and maintenance aspects of theeléas discussed below).

A number of design solutions are available for ti@oring of floating MEC devices. A mooring systemishprovide adequate
station keeping without impeding the power conwarscapability of the device. The level of compliandesired will be
determined by the power conversion characteristiadhe device. The station keeping footprint wid Hetermined by practical
concerns regarding acceptable excursions (e.gcelanterference in an array) as well as possibtétditions on loads and
movement of the electrical transmission cable. @am regarding survivability under extreme envirental conditions must
also be factored into the choice of mooring system.

The plant and machinery required for installatioifl we dependent on the type and scale of the wolgy, as well as the
installation environment. Examples of civil infrastture include piling, gravity bases and shoresdastructures. Early
installations have noted that the availability oitable installation vessels is vital for cost effeeness. Some of the vessels used
are specially designed or adapted for the techiyofeq., OpenHydro) while others are standard typeshe latter case, these
may also be involved in servicing offshore oil agab infrastructure, and particularly when oil aiad grices are high, there tends
to be competition for the vessels. Restrictiongtmn sea states within which vessels can safelyabpenean that during good
weather, the availability of suitable vessels camavily restricted or hire rates very high.

2.1.3 Decommissioning

Device decommissioning at the end of the projdetriiay take many forms. Options include retriewashore for scrapping or
disposal at sea (e.g. in the form of an artificiabf). Depending on the disposal strategy the castsociated with

decommissioning may be offset by the scrap valughef device. The multi-decade design life of MEQ@sl,athe use of

discounting, are such that the costs of decomnrisgijotend to be relatively modest when viewed fithin outset. Depending on
the significance, funding the decommissioning psscean be from ongoing revenues, an endowment fbuiitl up over the

lifetime or as is proposed in the US for offshori@dy via an upfront decommissioning bond. Each wethas its own inherent
risk profile.
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2.2 CAPEXINPUTS

Figure 1 shows a flowchart for calculating CAPEXttmcludes the major contributors to capital cb&iny of the costs will vary
with the scale of deployment and further work witEiquimar will consider this.

| .

i i i 1 # Devices [
Structure PTO/Mechanical Electrical Removal
Steel Hydraulics Generator per device
Concrete Seals

Disposal
per device taking into
account scrap value etc.

CAPITAL COSTS

Ex. Devices

A 4

DECOMMISSIONING

Civil
Station keeping (e.g.
mooring)

Rated Power

Electrical
= Interarray cabling

]

Ex. Civil

Installation
=] Vessel Hire

Miscellaneous
—»] Spares

il

CAPEX

Figure 1 CAPEX Calculation Flowchart (including end of lidests)

3 OPERATIONAL EXPENDITURE (OPEX)

3.1 OPEXCOMPONENTS

The annual operational expenditure (OPEX) for a M&eme is, in the absence of fuel costs, dictptadarily by the
maintenance and repair requirements. The mainterssteedule and reliability will also influence #eailability of the device(s),
and therefore the revenue earned. The cost factaking up the OPEX are specific to the type of tetbgy (e.g. offshore tidal
turbine versus coastal wave device) complicatirgiocess of producing a generic cost procedurerdar to clarify the cost
streams the analysis of the OPEX has been dividtedtivo broad categories: planned maintenance apthoned maintenance
(i.e. repair). There may be significant overlapwesn these two categories, but the distinctiomigartant as it allows a more
logical appraisal for a variety of maintenance aepair strategies. This approach also gives a tWoatput of the expected
Availability Factor.

The reliability of a technology affects device dahility, and therefore the volume of energy progllicThe learning process
involved in determining the reliability of the deei follows the same broad process as determiningeagerformance. The
reliability of the device may firstly be assessétha design stage through analysis of the comstittomponents. In many cases
the components may be based on established tegynotdoought “off the shelf’. In these cases dethiteliability information
may be available, although this may need to bepmeaged if the technology has not been previoustpleyed in the marine
environment. The reliability of more novel techrgiles is likely to be more uncertain. Trial deployrgeplay a large part in
assessing the device reliability, although thesglayenents are unlikely to be representative of ltfespan of a commercial
deployment. Experience in the oil and gas sector Imeaused to inform reliability estimates in therima environment.

