Ente per le Nuove tecnologie,
’Energia e ’Ambiente

RICERCA SISTEMA ELETTRICO

Modello per la valutazione economico-finanziaria di reattori
nucleari di taglia medio/piccola e sue applicazioni

P. Trucco, P. Garrone, M. Mancini, A. Trianni, G. Locatelli, M. Ricotti, S. Boarin

o
4

o

b

)

al
]

P-,-_-_
>4
o,

%

;%f
A Y

e ™ 4

S
AR )
X ')'{

-~

A%

1)

",
.

5
>
2K

P,

&

- v’—!-!
Y
A

Report RSE/2009/140




ENEN

Ente per le Nuove tecnologie, L
I'Energia e 'Ambiente Ainistere dotte Soidiyyie Economeve

RICERCA SISTEMA ELETTRICO

Modello per la valutazione economico-finanziaria di reattori
nucleari di taglia medio/piccola e sue applicazioni

P. Trucco, P. Garrone, M. Mancini, A. Trianni, G. Locatelli, M. Ricotti, S. Boarin

Report RSE/2009/140



MODELLO PER LA VALUTAZIONE ECONOMICO-FINANZIARIA DI REATTORI NUCLEARI DI
TAGLIA MEDIO/PICCOLA E SUE APPLICAZIONI

P. Trucco, P. Garrone, M. Mancini, A. Trianni, G. Locatelli, M. Ricotti, S. Boarin (CIRTEN)

Gennaio 2009

Report Ricerca Sistema Elettrico

Accordo di Programma Ministero dello Sviluppo Economico — ENEA
Area: Produzione e fonti energetiche

Tema: Nuovo Nucleare da Fissione

Responsabile Tema: Stefano Monti, ENEA



CIRTEN

CONSORZIO INTERUNIVERSITARIO
PER LA RICERCA TECNOLOGICA NUCLEARE

POLITECNICO DI MILANO

ADIPARTIMENTO DI INGEGNERIA GESTIONALE
*DIPARTIMENTO DI ENERGIA, Sezione INGEGNERIA NUCLEARE-CeSNEF

Modello per la Valutazione Economico-Finanziaria di
Reattori Nucleari di Taglia Medio/Piccola e sue

Applicazioni

Paolo Trucco”, Paola Garrone”®, Mauro Mancini®, Andrea Trianni”, Giorgio
b 3 * 2
Locatelli®,

Marco Ricotti*, Sara Boarin®

CERSE-POLIMI RL-1110/2008
Milane, Giugno 2008
Lavoro svolto in esecuzione della linea progettuale LP1— punto D “Costo kWh nucleare e studi economici su

reattori di medio-piccola taglia” dell’AdP ENEA MSE del 21/06/07,

Tema 5.2.5.8 — “Nuovo Nucleare da Fissione”




An Open Model for the Evaluation of SMRs Economic Value

INDEX
EXECUTIVE SUMMARY .comsueurrararasasssssssssasssrarasasssssssansnsnsasssssasasarasasassasssssasasssasasasasasssasssassssssnsas avavavissinsnonsnssssrarar -3-
1  ECONOMIC CHARACTERIZATION OF SIMRS .c.uuieiiriisinimiransssssssssis s svasavasasesensass saversrasasassasssssssssamasaoncaraencas -4-
1.1 AQ-DOC FACIOTE .uvevirarivireenririereeraserarasiesnastsssssessosassnarssssssssasensssnssrasssararastossassssssssesassvisssasasasarassssessensarasasasas -4~
1.2 COMNION FACTOTS .ecvevaerrucaverireeeaeassesransrararestessencsensarararasassesssesesasesseasasrasasasssassssasassarasassnsensassessnssassrasasarar -6-
2 DESCRIPTION OF THE MODEL FRAMEWORK ..c...veersersoarasasseassessssassarssararasssasasasstamsssasssarasarsrasasssassesssesesasasassssrssans -9-
3 EXISTING MODELS IN OPEN LITERATURE -.cvuee mcmrcacamtraseararararcacsasasensmsarrasasasasasssonsmssessavarasarasasssssassass st rarasasassons -10-
4  THE GENERATION COST MODEL ...ucocriserisvavsnsseresssamsarararesssaresssssonesecacarassranasstassssasasasarasasasasassssssssssesscarasasassoas -15-
4.1 The Capital Cost MOdel.......oiiiiiiiinnicc it ssease e seeesestessesese -18-
4.1.1 ECOROIUIES OF BOALE.....v e rcrterieaeeaesteeseesteseaniseea s esere e aeae svaestasaesentsransasssesasararasasassssssssassesararans -18-
4.1.2 Learning economies and CO-SitilZ ECOMOMIES . .c.oorririerceraricarasiescrraessssrassrarsrarasassssssssssseasararane -21-
4.1.3 Design strategies and InNOVAHVE SOIUHOMS c....ccereverererecreeeeccereaiaeseteseeessessasasaesesee st esaresseasanas -22-
42 The Operating and Maintenance cost MIOAel ..ot saaeae -22-
4.3 The Fuel Cycle CoSt MI0ARL.....oiieieiriiecaie et cetrieceseat e rieeses e bestasaesesrsseresessastraravasasarssasessastessasarane -25-
4.4 The Decomniissioning COSt MIOAEL......oa i oiivreerececceiricararassessesreseasavararassrsesssearasassssrsssrasassssssssesseasasssare -26-
5 THE REVENUE MODEL ..ccoiieiniesaresarerarasiessraramsastassasssarararassearatsnsesasssassonsasaranseasssansesass sirasasaracasnesaneean -29-
6  THEFINANCIAL COST MODEL ....... eeisirieaebesetatete b LA ras YAV eSO SR A TR A ar s e b ne s raea -31-
6.1 Factoring risks into the cost 0f CAPItAl......c.occeiveeeciiirccn e st srs et asaraesnsss s e e s e sbe e e seas -34-
6.2 SMRs’ versus LRS® enhancemnent faCtOrS . ..oev e eviereieieierreseeneiesieenae e sessesteacs e senrestsseanasseaestnssassrseses -36-
7 THEINVESTMENT MODEL..o.uimiiiuercimiesessavassssassssstscasasssasssasssinsnsnsasssisasasamassnasinssasssinscarasansensss sosssssssssassonsacaca -39-
8  THE EXTERNAL FACTORS MODEL......cerseirireeemencscecssarasermarerascssssssssssasarasarararsssssssssssssasarasasastessstatanrasessrasasacasass -40 -
9 THE MULTIATTRIBUTE EVALUATION MODEL....c.vrtetarsrsriersssnssessesarssasasasssssessnssmssssnsssarssasssssessessacssssssasarasans -41-
10 CONCLUSIONS....ccurcrerararannesssnraae heAvarasasAveTavavessesssavArASATATATARATANITOLILOLEAPATARAa S ratan Lo acarararararar -42 -
11 PUTURE RESEARCH OPPORTUNITIES et s sr e s s eaaaras -43-
12 LIST OF PUBLICATIONS FOR THE DISSEMINATION OF RESULTS......coiceeiuraueorcerarssranesecsvasassmsmsssnesserasasasassen -45-
REFERENCES .....cocoaerarenrronensnencaracaransesessenens eeeeeresaracecaresstasieesserererirasaras nrestasstesasararasararasseanntenssssrns -46 -

LP1D -2- CERSE-POLIMI R1-1110/2008



An Open Model for the Evaluation of SMRs Economic Value

EXECUTIVE SUMMARY

This document presents an open firamework for analysing the invesfment projects in nuclear reactors.

The model means to support the comparative assessment of siall-medium vs. large scale veactors (SMRs vs. LRs); as a
Sfinal outcome, it will allow to simulate the differential profitability of SMRs under several market and operating setfings.
The analysis is carried out at the plant level.

Before presenting the model architecture, special atfention is devoted to a sef of distinctive characteristics af SMR
investments: replication, scalability, reversibility, standardization. These features have relevant effects in the following
domnains: generation costs (co-sifing econonties, learning econoniies, technical progress economies, mass production,

and factory fabrication economiies), market (navket matching, mavket suifabilify, reduced entry barriers), financial
costs (lower financial distress, reduced risk premium). At this stage of the research, selected elements of the generation

costs are analytically modefled; moreover, the paper surveys pre-existing and relevant models of eleciricity market,

Sfinancial costs, and external costs that can be adapted and infegrated into the framework.
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An Open Model for the Evaluation of SMRs Economic Valiie

1 KECONOMIC 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 electricity are decreasing with
respect to increasing plant size. Yet this result can not be directly 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 conirary. SMRs exhibit
several benefits that are uniquely 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. (2001) and Miller (2005).

Once the economies of scale have been modelled the several differential SMR features have to be explored and

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

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

— SMR ad hac 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 jfactors. Factors which affect SMRs and large plants in a comparable way. Even for the conunon
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 evalnation. This list of factors is by no means exhaustive and others
might be considered. Furthenmore the distinction between ad hoc and common factors is by now judgemental, and any

contributions from program participants about this issue are welcome .

1.1 Ad-hoc factors

Investment scalability. Investments in SMRs are inherently modular: due to smaller sizes and shorter
construction times, 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, revenues and financial costs. Due to shorter construction times, the investment timing
of SMRs can be postponed closer to the planned operation date (invessinent deferral). without any reduction of installed
capacity or revenue loss. The shorter the SMR construction time. the higher the net present value of the investment. For
a given size. provided a sequenced construction of multiple modules. the SMRs have lower financial costs than a single
LR. Alternatively, if the demand is known to grow at a sufficiently high rate. investments in SMR units can be
sequenced {the last installed SMRs unit has the same operating date as LR) or concentrated (paraliel construction
resulting in an earlier operation date than LR’s) (markef matching). The first scenario gives the best financial
performance, with smoother cash flow profile during the project lifetime. On the conirary the parallel, concentrated
construction of all the modules, generates higher overnight construction cost per KWe due to the loss of leaming

economies and consequently comparable or even worse financial expenses as compared to LR plani: still, shorter lead
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An Open Model for the Evaluation of SMRs Economic Value

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

revenues that would be foregone by aLR.

Investment flexibifify. Whereas market conditions are relatively “certain” (i.e. the trends of the electricity price
and demand are steady and, tlms, can be relied upon for long-term: planming), the SMR modularity translates in
scalability. In contrast, whereas market conditions are highly uncertain, the SMR modularity translates in adaptability,
which is an extreme formn of temporal and spatial flexibility ‘in the plant deployment. Sucl a “reversible” nature of
investment iz SMR vuits is apparent when one focuses upon the market risks related to LR investmneni. The LR
adopters have to cope with upward (or downward) swings of price and deniand or localised increase (or decrease) of
demand by the means of long-term planning, given the LR long lead times. Since the event is at the best known in
likelihood, both the decigion to invest and the decision not to invest may prove fo be inefficient. A large share of
invested capital may result to be sunk (idle), or consistent revenues may be foregone: the economiic risk of LR
investent is greater because is greater, for a given period of time, the “sunk” portion of invested capital.

Due to shorter lead timnes and smaller size, SMRs aliow the investors fo niore closely and guickly adapt to early signals
of changing market conditions. The shorter lead times of SMRs allow to split investments for additional nnits in a closer
proximity to the market evolution (electrical load - market mafching under uncertainty). In comparison, the LR
mvestment may result in a expected loss of revenues with respect to SMRs for power not taken.

