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An Open Model for the Evalnation of SMRs Economic Value

EXECUTIVE SUMMARY

This document presenis an open fiamework for analysing the investment projects in nuclear reactors,

The model means fo support the comparative assessment of small-medium vs. large scale reactors (SMRs vs. LEs); as a
final outeome, it will allow to sinulate the differentiol profitabilitv of SMRs under several market and operating seitfings.
The analysis is carried ou! al the plant level,

Before presenting the model archifecture, special atfention Is devoted fo a sef of disfincfive characteristics af SMR
investments. replication, scalability, reversibility, standardization. These features have relevant effects in the following
dowains: generation costs {co-siting econamies, learning econoniies, technical progress econowmies, mass production,
and factory fabrication economies), market (narker maiching, market suitabilily, reduced entry barriers), finamcial
costs {lower financial distress, reduced risk premium). At this stage of the research, selected elements of the generation
costs are analytically modelled; moreover, the paper surveys pre-existing and relevant models of eleciricity marfef,

Sfinaneial eosts, and external costs that can be adapted and infegrated into the framework.
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An Open Model! for the Evahiation of SMRs Economic Value

1 ECONOMIC CHARACTERIZATION OF SMRS

Economies of scale are widely held to drive the generation cost structure of nuclear power plants. Traditional techno-
economic analyses show that the average investment and operating costs per unit of electricily are decreasing with
respect to increasing plant size. Yet this result can not be divectly transferred into the investment analyses of Small and
Medium size Reactors (SMRs) versus Large size Reactors (LRs), because it relies upon the clause “other things being
equal™. In other words, it assumes that SMRs are the same as LRs except for size, On the sonfrary. SMRs exhibit
several benefits that are naiquely available to smaller innovative reactors and can only to a very limited extent be
replicated by LRs. The differential benefits of SMRs are reviewed, among others, by Shepherd and Hayns (1991),
Schock et al, (2601) and Miller (2005).

Once the econoinies of scale have been modelled the several differential SMR features have {o be explored and

modelled as drivers of the economic and fizancial perforinances of SMRs vs. LRs.

Indeed the wide spectrum of factors that differentiates the competitiveness of SMRs vs. LR is twofold:

— SMR ad hoc factors. Factors which are applicable to SMRs only or are critically affected by the difference in design
and approach brought in by the SMRs.

— SMR-LR common factors. Factors which affect SMRs and large plants in a comparable way. Even for the conunogn
factors, a comparative quantitative evaluation might not be straightforward.

Those ad hoc and the conunon factors are qualitatively discussed in the following sections. Presented here are the ones
judged to have higher priority for a quantitative evaliation. This list of factors is by no means exhaustive and others
might be considered. Furthennore the distinction between ad hoc and common factors is by now judgemental, and any

contributions from program participants about this issue are welcomre .

1.1 Ad-hoc factors

Investnient scolobifity. Investments in SMRs are inherently moduler: due to smaller sizes and shorter
construction thmes, the capacity additions of SMRs are more flexible in sizing, timing and siting than those of LRs. In
particular, the plant capacity is more readily adaptable fo changing market conditions. This has far-reaching
implications for generation costs, revennes and financial costs. Due to shorter construction times, the investment timing
of SMRs can be postponed closer to the planned operation date (znvestinent deferral). without any reduction of instailed
capacity or revenue loss. The shorter the SMR construction timme. the higher the net present value of the investment. For
a given size. provided a sequenced constiuction of multiple modules. dhe SMRs have lower financial costs than a single
LR. Alternatively, if the demand is kuown to grow at a sufficiently high rate. investmests in SMR units can be
sequenced (the last installed SMRs unir has the same operating date as LR) or concentrated (paraliel construction
resulting in an earlier operation date than LR’s) (warket matching). The first scenario gives the best financial
pecformance, with sreoother cash flow profile during the project lifetine. On the conirary the parallel, concentrated
construction of all the modules, generates higher overnight constiuction cost per KWe due to the loss of leaming

econcrnies and consequently comnparable or evea worse finaticial expenses as compared to LR plant: s&ill, shorter lead
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An Open Model for the Evaluation of SKRs Economic Value

times lead to earlier revenues for the SMRs. Therefore for a given total piant size, the multiple SMRs allow to reap

revenues that would be foregone by a LR.

Investment flexibility. Whereas niarket conditions are relatively “certain” (i.e. the trends of the electriciiy price
and denmtand are steady and, fhus, can be relied upon for long-term plamiing), the SMR modulatity translates in
scalability. In contrast, whereas market conditions are highly uncertain, the SMR modularity transiates in adaptability,
wlich i an exireme fonn of temporal and spatial flexibility _in the plant deployment. Such a “reversible’ nature of
investment in SMR wnits is apparent when one focuses upon the markef risks related to LR investment. The LR
adopters have to cope with upward (or downward) swings of price and demand or localised increase (or decrease) of
demand by the means of long-term planning, given the IR long lead times. Since the event is at the best known in
likelihood, both the decision to invest aud the decision not o invest may prove to be inefficient. A larpe share of
invested capital may result to be sunk (idle), or consistent revennes may be foregone: the economdc 115k of LR
investment is greater because is greater, for a given period of time, the “sunk” portion of invested capital.

Due to shorter lead times and smaller size, SMRx allow the investors to more closely and quickly adapt to early signals
of changing matket conditions. The shorter lead times of SMRs allow te split investments for additional units in a closer
proximity to the roarket evolution (electrical load - marker matching under vocertainty). In comparison, the LR
investment may resuif in a expected loss of revenues with respect to SMRs for power not taken.

The latter effect translates in a higher net present vahue for SMRs, which emerges for any given cost of capital. Yet an
additional effect of temporal and spatial flexibility of deployment is related to a lower cost of capital due o a perception
of reduced risk by both creditors and shareholders. They are aware that investnents in SMR units are more capable to
match the new matket conditions; i.e. they are less exposed to market unceriainty than LR investment, other things
beiag equal. Accordingly, they demand a lower risk premium to invest in the project (reduced risk premivmr). For a

given size, the multiple SMRs might have lower financial costs than LR,

Easier plant-grid matching. Not only the economic and financial requirements liave fo be matched to provide 3
suitable product for the energy market. An important teclutical requirement comes from the power grid and irs stability.
Some developed countries and areas, as the western European Union, are well interconnected and can sustain even large
powsr stations. Historically, the requirements of large national markets with big power grids have driven the
development of nuclear power reactors, resulting in conunercizl units of 1000 MWe and miore. On the other side several
countries, even in the EU, lave much smaller grids and less well-developed technical infrastructures. These grids are
not able to accept the connection of concentrated, large power stations. This represents a limit that can technically
prevent an efficient use of LRs. A SMR. design approach, tailored to this market segment. could help meeting the rising
power demands sssociated with economic growth and urbanization, while avoiding grid instability concerns; the use of
fossil fuels and related greenhouse concerns, at the same time. Therefore for a given size the multiple SMRs allow to

reap profits that would be lost by a LR (market mafching).

New design strategy ond sokutions. Even the technological choices on the design phase can directly affect the
SMR v LR economics. An integral and moduler approach to the design of the muclear reactors offers the unique
possibility to exploit a simplification of the plant. This can lead to a reduction of the tfype and munber of components.

As an example, the complete integration of all the primary components inside the Reactor Pressure Vessel (RPV)
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reached by IRIS design avoids large, high pressure piping. This positively affects also the safety of the plant, allowing a
dramatic increase of the safery level, via a reducton of the number of safety systems and a simplification of the
remaining ones. The mtegration concept increases also the compaciness of the plant (volune over power ratio), with a
reduction of the contaimment volume. A further positive effect is that also the security of the NPP is improved. with a
small imprinting of the plant ou the gronnd and a Ihnited area of s skyline, leading e.g. to a reduction of terrorist air
attack probability. Moreover. fhe plant lifetime can be increased and the plant quality of performance kept all along its
lifetimie, since e.p. radiation damage on the RPV is practically avoided by the inherent shielding provided by the large
water thickness between the RPV and the core. Considering all these aspects. for a given size, the multiple SMRs might

decrease the Levelized Unit electricity Costs..”.

Co-generation. Besides electicity, other products can be obtained by SMRs. Part of the heat generated by the
nuclear reactor can be used for urban heating or desalination process. This 1s obtained with a sensible reduction of the
Leat to be rejected to the environment, as usually required by the Rankine thermial cycle in the heat-to-electricity
couversion process. A technical requirement is to locate the heat or the desalination plant near the end-user areas. The
SMRs increased safety level and the reduced radiation source term can lead fo a reduction of the emergency planning
zone hence to locate the SMRs not far from the wrban areas. Moreover the thermal power available fron1 2 SMR for
non-¢lectricity products is coherent with the thermal load or water needs of an wban area. These aspects dramatically
increase the possibilities for SMRs. compared 1o the LRs. of deploying co-generation plants. Therefore, for a given size,

the SMRs allows to reap profits that would be lost by a LR.

Mass production economies. For a certain installed power many more SMRs than LRs are required since the
power provided by an SMR is a fraction of the power provided by a LR. Therefore is possible having a heat bulk
ordering process of components like valves. This aspect allows the SMRs to achieve the mass production economites

and a more standardised procurament process.

1.2 Commeon factors

Plant Size — Economies of scale. The size of a NPP is the first and most obvious of the comumon factors which,
of course, generates the economies of scale. Other things being equal. the capial cost of a larger unit is significantly

cheaper than for a smaller version.

Modularization — Factory fabrication economies. Generation IV International Foram {GIF), a framework for
international cooperation in research and development for the next generation of nuclear energy systems, defines

“modularization™ like the process of converiing the design and construction of a 1nonolithic plant or stickbuilt scope to

! Levelized unit electricity cost it is the present valuc of the total cost of building end operating a geperating plant over its economic
life, conrverted to equal annual payments, expressed as the value per wnit of electricity and levelized in constant currency units (e,
deflated to remove the impact of inflation). It takes into account both generation costs (ic production costs; see 2.2) and financial

costs (ie cost of capital: see 2.4)
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facilitate factory fabrication of modunies for shipment and installatien in the field as complete assemblies (GEN IV,
2005). It is well known that the factory fabrication iz cheaper than the site fabrication, but the linit is the possibility of a
cheap shipping of the modulas built fo the site. The SMRs can take a differential advantage since is possible having a

greater percentage of factory made components, and investnent costs are reduced (factory fabrication economies),

Modularity - Learning economies. Gen 1V defines “modularity” like the idea of construction and deployment
of a larger number of standardized units (GEN IV, 2005). Allowed by the smaller size and lower power of SMRs, the
inodularity approach reduces the requireinents for more expensive and time consuming onsite construction and also
allows a greater Stomdardization. The design of SMRs embodies gpecific fechnical solutions (e.g. the integral Iayout, the
broader Safety-by-Design solutions allowed by the size reduction, etc.) which are not applicable to cuirent or classical
LR designs. Above all the SMRs rely apon a fechnical concept that includes the supply of standardized components and
their assembly and maintenance within the plamt site. with a reduction of investment and operating costs. It is worth
mentioning that the standardization of SMR components is a necessary condition, afong with the smaller size of units,
for supplier to replicate in & factory the production of SMR units and to reap the learning economies. It is well known
that a Nth-Of-A-Kind (INOAK) plant costs less than a First-Gf-A-Kind (FOAK) becanse of the iessons learned in the
construction and deployment of earlier units. The learning curve generally flattens out afier 5-7 units. Comparing a
SMR and a LR, the NOAK is reaclied with less MWe installed for SMRs than LRs.

Learning is definitely an advantage for the SMRs in the early stages of the market, 10 be eventually equalized as the
market for both designs matures. In addition to the above “worldwide™ learning (it does not niatter where the units are
built to reach the Ntl) there is also an additional “on site” learning, obtained from the constuction of successive units
on the same site. This important portion of the “total leamning” takes 1o a big advantage for the SMRs when, in a same
power corpparison, a site with cne LR is comparad with a site with many SMRs. The mentioned techuical benefits will
hopefully aliow the SMRs to experience smalier average iInvestment costs, given the plant size.

Still, modularity is considered 2 commeon factor, because it is also employed in the mnost recent large plants designs and

thus has 1o be comparatively evaluated.