Reliability is clearly device specific and will lestimated through analysis at the design stagdtandgh data obtained during
sea trials. The uncertainty associated with thialviity data will reduce as the technology matuléss also to be expected that
reliability will improve with continued operationakperience and design iterations.
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The influence of reliability on availability willd site and technology dependent. The site acchiysiill determine the time to

repair the device. Site accessibility is determibgdyeographic factors (e.g., distance from posthwell as the marine climate.
The device type will determine factors such astype of vessel required, as well as the wave/ctigiémate in which a repair, or
recovery, may be made.

3.1.1 MEC Planned Maintenance

Planned maintenance costs are defined as thoseingstved with servicing the devices in the MEQeme to attain the design
power output. This includes elements such as vessgb, labour and consumable components. Thereleaidy a number of

maintenance schemes available, including serviesitenand return-to-shore options. The economidueNimn should include

methods of comparing these options as well ashéeince on the availability factor.

The planned maintenance of MEC devices cannot sadBsbe entirely separated from the repair codterk conducted on
failed devices is unlikely to be carried out enfinadependently of scheduled servicing. For exanpldecision may be made to
postpone repair of a device until visited (or mtdad) for scheduled maintenance. This will be theecwhere a device has been
designed with redundant systems or can operatestnally until the scheduled maintenance.

3.1.2 MEC Unplanned Maintenance

Costs associated with the repair of MEC devicesycarany elements of uncertainty, particularly wiarly stage technology
devices. The mean time to failure is dependent anynfactors, including the failure mode and theetgh environment. These
elements, combined with repair strategy, will ciimite towards the device Availability Factor.

The mean failure frequency must be estimated baped an engineering appraisal of the device desiggome cases failure
distributions may be available for individual comgats, particularly if they are established techgglbought “off the shelf”.

Care must be taken, however, if these componestdeing deployed in an environment significantlffedent from their usual

operating conditions. Data from prototypes andtsaks should be incorporated into failure ratéreation wherever possible.

The cost of vessels to carry out the maintenantlebwia major factor in OPEX but it is probably rearncertain for unplanned
maintenance since the vessel has not been spégiicheduled to be available and failures are niedy whilst access may be
difficult.

3.2 OPEXINPUTS

The elements describing the OPEX and Availabilipctér are outlined in Figure 2. The calculationgess is divided into
planned and unplanned maintenance elements withutipeit of these components used to estimate tladability Factor.

3.2.1 Maintenance and Repair Strategy

The calculation procedure is complicated by théetgiof maintenance and repair strategies availdiite simplest approach is to
assume no link between the planned maintenanceidsgy) and unplanned maintenance (repair). In tase there will be a
certain frequency of servicing “operations” reqdirfor each device. The procedure outlined in FigRrassigns a cost for
accessing the device and a cost for the maintengpetion itself. This approach also allows far ttowntime associated with
maintenance operations to be fed into the cal@daif the Availability Factor.

The costs directly incurred in the servicing oftbtite device and associated infrastructure (mosyioables etc.) are described on
a cost-per-device basis. This includes items ssatbasumable components, and labour costs diratttliputable to the servicing
of the device. If the devices are retrieved to ghere for maintenance then the costs associatdédtiii (excluding the vessel
cost) are assigned here.

The repair strategy for devices is potentially mooenplex due to the significant uncertainty asdedavith predicting reliability
for early stage technology. The costs associatéunepair are calculated using a similar methodpkogthe planned maintenance
costs. Costs are assigned to the access of theedghirough vessel rates and required duratiorcedss) and to the repair itself.
The frequency of repair visits (or device retriegpkrations) is determined by the failure ratehefdevice. The simplest scenario
in terms of repair strategies is that the deviceejgired on demand. In this case a Response Tigngest is included in the
analysis, this being the mean expected time thttpass before the repair operation can commemuppsed either by vessel
availability or site accessibility. While there mag no direct repair cost associated with the Respdime it will impact on the
Availability Factor, and therefore on the collectegtenue.