The latter effect translates in a higher nef present vaiue 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 fo a perception
of reduced risk by both creditors and shareholders. They are aware that investments in SMR units are more capable to
match the new market conditions; i.e. they are less exposed to market uncertainty than LR investment, other things
being equal. Accordingly, they demand a lower risk premiuin to invest in the project (reduced risk premium). 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 have fo be matched to provide a
suitable product for the energy markef. An important technical requirement comes from the power grid and its stability.
Some developed countries and areas, as the western European Union, are well interconnected and can sustain even large
power stations. Historically, the requirements of large national markets with big power grids have driven the
development of nuclear power reactors, resulting in conunercial units of 1000 MWe and miore. On the other side several
countries, even in the EU, have 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 associated with economic growth and urbanization, while avoiding grid instability concerns; the nse of
fossil fuels and related greenhouse concerns, at the same time. Therefore for a given size the nltiple SMRs allow to

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

New design strategy and schitions. Even the technological choices on the design phase can directly affect the
SMR v LR economics. An integral and modular approach to the design of the nuclear reactors offers the unique
possibility to exploit a simplification of the plant. This can lead to a reduction of the type 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 safety level, via a reduction of the number of safety systems and a simplification of the
remaining ones. The integration concept increases also the compaciness of the plant (vehune over power ratio), with a
reduction of the containment volume. A further positive effect i that also the security of the NPP is improved, with a
small imprinting of the plant on the ground and a limited area of its skyline, leading e.g. to a reduction of terrorist air
attack probability. Moreover, the plant lifetime can be increased and the plant quality of performance kept all along its
lifetinie, since e.g. 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 electricity, 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 is obtained with a sensible reduction of the
heat to be rejected to the environment, as usually required by the Rankine thermal cycle in the heat-to-electricity
conversion 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 to a reduction of the emergency planning
zone hence to locate the SMRs not far from the urban areas. Moreover the thermal power available from a SMR for
non-electricity products is coherent with the thermal load or water needs of an urban area. These aspects dramatically
increase the possibilities for SMRs. compared to 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 miany 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 econoniies

and a more standardised procurement process.

1.2 Common factors

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

cheaper than for a smaller version.

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

“modularization” like the process of converting the design and construction of a monolithic plant or stickbuilt scope to

! Levelized unit electricity cost it is the present value of the total cost of building and operating a generating plaat over its economic
life, converted to equal annual payments, expressed as the value per unit of electricity and levelized in constant currency units (i.e.
deflated to remove the impact of inflation}. It takes into account both generation costs (ie production costs; see 2.2) and financial
costs (ie cost of capital: see 2.4)
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facilitate factory fabrication of modules for shipment and installation in the field as complete assemblies (GEN IV,
2005). It is well known that the factory fabrication is cheaper than the site fabrication, but the limit is the possibility of a
cheap shipping of the modules built to the site. The SMRs can take a differential advantage since is possible having a

greater percentage of factory made conmponents, and investment costs are reduced (factory fabrication economies).

Modularity - Learning economies. Gen IV defines “modularity” like the idea of construction and deployment
of a larger numiber of standardized units (GEN IV, 2005). Allowed by the smaller size and Jower power of SMRs, the
modularity approach reduces the requirements for more expensive and fime conswining onsite construction and also
allows a greater Standardization. The design of SMRs enmbodies specific technical solutions {e.g. the integral layout, the
broader Safety-by-Design solutions allowed by the size reduction, etc.) which are not applicable to current or classical
LR designs. Above all the SMRs rely upon a technical concept that includes the supply of standardized components and
their assembly and maintenance within the plant site, with a reduction of investment and operating costs. It is worth
mentioning that the standardization of SMR components is a necessary condition, along with the smaller size of units,
for supplier to replicate in a factory the production of SMR units and to reap the learning economies. It is well known
that a Nth-Of-A-Kind (NOAX) plant costs less than a First-Of-A-Kind (FOAK) because of the lessons 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 reached with less MWe installed for SMRs than LRs.

Learning is definitely an advantage for the SMRs in the early stages of the market, to be eventually equalized as the
market for both designs matures. In addition to the above “worldwide” learning (it does not matter where the units are
built to reach the Nth) there is also an additional “on site” learning, obtained from the construction of successive units
on the same site. This important portion of the “total learning” takes to a big advantage for the SMRs when, in a same
power comparison, a site with one LR is compared with a site with many SMRs. The mentioned technical benefits will
hopefully aliow the SMRs to experience smaller average investment costs, given the plant size.

Still, modularity is considered a comnion factor, because it is also employed in the most recent large plants designs and

thus has to be comparatively evaluated.

Multiple units at a single site - Learning economies and Co-siting economies. If the demand is growing locally,
SMRs allow the invesiors to make incremental capacity addifions in a pre-existing site. In addition to the mentioned
learning economies, this leads to co-siting economies: the set-up activities related to siting (e.g. acquisition of land
rights, connection to the transmission network) have been already carried out; certain fixed indivisible costs can be
saved when installing the second and subsequent units. The larger the number of SMR co-sited units, the smaller the
total investment costs for unit. This factor is applicable also when a new site is opened. Also i this case the obvious
advantages are the sharing of infrastructure and the fix costs (like license and insurances), the beiter utilization of site
material and the sharing of human resources. Moreover, multiple vnits on a single site assure a higher average service
factor than a LR nnit, for a given tofal generation capacity, due to the lower probability of simultaneous, parallel failure
of all the modules. And, finally, the higher number of units allows - through a smart refuelling outages scheduling —
SMRs investors to require less replacement power during plant planned outages. Gf course, more SMR units are
deployed for the same amount of power attained with larger reactors, but both small and large plants can be deployed in
nwltiples at a single site and in fact, several multi-unit sites with thousands of installed MWe do exist. Thus, while in

principle this factor favours the SMRs, a case-by-case evaluation must be done.
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Front end investment — Redced eniry barriers. Specific characteristics of SMRs such as smaller size, simpler
design, increased modularization, higher degree of factory fabrication and serial fabrication of components lead to a
shorter construction time. In fact current projected schedules for SMRs are three years for the FOAK. projected to be
reduced to as little as two years 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 limnited financial resources, therefore for a given size the multiple SMRs allows a larger number of
investors than LR to enter the nuclear generation sector: a lower front-end investment for each module, together with a
staggered construction produce a lower average capital employed.
Table 1 synthesises the distribution of the mentioned benefits across the factors.

Table 1
PP features and their effects: expected contribution fo SMR differential profitability

NPP feature Generation costs Financial costs Market opportunity
SMR Ad-Hoc Factors
Scalability Tvestment defental (+) Market matching (+)
Better cash flow profile (+)
Investment flexibility. Reduced risk premium (+) Market matching (+)
Easier plant-grid matching Market svitability (+)
New design strategy and solutions Technical pmz;ss economies Reduced risk preminm (+)
Co-generation Marsket suitability (+)
Mass production economies Mass production economies (+)
SMR&ELR Common Factors
Size Economies of scale (-)
Modularization Factory fabrication economies +
Modularity Leaming economies (+)

. . i . Co-siting economies (+) ] ]
Multiple units at a single site } ] Reduced risk premivm (+)
Leaming economies (+)

Reduced risk preminm (4)
Front end investment Lower average capital Reduced entry barriers (+)

employed (+)

All the above factors should be taken 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 unique features of SMRs are able to outweigh the reduction of average generation costs
arising from LRs size economies is clearly dependent on the market and production setting. A parametric model will

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

The model performs the economic and financial analysis of a new investment in puclear power plants in the small-to-
medium size range. The scope of the modelling is the investinent in a given tofal power generation capacity, represented
either by a nwiltiple SMRs or by a single LR. We adopt a comparative methodology 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 performmance of the investment 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 governmental, ministry, public administration level) should a
decision to invest in the construction of new SMRs be taken. By now we assume that the objective finction of both
public and public investors is the profitability of investment, rather than its social value. In tum this is an acceptable
assumption, and the investment profitability approximates its social value, if the wholesale electricity market is
conipetitive, 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 assmnption is beyond the aim of present
analysis, but further contributions about it are welconze.

A sensitivity analysis is performed by the Investment Model, to assess the impact of the key variable changes on the
output values. Considering multiple SMRs on the same plant-site, a range of scenarios is considered varying from the
staggered deployment of the power uaits to the parallel, concentrated construction of all the SMR modules.

The output of the Investment Model represent the input of a Multi-aitribute 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 should be
concentrated, but given a country, to evaluate the profitability in selecting the SMR technology. At the same time, the
mode} is not assmned to demonstrate that SMRs are in any case more convenient than large NPPs, but under certain
circumstances such technology can represent the optimal solution for the production of electricity and possibly other
outpuis (e.g. heat, desalinated water).

It has to be considered that several factors are specific of a country, e.g. the labour costs, the raw material (commodity)
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 cerfain scenario and a certain country, but could not be simply

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

structure,
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Fig. 1 - Framework of the general model for the investnent evaluation.

The submodels to be adopted and linked are:

the generation cost model,
the revenite or market model:
the financial cost model:

the invesfinent model;

the external factors model;

N

the multiattribute evalnation model.
The following paragraphs deal with the hypothesis, the objectives and the main features each model should
possess.

In 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 GenlIl and Genlli+ reactor data. The strategy (EMWG-GenIV. 2004a; EMWG-GenlV, 2004b) is similar
to that here proposed and the modules already prepared by EMWG are those related to the generation cost model. While
this is a plant-based model, other “enterprise” models are available for multiple plants including fuel cycle plants and
international 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 fo prepare a plant-based, general-couniry economic niodel, all the itemss 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

Our model is a contribution to a wide effort of modelling the economics of nuclear power generation. This subject
shows a revamped 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 strategies at regional or multi-regional
ievel. All the following are based on the Mass Flow Analysis (MFA).

*  COSI(CEA, France),

s DANESS (ANL, US4),

e DESAE (UNK Group, Russia),

s ORION (NEXIA, UK),

s OSIRIS (NNC, UK},

& PROGNOSIS (Kurchatov Instifite and Minatom, Russia),

s SuperStar (TEPCO, Japan),

s VISTA (IAEA4).
They consider different types of reactors 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
% E .% 8
a A |2 |8 |8 |FE a | 5
Scope
Equilibrin Analvsis v v v v v v v 7
Single Reactor v v v v v v v
Reactor Park v v v v v v v v v v
Dynamic Analysis
Regional Reactor Park v v v v 2 4 v v v v
Multi-Regional Reactor Pavk v v v v 4 v
Mass-flow analysis
Natural U/Th use v v v v v v v v v v
Front-end capacity needs & use v v v v I v v v v v
Reactor core loading v v v v v v v v v v
Back-eund capacity needs & use 4 v v v v v v v v v
Separated material inventories v 4 v v v v v v v 2
Disposal needs 4 v v v 4 v v v v v
Related functionalities
Isotopic composition v v v v v v 14 v v v
Decay heat v 4 v v v 13 v v
Reactor core management v v v v v v v v
Economics
Levelized generation cost v 4 v 4 v
Investment needs v v v v
Cash-flow Analysis
Environntental
Life Cycle Inventory
Life Cycle Analysis
Waste Management
Repository impact v v v v
Socio-political
Proliferation risk v
Availability
Free 4 v
License agreement v v v v v v
Commercial v v

Source: Dave Wade and Luc Van den Durpel, 2000 (Codes for Dynamic Simulation of Nuclear Futures)

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

following costs given as input over the lifetime of a scenario: reactor first-of~a-kind, capital and decommissioning costs,
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fuel cycle front and back end costs, process plant capital and deconumissioning costs, reactor operation and niaintenance

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

the electric power generation cost.

Among the most recent efforts 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 includes a highly detailed foel cost module and is validated
on GenlII and Genlii+ reactor data, Since the model’s purpose is the technology comparison, such as the Generation IV
and GNEP applications, it affords tle cost estimation in “levelized” manner and caiculates the LUEC as the main oufput.

EMWG also provides detailed cost estimation guidelines in the attempt to set a nniform acconnting standard.

Another important reference is the French SEMER, a simplified code for fhe economic evaluation of nuclear
based production systems; fossil-based systems are also inciuded to 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 cirenits in a PWR type of reactor and the fuel cycle models, for PWRS, HTRs

and FBRs, aliowing the cost estimations related to all the steps in the nuclear fiel cycle, including reprocessing and

disposal.

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

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

¢ MAED: evalnates fiture energy demands based on medium- to long-terin scenarios of socicecononiic,
teclmological and demographic development.

s  WASP (Wien Automatic System Planning Package): is used in developing countries for power system
planning. It determines the optimal long-term expansion plan for a power generating systen:. Constraints may
include limited fuel avaiiabiﬁty, emission restrictions, system reliability requirements and other factors.
Optimal expansion is determined by minimizing discounted fotal costs.

¢ ENPEP: is a program evalnation of energy systemn 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.

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

*  SIMPACTS: is a Simplified Approacl: for Estimating the environmental impacts and external costs of different
electricity generation chains, covering health, agricultural, forest and materials damage, airborne and water
pollution as well as solid waste.