Multiple units at a single site - Learning economies and Co-siting economies. If the demand is growmg locally,
SMRs allow the investors to make incremental capacity additions in a pre-existing site. In addition to the mentioned
learning economies, this leads to co-siting econonries: the set-up activities related fo siting (e.g. acquisition of land
rights, comnection to the transmission network) have been: already cartied out; certain fixed indivisibie costs cau be
saved when installing the second and subsequent wnits. The larger the number of SMR co-sited units. the smaller the
total invesiment costs for vnit. This factor is applicable alsc wlien a new site is opened. Also in this case the obvious
advantages are the sharing of infrastructure and the fix costy (like license and insurances), the better utilization of site
material and the sharing of lluman resources. Moreover, multiple units on 2 single site assure a higher average service
factor than a LR unit, for a given total generation capacity. due to the lower probability of simultaneous, parallel fatlure
of sl the modules. Aud, finally, the higher number of ngits allows - through a smart refuelling outages scheduling —
SMRs 1ovestors fo require less replacement power during plant plammed outages. Of course, mmore SME units are
deployed for the same aniout of power attained with larger reactors, but both small and large plants can be deployed in
multiples at a single site and in fact, several mmlti-unit sites with thousands of installed MWe do exist. Thus, while in

principle this factor favours the SMRs, a case-by-case evalbation must be done.
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Front end invesiment — Reduced enfry barviers, Specific charvacteristics of SMRs snch as smaller size, simpler
design, increased modularization, Iugher degree of factory fabrication and serial fabrication of components lead to a
shorter construction fime. In fact current projected schedules for SMRs are three years for the FOAK. projected to be
reduced to as little as two yeass for the NOAK. The unit cost of a SMR is of course a fraction of the cost of a larger
plant (several hundred million, rather than a few billion dollars). This reduction can be “the” critical factor for a utility
or country with liaited financial resources, therefore for a given size the multiple SMRs allows a larzer munber of
investors thai LR to enter the naclear generation sector: a lower front-end investment for each inodule, together with a
staggered construction produce 2 lower average capital employed,
Table | synthesises the disiribution of the mentioned benefiis across the factors,

Tabie 1
INPP featieres and their effects: expected contribution o SMR differentinl profitability

NPP feature Generation costs Financial costs Market opperiunisy
SMR Ad-Hee Factors
. Investrnent deferral {4
Scalability Market matching ()
Better cash flovr profile (+)
Investment flexibility. Reduced tisk preminm (+) Market marching {+)
Easter plant-grid matching Mlarket suitability {4}
. . Techmcal progress economies . )
New design strategy and solutions @ Reduced risk premium (+)
Co-generation Market suitability (1)
Mass production econosnies Mass production ecanomies {+)

SMR&ELR Common Factors

Size Economies of scale (-)
Modutarization Factory fabdeation economies +
Modularity Leaming econones ()

: : : . Co-sating cconomies (1) . .
Multiple vaits at a single site . . Reduced risk premivm {+)
Leaming economies {+}

Beduced risk preminm (+)
Froni end investment Lower average capital Reduced entry barriers (+)

emploved ()

All the above factors should be taker into account when comparing SMRs and LRs. In this paper we focus on factors
with major effects on the generation costs.

The degree to which these wnique features of SMRs are able fo outweigh the reduction of average generation costs
arising from LRs size economies is clearly dependent on the market and produoction setting. A parametric inode} will

allow the user to analyze the sensitivity of SMRs differential profitability to a nuinber of such exogenocus elements.
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2 DESCRIPTION OF THE MODEL FRAMEWORK

The model performs the economic and financial analysis of & new investment in nuclear power plants in the smali-to-
medium size range. The scope of the modelling is the investinent in a given total power generation capacity, represented
erther by a multiple SMRs or by a single LR, We adopt a comnparative methodelogy to evaluate the differential
economic and financial advantages/disadvantages offered by the two different plant configurations and technologies.
The Investment Model brings up all the main elements of an economic and financial analysis (revenues, operating and
capital costs, financial costs) and relies upon a cash flow analysis over the plant lifetime. The output of the Investment
Model is a set of indexes measuring the financial perforinance of the investiment from the investor point of view:
profitability for a private investor or economic soundness for a public stakeholder. The aim is to evaluate the project
profitability for a private investor or for a public body (at governmentsl, minisay, public administration level) should a
decision to invest in the construction of new SMRs be taken. By now we assume tlat the objective function of both
public and public investors is the profitability of investment, rather than its social value, In tizn this is an acceptable
assumption, and the investmeni profitability approximates ifs social value, if the wholesale electricity market is
competitive, and energy and environment regulations induce the investors to take into account the external costs {e.g. by
the means of carbon taxes for CO2 emissions). A thorough discussion of this assumption is beyond the aim of present
analysis, but further contiibutions about it are welcome,

A sensitivity apalysis is performed by the Investment Model, to assess the immpact of the key variabie changes on the
output vahies. Considering imuitiple SMRs on the same plané-site, a range of scenarios is considered varying from the
staggered deploynient of the power units to the parallel, concenirated construction of all the SMR modules.

The oufput of the Investment Model represent the mput of a Multi-atiribute evaluation model, where the
economic/financial performance is considered together with external, not fully quantifiable costs/benefits of the SMRs®
concept, in a thorough evaluation to produce a synthetic assessment of the SMRs" vs. LR project attractiveness.

Since each scenario is country-dependent, the objective is not to evaluate in which countries the investments shounld be
concentrated, but given a couatry, to evaluate the profitability in selecting the SMR iechnology. At the same time, the
modei is not assumed te demonstrate that SMRs are in any case more convenient than large NPPs, but under certain
circunstances such jechnology can represent the opthnal solution for the production of electricity and possibly other
cutputs (e.g. heat, desalinated water),

1t has to be considered that several factors are specific of a country, e.g. the labour costs, the raw material {coimnmodity)
costs, the cost and the availability of capital, the electric grid {in terms of load capacity and interconnections). Hence
some Investment solutions could be optimal within a certain scenario and a certain country, but could not be simply

transferred to others.
The General Model for the evaluation: of the investment is framed into a cluster of models. Fig.1 summarize the overall

sfruchue,
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Fig. 1 - Framework of the general model for the investnent evaluation.
The submedels to be adopted and linked are:
1. the generation cosf model;
the revenie ot market model:
the financial cost model:
the imvesfinent model;

the external factors modet;

A

the miiifiaitribute evalnation model.
The following paragraphs deal with the hypothesis, the objectives and the main feahwes each model should
POSSESS,

Iz the open literature, the most recent effort in developing an economic model appears to be that produced by the
Economic Modeling Working Group of Generation IV (EMWG-GenlV, 2004}, devoted to next generation reactors but
validated on Gen[H and GenlIl+ reactor data. The strategy (EMWG-GenlV. 2004a; EMWG-GenlV, 2004b) is stmilar
to that here praposed and the modules already prepared by EMWG are those related 1o the generation cost imodel. While
this is a plant-based model, other “enterprise” models are available for multiple plants inclnding fuel cycle plants and
intemational scenarios evaluation, such as the DANESS code {(Van Der Durpel et al., 2003, 2005; Wade et al., 2005).
Since the objective of the work is to prepare a plant-based, geperal-couniry econemic aodel, all the items already

available in the open literature. included those developed by the IAEA PESS/NE group, will be taken into account.

3  EXISTING MODELS IN OPEN LITERATURE

Owr model is a contribution to & wide effort of modelling the econoinics of nuclear power generation. This subject
shows & revampad interest on the back of a worldwide “nuclear renaissance” with plans for consolidating the nuclear

power generation capacity of many developed and developing countries.
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Several codes have been develop to deal with dynamic nuclear energy system strafegies at regional or multi-regional
level. All the following are based on the Mass Flow Analysis (MFA).

s (OSI (CEA4, France),

»  DANESS (ANL, US4),

e  DESAE (UNK Group, Russia),

»  QRION (NEXT4, UK]),

e OSIRIS (NNC, UK},

s PROGNOSIS (Kurchatoy Insvitue and Minatom, Russiaj,

*  SuperStar (TEPCO, Japan},

 PISTd (I4FA4).
They consider different types of seactors and are linked to exogenous detailed reactor physics codes. COSI, DANESS,
DESAE, ORION, OSIRIS and PROGNOSIS calculate the LUEC; DANESS also involve a cash-flow analysis.
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In the table below we synthesize the main features of these codes.

Code
“ Z
B o
SERENE R R R B R
g2 |8 |52 |8 88 |§|¢8
Seopr
Equiltbrinn Analysis v v v v v v v v
Singla Reactor v v v v ¥ ¥ v
Reactor Park ¥ v ¥ v v v v v ¥
Damaic Anolvsis
Regional Reactor Pavk | v s ¥ v ¥ v v v v
Midii-Regional Reacror Pavk v ¥ v ¥ v I
Mass.flow analysis
Marral UTh use ¥ ¥ 4 4 v v v v v ¥
Front-entl capaciey needs & ne v v v v v + v I v "
Reactor core lozding v v v v I3 I v v v v
Back-end capacicy needs & uge v v v 'd v v v "3 v v
Separnted material inventories v I v + v v v v v v
Disposal azeds ¥ v v v + v " v v ~
Refuted funcaonalities
Isotopic corposibon v v o v v ' v ' ¥ 7
Decay heat ' I ¥ v v v
Reactor core management v v v v v v v
Erouppiics
Levelived geperation cost < v 'S I v
Juvestrnent needs I3 v v 7
Cagh-flow Analysis
Environmental
Life Cycle Inventory
Life Cycle Amalysis
Waste Management
Repasitory impact v ¥ - v
Socio-political
Proliferation risk '
Availability
Free v v
License agreement v v v v v 7
Commercial ¥ I

Source: Dave Wade and Luc Yan den Durpal, 2000 (Codes for Dynmamic Simulation of Nuclear Futrves)

I particular. COSI can take account of the investinent. operating and deconunissioning costs for reactors, fuel eycle
facilities and the actualization rate, calculating a levelized generation cost per kWhe.
QOSIRIS is an investment appraisal method to calculate a unit electricity generating cost, discounting the

following costs giveu as input over the lifetime of a scenario: reactor first-of-a-kind. capital and decoinmissioning costs,
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fuel cycle fiont and back end costs, process plant capital and decommuissioning costs, reactor operation and maintenance

costs, raw material costs.
SuperStar is specifically nsed to assess the waste management aspects and has a built-in 1nodule, COST, that calculates

the electric power generation cost.

Among the most recent effoits of economic modelling, the “G4-ECONS” model of the Economic Modeling
Working Group of Generation IV International Forum (EMWG-GenlV, 2004) is an excel-base code focusing on
generation costs from next generation reactors; this model incindes a highty detailed fuel cost module and is validated
on Genlll and GenlIli+ reactor data. Since the model’s purpose is the technology comparison, such as the Generation IV
and GNEP applications, it affords the cost estimation in “levelized” manner and calculates {he LUEC as the main oufput.

EMWG also provides detailed cost estimation gnidelines in the aftempt to set a vaiform scconnting standard.

Another important reference is the Franch SEMER, a shimplified code for fhe economic evaluation of nuclear
based production systems; fossil-based systems are also included fo provide a basis for cost comparisons. SEMER
includes three types of model libraries: the global model, for a rapid estimation, the detailed models, for the finer cost
evaluation of individual components and cirevits in a PWR type of reactor and the fnel cycie models, for PWRS, HTRs

and FBRs, allowing the cost estimations related to all the steps in the nuclear fuel eycle, including teprocessing and

disposal.

Finally, the IAEA Planning & Economic Stixdies Section (PESS) of Department of Nuclear Energy, is active in the

development of economic models; hereafter we list the available codes from IAEA-PESS, with their puiposes :

» MAED: evalnates future energy demands based on medium- to lopg-tenn sceparios of socioeconomic,
teclmological and demographic development.

s  WASP (Wien Automatic Sysiem Planning Package): is used in deweloping couniries for power system
planning. It determines the optimal long-tern: expansion plan for a power generating systen:. Constraints may
incinde limited fuel avaiiabiﬁty, emission restrictions, sysiem1 reliability requirements and other factors.
Optimal expansion is determined by minimizing discounted total costs.

« ENPEP: is a program evaluation of energy system development strategies; it links to MAED and WIEN
models, computes market clearing prices and balance energy demand / supply under market conditions and
estimates environmental burdens from the energy system.

*» MESSAGE: is a Model of Energy Supply Systems and their General Environmental Inipacts

*  SIMPACTS: is a Simpiified Approach for Extimating the enviromnental inopacts and external costs of different
electiicity generation chains, covering health, agricolhwral, forest and materials damiage, airbome and water
polhition as well as solid waste.

s  Generstion and Transmission Maxirnization (GTMax) miodel: based on a mixed integer linear programming
(LP) approach, it maxinizes the net revenues of power systemms by finding a solution that inereases income
while keeping expenses at a minimmum. The model compuies and tracks homly energy transactions, market

prices, and preduction costs.
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*  FINPLAN - Model for Financial Analysis of Electric Sector Expansion Plans.