In some circumstances it may be acceptable to theaplanned and unplanned maintenance strategiesl@pendent in order to
simplify the modelling procedure. This may inclusd=C schemes where the planned maintenance inteavaltarge. In other
cases it may be unrealistic to assume that repdlirbe undertaken entirely separately to the pthmaintenance operations. In
this case the access costs (e.g., vessel hiregiatemb with repair may be assumed to be some pliopoof the full rate. For
example, if all repairs are conducted alongsidensa maintenance operations the access costs nagsbmed to be zero. The
mean response time should also be adjusted tatréfie repair strategy.

The accessibility of the site is also of concerremlassessing the OPEX. Offshore devices will ugually be accessible under
particular conditions of the sea-state. For exaptplere may be a maximum significant wave heightidal stream velocity (or
combination of the two) under which the maintenasuce repair work may be safely implemented.
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Figure 2 OPEX calculation flowchart

3.2.2 Device Availability

A reason for separating the analysis of planned lamlanned maintenance activities is to allow thaikability Factor of the

device to be assessed. An Availability Factor oé dandicates the device has no downtime. The doventassociated with
differing maintenance operations may vary. It i mecessarily the case that all maintenance opestiill require the device to
be taken offline. In this case the Maintenance Diowa (Figure 2) may be expressed as a proportidheofmaintenance duration.

The Repair Downtime is calculated as a functionth®f response time, the transit time and the regaiation. The repair
downtime and maintenance duration may be combinedatculate the overall Availability Factor. Thigdre may then be
incorporated in calculation of the expected revenue

4 REVENUE

4.1 ReVENUE COMPONENTS

4.1.1 Resource, Device-Performance and Predictability

The power output from a MEC is dependent both enctiaracteristics of the installation site (theotgse) and the device itself.
These elements will both have an associated unarta

The prediction of the resource at the site willdvan associated uncertainty due to the limitatafrthe modelling methods (e.g.
numerical/statistical modelling) and the measuranpeagramme (e.g. wave buoy deployment). Methodsgf@ntifying these
uncertainties are covered within the EquiMar prbjaaderWork-Package 2: Resource Assessmé&he uncertainty associated
with the resource is likely to reduce over thetiifee of the scheme as the site becomes betteratbased through operational
experience. There will, however, always be an ugoher disparity from the baseline resource duenaual variations. This is
particularly true for the estimation of the wavesaerce. It may take many years of measurementsrteatly characterise this
annual variation. EquiMar WP2 is exploring methéaisthe quantification of this underlying uncertgitout this aspect is briefly
considered for wave and tidal separately in sestibfi.2 and 4.1.3.

The quantity of energy produced by the device ipasficular importance in the renewable energymseas, in the absence of fuel
costs, it solely determines the project revenue. @érformance of the device will determine theighib convert the theoretically
available resource to usable energy. The unceytaiasociated with device performance will vary witle maturity of the

technology. At its earliest stage the device pentorce will be based upon information gleaned duttregdesign process. This is



Workpackage 7 EquiMar D7.2.1

highly likely to include assessment using numerioadels and/or small-scale tank testing. Guidaetating to this early stage
concept appraisal is being investigated under ¢neitrof Work-Package 3: Concept appraisal and tank tesgiractises for T
stage prototype deviced commercial MEC deployment will likely requireraore robust validation than can be provided with
this level of testing. This early stage appraisaks] however, allow the device performance to kmessed for specific
environmental conditions (i.e. a particular sedesta tidal stream) and is therefore a valuablé fmounderstanding the benefits
and risks associated with a particular technolagycept.