¢  Generation and Transmission Maximization (GTMax) model: based on a 1nixed integer linear programming
(LP) approach, it maxirnizes the net revenues of power systems by finding a solution that increases income
while keeping expenses at a minimum. The model computes and tracks hourly energy transactions, market

prices, and production costs.
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generation of desalination water and energy: it enables a side-by-side comparison of different design

s  FINPLAN - Model for Financial Analysis of Electric Sector Expansion Plans.

FINPLAN is intended as a tool for the assessment 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 electricity markets, based on financial performance “ratios”. In addition, FINPLAN
helps to identify the selling price of electricity that would permit payback on investments,

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

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

supply options in Poland for 1997-2020", using the results of GTMax as inputs,

It has to be highlighted that FINPLAN’s architecture appear to be in line with some of the features of the
“Open Model for the Evaluation of SMRs’ Economic Performance” (hereafter, the “SMRs' Model™) here described.
Both base their analysis on projected cash flows and give as an output 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 inflation rates for both domestic and
foreign currencies. FINPLAN lias been revised with input from commercial bankers and other experts to permit
assessnient of energy sector investment options in competitive capital and electricity markets.

SMRs’ Model purposes and features line up with FINPLAN model, but developing in detail the specific
comparative econonlic assessnient between SMRs” and LR technology options. In addition, SMRs™ Model is able to
account for the main external, not-quantifiable factors affecting the investment attractiveness 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 institutional and private investors in their
investnent decision.

To some extent, SMRs’ Model can be considered as a complement of FINPLAN’s purposed investigation.
SMRs’ Model is intended as an “Open Model™ with respect to the existing economic codes, to the extent that it has to
be adaptable to be linked to some of them, to create a more comprehensive and flexible architecture to provide an
exhaustive, detailed, custoinizable analysis tool.

On the base of the available information, the table below shows the links among the SMR's Model and some
of the codes presented in this chapter; if such links could be set they could feed and strengthen the estimation
capabilities of some modules of SMR’s Model.
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maodules of SMRs' Model

GENERATION [REVENUE FINANCIAL  [INVESTMENT [OTHER

codes:  |COST MODEL |MODEL COST MODEL |MODEL FACTORS
COSL 4
paness | ¥
DYMOND
DRESAR ¢
INFC St
OSIRIS 4
VISTA

ORION

PROGNO
SuperStar
SEMER

MAED §
WASP
ENPEP ¥ . ¥
MESSAGHE 4y
SIMPACES ¥
GTMax ¥ 4
IDEEP
HINPLAN ¥

<. | A e A

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

»  Ontput: Total generation costs over the economic plant life (irput fo the Investinent module), and Front end
investment (input to the Revemnvie module)

= Muputs: reactor technology (LR v. SMR). plant size, economic plant life time, construction time, degree of
standardization, thermal efficiency, number of serial and on-site usits, supplied quantities {output of the
Revenue modile), ...

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

specific, and common to LRs and SMRs.

It is the starting and basic model of the set. The imain objective is the e*#‘aluation of the time series generation
costs of electricity corresponding to the plant-scenario to be analysed, given a cash flow expenditnre 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 module should consider both closed, partially open or open fuel

cycles.
The module has to be applicable in the international scenario, hence the insurance, tax and account management

rules should be customisable to the country.

The generation costs can be grouped into four main items:
i) Capital (construction plus interest) costs;
ii) Operation and Maintenance (O&M) costs;

iif) Fuel and Fuel Cycle costs;
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iv) Decontamination and Decommissioning (D&D) costs.

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

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

staggered construction strategies).

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

Working Group (2004, cit.):

-

Simplicify: several SMRs are still in a design and development phase. hence the availability and guality of the
information on costs could be still at an embryonic stage. This implies that complex economic models, as the
USCEA (US Council for Energy Awareness) model 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.

Universality: since SMRs and several new generation reactors in general are designed to be built and operated
even in Developing Countries (Kupitz, 1995), the module has to be customisable 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 miodel handles this by discount rate selection

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

Adapiability: it has to be allowed to link 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, evaluating that costs as a function of the reactor power (scale economy models) or other design

variables.

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

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

estimation of direct costs is needed. Among the available techniques for a simple estimation of the costs in the nuclear

sector, those included in 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 inmovative reactors and esteems the new

generation reactor costs, for which detailed information are not yet available, by means of equations based on the

following base input set:

*

Reactor power;

Number of units on site:

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

Plant life time;

Thermal cycle efficiency:

Labour cost;

Load factor;
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e  Service factor.

Another study (Sultan and Kattab, 1994) evaluates in a parametric way the generation costs as a sum of two
components: the first item is a fimction of the installed electric power (main NSSS and BOP components), the second
item is independent from the size {e.g. service buildings, auxiliary systems, labs, etc.).

At a preliminary stage in the generation cost module developmient, it seens reasonable to use sitnplification
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 nsualty not available, a given expenditure or cash flow profile
{e.g. the cumulative expenditure “S-curve™) during the design/construction/start-up/financing period is assumed, leading
to a “total capitalised cost”, while an anmual, levelised cost for the multi-year operational period over the economic life
is obtained, taking into account the “capitalised cost” amortisation, the D&D fund growth, all the operational costs
expenditure;

ii) at a preliminary stage, escalation cost factors or tables can be avoided;

iii) open fuel cycles and cycles with limited or full recycle can be modelled, but only two types of fuel are adopted, the
initiai core fuel and the reload fuel; the unit costs of fuel cycle services and materials are identical inn constant currency

for the life of the plant.

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

Hence the main macro-items for the costs splitting are (EMWG, 2004; DOD, 1983):

R&D and design costs;

a.
b. License and permifs;

c. Construction;

d. Interests:

e. Operation and Maintenance;

f. Fuel

g. Decommissioning aid Decontamination.

The generation cost model will provide an estimated value for the Levelised Unit Electricity Cost (LUEC, in
currency/MWh), i.e. the value of the total cost for construction and operation of a muclear power plant all over iis

econonzic life, expressed in constant annual values.

In general, the cost generation model is a fofal cost function defined at the plant level. In the short~run the total
cost TC [€] is a function of the supplied quantity ¢ [MWh], the unit size S [MWe], the specific reactor technology T (e.g.
whether LR or SMR) and a set X of other technical and financial factors:

IC=TC(g:5.7,X) '¢))
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Indeed, economies of scale, mass production economies, factory fabrication econoinies, learning factors, co-siting
econoniies and the economic effects of innovation by design can be niodelled deploying variable X and tlms expanding
the equation (1). We assume that the cost function is separable into four components:

- the total capital cost function:

- the total operating cost function;

- the fuel cost function;

- the decommissioning cost function.
Once that the analytical properties of the cost functions are identified, different functional forms can be specified, and
their parameters can be estimated througl: statistical techuniques or calibrated through munerical simulations. The model

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 SMR reactors towards other
nuclear power plants, it seerns of a paramount importance to have them be deeply investigated. Some key factors have

been identified and discussed 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.g. siting activities, licensing); economies of scale may also result from the poorer
operating efficiency of smaller plants (lower thermal efficiency, less personnel specialization). As far as the capital
costs are concemed (ie , 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 § [MWe), the total capital cost

elasticity to the size of generating units is:

o orctirct
n=— )]
85/8
If the » parameters are smaller than 1, economies of scale exist in inrvestment or operation and maintenance; the closer
the » value is to 0, the larger the Economies of scale.
Costs incurred after initial construction inclnde the following itemis: fuel; plant operating and maintenance expenses;
capital expenditures related to facility additions/modifications (ORNL 2003). The latter are investiment costs in nature

and should be included in construction costs.

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

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

Table 2

Secale economies in investment costs

Author Year paraZ’teter Note
[-] 1968 0.75 LWR Total cost
I 1968 0.51 Total cost
McNelly and Koke 1969 0.64 Total cost
Bennett Bowers 1971 0.68 Total cost
Leedy and Scott 1973 04 LWR Direet Cost
Davis 1975 0.47 BWR Total cost
Mandel 1976  0.46 LWR Total Cost
Woife 1976. 0.71 Direct and indirect costs
Comtois 1977  0.86 LWR Total costs
1977 0.76 LWR Total costs
0.8/0.5/ LWR Regression analysis of historical data; marginal statistical significance.

Mooz, Rand 1978 0.7 Different assumptions

LWR Regression analysis of historical nuclear plants; no statistical-significant

Mooz, Rand 1979 1 economy of seale was found

Crowley 1978 0.45 Direct and indirect costs
Woite 1979 04 PWR Direct and indirect costs
Geliring 1979 0.24 LWR Direct and indirect costs
1979 0.49 Total costs. It was used CONCEPT CODE 5

Total costs; source: F.S. Ascliens, Planning Fundamentals of Thermal Power
Fjeldsted 1980 0.59 Plants, John Wiley and Sons, New York (1978) Include allowance for escalation
and interest during consfruction

McMahon 1980 043 Direct and indirect costs.
Nieves at al Regression analysis of historical data; direct and indirect costs and constant
B ﬁ 1l ” 198¢  0.25 dollar interest during construction. For nuclear units Mr, Komanoff found 2 13%
auielie cost reduction in $/kW{(e) for doubled size
Komanoff 1981 0.8 Regression analysis of historical data; direct and indirect costs
McMahon 1981 0.43 Total costs; 0.92 for 100-600-MW(e} oil fired units
Crowley 1981 0.4 Direct costs

Regression analysis of historical data; direct and indirect costs and constant

Nobile and Kettler 1982 0.63 dollar interest during construction,

1982 0353 LWR Direct and indirect costs.
1982 0.63 L'WR Engineering cost estimates
Perl 1982 049 Regression analysis of historical data

Source: Bower ef al. (1983)
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Economies of scale in investment activities are found to hold at a more disaggregated 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, structures or electric systemns play a major role.

Table 3

Scale economies in individual investment items

Cost items n parameter

Direct costs
Land and land rights 0.00
Structures and improvements 0.59
Reactor/boiler plant equipment 0.53
Turbine plant equipment 0.83
Electric plant equipment 0.49
Miscellaneous plant equipment 0.59
Main condenser heat rejection system 1.06

Indirect costs

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

Source: DOE (1988)

The notion of strong Economies of scale at the plant level in nuclear generation is to some extent criticized by more
recent econometric studies.In their study of Economies of scale at the plant level, Marshall and Navatro (1991) revise
the widespread concept of “overnight costs®. Under a definition of capital costs for investment more related to the
econoniic theory, a set of Japanese nuclear plants cease to show increasing returns to plant size for the investment
activities. Rungsuriyawiboon (2004) uses advanced estimation techniques; to sum up investment, fuel and operating
costs for a sample that is more up-to-date than those of previous studies (i.e. US nuclear plants that are observed over
the period 1986-1998). Most of nuclear utilities are shown to have overinvested over time: while short-run economies
of scale are very strong. long-run economies of scale, that is economies of scale net of the effects due to slack capacity
saturation, are present but are by far wesker (similarly to findings obtained by Rhine, 2001, for a set of US electric

utilities at the firm level).*

3 Overnight cost usually refers to the hypothetical, estimated, capital (constmiction} cost of a facility, either a power plant or a transmission line, in
current-year dolHars (say, 2007€) assuming the facility could be built overnight. This is usually the starting point for developing a facility cost estimate,
because the engineer estimates how much material and how many man-hours would be required to fabricate and build the facility, all in current-year

dollars. In the nuclear sector the (fotal) ovemight cost is the base construction cost plus applicable owner’s cost, contingency and first core costs.

Because of power plants may take several years to get permits and other required approvals, and may take other years to construct, escalationfinflation,
interest on borrowed funds and other factors working on the overnight cost cause the final Capital Cost of the plant to actually be more than the

ovemight cost.