FINPLAN is intended as a tool for the assessiment of the financial viability at plant-level or system-level.

FINPLAN is used for comparative assessment of energy sector investment options {different energy sources)

in competitive capital and electiicity markets, based on financial performance “ratios”. In addition, FINPLAN

helps to identify the selling price of electricity that would permirt payback on investments.

It were completed in 2001 but its use has been very liniited up to day and it has been manly employed in

country-scenario assessment. It was reieased on a pilot basis for the project “Comparative studies of eneray

supply options in Poland for 1997-2020™, using the results of GTMax as nputs.

It has to be highlighted that FINPLAN’s architecture appear to be in line wiih some of the featmes of the
“Open Model for the Evaluation of SMRs" Economic Performance” (hereafter, the “SMRs™ Model™ here degeribed.
Both base their analysis on projected cash flows and give as an ontput key financial ratios and other financial indicators.
Both prescribe a sensitivity analysis of the output values: forecasts developed with the FINPLAN model take into
account price sensitivity to exchange rates, fluctuations in demand, and foreseeable infiation rates for both domestic and
foreign cusrencies. FINPLAN las beer revised with input from commiercial bankers and other experts fo pennit
assessmient of energy sector jnvestment options in competitive capital and electricity markets.

SMRs’ Model purposes and feahwres line up with FINPLAN meodel, but developing in detail the specific
comparative economic assessment between SMREs® and LR technology options. In addition. SMRs™ Model is able to
account for the mnain external, not-quantifiable factors affecting the invesunent atiractiveness through a Multi-Attribute
evaluation model. thus offering a comprehensive project evaluation that encompasses the mere financial profitability.
Both FINPLAN and SMRs’ Model are intended as a strategic tool for both instifutional and private investors in their
investment decision.

To some extent, SMRs’ Madel can be considered as a complement of FINPLANs purposed investigation.
SMRs" Model is intended as an “Open Model” with respect to the existitig economic codes, to the extent that it has to
be adaptable to be linked to somie of tham. to create a more comprehensive and flexible architecture fo provide an
exhaustive, detailed, customizable analysis tool,

Ou the base of the available miformation, the table below shows the links ameng the SMR's Model and some
of the codes presented in this chapter; if suck links could be set they could feed and strengthen the estimation
capabilities of some modnies of SMR s Model.
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mavauhes GFSMNS Model

GENERATION [REVENUE PENANCIAL  [INVESTMENT JOTHER
codes:  [COST MODEL |MOREL COST MODEL JWMODEL RACTORS
OS5I §
DANESS +
X MONT
tsAE ki
INFCSlm
CSIRES {
VISTA
CARION ¥
PROON0Y o
SuperStar ¥
SEMER +
MAFD ¥
WASE
EMPEP [ . ¢
MESSALE 4
SINPACTS A
CTvax ¢ )
DEER
FINPLARN ki

In this framework, we remain open to every co-development research opportunities with the aim to optimize,

refine and coordinate the economic modelling effort.

4 THE GENERATION COST MODEL

= Onfput. Total generation costs over e economic plant life (input fo the Investnent modale}, and Front end
mvestment {input to the Revenue module)

" Juputs: teactor technology {LR v. SMRJ), plant size, economic plant life time, constuction time, degree of
standardization, thermal efficiency, number of serial and on-site units, supplied quantities (ouiput of the
Revenue modude), ...

= Paramefers / forecasts: wages. retail price index, fuiel price ... Note: The parameters {and forecasts over
economic the plant life) should be derived from pre-existing ancillary models and outlooks; they are comtry-

specific, and comunon fo LRs and SMRs.

It is the stariing and basic model of the set. The main objective is the e{’aiuation of the time series generation
costys of electyicity comresponding to the plant-scenario to be analysed, given & cash flow expenditure during the whole
plant life. The module has to be flexible and sufficiently open to receive data from new reactor technology solutions
{e.g. Generation IV, INPRO, GNEP). Moreover the modnie should consider both closed, partially open or open fuel
cycles.

The module has to be applicable in the internationsal scenario, hence the insurance, tax and acconat management
rules should be customisable to e country.

The generation costs can be grouped into four main itewns:
1) Capital {construction plus interest} costs;
ii) Operation and Maintenance (O&M) costs;
iti) Fuel and Fuel Cycle costs;
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iv) Decontamination and Decommissioning (D& costs.

The module should take into account also for the possible SMRs plant configaration strategies (e.g. size of the

plant, multi-inedule on tlie same site; or centralised vs. distributed strategy) and for project planning and execution {e.g.

staggered construction strategies).

The general features fhe module should maintain are clearly identified by the GenIV-Economic Modeling

Working Group (2004, cit.):

Simpficity: several SMRs are siill in a design and development phase. hence the availability and guality of the
inforination on costs could be stll at an embryonic stage. This mmplies that complex economic models, as the
USCEA (US Council for Enerzy Awareness) irodel or some models used by merchant banks or non
governmental organizations to evaluate the competitiveness of the nuclear technology against other energy
sources, are not suitable for the objective. The module has to be able to evaluate the cost of the produced MWh
corresponding to different NPP solutions and to be integrated with the other modules for a global investment
evaluation.

Universafity: since SMRs and several new generation reactors in general are designed 1o be built and operated
even in Developing Countries (Kupitz, 1995), the module has to be customnisable in a simple way to the
country-specific situation in terms of taxes, discount rate, labour cost, regulatory rules, etc. The GEN IV
EMWG G4-ECONS model handles this by discount rate selection

Transparency: the algorithms should be clearly identifiable and visible in sach a way the nser can compreliend
how a certain value is caleulated and the rule can be easily modified according to the country-specifics. A
spreadsheet appears to be the most viable approach.

Adapiability: It bas to be allowed to Iink different parts of the model to other algorithms, models or specific
data; e.g. in a specific NPP solution. some indirect cost values could be substituted by a link with an external
model, evalnating that costs as a function of the reactor power (seale economy models) or other design

variables.

The adaptability feature is of paramount inportance since & large part of the SMRs are still in the design phase,

hence detailed “bottom-up™ costs are not yet available, but will be as the project develops. Thus a sinplified “top down™

estimation of divect costs is needed. Among the available techniques for a sinpie estimation of the costs in the nuclear

sector, those included m the French SEMER code (Nisan et al.,, 2003) seems to be compliant with the objective. The

model has been developed to evaluate the economic impact for different buiovaiive reactors and esteems the new

generation reactor costs, for whick detailed infonnation are pot yet evailable, by means of equations based on the

following base input set:

Reactor power:

Number of units on site:

Nuwmber of units to be built in series;
Construction time;

Plant life iime;

Thermal cycle efficiency:

Labour cost;

Load factor;
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¢  Service factor.
Anciher study (Sultan and Xatrab, 1994) evaluafes in a patametric way the generation costs as a svm of fwo

components: the first item is a finction of the installed electric power {main NSS§ and BOP compenents), the second
item is independent from the size (e.g. service buildings, auxiliary systems, labs, ete.).

At a preliminary stage in the generation cost module development, it seenis reasonable fo use simplification
features similar to those adopted by the EMWG:
i) the costs all over the plant life cycle can be broken: down in two basic phase of the plant lifetime: the construction
phase and the operational phase; since detailed costs are nsually not available, a given expenditure or cash flow profile
(e.g. the cummiative expenditare “S-curve™) during the design/constmetion/start-up/financing period is assumed, leading
to a “total capitalised cost”, while an annval, levelised cost for the multi-year operational period over the economic life
is obtained, taking into account the “capitalised cost” amoriisation, the D&D fund growth, all the operational costs
expendifure;
ii} at a preliminary stage, escalation cost factors or tables can be avoided;
it} open el cycles and cycles with linited or full recycle can be modelled, but only two types of fuel are adepted, the
initial core fuel and the reload fuel: the unit costs of fuel cycle services and materials are identical in constant currency

for the life of the plant,

Since the fuel and fuel cycle cost modelling can be freated int & complex and detailed manner (as in
OECD/NEA, USCEA/NEI modeis) and thus can represent a not homogeneons burden when compared with the other
models, the same strategy equilibrium followed in EMWG and DANESS code could be adopted.

Hence the main macro-itenss for the costs splitting are (EMWG, 2004; DOD, 1983}):
a. R&D and desicn costs;

b. Liceuse and permifs;

c. Construction;

d. Titerests:
e. Operation and Maintenance;
. Fuel:

g. Decommissioning and Decontamination.
The gensration cost model will provide an estimated value for the Levelised Unit Electricity Cost (LUEC, in
curency/MWh), ie. the value of the total cost for constiuction and operation of a auclear power plant ail over its

economic life, expressed in constant annual values,

In general, the cost generation model is a total cost fonction defined at the plant level. In the short-run the total
cost T'C [€] is a function of the supplied quantity ¢ [MWh}, the unif size § [MWe], the specific reactor technology T (e.g.
whether LR or SMR) and a set X of other technical and financial factors:

TC=TC(q:5.7.X) n
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Indeed, economies of scale, mass production economies, factory fabrication econoinies, learning factors, co-siting
econonies and the economic effects of innovation by design can be modelled deploying variable X and thus expanding
the equation {1). We assume that the cost function is separable into four components:

- the total capital cost function:

- the total operating cost finction;

- the fuel cost function;

- the decommissioning cost function.
Once that the analytical properties of the cost functions are identified, different fimctional forms can be specified, and
their parameters can be estimated throngl: statistical techmiques or calibrated thropgh nvmericel simmlations. The modet

can then be validated against costs realised by pre-existing NPPs.

4.1  The Capital Cost Model

Nuclear power plants are known to be very capital-intensive, with long construction time and high IDC {interests during
construction) costs: thus, in order to present a parametric and differential analysis of SME reactors towards other
nuclear power plants, it seems of a paramount importance to have them be deeply mvestigated. Some key factors have

been identified and discnssed in the following sections.

4.1.1 Economies of scale

The hypothesis of decreasing average costs in the construction domain is motivated by the presence of unique set-up
costs in investment activities {e.p. siting activities, licensing); economies of scale may also resuit from the poorer
operating, efficiency of smaller plants (lower thermal efficiency, less personmel specialization). As far as the capital
costs are concemed (je , costs incurred for the initial construction),” economies of scale can be defined as follows.
Given total capital costs 7C’ [€] as a function of, among other factors, the unit size S [MWe], the total capital cost

elasticity to the size of penarating waits is:

o OrctiTC!
N =— {2)
&S/S
If the » parameters are smailer than I, economies of scale exist in investinent or operation and maintenance; the closer
the » value is to 0, the larger the Economies of scale.
Costs incurred after initial construction inchude the following itemis: fuel; plant opereting and maiuntenance expenses:
capital expenditures related to facility additions/modifications {ORINL 2003). The latter are inveshnesnt costs in nahure

and should be incinded in construction costs.

2 See Table 3 for cost items that are induded in investment costs.
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Bowers et al. (1983) reviewed the previous techno-economic estimates of nuclear investment costs at the plant level.
The results are uite scattared, due to methodological and sample differences; nonetheless the literature converges to

estimate »’ parameters that are consistent with the hypothesis of economies of scale (Table 2).

Table 2

Seale economies in imvestment costs

Author Year pamfnerer Note
[-] 1058 .75 LWR Total cost
[l 1968 0.51 Total cost
MeNelly and Koke 1969 0.64 Total cost
Bennett Bowers 1971 0.68 Total cost
Leedy and Scott 1973 0.4 LWR Direct Cost
Davis 1975 0.47 BEWR Total cost
Mandel 1976 0.46 LWR Total Cost
Wotte 19?6I 0.71 Direct and indirect costs
Comtois 1977 .86 LWR Total costs
1977 0.76 LWR Total costs
0.8/0.5/ LWR Regression analysis of historical data: margina! statistical significance,

Mooz, Rand 1978 47 Different assumptions

LWR Regression analysis of historical nuclear plants; no statistical-significant
economy of scale was fonnd

Mooz, Rand 1979 1

Crowley 1978 0.45 Direct and indirect costs
Woite 1979 04 PWR Direct and indirect costs
Gelwing 979 (.24 LWR Direct aud iadivect costs
1979 0.4% Total costs, It was nsed CONCEPT CODE 5

Total costs: source: F.S. Aschienr, Planning Fundamentals of Thezmnal Power
Fieldsted 15980 0.59 Plants, John Wiley and Sons, New York (1978) Inclnde allowance for escalation
and interest during construction

McMahon 1980 0.43 Direct and indirect costs.
Nieves at al Regression analysis of historical date; direct and indirect costs and constant
Ba&elle " 1980  0.25 doilar inferest during constzuction. For nuclear units My, Komanoff found 2 3%
cost reduction in $/kWie) for doubled size
Komanoif 18931 0.8 Regression analysis of histerical data; direct and indirect costs
McMalhon 1981 0.43 Total cosfs; 0.52 for 100-600-MW{e) cil fired units
Crowley 1981 0.4 Direct costs

Regression analysis of historicel data: direct and indirect costs and constant

i 2
Nobile and Kettler 1982 0.63 dollar interest during construction,

1982 0.53 LWR Direct and indirect costs.
1982 0.563 LWR Engineering cost estimates
Pexl 1982 0,49 Regression analysis of historical data

Source: Bower ef al. (1983)
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Economies of scale in investment activities are found fo hoid at a more disagmegated level. as shown by DOE (1988)
(Table 3). The average investment cost for individual items are on average decreasing with the plant size; some set-up,

indivisible resources as land rights, striciires or elecirie systeins play a major role.