The stage following early concept appraisal of a@igkeis typically a real-world deployment usingheit scale or full-size
prototype devices. This may take place at a wdltlated test site, such as the European Marine gyn€entre (EMEC) in

Orkney. The procedures employed in designing amatlyaimg these sea trial deployments should be ariedun such a way that
they effectively reduce the uncertainty associatéth the device performance. The obvious lack ohtowl over the

environmental conditions requires these procediard® robust and consistent. This is explored émEhuiMar project through
Work-Package 4: Sea trial testing procedures for maenergy extraction devices

Information from the sea trials will typically assethe performance of a single device. Commercia¢rmes may involve the
deployment of many devices. The assessment of meltice arrays is examined Work-Package 5: Deployment assessment:
Performance of multi-megawatt device arraysa commercial deployment the device performamitiebe used in assessing the
suitability of a particular technology for a giveite. This guidance is included in the remit of WP5

If electricity production between different sitestdo be compared, some form of functional relatigmsnust be described relating
the device power conversion characteristics tadseurce. In reality the complexity of this relaship may preclude describing
the power production in this manner. In this casste specific analysis of the device (or deviceagr performance will be
required. This analysis should specify the uncetyain electricity production, reflecting both ti@certainty in the resource and
device performance. If several device types aragoeompared the uncertainty in the resource paemeshould be consistent,
while the device performance uncertainty will begéx for early stage devices.

Array interactions may also influence the genetptiapabilities of a MEC array. This influence may gositive or negative. If
these interactions are deemed significant it magnbee convenient to describe the electrical ouitptérms of cumulative output
of the array, rather than on a per-device basi® Maintenance Duration and Response Time shoulduatdor the mean
expected delay. The associated costs will be depgrmh the maintenance and repair strategy an@hagsilability.

4.1.2 Wave Energy Resource Predictability and Uncertainty

Prediction of power output from wave energy corver{WECS) must take account of the stochastia@atiithe resource. The
annual resource will vary, and the baseline remuray be difficult to accurately quantify. The $tastic nature of the resource
is typically characterised through use of distiibg describing the joint probabilities of the pasders used to characterise the
wave resource. The potential wave power availabline device is typically calculated from the sfigaint wave height and the
energy period. The joint occurrence frequency ekéhparameters is typically expressed through teesatiagram representing
the long term statistics of the site.

The summary statistics describing a particularssate may not fully represent the nature of waimate. Many spectral shapes
may be associated with a particular set of paraseteith a corresponding influence on the availatgisource. Where more
detailed spectral data is available this shouldubed for a more detailed resource estimate. Inscadere a detailed site
assessment is to be carried out (buoy deploymeaisthis information should be available to theveleper. Many historical
oceanographic datasets, however, will provide ¢imjted summary statistics, typically the significavave height and the mean
wave period. In many cases e.g. DTI (2004), themvesve period was used to infer the energy pehoaligh the use of standard
spectral shapes; it should be recognised thateamesit of uncertainty is associated with this preces

The assessment of the wave resource may be brdafilyed in two categories. Firstly, the resourceyrba quantified at a
geographic scale in order to identify suitable tanss for deployment. An example of this approachyrbe seen in thatlas of
UK Marine Energy ResourcgBTI, 2004). Resource assessment carried out atatel will not necessarily account for the local
resource variations due to the site bathymetryamadtline. This information is obtained through erendetailed site assessment.
This is likely to incorporate the use of numerioaddels to transform the distant wave climate, comtbiwith measurements.
Physical measurements alone are unlikely to caph&dong term variations in the wave resources™dgtailed site assessment
aims to reduce the uncertainty associated withrésaurce available to a particular device. WP2nigestigating the spatial
variation in resource observed at a site. Thisrmédion will inform predictions on the total avdila resource obtained from an
array of devices, as well as aiding the quantificabf uncertainty from a measurement programme.