* Since the pioneering econometric study by Chrinstensen and Green (1976), a paratlel line of research empirically explores costs at the firm electric

(utility) rather than plant level. Most utilities that have in their generation portfolic nuclear vnits are multi-plant; cost savings other than plant-fevel

economies of scale may result from the reliance upon common corporate resources. Kamerschen and Thompson (1993) estimate that the nuclear
generation costs, net of the so-called “politically determined” costs (eg lcencing delays), may outperform fosstl-fuel generation costs. Thompson and
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In conclusion, a wide body of traditional techno-economic studies provides us with evidence of strong economies of
scale in both investment and operation. Yet the recent applied economic research emphasizes that this result niay be

partially related to biased measures of investment costs or to past over-investments, that frequently result inn 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
coastruetion and operation of SMR umits by the utilities and their contractors. In torn, the replication and related
learning economies are the joint effect of small size and standardization, as discussed and modelied by Lester and
McCabe (1993), David and Rothwell (1996a, 1996b) and Carayannis (1996). Irrespectively of the plant size, this
allows the investors which adopt SMRs to hopefully experience lower average investment costs and lower average

operating costs than investors who adopt LRs.

Let N°, NU and N” be, respectively: the number of SMR units already 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 utility and its
contractors throughout the same utility’s plants in the past years, the number of units of the same SMR concept
produced by the supplier inn the past years and offered to other utilities throughout the world. The sum is equal 1o the
total number of units of the same SMR concept already supplied and constructed, V. The total capital costs 7C' [€] is a
function, among other things, of the plant size S [MWe], the cumulated numbers of world, utility and site units NT NV,

and M the total investent cost elasticity to ¥, i={W, U, S}, is:

e ke ;
I'=——————,for N' >1. @

ON'IN
If the [ parameter is smaller than 0, given the plant size, economies of learning are said fo exist in investment costs.
Nonetheless, it is well known that the learning effects are especially strong for early uvnits and are diminishing with

respect to the cumulated number of instalied units; accordingly:

oMTCe I TCY) N

- - 5
G ®

<0, and

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

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

the mumber of LRs installed to have the same power

Wolf (1993) confirm that differences exist and enlighten the role played by the region of plant location. Rhine (2001) finds that economies of scale at
the firm Ievel are overestimated by previous works; with both nuclear and fossil-fuel technologies, electric utilities tend to overinvest.
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Second, the SMR units that are installed in a certain site allow the firm to benefit from three-level learning economies,
that is, from cost-reducing effects related to the supplier’s, utility’s and plant organization’s cumulated experience. The
SMR units that are installed in the utility’s other sites bring in learning economies that are originated by the cunmilated
experience of both supplier and utility. As a consequence. we preliminarily 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 Ziminerman (1982) and Carayannis (1996).

P<i¥ < <o. )
where:
= site learning economies
1¥= utility learning economies

™= world learning economies

4.1.3 Design strategies and innovative solutions

Shepherd and Hayns (1991). Schock et al. (2001) and Miller (2005) illustrate why the technical solutions that are
embodied by the SMR design are able to reduce the investment and operating costs, for a given plant size. The most
relevant elements 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, construction and operation (see Langlois 2002 for a general
discussion of the effects of standardization through design modularity): furthermore it is worth mentioning that the
standardization enables suppliers and utilities to reap more rapidly the learning econoniies (David and Rothwell, 1996a,
1996b; Carayannis 1996).

At this stage of the research, the nature and role of standardization have still to be analysed and inodelled. The safety by
design approach leads to elimination. or substantial simplification. of both the active and passive safety systems,
compared to 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 upkeep of property and equipment of a nuclear power plant. These are inclusive, but not limited to, the

following (Sullivan, 2004):

- Actions focused on scheduling procedures, and work/systems control and optitnization;
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- Performance of routine, preventive, predictive, scheduled and unscheduled actions aimed at preventing

equipment faiture or decline with the goal of increasing efficiency, reliability, and safety.

Synthesizing, O&M costs are all the costs of operating and maintaining the plant in keeping with the best practices
available, excluding 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., 2004):

Generation IV Forum provides an annualized O&M code of accounts description (EMWG, 2005):

COA Nuumber Description

710 Operation and Maintenance Staff Includes ail O&M personnel assigned to the plant site.

720 Management staff Includes all management personne! assigned to the plant site.
730 Salary related costs Cost of pensions and benefits, including worker's compensation

insurance, provided for the on-site and off-site staff. The method of

calenlation will vary by nation. In some couniries these are “social” costs

740 Operations chemicals and lubricants Can consist of a mix of variable and fixed costs. Includes non-fuiel items
such as resins, chenicals, make-up fluids. Inchides costs of management

disposal of operational radioactive waste

750 Spare paits Purchased spare parts for operations of plant
760 Utilities, supplies, and purchased Consuinables operating materials and equipments, rad-worker clothing,
services office supplies. Can consist of variable and fixed costs. Consists of

materials and other vnrecoverable 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” annual costs for this category
will depend on their regulatory envirommnent. Also inclndes purchased
activities by personnel not assigned full time to the plant site; e.g. safety
reviews, off-site training, environmental monitoring, meteorological
surveys, power planning, fuel studies, and other owner honie office
activities directly supporting the plant. Some plants now use off-site

crews for “confract refueling”

770 Capital plant upgrades Total cost of large capital item that must be purchased after commercial
operation start {e.g. steam generator replacement), averaged per year over

the economic lifetime of the system. Can be estitnated as a % of the base

cost per year

780 Taxes and Insurance Costs for commercial and government liability insurance, property

damage insurance, and replacenient power insurance. Includes property

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

790 Contingency Annualized O&M costs | Allowances for contingency costs for the desired confidence level of
O&M costs.
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The detailed account description could be particularly useful in a bottoni-up approach: this is not the case of SMRs, that
are in an early stage of development. It looks more appropriate to focus on some cost drivers that lead O&M costs: one
of them, i.e. 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, 1995) (Fox, 1996), economy of scale is also
the almost unique driver for O&M costs; to this end the same methodology nsed in capital cost can be assumed.
Further drivers specific for O&M costs are discussed in the following:

Multiple Units in single site: the presence of one {or more) additional unit surely is a lever for the O&M cost

conmpetitiveness of SMRs. In fact some advantages can be obtained:

a) "Sharing “non-power” structures and related staffing: all Administrative and General expenses are not directly
related to the number of nnits in the plant.
b) Reduction of licenses, taxes and insurance costs: some of them are “una tantum™ expenses not depending on

the presence of one or more units in the site.

On the other hand, it should be considered that Operating and Maintenance costs depend on the compliance with
staffing requirements and safety standards set by the Regulatory Commiission: for this reason, the SMRs' O&M cost
savings could be lower than expected.

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

power function, as proposed by Bowers et al. (Bowers, 1983). could be correctly applied.
O & M= f(size)#units"

Reactor Technology 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 requirements and different related
costs. Some studies (Fox, 1996) found a statistical relevance of the plant technology, specifically in the comparison of
PWRs and BWRs. When appropriate, also this factor should be taken into account.

Plaut 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 outages 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 (Dominion, 2004) and reduces the capacity factor with an associated opportunity cost (loss of power

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

CF = Availability - AveragePowerLevel

Where:

- POH = planned outage hours per year for fuel substitution;

- FOH = forced outage hours, related to safety or public health requirements;
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- Average power level = NPPs, to minimize the high investment costs, are used to work at full (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 fuel

Availability =

cycle extension limiting plant ontages with a reduction on the specific O&M annual cost in $/MWHh.

Technical & Design saving: the safety by design approach, described in the Capital Cost section, can provide
advantages also in the O&M costs with a fewer number of maintenance operations. At this stage, as for the Capital Cost,
the nahire and role of standardization have still to be analyzed and modelled in detail.

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

A further factor that seems important for a cost analysis is related to plant age, which is a controversial issue
(EIA, 1995) (Fox, 1996) (Hewlett, 1991) (Hewlett, 1992) (Rothwell, 1990) (OTA, 1993) (Piper, 2007) (WNA, 2005).
Some of the operators argue that plant O&M costs dramatically grow after a “break-ity” point located at the very end of
the plant planned life, when the major components begin to fall. On the other hand, some critics think that the aging
process begins early in a plant's life and can be observed over most of its life. Actually, 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 sanie design life.

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

] = f(pls/e)4(CF)

O & M cosf? $
MWh
where;
g . A
= g(szze,mzztsnmnber,reacz‘onj)pe,...)
kWe

¢(CF) = W plannedoutagehours, forcedoutagehours)

4.3 The Fuel Cycle cost model

The third part of the Generation Cost model inchides an evaluation of {he fuel cost for nuclear power plants,
which covers about 10-15 % of the Levelized Unit Electricity Cost (EMWG, 2004a) (EI14, 1995) (DOE, 2006). The
operations associated with the nuclear fuel cycle and the corresponding waste typically extend of a period of between
50 to 100 years, from mining the uraninm ore to finally disposing of the high level waste (NEA/OECD, 1994). The
nuclear fuel cycle can be divided into three stages: front-end, at-reactor and back-end. These, in turn, can be sub-
divided into more specific components (Cameco, 2008).

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

conversion to uraninm hexafluoride; enrichment; and fuel fabrication. Obviously, the at-reactor stage covers the use of
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new fuel assemblies into the core where the pellets can remain from 3 to 5 years, depending on the selected refueling
schedule. For an appropriate cost evaluation, two back-end options should be considered: the first is based on prompt
reprocessing of the spent fuel and the recycle of recovered uranium and plutonium {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 appropriate to perform a more detailed
analysis on the two major Fuel Cycle Cost accounts, i.e. uranium purchase and enrichment cost.

Uranium Markets: depending on the prices, uranivm purchase can give a large contribution of the Total Fuel
Cost for a plant. Uraniuin spot prices apply to marginal trading from day to day and usually represent less than 20% of
supply. Most trade is 3-7 year terin contracts with producers selling direct to utilities, but with the price often related to
the spot price (WNA, 2007) (AUA, 2008). Thus, particular attention has to be paid to the volatility of the price, which
in part depends on the perception of imminent scarcity of the material (NEA/OECD, 1994).

Enrichment cost: the mass separation of Uranium-235 from U-238 can be obtained with many different
technologies: some of them - gaseous diffusion, gas centrifuges, jet nozzle / aerodynamic 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
enrichment cost will be different. Beside that, enrichment cost is mainly driven by the enriched U-235 percentage: the
higher the U-235 percentage, the more expensive the enrichment process cost. Under this point of view should be taken
mto account that SMRs have been designed to have a slightly liigher ratio of U-235 on U-238 than LRs.

Considering the imipact of fuel cycle cost on SMRs competitiveness, some conclusions can be drawn:

- All Fuel Cycle cost accounts. except emrichment cost, are comunon factors alsc for evaluating the
competitiveness of SMRs towards Large Size Plants. Since SMRs have been designed to use more enriched
uraninm than LRs, useful information could rise up from a more detailed analysis of the specific uranium cost
$/kg on the U-235 enrichinent 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 model

The process of dismantling a NPP, called decommissioning, is necessary because, following the removal of the
plant's spent fuel, a significant radiation hazard remains. Therefore the purpose of this section is o investigate the costs

connected to the decommissioning.

From a general point of view the main frame structure of deconunissioning cost estination consists of 6 cost groups

(KwanSeong et al. 2007)

1. “Preparation and Project Management’’: includes all the activities carried out during the preparation and
managenient of the actual decommissioning.

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

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

decontamination and dismantling operations.
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4. *“Waste Processing and Management’': includes all the activities related to the treatment, processing, packaging and
temporary storage of thie decommissioning wastes,
5. ‘‘Site Restoration™: covers all the activities related to the residual radiological characterizations and site restorations.

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

In order to estimate deconunissioning costs many aspects considered for the capital cost still apply. This aspect is
consistent in particular with the NEA/OECD (NEA/OECD 2003) study indicating the 14 main cost drivers influencing
the decommissioning cost. Considering the main goal of our 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 firsts.

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

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

Labour costs

Social and political factors

Type of reactor. Reactor types influence the decommissioning cost, because there are significant physically differences
between them. For example the size of LWR reactors is smaller the gas-cooléé reactors; BWR reactors have steam

turbines that are contaminated with radioactive substances whereas other reactor types do not.

Size of reactor - Economias of scale. The size of the reactor (combined with the Type of reactor) leads the quantity and
the nature of the radioactive waste that results from: decommissioning, as well as the scale of disinantling required. Here

apply the consideration for the economies of scale already presented.