Tabie 3

Scale economies in individaal investmen! items

Cost ifems n parameter

Direct costs
Land and land rights 0.00
Structures and improvements 0.59
Reactor/boiler plant equipment Q.53
Turbine plant equipment G.83
Electric plant equipment 0.48
Miscellaneous piant equipmest 0.59
Main condenser heat 1ajection system 1.06

Indirect costs

Constiniction services 0.69
Home office engineering and services 0.60
Ficld office engineering and services 0.69
Owner's costs 0.64
Cost-weighted average 0.64

Source: DOE (1988}

The notion of strong Econonties of scale at thie plant tevel in nuclear generstion is to some extent criticized by more
recent econometric studies.In their study of Economies of scale at the plant level, Marshall aud Navarro {1991) revise
the widespread concept of “overnight costs™. Under a definition of capital costs for investment more related fo the
econoniic theory. a set of Japanese nuclear plants cease to show increasing retirns to plant size for the urvestment
aetivities, Rungsuriyawiboon (2004} uses advanced estimmation techniques; to sum up investment, fuel and operating
cosls for a saraple that is more up-to-date than those of previcus studies (i.e. US nuclear plants that are observed over
the period 1986-1998). Most of nuclear utilities are shown to have overinvested over fime: while short-run economies
of scale are very strong. long-runz economies of scale, that is economies of scale net of the effects due io slack capacity
saturation, are present but are by for weaker (sitnilarly to findings obtained by Rhine, 2001, for a set of US electric

utilities at the firm level). *

3 Creernight cost usuelly refers to the hypothetical estimated, capital (constriction) cost of a facility, either 2 power plant or a transmnission ke, in
current-year dollars (say. 2007€) assuming the facility could be buslt overnight. This is nsually the stariing point for developing a facility cost estitnate,
beranse the enginesr estmates bow much matenal and how many man-hours would be required to fabricate and build the facility, all in comrent-vear
dollars. In the auclear secios the {total) ovemnipht cost is the base construction cost plus applicable owaer's cost, contingency and first core costs,
Bacause of power plants may take several years 10 get permits and other reguired approvels, and may take other yeats to construct, =scalationfinflation,
interest ont borrowed funds and othes factors working on the overnight cost cause the finel Capital Cost of the plant to achuzliy be more than the
overnight cost.

4 Since the picnsaring economeatric study by Chrinstensen and Green (1976), a parallel line of research empirically explores costs at the firm electic
{utifity) rather than plant fevel. Mozt utilities that have in their generation portfolic nuclear uaits are mulu-plant; cost savings other than plant-level
economies of scale may resuit from the reliance npon cammos corporate resonsces. Kamerschen and Thompson (1993) estimate that the purlear
genaration costs, aet of the so-called “politicatly determined” costs (eg licencing delays), may outperform fossil-fuel genemtion costs. Thompson aud
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Tn conclusion, a wide body of traditional techno-economic studies provides us with evidence of strong economdes of
scale in botly invesfment and operation. Yet the recent applied economic research emphasizes that this result niay be

partially related to biased measures of investinent costs or to past over-investments, that frequently result in excess plant

capacity.

4.1.2 Learning economies and co-siting economies

Learning economies result from the replicated supply of SMR components by the suppliers and from the replicated
construction and operation of SMR units by the utilities and their contractors. In turn, the replication and related
learning economies are the joint effect of small size and standardization, as discussed and miodelled by Lester and
McCabe (1993), David and Rothwell {1996a, 1996b) and Carayannis {1996). Imespectively of the plant size, this
allows the mvestors which adopt SMRs to hopefully expetience lower average investnient costs and lower average

operating costs than investors who adopt LRs.

Let N°, NV and N7 be, respectively: the nuniber of SMR units alveady installed and operated by the utility and its
contractors in the site, the number of other units of the same SMR. concept installed and operated by the utilify and ity
confractors throughout the sane utility’s plants in the past years, the number of units of the same SMR concept
produced by the supplier i the past years and offered to other utilities throughout the world. The smm is equal to the
total number of units of the same SMR concept already supplied and constructed, N, The total capital costs TC [€] is a
finiction, among other things, of the plant size S [MWe], the cumulated numbers of world, utility and site units N7, M7,

and A the total investment cost elasticity to 3, i={W. U, §}, is:

- rialyied
! z‘ﬁ'—,fOI'N}>}.. (4
ON' I N

If the ¥ perameter is sinaller than 0, given the plant size, economies of learning are said fo exist in investment costs.
Nouetheless, it is well known that the learning effects are especially strong for early units and are diminishing with

respect to the cumulated number of instalied units; accordingly:

2 C <
SPCeITCY) o

: . 5
(BN I N'Y ®

7 <0, and

Two arguments are worth being made on the role played by the acciumulated numbers of SMR installed units in driving

down the investment costs.
First, the one “co-siting economties”, consisting in fix and semi fix costs shared by a number on SMR units greater than

the number of LRs installed to bave the same power

Wolf (1993) confinm that differences sxist and enlighten the role played by the region of plant location. Rhine (2001} finds that economies of scale at
the firm level are ovesestimated by previous works; with both nuclear and fossil-fuel technologies. electric utilities tend fo overinvest,
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Second, the SMR units that are instalied in a certain site allow the fixm to benefit from three-level learning economies,
that is. from cost-reducing effects related to the supplier’s, utility’s and plant organization’s comulated experience. The
SMR units that are instatled in the udility’s other sites bring in leaming economies that are originated by the cumulated
experience of both supplier and utility. As a consequence. we prefiminarily propose that the learning path is pursued at a
faster rate when an additional unit is installed in the same site, rather than in other sites operated by the same utility or
by other utilities, due to extra learning effects that are related to the experience of the site personnel and to the local
network of contractors — see Zinunerman (19282) and Carayannis {1996).

PV <% <o. (6)
where:
P= site learning economies
¥ = utility learning economies

V= world leaming economies

4.1.3 Design strategies and innovative solutions

Shepherd and Hayns (1991). Schock et al. (2001) and Miller (2005} illustzate why the technical solutions that are
embodied by the SMR desizn are able {o reduce the investment and operating costs, for a given plant size. The most
relevant elersents of the SMR concept is the standardization of components and a broader safety by design approach.
Standardization is at the origin of more efficient supply, constroction and operation {see Langlois 2002 for a general
discussicn of the effects of standardization through design modularity): forthennore it is worth mentioning that the
standardization enables suppliers and utilities 10 reap more rapidly the leaming economies (David and Rothwell, 19564,
1998b; Carayannis 1596).

At this stage of the research, the nature and role of standardization have still to be analysed and modelled. The safety by
design approach leads to elimination. or substantial simplification. of both the active and passive safety systems,
compared 1o the reference plant, therefore this components reduction and simplification of component allow to reduce

the overnight cost thanks to both reduced labour and cheaper equipments.

4.2 The Operating and Maintenance cost model

Operating and Maintenance costs are the expenditures. fixed or variable, related to the decisions and actions regarding
the control and wpkeep of property and equipment of a nuclear power plant. These are inclusive, bot not limited to, the

following (Sullivan, 2004):

- Actions focused on scheduling procedures, and wotk/systems contrel and optiinization;
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- Performance of routine, preventive, predictive, scheduled and unscheduled actions aimed at preventing

equipinent faiture or decline witli the goal of increasing efficiency, reliability, and safery.

Synthesizing, O&M costs are all the cosfs of operating and maintaining the plant In keeping wifh the best practices
aveilable, exclading the fuel cost (which is considered separately): they start with commercial operation and continue

through the operating life of the plaut. More than 70% of them are labour-related costs (Dominion Energy Inc,, 2604):

Generation TV Fonun provides an annualized O&M code of accounts description (EMWG, 26035):

COA Number

Description

710 Operation and Maintenance Staff

Includes all O&M personnel assigned to the plant site.

720 Management staff

Includes all management personnel assigned fo the plant site.

730 Salary related costs

Cost of pensions and benefits, including workers compensation
insurance, provided for the on-site and off-site staff. The method of

calculation will vary by nation. In some countries these are “social” costs

740 Operations chemicals and inbricants

Can consist of a mix of variable and fixed cosis. Includes non-fuel items
such as resins, chemicals, make-vp fluids. Includes costs of management

disposal of operational radioactive waste

756 Spare paris

Purchased spare parts for operations of plant

760 Utilities, supplies, and purchased

services

Consumablas operating materials and equipments, rad-worker clothing.
office supplies. Can consist of variabie and fixed costs. Consists of
matetials and other unrecoverable items such, small equipment and tools
required for maintenance. In the US these accounts include NRC annual
fees and review costs, as well as other routine safety, environmental, and
health physics inspections. Other nations” apmual costs for this category
will depend on their regulatory enviromment. Alse includes purchased
achivities by personnel not assigned full tinie to the plant site; e.g. safety
reviews, off-site training, environmental nionitoring, meteorological
surveys, power planning, fuel studies, and other owner home office
activities directly supporting the plant. Some plants now nse off-site

crews for “contract refueling”

770 Capital plant upgrades

Tatal cost of large capital item that nmst be purchased after commercial
operation start (e.g. steam generator replacement), averaged per year over
the economic lifetime of the system. Can be estimated as a % of the base

cost per year

780 Taxes and Insurance

Costs for commercial and government Hability insurance, property
damage insurance, and replacenient power insurance. Includes property

axes, sales tax, and any other taxes that can vary by country

790 Contingency Annualized O8:M costs

Allowances for contingency costs for the desired coafidence level of

O&M costs.
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The detailed account description could be particularly useful in a bottom-up approach: this is not the case of SMRs, that
are in an early stage of development. It fooks more appropriaie to focus on some cost deivers tliat lead Q&M costs: one
of them, ie. economy of scale and technical saving, have already been described in the previous paragraph. Indeed,
according to the common knowledge of power plants (Bowers, 1987) (EIA, 1955} (Fox, 1996), economy of scale is also
the almest snique driver for Q&M costs: to this end the same methodology nsed in capital cost can be assumed.
Furilier drivers specifie for O&M costs are discussed in the following:

Multiple Units in single site: the presence of one (or more) additional nnit surely is a lever for the O8M cost

competitivenress of SMRs. Iu fact some advantages can be obtained:

a} 'Sharing “non-power” structines and related staffing: all Administrative and General expenses are not directly
retared to the number of units in the plant,
b) Reduction of licenses, taxes and nsurance costs: some of then: are “una tantim™ expenses not depending on

the presence of one or more units in the site.

On the other Liand, it should be considered that Operating and Mainfenance costs depend on the compliance with
staffing requirements and safety standards set by the Regulatery Commission: for this reason, the SMRs' O&M cost
savings could be jower than expected.

Summarizing, it seems reasonable fo assume that the cost reduction decreases with the number of units in the site: a

power function, as proposed by Bowers et al. {Bowers, [983). could be comrectly applied.
O & M= f(size}#units"

Reactor Technelogy Concept: the historical O&M cost performance of NPPs could be partly explained by the
technological difference of the plants: in fact different designs have different safety reguirements and differant related
costs. Some studies (Fox, 1996) found a statistical relevance of the plant fechnology, specifically in the comparison of
PWRs and BWRs. When appropriate, also this factor should be taken into eccovnt.