The elements of wave resource assessment discalsegd are relevant to the estimation of the resoaxailable to a WEC, or
an array of WECs. The actual energy production béldevice specific, and is therefore difficultdiscuss in general terms.
Several different technology concepts exist, wittiedng hydrodynamic properties. Device developes typically produce
algorithms and performance matrices to transferetbttmated available resource to an estimated powgut. The work of
Equimar work-packages 3, 4 and 5 will provide goa on device assessment. In cases where the cesmdormation is
limited, this should be reflected in the uncertpiassociated with the prediction of device perfato®a For example, summary
statistics describing the wave climate may notedéhtiate between the high frequency and low frequevave components.
Depending on the operational characteristics ofdngce, this is potentially a significant sourdauncertainty when quantifying
the usable resource.
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4.1.3 Tidal Stream Resource Predictability and Uncertgint

The tidal resource is regarded as relatively ptatlle when compared to the wave resource althcugyie remains an element of
uncertainty in the characterisation of the resouRmediction of the tidal range and currents maycaeied out by harmonic
analysis. Each tidal constituent is described $witplitude, phase lag and angular speed. Theegrisat number of constituents
included in the analysis, the more reliable thaltjgtediction will tend to be. Resource characitios at geographic level may
require only a limited number of tidal constituerfbeAtlas of UK Marine Energy Resourc@3TI, 2004) examined average tidal
range using 2-4 harmonics, reasoning that inclusiofurther components would not influence the hesilnen averaged over a
long period. More detailed site assessment willlikrequire more harmonic components be includethénanalysis. Guidance
produced by EMEC (2009) suggests a minimum of 2@nbaics be included in site assessment. The hamnarsed in tidal
resource assessment may be available from souncksas Admiralty Charts and tidal tables. A mote specific analysis will
likely require field measurement of the local c@msints over a 3-12 month period.

Numerical modelling may be utilised in the estiroatdf the resource. The level of refinement of tigdrodynamic models will
increase depending on the assessment stage. \idalletrrents may be predicted with a relativelgthdegree of accuracy, there
remains some uncertainty involved in the assessiitite detailed flow structure. The structure andgnitude of turbulent
eddies remains an area of research. Wave-currenaation also introduces an element of uncertadgy to the stochastic nature
of the wave climate, and the lack of knowledge dbsw the interaction processes.

4.1.4 Electricity Price

Price is the other factor in the calculation ofeeue and is heavily dependent on the jurisdictiowhich the deployment is to be
made. Most EU countries have some form of wholesaleket, although the actual sectors may be molessrliberalised, state-
owned or fully private. Wholesale markets come iangnforms and provide a means of trading bulk powggot markets set
market prices typically on a half-hourly basis, gthimeans that participants in the markets will sa@nue vary on this basis.
Running alongside the spot markets are forward famdres markets which allow longer term contrad¢éave and tidal
developments may be in themselves relatively siwadl may not participate directly in the wholesalarket. They may be
directly owned by generating utilities who will nege them within their portfolio or where the owigman independent power
producer the output may be sold to a supplier ethea merchant basis or through a power purchgize=ment (PPA). PPAs may
specify a fixed price or track average prices oseasonal basis. It is common in the UK for thegwito be at a discount to
average wholesale market prices; in effect the PRgses some of the producer price risk onto thehpser in exchange for a
lower (semi) guaranteed tariff. Lenders in the LH¢d been particularly keen on such arrangementstigate price risk.

Electricity prices can be very volatile and, depegdn the market and the ability of generatorpass-through costs may vary
with the price of gas and coal. Prices will tendaflect demand, with high demand periods durirgydhy and seasonally being
more expensive as lower merit plant is broughtioa.lIn modest penetrations wave and tidal schemilbgend to be ‘price
takers’, that is, they cannot set market priceimftuence them significantly. When penetrationwafiable renewables are higher,
there is potential for lower prices during periadigh resource availability and that, where regdj some renewable generation
may be ‘constrained off’ — i.e., their output islueed — to alleviate network constraints. Thestofameed to be incorporated into
the economic appraisal as the market setup neatessifThis will also need to consider the fact fhaire prices are uncertain in
market-based systems and this uncertainty musfleeted in assumptions.