Number of units on the site - Learning economies and Co-siting economies. Also in this case all the considerations
provided for the capital cost apply. Experience is essential in order to reduce the risks and costs. This embraces the
adoption of a definitive strategy, the necessary planning and preparation, setting up the right organisation with defined
responsibilities, and knowledge of the right technology for the job with access to the appropriate specialists. For
example the BNFL approach is to set up a dedicated and experienced Decomunissioning Project Team. This is headed
by a Project Manager who is responsible for ail decommissioning work on site, and reports to the Plant Manager who is

the ‘client’ and retains responsibility for all regulatory aud site safety issues. (Walkden and Taylor, 2001).

Operating history. The operating history might have an iinpact on deconunissioning for three reasons.
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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 events can
result in the dispersion of alpha-emitting radionuclides within the primary circuit that will complicate the
decommissioning and dismantling process

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

A safer reactor (like many SMR) can drastically reduce 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 of waste — The quantity e quality of radioactive waste resulting from decommissioning can vary significantly
among different design type. In particular the SMRs seem produce a lower amount of waste. For instance, considering
the IRIS case “...The reactor vessel can act as a sarcophagus for the reactor internals, (i.e., the irradiated iternals,
minus the fuel, can be left inside the vessel), tlms greatly simplifying deconunissioning and transportation.” And the
internal shielding “...Provide sufficient gamma shielding to limit the dose outside the vessel from activated internals
(barrel, lower support plate) to make it easier and more economical to perform periodic in-service inspections and final

deconunissioning and disposal” (Carelli, 2003)

Availability of radioactive waste repositories. Decommissioning produces significant quantities, and different types. of
radioactive waste that will ultimately require disposal in a suitable repository. Sonie repositories will be able to
accommodate large packages, including whole reactor vessels. others will only accept mich 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 smaller, both like overall dimension and components (modules), it seems reasonable to assume that

will be easier to find more available repositories.

To get an order of magnitude of the deconunissioning cost the NEA/OECD repoits the cost estimates of 53 reactors,
with sizes ranging from less than 10 MWe to more than 1000 MWe. In order to quantitative asses the deconunissionig
cost of a generic NPP there are database such as PRICE (Manning and Gilmour, 2002). PRICE present an hierarchical
approach that can be used to identify costs in key ‘Areas’. Estimates are produced at various stages in the lifecycle of a
decommissioning project and these are related to the approach adopted for their study, planning and implementation. A
reliable estimate 1s essential for subject charged of the decomumissioning cost, since a fundraising is required to cover all
the cost which occur during the decommnrissionig phase. In fact in nearly all countries, the operator/utility is responsible
for the decommissioning costs. However. in cases where nuclear power plants are state-owned, the responsibilities may
be distributed between the operator and the state as owner.

In the United Kingdom, the government was directly responsible 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 future management of nuclear liabilities.

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

easuring 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

their electricity custoners over the life of the plant, and deposited these fees mto separate funds managed by external

financial managers (Williams, 2007)

¥

THE REVENUE MODEL

Ouiput: Total revenues tine series over the plant life (input to the Investment iodel)

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

Parameters / forecasts: electricity consunption and its spatial distribution {(levels, growth rates, variance /
stanidard deviation); wholesale electricity price and / or market structure (installed capacity, reserve margin and
supply mix, conceniration indexes and niarket shares, spot 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 eutlooks; they are country-

specific, and conmmon to LRs and SMRs.

This component aims at modelling at a certain 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 and supplied quantity) is beyond the scope of this effort. Some pre-existing outlooks and models of the

wholesale markets for electricity and other co-generated products can be adopted and integrated.

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

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

consumption of electricity (MWHh) at regional, national and local level over the economic plant life; one the
one hand, one can refer fo forecasts offered by the yearly electricity outlooks by IEA (International Energy
Agency, Electricity Information or World Energy Outlook} or EIA (US Energy Information Adminisiration,
International Energy Outlook); on the other hand one can integrate p;e-exisﬁng macro-econometric models
that estimate the relationship between economic growth and electricity consumption from tlie public domain
economic literature (among others, see Burney 1995; on energy consumption and econoniic growtl, see among
others: Paul and Bhattacharya 2004, Lee 2005 and 2006)’; v

wholesale market price for electricity (e.g. €/MWh) over the economic plant life; given the typical NPP time
horizon, long-term price parameters and forecasts are likely necessary rather than short- or medivm-term ones
(that is, from some days up to a limited number of years); as a consequence it is worth refraining from a time-
serie black-box approach: on the one hand one can limit to include parametric country-specific price trends

{decrease/increase rates and variance), and to carry out sensitivity analyses and to calibrate them against the
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expert opinions and public domain outlooks; on the other hand one can attempt to integrate pre-existing
models of the wholesale electricity markets (see market structure drivers, infia)

» alternatively to electricity price, market structure drivers (total installed capacity. reserve margin, supply mix,
concentration indexes and market shares, spot power exchange v. long-term bilateral contracts. ...): the
Revenue model will elaborate the market structure variables and demand estimates to obtain the electricity
price estimates; a computational approach that explicits the market structure and rules and conducts of
national producers is Zhiyong and Ilic (2006): among other examples, see also 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 Energy Modeling Systen: (EIA 2006a).

Finally, some simpler short- and medium-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 “typical day”
approach allows the selection of the historical days closer in belhaviour to those under forecasting. The system allows a
high degree of configuration options for the “typical day” parameters, e.g. the season, the climatic data, etc. It is
considered a reliable outlook systen1 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 medium-long tern. if historical data referred to 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 data set is available, as well. It offers good results when
data on enviromment and temperature are available for the market estimation. Other models are based on autoregressive
moving average methods. These models produce the estimation series as a linear combination of the historical supply
profiles and the profile of historical errors in the past estimations (Bezdek and Wendling, 2000).

Once the appropriate ancillary models and outlooks have been identified, and their integration has been proven to
be feasible, the Revenue module can import fiom 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 origin of SMR differential revenues.

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

R=R(Q,porMS,S5,T,Y) (6

The Y inputs include the load factors, the national electrical grid and the fronf-end investinents; these variables,
given the plaut size S, the reactor technology R and the national or local consumption estimates Q (which are provided
by the ancillary models and outlooks), aliow the Revenue component to work out an estimate of electricity quantities
supplied by the plant (ie an intermediary variable q). Revenues are then computed as the product of plant electricity
supply (ie ) and wholesale electricity price, which can be either directly offered by the ancillary models and outlooks
(p) or elaborated by the Revenue miodel given the market structure drivers MS.
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Other revenues coming from non-electric products can be added up to the electricity revenues, e.g. lrydrogen,
desalinated water (Tewari 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 estimates for co-generated
products (which shounld be provided by anciilary outlooks and models).

In order to gange the role played by the 'Y variables in determining the plant-level quantity of supplied electricity
(in particular, the reactor techuology, plant size and load factors, the national electrical grid and the front-end
investments), the departure point is the SMR imarket matching ability and market spitability implied by scalability,
flexibility, easier plant-grid matching, reduced entry barriers, as discussed by Section 1.

First, shorter construction timnes 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 (Chiapman and
Ward 1996; Gollier et al, 2005). In particular, under steady demand and price trends, the SMR scalability allows: (i) to
defer investments and to save financial costs, if the demand growth rate is low; (ii) fo stagger investiments and not fo
lose early revenues, if the demand growth rate is medinin; (i) to anticipate investinents {and to have financial costs) yet
to reap anticipated 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
suitable than LR counnterparts fo country transmission grids that are incipient, constrained or fragmented; in such cases,
the easier grid matching of SMRs allows the irvestors to reap revenues that would be otherwise foregone. Third, a
different entry-barrier is the huge size of front-end investments for LRs. which are likely to undermine the entry ability
of several small-medinn investors; the smaller front-end investments of SMRs allows exactly this class of investors to
reap revenues that would be otherwise foregone.

At this stage of the research, the nature and role of independent variables in (6) have still to be analytically
represented. In general terms, and similarly to the analytic approach described in 2.2 for the Cost Generation moduile,
we are interested in the differential contribution of individual inputs to revenues; in particular the elasticity of revenues

to individual Y variables for the specific NPP technology are worth being obtained:
y _OIR/TR
T7 or/yY

6 THE FINANCIAL COST MODEL

M

Y

¥

o

v QOufput: weighted average cost of capital (input to the Investment model)

x  Inpufs: Investor-specific equity and Front-end investment (output of the Generation cost module, financial
gearing {debt / equity ratio), project and external risk estimates {output of External cost moduie)

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

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

SMRs.

8 As discussed in Section 2.2, over-capitalization with slack capacity is quite typical of electric utilities that have adopted LRs. This may well be a
signal of the sunk nature of LR investmmenis.
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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 source of financing is weighted through the WACC (Weighted

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

E
WACC=K,——+ K1 -¢ 8
2D+E d( ) ()

D+E
where the necessary inputs are:

¢ the equity amount (E) invested in the project;

¢ the financial gearing (D/E) of the project;

e the rate of return required by shareholders for the equity (K,):

# the interest rate required by debt-holders (Ky):

e the tax rate (1).

The cost of capital is a critical parameter of an investment econonic appraisal. Sensitivity analysis shows its
dramatic irapact on the value of financial perforinance 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 antnities, ete.

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

generation costs.

Several sources of financing can be employed in a technological and capital intensive project and each source of

financing has its specific cost, set as a minimmum rate of return 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 utilities), structored/project finance
divisions from banks, private equity funds specialized in renewable energy. Institutional investor
conunuuity (e.g. pension funds managers. etc.) is increasingly interested in renewables through
specialized long term funds, but it can be assumed that they don’t invest at the level of individual
project activities on the ground.

2) public funds: project developnient grants, public owned equity finds, ete.
The cost of capital depends on the financial 1isk 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 outcome of licencing, innovative technologies behaviour,
social acceptance. political climate, costs and liabilities in decontamination & 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 compared to other industrial technologies.
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In some cases, private stakeholders of a project are able to build innovative and efficient investment scheies to
lower the financial/industrial risk. In this framework it is worthwhile mentioning the Olkiluoto (Finland) current
construction of an 1600 MWe EPR. In this case the shareholding base is formed by electricity producers, distributors
and industrial users, in a sort of consortivin where the absorption of the entire electricity production is assured at a fixed
price through long-terin sale contracts. Low-price electricity is supplied inn exchange of low rate of return required for
the equity invested. Moreover the reduced financial risk of the project on the revenue side, translates 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
may be perceived as unacceptable by private investors or acceptable at an unrealistic investment yield required to cover

them, thus resulting in an out-of~market unit generation cost.

From these considerations stems the opporhunity of a public support to a NPP project, under different forms, in

accordance with international (OECD agreement), Furopean (for infra-community coutracts), and national regulations:

Table 5
Possible forms for a public support of a NPP project
DIRECT INDIRECT

co-financing of the project through “soft | public guarantee on private lendings;

loans”;

capital grants; public insurance on export financing;

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

Climate Change Levy,

revenue support schemes:

~renewables portfolio standards with Renewable
Electricity Certificate (REC) trading;

~fixed price schemes (feed in tariffs);

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

public financial lability on waste treatment and

disposal.

The public direct financial participation coniribute to ease the financial distress of the project, while public
indirect support aims to “cap” the financial liability of private investors andfor 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 private stakeholders, the public investor’s focus and goals are not primarily linked to the project
financial profitability, but rather to social welfare (i.e. the development of a strategic industry, or the creation of

qualified employment, etc.).
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Either as a shareholder or as a lender in the funding of the project, the Public Investor should aim to the financial
soundness of the investment without burdening the cost of capital with an extra-profit requirement.

The literature offers two main views about the cost of public sources 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. governinent bond of
same duration than the project): the “economic theory” that focuses on the social preference rate as the most suitable

rate or return for a public 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 rigk-free rate,
the risk premium for equity markets, equity beta (an indicator which relates the industry-specific risks to the market risk
premium) and industry interest rates.