Plant outages: NPPs could be shutted down either for planned outages (fuel substitution) or for forced outages
(related to safety requirements violations). The effect of power plant ouiages can be observed on two sides: an
additional cost and a time extension. In fact each stop requires on-site and off-site staffing to perform the maintenance
operations {Domiinion, 2004} and reduces the capacity factor with an associated opportunity cost (loss of power

generation). The capacity factor (CFE) is defined as:

CF = Availability - AveragePowerLevel

‘Where:

- POH = planned outage bours per year for fuel substifution:
- FOH = forced outage hours, related to safety ot poblic health requirements:
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- Average power level = NPPs. to minimize the high investment costs, are used to work at fell {100%) power

level, This is surely not valid for other baseload technologies as coal or gas.

8766 - POH — FOH
8766

The SMRs, designed with unique technological solutions - not accessible to large size plants — can have a fael

Availability =

eycle extension limiting plant ovtages with a reduction on the specific O&M anmal cost in $/MWh.

Technical & Design saving: the safety by design approach, described in the Capital Cost section, can provide
advantages also in the O&M costs witly a fewer nuniber of mintenance operations. At this stage, as for the Capital Cost,
the natre and role of standardization have still to be analyzed and modelied in defail.

Considering other non-differential factors, the O&M cost structure — mainly labour or labour-related — leads to
different cost performances for different wage policies {(according fo the existing laws that are country specific). Thus,
the plant location is particnlarly important for fhe fotal O&M cost of a plant, but not relevant in a differential
competitiveness evaluation of SMRs towards Large size plants.

A forther factor that seems important for a cost analysis is related to plant age, which is a confroversial issue
(EIA, 1995) (Fox, 1996) (Hewlett, 1991) (Hewlett, 1992) (Rothwell, 1990) (OTA, 1993) {Piper, 2607) (WNA, 2005).
Some of the operators argue that plant O&M costs dramatically grow after a “break-~i0"" point located at the very end of
the plant planned life, when the major components begin to fall. On the other hand, some eritics think that the aging
process begins early in a plant’s life and can be observed over most of its life. Actwally, even an old plant, with the
substitution of its vital components (e.g. steam generators) can mask its age and perform like plants at the early stage of
their life. Anyway, this is not a differential factor for cost analyses on new plants with same design life.

Considering all the variables, the O&M cost function can be expressed as follows:

Mﬁ%] = /(p(8/ 172 4(CF))

O & M cos {[
where:

p[ —§—-J = g(ﬁize,wzftsmmiber, reacfonfype,...)
ke

o{CF ) = W plannedoutagehours, forcedoutagehours )

4.3 The Fuel Cycle cost model

The third part of the Geperation Cost mnodel includes an evaluation of the fuel cost for nuclear power plants,
which covers about 10-15 % of the Levelized Unit Electricity Cost (EMWG. 2004a) (FI14, 1995) (DOE, 2006). The
operations associated with the nuclear fiel cycle and the coresponding waste typically extend of a peried of between
50 to 100 years, from: mining the uraniom ore fo finally disposing of the high level waste (NEA/OECL, 1994). The
muelear fuel ¢ycle can be divided inte three stages: front-end, at-reactor and back-end. These, in tuin, can be sub-
divided into inore specific components {Cameco, Z008).

The front-end of the fuel cycle consists of the first four sieps: uraniom purchase (from mining or milling);

conversion to uranium hexafluoride; enrichment; and fuel fabrication. Obviously, the at-reactor stage covers the use of

ILP1.D ~25- CERSE-PCLIMIRL-1110/2008




An Open Meodel for the Evaination of SMRs Economic Value

new fuel assernblies into the core where the pellets can remain from 3 fo 5 years, depending on the selected refueling
schedule, For an appropriate cost evahiation, two back-end options shouid be considered: the first 15 based on prompt
reprocessing of the spent fiel and the recycle of recovered wranium and phitoninm (open-cycle). while the second
option is based on long term storage followed by direct disposal {close-cycle).

As far as the evaluation of a new NPP investment is concerned, it seems approptiate to perform a more detailed
analysis on the two major Fuel Cycle Cost accounts, ie. uraunun purchase and enrichnzent cost.

Uraninm Markets: depending on the prices, uranium purchase can give a karge contribution of the Total Fuel
Cost for a plant. Uranium spot prices apply to marginal trading from day to day and usnally represent less than 20% of
supply. Most trade is 3-7 yvear tetin coutracts with producers selling direct to utilities, but with the price often related to
the spot price (WNA, 2007) (AUA, 2008). Thus, particular attention: lias to be paid to the volatility of the price, wlhich
in part depends on the perception of imnzinent scarcity of the material (INEA/QECD, 1994).

Enrichment cost: the mass separation of Uranium-235 from U-238 car be obtained with mauy different
technologies: some of them - gaseous diffusion, gas centrifeges, jet nozzle / serodynamic separation and
electromagnetic isotope separation — are well-known, others {e.g. laser separation} are under development (IEER,
2004): anyway, since each of them requires a specific amount of energy and depending on the available technology, the
eniciment cost will be different. Beside that, enrichment cost is mainly driven by the enriched 1/-235 percentage: the
higher the TJ-235 percentage, the more expensive the enrichment process cost. Under this point of view should be taken
info account that SMRs liave been designed fo bave a shightly Iugher ratio of U-233 on U-238 than LRs.

Considering the impact of fuel cycle cost on SMRs competitivenass, soree conclusions can be drawn:

~  All Fuel Cycle cost accovnts. except emrichment cost, are commen factors alse for evalvating the
competitiveness of SMRs towards Large Size Plants. Since SMRs have beea designed to use more enriched
uraniun than LRs, useful information could rise up from a more detailed analysis of the specific vranium cost
$/kg on the U-235 eorichunent percentage.

- The Total Fuel Cycle Cost is significantly differential uniquely if the scope of the analysis is to evaluate the

competitiveness of SMR towards other baseload technologies such as coal or gas.

4.4 The Decommissioning cost modet

The process of dismantling a NPP, called decommissicning, is necessary because, following the removal of the
plant's spent fitel, a significant radiation hazard remaius. Therefore the purpose of this section is to investigate the costs
connected fo the decommissioning.

Fromn & general point of view the main frame structure of decogunissioning cost estimation consists of 6 cost groups

(KwanSeong et al. 2007)

1. “*Preparation and Project Management'”: includes all the activities carried out during the preparation and
management of the actual decomniissionmng.

2. “‘Facilities Shatdown™’: covers all the activities relating to the shutdown operations of the facility.

3. “‘Decontamination and Disnrantling Operations™: covers all the activities relating to the activities relating to the

decontaminaiion and disinaniling operations.
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4. *“Waste Processing and Manapement™™: includes all the activities related 1o the treatment, processing, packaging and
temporary storage of the decomumnissioning wastes,
5. ““Site Restoration™ covers alt the activiries related to the residual radiological characterizations and site resforations.

6. ““Other Activities™: covers all other activities costs that cannot be classified into the foregoing groups.

In order to estimate deconunissioning costs many aspects consideved for the capital cost still apply. This aspect is
consistent in pariicular with the NEA/OECD (NEA/OECD 20063) study indicating the 14 1nain cost drivers infiuencing
the deconunissioning cost. Considering the main goal of onr model we divided those cost driver in 2 groups: the ones

effecting the evaluation Small vs. Large and the other not differential (Table 4), then we briefly discuss the fivsts.

Table 4
NEA/OECD cost drivers divided according fo the model scope

Differential factors Large vs. Sinall Not Differential factors Large vs. Small
Type of reactor Scope of decommissioning activities
Size of reactor Decommissioning strategy options
Number of units on the site Site re-use
Operating Listory Clearance and classification levels
Amountt of waste Regulatory standards
Availability of radioactive waste repositories Uncertainties and uncertainty treatiment

Labour costs

Social and potitical factors

Tvpe of recctor. Reactor types influence the decommissioning cost, because there are significant physically differences
betwean them. For example the size of LWR reactors is smaller the gas-cooled reactors; BWR reactors have steam

turbines that are contamineted with radioactive substances whereas othier reactor types do not.

Size of reactor - Economies of scale. The size of the reactor {comibined with the Tyvpe of reactor) leads the quantity and
the nature of the radicactive waste that results from decoramissioning, as well as the scale of dismantling required. Here

apply the consideration for the economies of scale already presented.

Number of wnits on the site - Learming economies and Co-siting econonties. Also in this case all the considerations
provided for the capital cost apply. Experience is essential in order to redace the risks and costs. This embraces the
adoption of & definitive strategy. the necessary planning and preparation. setting up the right orgenisation with defined
responsibilities, and knowledge of tlie right technology for the job with access to the appropriate specialists. For
example the BNFL approach is to set up a dedicated and experienced Deconunissioning Project Tean:. This is headed
by & Project Manager who is responsible for ali deconumissioning work on site, and reports to the Plant Manager who is

the ‘client” and refains respensibility for all regulatory and site safety issnes. (Walkden and Taylor, 2001).

Operating history. The operating history might have an iinpact on deconunissioning for three reasons.

LP1.D -27- CERSE-POLIMI R1-}110/2008




An Open Model for the Evaluation of SMRs Econowic Value

1. if an incident occur on the site that resulted in damage or contamination spread requiring different or more
extensive decommissioning effort.

2. other history related issues like fuel leakage and water chemistry events as well as fuel leakage evenis can
result in the dispersion of alpha-emitting radionuclides within the primary circuit that will complicate the
decommissioning and dismantling process

3. reactor aperating load factor during its lifetime influences the radioactivity level

A safer reactor (like many SMR} car drastically redece the risks using the concept of “safety by design” This approach

physically prevent accidents from occurring rather than coping, by active or passive means, with their consequences.

Amount gf waste — The quantity e quality of radioactive waste resultitie from decommissioning can vary significantly
among different design type. In particular the SMRs seem praduce a lower amount of waste. For instance, considering
the IRIS case “...The reactor vessel can act as a sarcophagus for the reactor imternals, {i.e., the irradiated mtemals,
minug the fuel, can be left ingide the vessel}, thus greatly simplifying deconunissioning and transportation.™ And the
internal shielding “...Provide sufficient gamma shielding to Iimit the dose outside the vessel from activated infernals
(basrel, lower support plate) to make it easier and more economical fo perform periodic in-service ingpections and final

deconumnissioning and disposal™ {Carelii, 2003)

Availabilite of vadioactive waste repositories. Decommissioning produces significant quantities, and different types. of
radioactive waste that will ultimately require disposal in & suitable repository. Somie repositories will be able to
accornmodate large packages, including wlhole reactor vessels. others will only accept nmich smaller packages. These
will all affect the extent of dismantling and packaging work required. All these factors will have an Impact on costs.
Since the SMR are smialler, beth like overall dimension and componesnts {modules), it seems reasonable 1o assurne that

will be easier to find more available repositories.

To get an order of magnitude of the deconumissioning cost the NEA/OECD reports the cost estimates of 53 reactors,
with sizes ranping fron: less than 10 MWe to more than 1000 MWe. In order {o quantitative agses the deconumnissionig
cost of a generic NPP thete are database such as PRICE (Mamming and Gilmour, 2002). PRICE present an Irierarchical
approach that can be used to identify costs in key *Areas’. Estiniates are produced at various stages in the lifecycle of a
decommissioning project and these are related to the approach adepted for their study, planning and implementation. A
reliable estimate is essentiai for subject charged of the deconunissioning cost, since a fundraising is required fo cover all
thie cost which occur during the decommissionig phase. In fact in nearly all countries, the operatorfutility is responsible
for the decommissioning costs. However, in cases where nuclear power plants are state-owied, the responsibilities may
be distributed between the operator and the state as owner,

In the United Kingdom, the government was directly respousible only for the decominissioning liabilities of the non -
commercial reactors, owned by the UKAEA (United Kingdom Atomic Energy Authority). but there were plans for
major changes in the futhwe management of auclear lisbilities.

In Switzerland, the owners of the nuclear facilities are required fo make financial contributions to a joint
decommissioning fund which is vnder the supervision of the government. The board of the joint fund is responsible for

ensuring that the contributions are adequate to cover decommissioning costs in due course. (NEA/OECD 2003). In: the
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USA to

finance this decommissioning, almost all utility owners and licensees, historically, have collected fees from

tiefr electricity customers over the life of the plant, and deposited these fees into separate funds managed by external

financial managers {Williams, 2007)

5 THE REVENUE MODEL

Outpnif: Total revenmies time series over the plant life Goput to e Investment 1nodel)

Inputs: teactor teclnology (LR v. SMR), reactor co-generationt capabilities, plant size and typical load and
service factors, front-end investment {output of the Generation cost model), country-specific national grid
infrastructure.