Associated with prices, the appraisal must consitmyme from subsidy programmes designed to adsigtloping technologies.
In many countries (e.g., Germany) this takes thienfof a feed-in tariff (FIT) which pays a define@her than market rate for
renewable production and also eliminates price @tkers operate a premium price system whereieldwtricity market price is

supplemented by a defined amount per unit; thitigdgrreduces price risk. In both cases the prempaid reflects how far from

market the technology is. Others operate greerificaté schemes which set targets for purchaserslegftricity to acquire a

minimum volume or proportion of electricity fromnewable sources. For each unit of electricity paseld they receive a
certificate (e.g., Renewable Obligation CertificateROC in the UK) which can be redeemed agairest tiarget. A penalty is

placed for non-compliance with the target whichsstnormal minimum price for the certificate. Indaibn, the UK scheme

recycles certificates to those who complied withitharget which places an additional premium anthlue of the certificate. A
market in certificates allows the trading of céctites. In the UK, although there is now differatitin between technologies in
terms of the number of ROCs per unit of output, fdet is that the price of the certificates is fised and is essentially an
additional source of price risk when consideringeraue. Again, this variability must be factoredittte economic analysis.

4.2 REVENUE INPUTS

The factors involved in calculating the revenuerfra MEC scheme are outlined in Figure 3. This datmn procedure assumes
that power conversion may be described on a peceédasis. It also assumes that the summary pagamdescribing the
resource may be directly translated into the dkadtiproduction from the device. This power coni@rsprocess assumes no
downtime in production due to maintenance or faildrhe electrical production from the MEC arrathisrefore a function of the
resource, the MEC power conversion characteriaticsthe number of installed devices. Dependenhemévice technology, and
the analysis methods available, it may not be praldio implement the electrical output from theagrin this manner. In this case
the electrical production of the array (assumirljduailability) must be estimated through somemdative analysis method. This
analysis should express the uncertainty estimatdeatrical production relating to the uncertaimythe resource estimation and
the uncertainty in the performance of the device.
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The total expected energy production must take wttcof downtime due to maintenance and repair djper® This is expressed
in terms of the Availability Factor. The calculatimf the Availability Factor is described in Secti®.2.2. Accounting for

maintenance of the devices in this manner sepatiatepower conversion performance of the devicenftbe maintenance and
reliability performance, allowing a more focusedstvity analysis of the impact on the overall jet finances.

Finally the electrical output of the MEC schemdrémnslated into revenue by the electricity marketsimple terms this may be
expressed in terms of the average electricity pM@re complex analyses will be dependent on theketastructure.

| # Devices I | Availability Factor I

Available Resource
per device

«| Electrical Production
| fromarray

MEC Power Conversion
e.g. power curve /
performance matrix

I Electricity Price I

REVENUE | Revenue |

Figure 3 Revenue calculation flowchart

5 THE PROPOSEDAPPROACH

Earlier sections of the report demonstrate the namyces of uncertainty associated with the ecoan@ssessment of marine
energy technologies. The proposed approach foragsmally appraising marine energy technologie®isdntinue to use well-
established and understood methods like NPV, IR®R aost of energy but to allow the effect of theimas factors and their
uncertainties to be analysed in a consistent amitadile manner for a wide range of technologies sewharios. Producing a
generic analysis methodology is complicated bywiey large number of permutations in the cost angmue factors that may
describe a marine energy scheme. This effectivedlygnts the application of assumptions that maypkiythe analysis process.

The calculation of the NPV over the lifetime of theject is summarised by the flowchart illustrabedrigure 4. This procedure
calculates the NPV based upon the high-level figulescribing capital expenditure (CAPEX, 82); operal expenditure
(OPEX, 83); revenue (84) and decommissioning c(82%. A more complex approach taking into accotet interdependence
between the different cost streams is illustratefligure 5. These examples calculate the NPV baged a single discount rate.
These procedure flowcharts illustrate the functioe#ationships involved in the calculation of eagbst and revenue stream.
Understanding these relationships allows for amalg$ the sensitivity of the NPV (or IRR) to uncartties in the various
components and inputs.