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

e pure financial risk factors /risk of default)
¢ industrial/operational risk factors, stemming from operating and capital costs risk factors, revenues risk

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

Tadle 6
Risks Factors of a NPP project

FINANCIAL RISK FACTORS INDUSTRIAL / OPERATIONAL RISK FACTORS
Cost (pperating and capital) risk factors |Revenues risk tactors JExternal risk factors
fgearing overnight construction costs overrun construction time overtun regulalory changes once funds committed
capital employed plant failures: cost of repair / substitution Kwe price trend social acceplance (NIMBY)
interest coverage ratio decommissioning cosls uncapped Kwe price volalility licensing duration and outcome
pay back time / debt duration  fwaste digposal liabilities uncapped revenues from co-generated products
O&M / fuel costs higher than eslimated service faclor lower than expected
design modification during licensing / construction faccident plant selzure
/ operation
foad factor lower than estimated
'mducud operational life

The exposure to the industrial/operational risks is as high as is the financial distress of the project, which is
usually measured in terms of gearing, interest coverage ratio and pay back time. The rigk aversion is increased by the
amount of capital invested (either debt or equity), that represents a sunk cost for the enirepreneur in case of adverse
conditions.

The risk perceived by each category of investor (i.e. sharelolder or lender) is factored into the cost of the
respective financing. In particular, the most credited theory to estimate the rate of retun required by shareholders for
their investment (Equity funds) is the Capital Asset Pricing Model, that relates the cost of equity (Ke) to the risk fiee
rate (Rf), the market average risk rate (Rm) and the P parameter, that represents the risk of a specific industry versus the
risk of a balanced market portfolio of industries:

Ke =Rf+ g x (Rm - Rf) 9
The difference (Rmm ~ Rf) represents the risk premium required to invest in a project with an average industrial

risk.
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A stock exchange index return is assumed to represent the market risk rate and the rate of return of a treasury
bond of comparable duration to the project lifetimne is assumed to represent the risk free rate. This risk free rate should
refer to the country where the NPP project would be based, as to include the sovereign risk of the country, defined as
the risk that a government will default on its loans or fail io honour other business commitments due to change in
government or policy (“The WACC User’s Guide™ — UBS, 2005). The sovereign risk accounts for external risk factors
that are conmmon to all kind of business and not only to nuclear technology; sovereign risk can be measured considering

Euro denominated sovereign debt yields of a specific couatry.

B is the most critical factor in the Ke estimation: it is calculated as the slope of the linear regression of dividend-
adjusted stock returns against market refurns.

For a private company or project, or a business vmnit, a reference can be set by an industry B, based on the
assumption that the systematic risk is similar for ail businesses in that industry (UBS, 2005).

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

Nonetheless it is hardly possible to represent the risk of a specific NPP project fwough the indusiry assets f
parameter because the sample of peers selected in the § estimation would hardly represent a reliable proxy of the
specific project characteristics (i.e. innovative technology). The sample may run diversified activities in othier related or
unrelated industries, whose impact on the share volatility could tamper the risk analysis. Indusiry asset B should also
account for external risk factors 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 attifude of governments towards
nuclear power generation.

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

Pe=Ba X (E+D)E (10
All else being equal, a highly geared project might be expected to have a higher financial risk, stemming 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 distributors l\)y the UK energy regulator). This results in a higher equity p and a conseguent

higher cost of equity.

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

The academic studies attempting to empirically explain corporate bond rates are sparser than for equities. Elton
et al. (2001) find that risk aversion is responsible for most of the bond premium and that expected default premiom is
respousible for the least. Bond rating firmis, most notably Standard and Poor’s and Moody, appear essentially to

‘evaluate default probability.

The lack of widely accepted models relating debt premium to risk letting the ground to case-specific negotiations
between shareholders and lenders. Neither the industry 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 premium. To estimate the financial soundness of the project, a sort of “financial

rating” may be measured by some key financial indicators as:
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¢ amount of the loan,
¢+  gearing of the project,
+ cash flow ratios: interest coverage ratio, cash flow from operations/ debt amortization. ..
*  debt duration.
In general, the higher the amount 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 amount of capital invested would transiates in a high risk exposure to the nuclear or the power generation

industry, or to high technology. long termn 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 less than the rates of return 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 would be plausible for the market to finance a nuclear plant, (a lower premiuin of 1% in the long
term, if a nuclear programme became established).

Oxera (UK, 2005) estimates the interest 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
in a 12% return rate and 7% interest rate.

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

Other sources (see Generation IV EMWG-Economic Modeling Working Group, 2005 and NEA (Risks and
benefits of nuclear energy, 2007) agree on defining two cases and two relating discount rate: 5% discount rate would be
appropriate for LUEC calculation for plants operating under the more traditional “regulated uwtility” model where
revenues are guaranteed by captive markets; 10% discount rate would better apply to a riskier “deregulated” or
“merchant plant™ environment where the plant must compete with other generation sources for revenues. CESI itself

identifies a public supported investment 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 investment analysis in the nuclear industry remains
a matter of bold judgement and a very sensitive parameter on the outcome of the analysis, which depends, among others.

on a variety of country-specific and time-dependent factors (L.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 arise, since risk enhancement / mitigation factors can intervene in the Ky, K, and D/E ratio could change in the
strategy of a company or a government towards a SMR vs. a LR project. The analysis will be centered around the
reduction of financial costs implied by the SMR scalability, through investment deferral, and reversibility, through

reduced risk premium. as discussed in Section 1.
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In addition the Financial cost model should integrate risk enhancement / mitigation 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 country- and industry-specific interest 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 illustrate the basic WACC model, or adapt it to the electricity industry; these models can
be integrated or adapted within the Financial cost model. See among others: the guidelines by the UBS investment bank
(UBS 2005), the capital budgeting model of the US EIA’s National Energy Modeling System (EIA 2006b), and the
analysis for regulated electricity distributors by the UK energy regulator (Ofgem 2004).7

A comparative analysis may be developed considering a single LR or mwitiple SMRs, with the same total
generation capacity of the site. Different scenarios may arise for the SMRs™ case ranging from a best scenario of
_staggered construction of SMR 1nodules, to a worst scenario of parallel, concentrated construction of all the SMK
modules.

In the latter case, parallel construction of all modules causes the loss of important leaming economies during
construction and installation, leading to higher overnight construction costs per KWe installed of SMRs vs LR. Lower

construction time still have a positive impact on IDC and early revenues come fo relieve financial leverage, but the

capital invested may be comparable or higher than LR plant:

Financial enhancement factors emerge in the staggered construction scenario, where the scalability of a cluster of
SMRs allows a lower average capital employed and smoother cash flow time series over the construction period. Cash
flows from early deployed units represent a financing source for the construction of later SMR modules in the site, thus
relieving the financial distress of the project.

‘ A more balanced cash flow profile produced a lower financial leverage of the project. Moreover, lower lead time
for the deployment of each module accounts for a lower total Tuterest During Construction for all SMR modales.

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

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

of both shareholders and lenders.

About the cost of Equity it can be argued that the enhancement of the financial gearing of the SMRs project may
reflect in a lower financial risk for the shareholders, thus allowing a lower rate of return required for the equity
financing through a lower Equity B.

Nevertheless, from the shareholder perspective, a comparative assessment of the two projects’ financial
performance cannot be performed unless the same rate of return 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 enhancement of 2 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 premiums (spread on risk free rate).
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The financial 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.

In addition to the financial risk-enhancement factors, we are able to identify other industrial/operational risk-
enhancement factors, based on SMRs’ concept specific features.

Investment flexibility, represents a valuable option for investors facing price uncertainty 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 imore aggressive market strategy with a lower entry electricity price than required by a LR,
thus reaping additional revenues (see Gollier et al. 2005).

Flexibility and market matching capability are of capital importance to cope with revenues risk factors, with
nuclear generation technology being a “price taker™, baseload resource, dispatched early in the merit order and therefore
exposed to the revenues fluctuation of electricity price deterinined by peak-load technologies (i.e. gas and carbon).

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

Integral approach and techsical 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 lifetiine (i.e. load factor), thus resulting
in an extended revenue base than LR.

For a given plant size, multiple units assure higher plant reliability due to lower parallel failure probability, while
increased inherent safety features of SMRs account for a higher service factor and therefore a lower probability of loss
of revenues due to plant stops or seizures. In addition, these features have a positive impact on the Probabilistic Risk
Assessment (PRA) of the plant: a lower scale of the worst accident scenario allows to reduce the Emergency Planned
Zone (EPZ) for a SMR plant. This may have a positive impact on social acceptance and may increase the market
opportunities from co-generation capability of SMRs. Indeed, co-generation of product/services (i.e. water desalination.
district/industrial process heating, hiydrogen, ethanol production, etc.) benefit from proximity to users.

New design strategy for SMRs provide higher integral and modular approach, leading to an easier, more
standardized plant decommissioning and spent fuel management, 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 and speed the Heensing procedure.

Factors increasing the industrial soundness of the project, also initigate 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 SMRs’ vs. LRS’ concept.

Tab 7

Risk factors and enhancement fuctors by SMRs
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Financial risk factors

source of risk enhancement for 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

scalability:
(1) lower average capital employed with staggered construction
(2) < financial exposure by the Jenders

scalability and shorter lead times: more balanced cash flow profile
with staggered construction and deployment

scalability: Jower PBT / debt duration in case of parallel
conshruction;

no enhancement in case of staggered construction

overnight construction costs overrun

plant failures: cost of repair / substitution
decommissioning costs uncapped

waste disposal liabilities uncapped

O&M [ fusl costs higher than estimated
design modification during licensing / construction /
operation

Revenues risk factars

construction time overrun

Kwe price trend
Kwe price volatility

revenues from co-generated products
service factor lower than expected
accident plant seizure

load factor Iower than estimated
reduced operational life

External risk factors

regulatory changes once funds committed
social acceptance (NTMBY)

Ycensing duration and outcome

modularization and modularity: higher standaxdization and
better construction cost control

multiple unit on a single site: higher service factor

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

new design solutions, i.e. integral and modular approach: easier
high activity waste management

no enhancement by SMRs

higher standardization: Iower ad-hoc design modification risks

modularization and modularity: higher standardization and
better construction time control

scalability and flexibility: better market matching

Investment flexibility: adaptability to uncertain market condition

reduced EPZ and plant size allow market proximity and increase
opportunity for co-generation

multiple unit on a single site: higher service factor: lower risk of
loss of revenues

multiple unit on a single site: higher service factor: lower risk of
loss of revenues

new design solutions: better Ioad factor over plant lifetime

new design solutions: higher expected operational life and plant
quality of performance kept all along plant lifetime

scalability: lower sunk cost in case of adverse conditions

new design solutions: reduced scale of accidents and reduced
EPZ

higher standardization may ease and speed licensing procedure

7 THE INVESTMENT MODEL

This module deals with the investment evaluation. The needed inputs are:

s the annual cash out-flows, coming from the generation cost model, and cash in-flows coming from tlie revenue

model;

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

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

indicators indicators:

+ the net present value (NPV);
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o  the internal rate of return (IRR);
s the pay back time (PBT);
e the profitability index (PI);
s the levelised unit electricity cost (LUEC).
Traditionally. the economic research on nuclear power generation focused on the generation costs and the LUEC
calcolation: the LUEC is a suitable reference value for a technology comparative assessment and is a traditionally
referenced value to support policymakers’ strategy for regulatory/subsidy design.
But it happens that industrial projects, even if proven as cost effective throngh the LUEC criterion, may not be
undertaken if estimated financial return is not as high as to secure the market risks faced by private investors. In
competitive. free electricity markets, investnment decisions are made by private companies seeking to maximise return
on investment, subject to acceptable levels of risk and regulatory constraints (Gross, Heptonstall, Blytlh. 2007).
Recent studies (see Oxera, 2005) and modelling efforts (i.e. FINPLAN and DANESS codes) approach the economic
attractiveness of an investment not only from the generation 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 investinent in SMRs vs. LR. based on a full set of financial performance indicators.
In particular:
® Pay Back Time is an important indicator of the financial sounduess of an investment project and is a very
sensitive parameter in the nuclear industry, where very long construction time and very high up-front
investment produce a tight financial distress and typically long debt duration.
s The IRR represents an investinent recovery rate that can be checked against a minimum, risk adjusted hurdle
rate set by the investor, to evaluate the project financial attractiveness.
The Public Body either as an investor or a policymaker should either assess the financial viability of a direct investinent
intervention in an industrial 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
investment criteria adopted by private investors (i.e. financial return and risk mitigation) basing its policy design

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

8 THE EXTERNAL FACTORS MODEL

A thorough analysis should entail not only the guantitative parvameters directly connected fo the costs and
revenues, but also the external factors affecting the evaluation of an investinent.
Among them the following can be cited:
s the risk offered by a change in the licensing rules/process and. in general, derived from political crises;
* the envivonmental laws (e.g. carbon tax, local emission constraints);
*  astrategic security of supply;
s the degree of proliferation resistance;

¢ the level of physical protection, including that from terrorist attack;
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s the trend in the macroeconoinic parameters (fax rate, inflation rate);
s the confidence level in the social acceptance, e.g. enhanced by technical solutions as the Einergency Planning
Zone reduction or elimination.