Paramefers / forecasts: electricity consumpiion and its spatial distribution (levels, growth rates, variance /
standard deviation): wholesale electricity price and / or market structure (instatied capacity. reserve margin and
supply mix, concentration indexes and niarket shares, spol power exchange v. long-term bilateral contracts,
...} consumption and price for other co-generated products. Nofe: The parameters (and forecasts over

economic the plant life) should be derived from pre-existing anciflary models and onflooks; they are country-

specific, and commmon to LRs and SMRs,

This coinponent aims at modelling at & cerfain extent the electricity market of the country to be analysed. Given

the complexity of a detailed model, the simulation of a domestic, competitive {not regulated) electricity market and its

outcomes (price snd supplied guantity) is beyond the scope of this effort. Some pre-existing outlooks and models of the

wlolesale markets for electricity and other co-generated products cat: be adopted aud integrated.

First of all, the ancillary models and outlooks are expected to provide the Reveme model with appropriate plant-

life forecasts of the following conntry-specific variables, that are conunon to SMRs and LRs:

consumption of electricity (MWHh) at regional. national and local level over the aconomic plant life: one the
one hand, oce can refer to forecasts offered by the yearly eleciricity outlooks by IEA (International Energy
Agency, Electricity Information or Woild Energy Qutlook) or FIA (US Energy Information Administration,
International Energy Outlook}; on the other hand one can integrate plre-existing macro-econometric models
that estimate the relationship between economic growth and electricity consumption from the public domain
economic literature {among others, see Buzney 1995: on energy consumption and economic growth, see ainong
others: Paut and Bhattacharya 2004, Lee 2005 and 2006)’; '

wholesale market price for electricity {e.g. €/MWh) over the economic plant life; given the typical NPP time
horizon, long-terin price parameters and forecasis are likely necessary rather than shott- or medivin-term ones
(that is, from some days up to a limited nnnber of vears); as a consequence it is worth refraining from a time-
serie black-box approach: on the ore hand one can limit to include paramnetric conntry-specific price trends

{decreasefincrease rates and variance), and to carry ont sensitivity analyses and to calibrate them agaiust the
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expert opinions and public domain outlooks; on the other hiand one can atteinpt to integrate pre-existing
models of the wholesale afectricity markets (see market shructure drivers, infia)

*  ahtematively to electricity price, market structure drivers (total installed capacity. reserve margin, supply mix,
concentration indexes and marker shares, spot power exchange v. long-term bilateral contracts. ...): the
Revenue model will elaborate the market structure variables and demand estimates fo obtain the electricity
price estimates; a computational approach that explicits the market stmcture and rules and conducts of
national producers is Zhiyong and Iiic (2006):; among other examples, see alse the Long Run Electricity
Market Simmlator developed for the spot Italian market (Migliavacca et al. 2006, Gao et al. 2007), the
electricity pricing module of the US EIA s National Enetgy Modelintg System (EIA 2006a).

Finally, some siinpler short- and mediunm-term models are also worth being surveyed, in order to understand
whether an adaptation to our long-term horizon is feasible, On the one hand. the “similar day™ or “fypical day”
approach allows the selection of the historical days closer in behaviour to those under forecasting. The system allows a
Igh degree of configuration options for the “typical day” parameters, e.g. the season, the climatic data, ete. It is
considered a reliable outlock systen when a historical data set is available, even if the data are not very far in the time
period. It is reliable even in the case auxiliary data are not available at all. It is adopted for short-term estimations (10
days) but it can be used for a preliminary estimation of the medinm-long term. if historical data referred o 18-24
months backward in the market and forecasting for the climatic data are available. On the other hand, the “linear
regression” statistical method can be applied when a limited dafa set is available, as well. It offers good results when
data on environment and temperature are available for the market estimation. Othier models are based on avtoregressive
moving average meiliods, These models produce the estimaticn series as a linear combination of the historical supply
profiles and the profile of historical errors in the past estimations (Bezdek and Wendling, 2000}

Orce the appropriate ancillary nzodels and cutlooks have been identified, and their integration has been proven to
be feasible, the Revenue module can import fron: these platforms the plant life forecasts for those variables that are
country-specific and common to LRs and SMRs. Then the module should focus upon those factors that are potentially
at the origio of SMR differential revenues.

The output of Revenue or roarket model are total revenues at the plant level over the economic plant life (ie
estimates of the total inward caslh flows). The revenues R {€] are a function of the country- or locai-fevel electricity
copsumption Q [MWh], the market price p [/MWh] (or the mentioned market structure drivers, MS), the plant size $
[MW]. the specific reactor technology T (e.g. whether LR or SMR) and a set Y of other variables:

R=R(Q,porMS,S.T.Y) &

The ¥ inputs include the load factors, the national eleciricel mid and the front-end investinents: these variables,
given ihe plant size S, the reactor technology R and the naitonal or local consumption estimates Q (which are provided
by the ancillary models and outlooks). allow the Revenue componernt to work out an estimate of electricity quantities
supplied by the plant (ie an intermediary variable q). Revenues are then computed as {he product of plant electricity
supply {ie ) and wholesale electricity price, which can be either directly offered by the ancillary inedels and ontlooks
(p) or elabarated by the Revenue model given the market structure drivers MS.
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Other revenues coming from non-electric products can be added up to the electricity revemmnes, e.g. hydrogen,
desalinated water (Tewsari and Rao, 2002), district heating (Tian, 2001), given the selected NPP technology {ie T), its
co-generation capabilities (to be included in the Y input vector), and price and consumption estinates for co-generaied
products (which should be provided by anciliary outlooks and models).

i order to gange the role played by the ¥ variables in determining the plant-level quantity of supplied eleciricity
{in particular, the reactor technology, plant size and load factors. the national electrical grid and the front-enxd
investmients), the departure point is the SMR market matching ability and smarket svitability implied by scalability,
flexibility, easier plant-grid matching, reduced entry barriers, as discussed by Section 1.

Fitst, shorter conshiuction times and smaller size provide SMRs with more flexibility in incremental additions of
capacity than LRs. This is at the origin of benefits under both certain and uncertain market conditions {Chapman and
Waid 1996; Gollier et al. 20035). In particular, under steady demand and price trends, tlie SMR. scalability allows: (i} to
defer investmenis and to save financial costs, if the demand growth rate is low; (ii} to stagger investments and not to
lose early revenues, if the demand growth rate is medimn; (i} to anticipate investinents {and o bave financial costs) yet
to reap auticipated revenues, if the demand growth rate is high. Under highly uncertain market conditions, the SMR
reversibility allows the investors to save sunk costs and to reap revenues.® Second, new SMR investments are more
suiitable than LR counterparts fo conntry transnyssion grids that eve incipient, constrained or fragmented; in such cases,
the easier grid matching of SMRs allows the investors to reap revenues tliat would be otherwise foregone. Third, a
differentt entry-banier iy the huge size of front-end mvestments for LRs. which are likely to undermine the entry ability
of several sinali-mediuin investors; the smaller front-end investments of SMRs allows exactly this class of nvestors to
reap revenues that would be otherwise foregone.

At this stage of the research, the natute and role of independent variables in (6) have siill {o be anaiytically
represented. In general tenms, and similarly to the analytic approach described in 2.2 for the Cost Generation module,
we are interested in the differential contribution of individual inputs to revenues; in particular the elastieity of revenves

to individuat Y variables for the specific NPP technology ate worth being obtained:
v OTR/TR
Hf =
oY/Y

6 THE FINANCIAL COST MODEL

™

T

" Owiput: weighted average cost of capital (input to the Investment modef)

= Inpufs: Investor-specific equity and Front-end investment (oufput of the Gereration cost module, financial
gearing (debt / equity ratio}. project and external risk estimates (output of External cost moduie)

»  Parameters [ forecasts: risk-adjusted rate of return requited by shareholders (risk-free rate, market risk
premium, industry asset beta) and risk-adjusted interest rates required by debt-holders (risk-free rate, spread on
risk-fiee rate), inflation rate. Note: The parameters (and forecasts over economic the plant life) should be

derived from pre-existing ancitlary models and outlooks; they are country-specific. and common to LRs and

SMRs.

b As discussed in Section 2.2, over—capitalization with siack capacity is quite typical of electric utilities that have adopted LRs. This may well be a
signal of the sunk nature of LR iuvestrments.
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The module evaluates the cost of the capital for the private or for the governmental subject that is planning to
build and operate the new NPP{s). The cost of each souwrce of financing is weighted fiwough the WACC (Weighted

Average Cost of Capital) formula, here below in a post-tax approach:

+ R {1-1) 63)

WACC=K, E
D+ E D+ FE

where the necessary inputs ate:
« the equity amount (E) invested in the project;
+  the Gnancial gearing (D/E) of the project;
»  the rate of return required by shareholders for the eguity (K.):
*  the interest rate required by debt-holders (Kq):
»  the tax rate {1).

The cost of capital is a ciitical parameter of an investment econoinic appraisal. Sensitivity analysis shows its
dramatic impact on the value of financial perfonnance indexes: e.g. it enters as a discount rate in the actualisation of
expected cash flows in NPV calculations and affects the LUEC estimation through the amortization factor of constant
cost annwities, ete.

In particular, the cost of debt generates financial interest costs, which are a significant cost item before (Interests
During Construction} and after the commercial deployment of the plant. Therefore it has a significant impact on unit

generation costs.

Several sources of financing can be employed in a teclmological and cepital intensive project and each source of

financing has its specific cost, set as a minimum rate of returs: required by each stakeholder to invest in the project.

Investors can be classified in the categories of shareholders or lenders and of private or public investors.

1) private funds can be provided by industrial companies (power and uiilities), stmeturad/project finance
divisions from banks, private equity funds specialized in renewable enesrgy. Institutional investor
comununity (e.g. pension funds managers, ete)) is increasingly interested im renewables through
specialized long term funds, but i can be assumed that they don’t invest at the level of individual
project activities on the ground.

2) public funds: project development grants, public owned equity funds, etc.
The cost of capital depends on the financial risk perceived by the investor.

Construction and deployment of a new NPP presents very high risky factors and sector specific criticalities either
in the upstream and downstream of the process: duration and outcomne of licencing, innovative techrologies behaviour,
social acceptance. political climate, costs and labilities in decontarpination & decommissioning, waste treatment and
disposal, etc.

These criticalities are emphasized by the capital-intensive nature of the project itself and the very long lifetime of

the project as compsared to other industrial technologies.
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I some cases, private stakeliolders of a project are able fo build imovative and efficient investinent schemes o
lower the financialfindustrial risk. In this framework it is worthrwhile mentioning the Olkilnoto (Finland) current
construetion of an 1600 MWe EPR. In this case the shareholding base is formed by electiicity producers, distributors
and industrial users, in a sort of consortinin where the absorption of the entire eleciricity production is assured at a fixed
price through long-terin sale contracts, Low-price electiicity is supplied in exchange of low rate of return required for
the equity invested. Moreover the reduced financial 1isk of the project on the revenue side, transiates in a lower interest

rate required by lenders,

In a more general case, in the free and competitive industrial and financial markets, the risks of a NPP project
1nay be perceived as unacceptable by private investors or acceptable at an unrealistic investment yield required to cover

them, thus resulting to an out-of-tmaiket unit generation cost.

From these considerations stems the opportunity of a public support fo a NPP project. under different forms, in

accordance with international (OECD agreement), Furapean (for infra-comnmunity contracts}, and national regulations:

Table 5
Possible forms for a public support of a NPP preject

DIRECT INDIRECT

co-financing of the project through “soft ;3 public guarantee on private lendings;
Ioans”;

capital grants; public insurance on export financing;

government taking equity stakes {(Public | tax regime: production tax credits {as in US),
Private Parmership); penalties on “brown” power such a5 the UK's

Climnate Change Levy,

revenue support schemes:

-rencwables portfolio standards with Rencwable
Elzctricity Certificate (REC} frading;

~fixed price schemes (feed in tariffs);

-premium prices {on top of unit sale price);

public financial liabifity on waste treatment and

disposal.

The public direct financial participation contribute to ease the financial distress of the project, while public
indirect support aitns to “cap” the financial liability of private investors and/or mitigate the risk factors to a limit

acceptable by private shareholders and lenders, which reflects in a higher gearing and/or a cost of capital bearable by

the project,
Compared to piivate stakeholders, the public investor’s focus and goals are not primarity linked to the project

financial profitability, but rather to social welfare (i.e. the development of a strategic industry, or the creation of

qualified emmploynient, etc.).
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Either as a shareholder or as a lender in the funding of the project. the Public Investor should ain, to the financial
soundpess of the investment without burdening the cost of capital witl: an extra-profit requirement.