While applying this type of sensitivity analysidoa¥s the affect of a given uncertainty from the méa.g. CAPEX + CAPEX)

to be examined, it does not describe the full spectof NPV values which may be expected. The sugdesolution in this case
is to analyse the NPV through use of Monte-Cartouition techniques in which the uncertain parameie the model are
described stochastically; that is to say that eacbertain element in the model is described in fiven of a probability
distribution. The distribution used should reflébe underlying processes with, for example, failde¢a tending to follow a
Weibull distribution while many others are likelyonmally distributed. The resulting NPV, CAPEX, ettistributions are
calculated through multiple iterations of the mod&dch iteration involves sampling a single rand@iue from each constituent
probability distribution, with the final result regsenting a possible value of the NPV (or IRR efthus over the many iterations
a distribution of NPV values is constructed. Theksi and benefits of a particular scheme can therdfe assessed in a more
informed manner than may be achieved through a siorglified sensitivity analysis. A similar apprdefor costs has been used
by Previsicet al. (2004).

It is recognised that producing distributions foe tuncertain elements may be difficult where infation is limited. If, for
example, a nascent MEC device only exists at qualtotype scale it may be difficult to extrapolatecurately to full scale the
capital costs, reliability, power-conversion perfance etc. The distributions used in the model Ishmflect this uncertainty,
e.g., the distribution describingean Failure Frequencwill show a larger variance for a device at theyedesign stage than the
same device later in its development. At very eathge, should probability distributions not bedioée some indication of
uncertainty should be made; at the most simpletigisdvould be an upper and lower bound for the easfgvalues taken.

The procedure outlined in Figure 5 is intended tovigle a common assessment procedure for a rantgclhologies by de-

coupling device elements (e.g. reliability) frone talements which are common to all (or most) MERestes (e.g. steel prices,
database of vessel rates). This is reflected irctimplexity of the model. It should be noted, hoarthat not all elements may
be relevant to all MEC schemes. The model as appfigoractice may be simplified by the removal ombination of some

elements.
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Figure 4 Net Present Value (NPV) calculation flowchart watlsingle discount rate
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5.1 APPLICATION OF THE COSTMODEL

The application of the proposed Monte-Carlo analysiethod requires the ability to produce sequewéamndom numbers
corresponding to a particular distribution. The Imeaatics involved tends not to be onerous, but ifingehe interactions and
functional relationships between the cost elemaratg be time consuming. A visual programming envinent utilising a number
of standard “blocks” provides a flexible and iniwgt method for the production of cost mod@$ATLAB Simulinks one such
programming environment while others include thikisBde @RISK suite for Excel.

Figure 6 illustrates a MATLAB Simulink model of tr@mple model outlined in Figure 4. A standard inplock has been
developed to produce the probability distributiaescribing the uncertain elements. As Simulink mee-domain simulation

programme another block controls the period oveicvithe input is fed into the calculation. In theample shown above the
OPEX and Revenue streams are active from the djpstational year through to the end of project &gl in this example
decommissioning occurs in the final year. This apph allows fairly complex scenarios to be modellath as progressive
“ramping-up” to full generation capacity. Finallhe cost streams are combined for calculation ef K#PV. In modelling

scenarios where multiple discount rates are reduiie NPV calculation block is applied to each vidial cost stream and the
outputs summed to produce the project NPV.

Figure 6 MATLAB Simulink simulation of a simple cost model

5.2 CONCLUDING REMARKS

The aim of the economic appraisal procedure owtlihere is to allow equitable comparison of marinergy schemes. The
outputs into the model have been separated assfpramticable to produce a generic approach whiclws the affect of the
fundamental uncertainties in these inputs to berapgd. Many inputs are device and technology ipe¢e.g. device
performance) and must be estimated using dataisddpy a device developer. In other cases the sngg more generic and may
be similar (or drawn from the same source) for riegority of devices and deployment scenarios. Huproach deliberately
intends to allow oversight of the economic analywmigcedure and ensure that a consistent methodatogpplied wherever
possible.
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