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

9 THE MULTIATTRIBUTE EVALUATION MODEL

The classical techniques for economical~financial evaluations, especially the DCF methods based on the analysis
of the discounted cash flow rates, are in some cases not completely suitable in providing a thorough picture of the
investment and iis real value, since they do not fake info account all the positive features and beunefits 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 multiattribute or multicriteria techniques (Multiple Attribute Decision Making) have been set up to address
this specific situation, where a choice within a munber of alternative options is o be performed, given a set of attributes
of different kind even of not tangible natire 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 selected for the
evaluation of the project attractiveness of the NPP solution. The method represents an explicit way to quantify
evalvation elements even of not tangible nature. The procedure organises the estimation process in a hierarchical way.
This allows to assign a weight to each different atiribute/criterion, 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 level 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 can be decomposed up to the suitable level of detail. The last level belongs to the
different alternatives under examination (Fig. 2).

This procedure is well structured with respect to other nmlitiaftribute techuiques, and allows evaluation with a

high degree of details. Moreover software packages are already available for the decomposition and the cross-checking

evaluations.
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Hierarchy of evaluation Point of view
factors (relative » government
importance weighting) « private invesior

{Quaniifative) (Qualitative)

Small Scale: "
Distributed .

Small Scale
Centralized

Comparison of
altematives

Fig. 2 — Analvtical Hierarchy Process structure.

If compared against the score models, more easily readable and applicable but devoted to analyse homogeneous
information sets, the AHP allows the examination of project alternatives characterised by highly heterogeneous

evaluation elements and to reach a sensitivity on the robustness of the final evaluations (Al-Subhi et 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 from 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 practicaily equivalent under this respect.

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

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

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

more detailed investigations should be carried out for a more complete and detailed picture.
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11 FUTURE RESEARCH OPPORTUNITIES

The promising results delivered by this first research project clearly pave the way to future research activities

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

described in the following.

Probabilistic approach

This paper is based on long tern: assumptions of the cost drivers — estimated using historical data of a wide range of
nuclear reactors available in literature — and estitnations on the performances of the technologies actually available
(state-of-the-art) in the market, using forecasts on the development of the research to envisage what would be the
competitiveness scenarios for the future deployinent of SMRs. Nonetheless, both the cost drivers estimation 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 seeins appropriate to inciude in the Open-Model a stochastic sinmlation of the
parameters, using nncertainty 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.) iy terms of probabilistic profiles obtained with the simulations: these results will make the

stakehoiders (public or private) aware of the opportunities and risks related to the investment.

Investment Scenario Simulations
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 affect the
investment profitability, according to the scenarios defined by the IAEA group:

- couafry energy growth rate;

- grid capacity (in terins of total load available and maximum growth tolerable);

- discount rate;

- couniry energy market (in terms of price of electricity);
Other analyses should focus on the impact of some operative parameters changes — e.g. investment deferral, delay of
construction of the further units, and reversibility (flirough reduced risk preminm}) — on the financial cost reduction

implied by the SMRs’ scalability.

External Factors and Multi-attribute evaluation

The exiernal factors and multi-aftribute 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 to be analyzed and modelled.

As far as the external factors are concerned, it is suggested to firstly identify and guantity their specific impacts on the
nuclear technology versus other technologies of power electricity generation, then focusing on the differential factors
between LR and SMRs.

Since an “external factor”™ is a factor not explicitly accounted within a comnion investnient evaluation but with a deep
influence on the economic performance and feasibility of the project itself, it seems necessary to find a multi-attribute

decision making process (e.g. AHP described in section 9) able to consider and quantify the importance of all factors
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(both internal or external) that affect the investment performance or, more in general, its attractiveness for a private or

institutional investor.
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26-28 aprile 2007

Trucco P., Mancini M., Ferrari M., “Modello parametrico per la stima del differenziale competitivo di reattori
nucleari di IV Geaerazione — Operating ¢ Maintenance cost”, XXXIV Convegno Nazionale ANIMP-OICE-

UAMI, Isola D’Elba, 26-28 aprile 2007.

LP1D

-45- CERSE-POLIMI R1-1110/2008




An Open Model for the Evaluation of SMRs Economic Value

REFERENCES

Al-Subhi Al-Harbi Kamal M., 2001, “Application of the AHP in project management”, Juternational Journal of Project
Management, Volume 19, Issue 1, pages 19-27.

Anstralian Uranium Association (AUA), 2008, at Ittp://www.aua.org.au

Bezdek R. H., Wendling R. M., 2002, “A half century of long-range energy forecast: errors made, lessons learned. and
implications for forecasting”, Journal of Fusion Energy, Volume 21, N. 3-4.

Bowers, H. L., Fuller, L.C., Myers, M. L., 1983, “Trends in Nuclear Power Plant Capital Investinent Cost Estimates
1976 to 1982 A.2. Summary of literature review of cost-size scaling of steam-electric power piants”, ORNL/TM-
8898, Oak Ridge National Laboratory, Qak Ridge, TN.

Bowers, H. L, Fuller, L.C., Myers, M. L., 1987, “Cost estimnating relationships for mclear power plant operation and
maintenance”, ORNL/TM-10563, Oak Ridge National Laboratory, Qak Ridge, TN.

Burney, N.A., 1995, “Socioeconomic Development and Electricity Consumption - A Cross-Country Analysis Using
The Random Coefficient Method”, Energy Economics, 17, 185-195.

Cameco Corporation. 2008. at http: //www.cameco.com

Carayannis, E. G. , 1996, “Re-engineering high risk, high complexity industries through multiple level technological
learning. A case study of the world nuclear power industry”, Journal of Engineering and Technology Management,
12,4, 301-318.

Carelli. MLD., 2003, “IRIS final technical progress. Department of Energy”. Report Number: STD-ES-03-40

Chapman, C., Ward, S., 1996, “Valiing the flexibility of alternative sources of power generation”. Energy Policy, 24, 2.
129-136.

Clristensen, L., Green, W., 1976, "Economies of Scale in U.S. Electric Power Generation,"Journal of Political
Economy, 84, 1976, 655-76.

Colson, G., de Bruyn, G., 1989, “Model and Methods in Multiple Criteria Decision Making”. Pergamon, Oxford.

David, P.A.. Rothwell, G.S., 19964, “Measuring standardization: An application to the American and French miclear
power industries™, European Journal of Political Economy, 12, 2, 291-308.

David, P.A., Rothwell, G.S.. 1996b. “Standardization, diversity and learning: Strategies for the coevolution of
technology and indusirial capacity”, International Journal of Industrial Organization, 14, 2, 181-201.

DOD-Department of Defense, 1983, United States of America, Military Handbook. Life cycle cost i navy acquisitions,
‘Washington DC.

DOE, 1988, Nuclear Energy Cost Database - A Reference Data Base for Nuclear and Coal-fired Powerplant Power
Generation Cost Analysis, DOE/NE-0095.

DOE, 2006, “Electric power Annual 2005”, DOE/EIA-0348 (2005).

Dominion Energy Inc., 2004, “Study of construction technologies and schedules, O&M staffing and cost.
deconunissioning costs and funding requirements for advanced reactor designs”, Bechtel Power Corporation, TLG
Inc.

EIA. 1995. “An Analyses of Nuclear Power Plant Operating costs: a 1995 update”, SR/OIAF/95-01, US Department of
Energy, Washington DC.

EIA. 2006a, “Electricity Finance and Pricing Submodule”, Chapter 5 iz The Electricity Market Module of the National
Energy Modeling System. Model Documentation Report. DOE/ETA-M068(2006), US Department of Energy,
Washington D.C.

EIA, 2006b, “Appendix 3.D. Cost of Capital”, Chapter 5 in The Electricity Market Module of the National Energy
Modeling System. Model Documentation Report, DOE/EIA-M068(2006). US Department of Energy, Washington
D.C.

EMWG-Economic Modeling Working Group, 2005, “Cost Estimating Guidelines for Generation IV Nuclear Energy
Systems”, at http:/nuclear.inl.govideliverables/

EMWG-Economic Modeling Working Group, 2004a, “A Generic EXCEL-based Model for Computation of the
Projected Levelized Unit Electricity Cost (LUEC) from: Generation IV Reactor Systems™, at
http://nuclear.inl. gov/deliverables/

EMWG-Economic Modeling Working Group, 2604b, “Specification for an Integrated Nuclear Energy Economic
Model”, at http:/nuclear.inl. gov/deliverables/

Fox, M., Maidment, J.P.M., 1996, “Gauging Nuclear Cost Performance”, Public Utilities Fortnightly, Volume 134,
Issue 12, 37-39.

Gao. C. and E. Bompard. R. Napoli, H. Cheng, 2007, “Price forecast in the competitive electricity market by support
vector machine”, Physica A, 382, 98-113.

Gollier, C., Proul, D., Thais,F.. Walgenwitz, G.. 2005, “Choice of nuclear power investments under price uncertainty:
Valuing modularity”, Energy Econoinics, 27, 665-685.

LP1D -46- CERSE-POLIMI R1~-1110/2008



An Open Model for the Evaluation of SMRs Economic Value

Gross R, Heptoastall P, Blyth W (2007), “Investment in electricity generation, the role of costs, incentives and risks™,
Imperial College, UK Energy Research Centre, Londos.

Hewlett, J.G., 1991, “The financial implications of early decommissioning”, The Energy Journal.

Hewlett, 1.G., 1992, “The operating costs and longevity of nuclear power plants: evidence from the USA”, Energy
Policy, Volume 20, Issue 7, 608-622.

Hurley W. ., 2001, “The analytic lierarchy process: a note on an approach fo sensitivity wlich preserves rank order™,
Computers and operations research, Vohime 28, Issue 2, pages 185-188.

Kamerschen, D., Thompson, H., Jr., 1993, "Nuclear and Fossil Fuel Steam Generation of Electricity: Differences and
Similarities," Southemn Economic Journal, 60, 14-27.

Krautmann, A., Solow, J. L., 1988, "Econonzies of Scale in Nuclear Power Generation," Southern Economic Journal, 55,
1988, 70-85.

Kupitz J., 1995, “Role of advanced reactors for sustainable development”, Progress in Nuclear Energy, Volume 29,
Supplement 1, pages 11-18.

Kwanseong, J., Donggyu, L., Chonghun J., Kunewoo, L., 2007, “Structures and elements for the decommissioning cost
estimations of nuclear research reactors”. Annals of nuclear energy, 34, 326-332.

Langlois, R.N., 2002, “Modularity in technology and organization”, Journal of Economic Behavior and Organization,
49, 19-37.

Lee, C.-C., 2005, “Energy consumption and GDP in developing countries: A cointegrated panel analysis™, Energy
Economics, 27, 415-427.

Lee, C.-C., 2006, “The causality relationship between energy consumption and GDP in G-11 couniries revisited™,
Energy Policy, 34, 1086-1093.

Lester, R. K., McCabe, M.G., 1993, “The Effect of Industrial Structure on Learning by Doing in Nuclear Power Plant
Operation”, RAND Journal of Economics, 24, 3, 418-438.

Makhijani, A., Chalmers, L., Smith, B., 2004, “Uranium enrichment — Just plain facts to fuel and Informed Debate on
Nuclear Proliferation on: Nuclear Power — prepared by IEER for NPRI”.

Manning, R., Gilmour, 1., 2002, “Decomniissioning cost estimating - The “price” approach”, Waste Management
symposium, Tucson, Arizona, USA.