The hterature offers two main views abont the cost of public sonrces of financing, the “financial theory™ that
identifies the cost of public financing with the risk free rate (profitability of a risk free asset as i.e. governmnent bond of
sanie duration than the project): the “economic theory” that focuses on the social preference rate as the most saitable

rate or retuin for a poblic investor. (NERA Economic Consulting, 2006}. This model assumes the financial theory.

6.1  Factoring risks into the cost of capital

The country- and industry-specific interest rate and rate of returns should be estimated given the risk-free rate,
the risk premivm for equity markets, equity beta (au indicator which relates tlie industry-specific risks to the market risk
premium) and industry interest rates.

The main rigk sources for a NPP project may be identified and classified in the areas of :

+  pwe financial risk factors /risk of defauit)
¢ industrinl/operationat risk factors, stemming fom operating and capital costs risk factors, revenues risk

factors and external risk factors, some of the Iatter coming as an oufput from the Other Factors module.

Table 6
Risks Factors of o NPP project
[FINANCIAT RISK FACTORS INDUSTRIAL / OPERATIONAL RISK FACTORS
Cowtt [operating and copitaly olak factors [Revenues risk (actors Externni tisk factors
{pearing vveriight construction costs overrun construction tme overrun regulatory changes vnce Fands eommitted
copital employed plant faiturey: cant of sepair fubstitition JEwe: price trend soctal accepiance (NIMBY)
interest coverage raliy ecommissioning cosly nncapped Kowe price volotilty Heensing doration and cuicome
pay back Ume | debl durntion  Jwasie dispese] Hobilities vncapped jrevenues {rom co-generated products
(Ot / fued costs higher thon eatimatid Jaervice factor lower tham expocted
desiga modification during licensing f construction jaccidunt plont selzure
[ operathon
tosd factor lower than cxtimatel
renduced operatisnal e

The exposwre to the industrial/operational sisks is as lugh as is the financial distress of the project, which is
usually measured in terms of gearing, interest coverage ratio and pay back time. The risk aversion is increased by the
amount of capital invested (either debt or equity), that represents a senk cost for the entrepreneur in case of adverse
conditions.

The risk perceived by each category of iuvestor (i.e. sharsholder or lender) 1s factored into the cost of the
respective financing. In particular, the most credited theory to estiinate the rate of return required by shareholders for
their investment (Equity funds) is the Capital Asset Pricing Model, that relates the cost of eqaity {Ke) to the risk fice
rate {Rf), the market average risk rate (Run) and the B paraineter. that represents the visk of a specific industry versus the
risk of a balsnced market portfolio of industries:

Ke=Rf+Pe x (Rm - Rf) (9
The difference (Rm — Rf) represents the risk premiun required to invest in a project with an average industial

risk.
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A stock exchange mdex return iy assumed to represent the mnarket risk rate and the rate of rehnn of a treasury
bond of comparable duration to the project lifetine fs assumed to represent the risk free vate. This risk free rate should
refer to the country where the NPP project would be based, as to incinde the sovereign risk of the covntry, defined as
the risk that a government will default on its loans or fail fo honour other business commibnents due to change in
government or policy (*“The WACC User’s Goide” — UBS, 2003). The sovereign risk accounts for external risk factors
that are common to all kind of business and not only to mclear technology; sovereign risk can be measured considering

Furo denominated sovereign debt vields of a specific countfry,

B is the most critical factor in the Ke estimation: it is caleulated as the slope of the linear regression of dividend-
adjusted stock returns againet inarket returns.

For a private compary or project, or a bosiness unit, a reference can be set by an industry B, based on the
assnmiption that the systematic risk is sinilar for ail businesses in that industry (UBS, 2003).

~ The industry “asset B (undevered B) should account for the underlying busiuess risk of a project, e.g. operational
risks stemming fron: the cost and revenue sides, and from the external factors mentioned in table 2.4.2,

Nonetheless it is Lardly possible to represent the risk of & specific NPP project twough the industry assets
parameter because the sample of peers selected in the [ estimation would hardly represent a reliable proxy of the
specific project characteristics (L.e. innovative technology). The sample may run diversified activities in other related or
unrelated industries, whose impact on the share volatility could tamper the 1risk analysis. Indvsiry asset B should also
account for external risk faciors that are typically industry related and cannot be caught by sovereign risk: e.g. NPP
licensing issues, the social acceptance of the project and the particularly controversial atitude of governments towards
nuclear power generation.

Equity B is obtained by asset § through the fornula (10) and catches the project specific financial risk:

Bg=Ba X (E+D)E (10}
All else being equal, a highly geared project might be expected to have a higher financial risk, stemuming from
the fact that debt holders have a prior claim on the project’s cash flows over equity holders (Ofgem 2004, an analysis
for regulated electricity distribuiors é}y the UK energy regulator). This results in # higher equity B and a consequent

higher cost of equity.

Tlie cost of debt, set as the interest rate required by lenders is defined by an interest spread (risk premium) over a
tisk free rate. The spread component of the cost of debt is designed to cover all the project risk factors (operational and
financial) for tlie lenders.

The academic studies attemnpting to empirically explain cotporate bond rates are sparser than for equities. Elton
ef al. (2001) find thar 1isk aversion is responsible for most of the bond preirium and that expecied defanit premivm is
responsible for the least. Bond rating firms, most notably Standard and Poor’s and Moody, appear essentially to

“evalnate default probability.

The lack of widely accepted models relating debt preinium to tisk letting the ground to case~specific negotiations
between shareholders and lenders. Neither the indusity bond rating can set a valid reference for the risk premium
estimations, given the scarce data record for the nuclear power industry, Nevertheless, a correlation exists between
financial distress indexes and risk premnjum. To estimate the financial soundness of the project, a sort of “financial

ratiing” may be measured by some key financial indicators as:
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* amoutt of the loan,
*  gearing of the project,
* cash flow rafios: interest coverage ratio. cash flow from operations/ debt amortization. ..
s debt duration.
In general, the higher the amounnt of the loan and its duration, the higher is the risk aversion of the lenders. Indeed,
the banks cover their risk of default by investing funds in a balanced mix of uncorrelated industry sectors, therefore a
significant anzount of capital tavested would transiates in & high risk exposure to the muclear or the power generation

industry, or to high technology. long tenin project.

Several studies have produced some estimations for the private sector risk-adjusted cost of capital: following
NERA Economic Consulting (UK, 2005}, it would not be {ess than the rates of retunn allowed on the regulatory asset
base of the regulated electricity industry, that are set at 6,5% in real terms for a public electricity supplier. A 2-3%
premium above this wonid be plausible for the market to finance a nuclear plant, (a Jower premiumn of 1% in the long
term, if a nuclear programme became established).

Oxera (UK. 2005) estimates the inferest rate of debt during construction to 10% and 7,5% after refinancing. in
the operating phase.

A study conducted by CESI (Milan. 2006) identifies a plausible value for the cost of equity and debt respectively
it a 12% return rate and 7% interest rate.

Higher values are reported by “New Energy Finance™ (issue of 31 October 2007): debt and equity requn rates are
assumed fo be 12% and 15%.

Other somrces (see Generation IV EMWG-Economic Modeling Working Gronp, 2005 and NEA {Risks and
benefits of nuclear enargy, 2007) apree on defining two cases and two relating discount rate: 5% discount rate would be
appropriate for LUEC calculation for plants operating under the mmore fraditional “regulated utility”™ model wlhere
revenues are guaramteed by captive miarkets; 10% discount rate would befter apply to a riskier “dereguiated” or
“merchant plant”™ environment where the plant must comnpete with other genetration sources for revenues, CESI itself

identifies a public supported inveshinent case with an equity required rate of return on investment of nominal 5%.

The definition of an appropriate cost of equity and debt for an mvestmrent analysis in the nuclear industry remains
a matter of bold judgerent and a very sensitive parameter on the outcome of the analysis. which depends. among others,

on & variety of country-specific and time-dependent factors (i.e. the capital market structure, the energy policy, etc.).

6.2 SMRs® versus LRs’ enhancement factors

According to the specific features the SMRs could have vs. LRs as addressed in Section 1. different costs of capital
could atise. since risk enliancement / mitigation factors can intervene ia the K. K, and D/E tatio could chauge in the
strategy of & comipany or a government towards a SMR vs. a LR project. The analysis will be centered around the
reduction of fizancial costs implied by the SMR scalability, through investment defemal, and reversibility, through

reduced risk premium. as discussed in Sectios 1.
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Iz addition the Financial cost mode! should integrate risk enbancement / nuitigation parameters that are specific to
SMRs and LRs and that can be provided by the External cost module or can derived by expert opinions. At this stage of
the research, the analytic relationship between these risk factors and couniry- and indusiry-specific inferest rate and rate
of returns has still to be discussed and identified; see Gross et al. (2007) on the role of risk in investment decisions in
the energy industries.

Several recent works iflustrate the basic WACC model, or adapt it to the electricity industry; these miodels can
be integrated or adapted within the Financial cost model. See among others: the guidelines by the URS investment bank
(UBS 2005), the capital bodgeting 1nodel of the US EIA’s National Energy Modeling System (EIA 2006b), and the
analysis for regulated electricity distributors by the UK energy regulator (Gfgen 2004)."

A comparative analysis may be developed considering a single LR or nmlitiple SMRs, with the same total
generation capacity of the sife. Different scenarios may arise for e SMRs™ case ranging from a best scenario of
_staggered construction of SMR moddes, to & worst scenario of parallel, concentrated construction of all the SMR
meodules.

In the latter case, parallel construction of all modules causes the loss of important leaming economies duting
consiruction and instailation, leading to higler overnight construction costs per KWe installed of SMRs vs LR. Lower
construction time still have a positive impact on IDC and early 1evenues come to relieve financial leverage, but the

capital invested may be comparable or higher than LR plant:

Financial enliancement factors emerge in the staggered constiuction scenatio, where the scalability of a cluster of
SMREs allows a lower average capital emploved and smoother cash flow time series over the consiruction period. Cash
flows from early deployed units represent a financing source for the construction of later SMR modules i the site, thus
relieving the financial distress of the project.
| A more balanced cash flow profile produced a lower finaucial leverage of the project. Moreover, lower lead time
for the deployinent of each moduie accounts for a lower total Iuterest During Coastruction for all SMR meduies,

Lower sunk cost coming from: lower up-front investinent and better cash flow profile mean a lower financial

default visk of SMRs* project against external market or regulatory adverse conditions and mitigate the risk perception

of both sharehiolders and lenders.

About the cost of Equity if can be argoed that the enbancement of the financial gearing of the SMRs project may
reflect in a lower financial risk for the shareholders, thus allowing a lower rate of retum required for the equity
financing through a lower Equity B.

Nevertheless, from the shareholder perspective, a comparative assessmment of the two projects’ financial
performance cannot be perfonned unless the same rate of rehun is set for the equity invested in the two projects.

In the shareholder point of view. the financial costs of the project is represented by the cost of debt. Here, the
financial eckancement of a SMRs plant scenario may be expressed by the spread component of the cost of debt. The

different “merit of credit” of the two project would correspond to different risk premimns (spread on risk free rate).
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The fiancial enhancement of SMRs may result either as a lower cost of debt or a higher gearing bearable by the

SMRs’ project vs. LR for a given cost of debt.

I addition o the financial risk-enhiancement factors, we are able to identify other industrial/operational risk-
enhancement factors, based on SMRs® congept specific featres.

Investment flexibility, represents a valuable option for investors facing ptice uncerfainty that characterize
liberalized electricity markets, allowing a faster addition of generation capacity in market upturns and lower sunk cost
in market adverse changes, where investment can be staggered/deferred.

Flexibility allows a more aggressive market strategy with a lower enfry electricity price than required by a LR,
thus reaping additional reveoues (see Gollier et al, 2005),

Flexibility and market matching capability are of capital importance to cope with revenues #isk factors, with
muclear generation tecknology being a “price taker™, baseload resource, dispatched early in the merit order and therefore
exposed fo the revenues fluctuation of electricity price determnined by peak-load technologies {i.e. pas and carbon).

Higher modularization and modulasity allowed by reduced size of components of & SMR may translate into a
standardization of the construction/installation procedures and less ad hoe design modifications, granting a better
control over constiuction time and costs overnins.

Integral approach and techsiical specific design solutions for SMRs are expected to have a positive impact on the
extension of plant technical lifetime and of the quality of performance over the lifetime (i.e. load factor), thus resulting
in an extended revenue bage than LR.

For a given plant size, muliiple units asstwe hipher plant reliability due to lower paraliel failme probability, while
increased inherent safety featores of SMRs account for & higher service factor and therefore a lower probability of loss
of revenues due to plant stops or seizures. In addition, these festures have a positive ilnpact on the Probabilistic Risk
Assessment (PRA) of the plant: a lower scale of the worst accident scenario allows to reduce the Emergency Planned
Zone (EFZ) for 2 SMR plant. This may have a positive impact oz social acceptance and may increase the market
opportunities frot co-generation capability of SMRs. Indeed, co-generation of product/services (i.e. water desalination,
distriet/industrial process heating, hydrogen. ethanol production, etc.) benefit from proximity to users.

New design strategy for SMRs provide higher integral and modular approach. leading to sn easier, meore
standardized plant decommissioning and spent fuel mansgement, lowering the risk of costs overruns in this phase where
the liability of the plant owner is often not clearly defined and capped.

Moreover, higher standardization, modularization, integral approach and increased inherent safety features of
SMRs’ could ease annd speed the heensing procedure.

Factors increasing the industital soundness of the project, elso mitigate the risk perception of investors and thus

nay further lower the cost of financing.

The following table shows an outlook of the risk factors perceived by investors and the enhancements brought in

by BMRs* vs. LRS* concept.

Tab 7
Risk fuctors and enlancement factors by SMEBs
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Finanwcial risk factors

souree of visk enbancemaent fox SMRs

gearing

capital employed

interest coverage ratio

pay back time / debt duration

Cost (operating and capital) risk factors

scalability: lower financial gearing with staggered construction

scelability;
{1} lower average capital employed with staggered construction
(2) < financial exposure by the lenders

scalabitity and shorter lead Himes: more balanced cash flow profile
with staggered consbuction end deployment
scalability: Jower PBT / debt duration in case of paratiel

leonsiruciion;

no enhancement in case of staggered construction

overnight construction costs overrun

plant faflures: cost of repair / substitation
decommissioning costs uncapped

waste disposal liabilities uncapped
O&WM { fuel costs higher than estimoted

design modification during licensing / construction /
operation

Tevenues risk factors

construaction tine overrun

Kwre price trend
Kswe price volatility

revenues from co-generated products
service factor fower than expected
acecident plant seizure

laad factor Iower than estimated
reduced operational life

External risk factors

regulatory changes once funds committed
social acceptance (NIMBY}

Jicensing duration and cutcome

modularization and modularity: higher standaridizetion and
better constraction cost control

multiple unif on a single site: higher service factor

new design solutions, Le. integral and modular approach: easier
decomanissivning process

new destgn sohstions, i.e. integral and modular approach: easier
high activity waste management

ne enhancement by SMRs

higher standardization: lower ad-hor design modification risks

madularization and modularify: higher standardization and
better construction Srme control

sealabslity and flexibility: better market matching

Investznent flexibility: adaptability to uncertain markst condition

reduced EPZ and plant size allow market proximnity and increase
opportusity for co-generation

raultiple it on a single site: higher service factor: lower risk of
loss of revenues

bhnultiple snit on a single siter higher service factor: Tower risk of

logs of revenues
new design solutions: better Joad factor over plant lifetime

new design solutions: higher expected operational Jifz and plant
guality of performance kept all along plant lifetime

senlability: lower sunk cost in case of adverse conditions

new design sohutions: veduced scale of accidents and reducesd
EPZ
higher stendardization may gase and speed ticensing procedure

7 THE INVESTMENT MODEL

This moduvle deals with the investiment evaluation. The nieeded inpufs are:

+  the anuval cash out-flows, coming from the generation cost model, and cash in-flows ceming from the revenue

model;

* the cost of capital estimated by the financial cost inodel.

The Investment model perforns a cash flow investment analysis to produce the following key performance

indicators indicators:
o the net present value (NPV};
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» the intemnal rate of return (IRR);

s the pay back titne (PBT):

e the profitability index (P}

» the levelised unit electricity cost (LUEC).

Traditionally. the econornic research on nuclear power generation focused on the generation costs and the LUEC
calcntation: the LUEC is a suitable reference value for a technology comparative assessment and is a traditionally
referenced valne to support policymakers’ strategy for regulatory/subsidy design.

But it happens that industrial projects, even if proven as cost effective through the LUEC criterion, may not be
undertaken if estimated financial retin is not as high as to secure the market risks faced by private investors. In
competitive. fiee electricity markets, investmient decisions are made by private companies seeking to maximise return
on investment, subject to acceptable levels of risk and regulatory constraints (Gross, Heptoustall, Blyth, 2007},

Recent studies (see Oxera, 2003) and modelling efforts (i.e. FINPLAN and DANESS codes) approacli the econoniic
attractiveness of an investinent not only from the meneration costs point of view but from a broader perspective,
estimating profitability indexes (i.e. IRR, PI) and other financial indicators (i.e. NPV).

The Investment model here described provides private and public investors with a framework for a strategic assessment
of an investment in SMRs vs. LR, based on a full set of financial performance indicators.

In particular:

»  Pay Back Tune is an important indicator of te financial soundness of an investment project and is a very
sensitive parameter in the nuclear mdustry, where very long construction time and very high up-front
mvestmient produce a tight financial distress and typically long debt duration.

* The IRR represents an iuvestinent recovery rate that can be checked against 2 minimum, risk adjusted hurdle
rate set by the investor. to evahsate the project financial atiractiveness.

The Pablic Body either as an investor or a policyimaker should either assess the financial viability of a direct investment
intervention in an industedal project (i.e. SMRs vs. LR nuclear power plant) in order to assure a sound employment of
public funds in the best economic-effective strategy, or check the efficacy of regulatory environment against the final
mvestalent criteria adopted by private ivestors (i.e. fmancial return and risk mifigation) basing its policy design

strategy on a clear understanding on how investiment decisions are made.

8 THE EXTERNAL FACTORS MODEL

A thorough anaiysis should entail uot only the guantitative paramefers directly connected to the costs and
revenues, but also tlie external factors affecting the evaluation of an investinent,
Among them the following can be cited:
*  the risk offered by a change i the licensing rules/process and. in general, derived fromn political criges;
» the environmental laws (e.g. carbon tax, local emission constraints):
*  asftrategic security of supply;
+  the degree of proliferation resistance;

+  the level of phiysical protection, inciuding that from ferrorist attack;
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+  the trend in the macroeconotnic parameters (fax rate, inflation rate};
s the confidence level in the social acceptance, e.g. enhanced by technical solutions as the Emergency Planning
Zone reduction or etiinination.

Since a quantifative estimation of such a parameters is not straightforward, nor its link with the guantitative
parameters coming from the investment model, a svifable method for merging the information is necessary. The
Analytical Hierarchy Process (AHP) is able to address the issue of evainating a global figure of merit for the different
strategies and solutions to be analysed (e.g. a LR vs. SMRs at centralised level vs, SMRx at distributed level},

9 THE MULTIATTRIBUTE EVALUATION MODEL

The classical technigues for economical-financial evaluations, especially the DCF methods based on the analysis
of the discounted cash flow rates, are in some cases not complietely suitable in providing a thoreugh picture of the
investment and s real value, since they do not take inte account all the positive features and beniefits of a project. This
is anyway an obliged feature since they operate on parameters and variables that are quantitatively expressed, with no
possibility to elaborate intangible elements.

The multattribuie or multicziteria techniques (Multiple Atinbute Decision Making) have been set up to address
this specific situation, where a choice within a munber of alternative options is to be performed, given a set of ataibutes
of different kind even of not tangible nature or not easily measurable in monetary term {Colson et al., 1989} (Otto et
al ,1993) (Scott et al., 1998) {Yeh, 2002).

One of the most adopted techniques, the Analytic Hierarchy Process {AHP) one, has been seiected for the
evaluation of the project afiractiveness of the NPP solution. The method represents an explicit way to quantify
evaluation elements even of not tangible nature. The procedure organises the estimation process in a hierarchical way.
This allows to assign & weight to each different attribute/eriterion, by means of a systematic set of comparative
evaluations among pairs of atiributes/criteria {(Hurley, 2001). That means the decision is decomposed at sequential
levels, where the first Ievel represents the objective of the evaluation {e.g. the project attractiveness) and the second
level and their following include the attributes and sub-atiributes with significant importance for the goal (Ramanathan,
2001). Each atiribute and sub-atiribute caz be decomposed up to the suitable level of detail. Tlie last level belongs to the
different alternatives under exarination {Fig. 2).

This procedure is well stuchwed with respect to other nmitiattribute techuiques. and allows evaluation with a

higl: degree of details. Moreover software packages are already available for the decoinposition and the cross-checkiug

evaluations.
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Hierarchy of evaluation Point of view
fattors {relative = govemment
importance weighting) = private investor

{Quantifative}

Small Scaje
Distributed

Fig. 2 —dnalvtical Hierarchy Frocess struclure.

Small Scale
Centralized _-

Companson of
atternalives

If compared ageinst the score meodels, more easily readable and applicable but devoted to analyse boniogeneous
information. sets, the AHP ailows the exaimnination of project alternatives characterised by lighly heterogeneous
evalnation elements and to reach a sensitivity on the robustness of the final evaluations (Al-Subhi ef al, 2001; Saaty,

2004).

10 CONCLUSIONS

SMRs and LRs address different markets and there are many market related factors favouring one versus the other,
independently fiom their capital cost. When however they are competing on the same market the capital cost is not a
discriminator and the two types of nuclear plants are practically eqaivalent under this respect.

The 0&M cost increases more than the Capital Cost. but less than how is foreseen by a rough computation with the
econoniies of scale canonical equation. It also represent a small part of the total cost which is composed nuioly by the
capital cost.

The so-called economiss of scale is actually no longer an absolute advantage of LRs since it could be compensated
by a variety of other factors, first of all technical innovations fostered by SMR design.

This research project represents only the beginning of the evaluation of the competitiveness of SMRs; expanded and

smore detailed tnvestigations sliould be carried out for a more comiplete and detailed picture.
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11 FUTURE RESEARCH OPPORTUNITIES

The promising resnlts delivered by tlxs first research project clearly pave the way to future research activities

finalized to the completion and full exploitation of the proposed evaluation model. Three main research lines are briefly

described in the following.

Probabilistic approach

This paper is based on long term assumnptions of the cost drivers — estimated using bistorical data of a wide range of
nuclear reactors available in liferature — and estiinations on the performances of the technologies actuaily available
(state-of-the-azt) in fhe market, vsing forecasts on the development of the research to envisage what wounld be the
competitiveness seenatios for the future deployment of SMRs, Nonetheless, both the cost drivers estination and the
performances are affected by some uncertainties that are not taken into consideration by the current version of the
proposed evaluation model: therefore, it seems appropriate fo include in the Open-Model a stochastic sinmlation of the
parmneters, using uncertainty analysis techniques such as Monte Carlo analysis and HyperCube.

Thus, the output of the model will be the economic and financial indexes of SMRs NPV, IRR, PBT, LUEC, PI,
financial exposure, etc.) in tetms of probabilistic profiles obtained with the simulations: these resuits will make the

stakeholders {(public or private) awate of the opportunities and risks refated fo the investment,

Investment Scenario Shmidations
The SMRs competitiveness, as stated in the previous section, should be addressed considering the different markets in
which the NPPs should operate. It is then needed to take into account some key parameters that can affeci the
investment profitability, according to the scenarios defined by the JAFA group:

- counfry energy growth rate;

- grid capacity (in terns of fotal load available and maximum growth tolerable);

- discount rate;

- couniry energy market (in terms of price of electricity);
Ofher analyses should focus on the impact of sonze operaiive parmmeters changes — e.g. investment deferval, delay of
construction of the further veits, and reversibility {tlwough reduced risk preminm} — on the financial cost reduction

fmplied by the SMRs" scalability.

Extarnal Factors and Multi-attribute evaluation

The exfernal factors and inulti-attribute evaluation have been briefly described in section 8 and 9 respectively. At this

stage of the research, both external costs and multi-attribute methodology have still fo be analyzed and modelled.

As far as the external factors are concerned, it is suggested to fivstly identify and quantity their specific impacts on the
nuclear technology versus other fechnologies of power electyicity generation, then focusing on the differential factors

between LR and SiMRs.

Since an “‘external factor” is a factor not exglicily accounted within a commnion invesinient evaluation but with a deep
influence on the economic performance and feasibility of the project itself, it seenis necessary to find a multi-athibnte

decision making process (e.g. AHP described in section 9} able to consider and quantify the importance of ali factors
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{both infernal or externai) that affect the investment performance or, more in peneral, its attractiveness for a private or

institutional investor.
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