Marshall, J. M., Navarro, P., 1991, “Costs of Nuclear Power Plant Construction: Theory and New Evidence”, RAND
Journal of Econoniics, 22, 1, 148-154,

.Migliavacea, G., M. Benini, M. Gallanti, E. Bompard, E. Carpaneto, and G. Ciwei, “LREMS: a long term electricity
market sitnulator based on game theory”, Proceedings of the 2006 Power Systems Conference and Expo, October
29-November 1, 2006, Atlanta, Georgia, USA.

Miller, X., 2005, “IRIS - Economics Review,” ICAPP *05 Proceedings, Seoul, Korea.

NEA/CECD, 1994, “The economics of the nuclear fuel cycle™.

NEA/OECD, 2003, “Decommissioning nuclear power plants: policies, strategies and costs”.

NEA/OECD, 2007 “Risks and benefits of nuclear energy™.

Nisan S., Rouyer I. L., Marcetteau P., Duflo D., 2003,“SEMER: a simple code for the economic evaluation of nuclear
and fossil energy-based power production systems”, Nuclear Engineering and Design, Vol. 221, Issues 1-3, pages
301-313.

Ofgem, 2004, “Electricity Distribution Price Control Review. Backgrounnd information on the cost of

Capital”, Ofgem, London, UK

ORNL, 2003, “U.S. Nuclear Power Plant Operating Cost and Experience Sumnmaries”, NUREG/CR-6577, Gak Ridge
National Laboratory, Oak Ridge, TN.

OTA, 1993, “Aging Nuclear Power Plants: Managing Plant life and Decommissioning”, OTA-E-575, US Department
of Energy, Office of Technology Assessiment, Washington DC.

Otto, K.N., Antonsson, EX., 1993, “The method of imprecision compared to utility theory for design selection
problems”, Design Theory and Methodology — DTM 93, ASME, New York, 167-173.

Paul. S., and R. N. Bhattacharya, 2004, “Causality between energy consumption and econoniic growtli in India: a note
on conflicting resulis”, Energy Econoinics, 26, 977-983.

Piper, S., LaDue, J., 2007, “Estimating of Generation Unit O&M expenses: revisiting the ‘80/20 rule”, Platts, available
at http://www.platts.cony/Resources/whitepapers/index.xml.

Ramanathan R.. 2001, ““A note on the use of the analytic hierarchy process for environmental impact assessment”,
Journal of Environmental Managemerxt, Volume 63, Issue 1, pages 27-35.

Rhine, R., 2001, Economies of scale and optinial capital in nuclear and fossil fuel electricity pmductmn Atlantic
Econon:uc J oumal, Volume 29, Numiber 2 / Fune, 2001 203-214.

Rothwell, G., 1990, “Utilization and Service: Decomposing Nuclear Power Capacity Factors”, Resources and Energy,
Volume 12, Issue 3, 215-229.

Rungsuriyawiboon, S., 2004 “An Analysis of Cost Structures in the Electricity Generation Industry”, CEPA Working
Paper 05/2004, University of Queensland, Brisbane, AU.

LP1D -47 - CERSE-POLIMIRL-1110/2008




An Open Model for the Evaluation of SMRs Economic Value

Saaty T. L., 2004, “Decision making — The Analytic Hierarchy and Network Processes (AHP/ANP)”. Journal of
Systems Science and Systems Engineering, Volume 13, No. 1.

Schock, R.N., Brown, N.'W., Smith. C.F., 2001, “Nuclear Power, Small Nuclear Technology, and the Role of Technical
Innovation: An Assessment”, Working paper for the Baker Energy Forum, Rice University, Houston, TX.

Scott, M.J., Antonsson, EXK, 1998, “Aggregation functions for engineering design trade-offs”, Fuzzy sets and systems,
99, 253-264.

Shepherd, J.. Hayns, MR, 1991, “SIR: reducing size can reduce costs”. Nuclear Energy. 30, 85-93.

Sullivan, G.P., Pugl. R. Melendez, A.P., Hunt, W.D., 2004, “Why O&M?”, Chapter 2 in the “Operation and
Maintenance Best Practices Guide”, Federal Energy Management Program, US Department of Energy, Washington
DC.

Sultan M. A, Kaitab M. E., 1995, “Parametric study for optimization of the specific cost of instalied electric power in
nuclear plants™, Annals of Nuclear Energy, Vol. 22, Issue 9, pages 621-628.

Tewari P. K., Rao L. S.. 2002. “LTE desalination utilizing waste heat from a nuclear research reactor™. Desalination,
Volume 150. Issue 1, pages 45-49,

Thompson, H.G. Jr., Wolf, L.L.. 1993. “Regicnal Differences in Nuclear and Fossil-Fuel Generation of Electricity™,
Land Economics, 69, 3 234-248

Tian J., 2001, “Economic feasibility of heat supply from simple and safe nuclear plants”, Annals of Nuclear Energy,
Volume 28, Issue 11, pages 1145-1150.

UBS, 2005, The WACC’s User Guide. UBS AG, New York, NY

Van Den Durpel L., Yacout A., Wade D., Khalil H., 2003, “DANESS — Dynamic analysis of nuclear energy system
strategies”, Global 2003, New Orleans, November 16-20.

Van Den Durpel L., Yacout A., Wade D., 20035, “Development of integrated systems dynainics models for the
sustainability assessment of nuclear energy”. Global 2005, Tsukuba, Japan. October 9-13.

Wade D., Van Den Durpel L., Yacout A., Finck P., Khalil H., 2005, “A multi-regional analysis of nuclear energy
systems: synergies between regions, reactors and fuel cycles”, Global 2005, Tsukuba, Japan, October 9-13.

Wade D., Van den Durpel L., 2006 “Codes for Dynamic Simulation of Nuclear Futures”

Walkden. P.. Taylor, D., 2004, “Reactor decommissioning in a dereguiated market”, World Nuclear Association Ammal
Symposiuni.

Williamns, G., 2007, “US nuclear plant deconunissioning finding adequacy - by individual funds, utilities, reactors, and
industry-wide assessed by Monte Carlo and baseline trend methods: 1998. 2000, 2001, and 2004. Energy
Economics, 29, 1050-1100

WNA, 20035, “The new Econonics of the Nuclear Power — WNA report™. Yel. C., 2002, “A problem-based selection of
multi-attribute decision-making methods™, International Transactions in Operational Research, 9, 169-181

Zhiyong, W., and M.Ilic, 2006, “Toward the Value-Based Generation Investments and Utilization: Stratum Electricity
Market Probabilistic Methods Applied to Power Systems™, PMAPS 2006, International Conference on 11-15 June
2006.

Zimmerman, M.B., 1982, “Learning Effects and the Conunercialization of New Energy Technologies: The Case of
Nuclear Power”, Bell Journal of Economics, 13. 2, 297-310.

Other Bibliography

ALEMI M., Nuclear renaissance: small reactors may beconie an investor paly, New Energy Finance (issue 31 October

2007)
BANKS F. E., Economic theory and nuciear energy. OPEC review, Volume 24, Number 2, June 2000.

BETHONG Z.. WEIDING L.. An optimal sizing metliod for cogeneration plants, Fnergy and Buildings. Volume 38,
Issue 3, pages 189-195. Marcl 2006

BERGLUND C., SODERHOLM P., Modeling technical change in energy system analysis: analyzing the introduction
of learning-by-doing in bottom-up energy models, Energy Policy, Volume 34, Issue 12, pages 1344-1336, August
2006

BIANCHI M.. Power mnatkets as open systems: analysis of integration and trade for the Alberta’s electricity market,
Tesi di Laurea, Politecnico di Milano, 2004/2005

COEN I. J., DELENE J. G., User instructions for levelized power generation cost codes using an IBM-type PC, Cak
Ridge National Laboratory, January 1989

D’SOUZA J., JACOB J., Electric utility stranded costs: valuation and disclosure issues, Journal of Accounting
Research, Vol. 39, December 2001

DELENE J. G., HUDSON C. R., Cost estimate guidelines for advanced nuclear power techmologies, Oak Ridge
National Laboratory, March 1990

LP1D -48 - CERSE-POLIMI RL~1110/2008



An Open Model for the Evaluation of SMRs Economic Velue

DOE NP2010 Construction Schedule Evaluation, Application of Advanced Construction Technologies to New Nuclear
Power Plants, Study of Construction Technologies and Schedules, O&M Staffing and Cost, Decommissioning
Costs and Funding Requirements, 2004

FOLLAND S., HOUGH R., Externalities of nuclear power plants: further evidence, Journal of regional science,
Volume 40, Number 4, November 2000

GALLANTI M., PAROZZIF., 2006, Valutazione dei costi di produzione dell’energia eletirica da nucleare, CESI,

Milan.

GARCIA-DELGADO L., DRISCOLL M. J.., MEYER J. E.. TODREAS N. E., An economnically optimmn PWR reload
core for a 36-month cycle, Annals of Nuclear Energy, Vohune 26, Issue 8, pages 659-677, May 1999

GOWIN P. J., KONISHI T., Nuclear seawater desalination — IAEA activities and economic evaluation for southern
Europe, Desalination, Volume 126, Issues 1-3, pages 301-307, November 1999

IEA, Nuclear power in the OECD, 2001

JENKINS B. M., A comumnent on the optimal sizing of a biomass utilization facility under constant and variable cost
scaling, Biomass and Bioenergy, Volume 13, Issues 1-2, Pages 1-9, 1997

JUANICO L. E., FLORIDO P. C., BERGALLOQ J. E., Probabilistic model for the economic evaluation of nuclear
projects, Nuclear Engineering and Design, Vohune 211, Issues 2-3, pages 237-244, February 2002

KATAOKA K., IAEA activities on simall and medivm reactors: harmonization of energy demand and supply in
developing countries. Progress in Nuclear Energy, Volume 32, No 3-4, pages 265-272, 1998

KUZNETSOV V., IAFA activities for innovative small and niedium sized reactors (SMRs), Progress in Nuclear Energy,
Volume 47, No. 1-4, pages 61-73, 2005

LUND H,, HVELPLUND F., NUNTHAVORAKARN S., Feasibility of a 1400 MW coal-fired power-plant in Thailand,
Applied Energy, Volume 76, Issues 1-3, pages 55-64, September-Novenber 2003

MACKERRON G., COLENUTT D.. SPACKMAN M., ROBINSON A., LINTON E., Paper 4: The economics of
nuclear power, report for the Sustainable Development Comunission by Science & Technology Policy Research
{SPRU, University of Sussex) and NERA Economic Consulting, March 2006

MALEK A., HAWLADER M. N. A,, HO J. C., Design and econoniics of RO seawater desalination, Desalination,
Vohune 105, Issue 3, Pages 245-261, July 1996

MARCUS G. H., Considering the next generation of nuclear power planis, Progress in Nuclear Energy, Volune 37,
Issues 1-4 pages 5-10, 2000 '

MIELENZ J. R., Feasibility studies for biomass-to-ethanol production facilities in Florida and Hawaii, Renewable
Energy, Vohune 10, Issues 2-3, Pages 279-284, February-March 1997

NAKATA T., Energy-economic models and the environment, Progress in Energy and Combustion Science, Volune 30,
Issue 4, pages 417-475, 2004

NERA Economic Consulting and University of Sussex, 2005, “Economics of Nuclear Power” A Report to the
Sustainable Development Comniission

OECD/NEA and IEA, Projected Cost of Generating Electricity: Update 1998, Paris, France, 1998

OECD/NEA and IEA, Projected Cost of Generating Electricity: Update 2005, Paris, France, 2005

OLATUBIW. 0., DISMUKES D. E., A data envelopment analysis of the levels and determinants of coal-fired electric
power generation performance, Utilities Policy, Vohune 9, Tssue 2, Pages 47-59, June 2000

Oxera, Financing the nuclear option: modeiling the costs of new build, Agenda, 2005

PRYOR C. W., The Econoinics of Nuclear Energy, Nuciear Plant Journal, September-October 1998

RAO A.K,, RAO M. R, Solution procedures for sizing of warehouses, European Journal of Operational Research,
Vohune 108, Issue 1, Pages 16-25, 1 July 1998

SHENGLI Z., Comparison of econoniic evaluation methodology between levelized method and the evaluation system
in China, 13th International Conference on Nuclear Engineering, Beijing, China, May 16-20, 2005

SHERMAN E. D, RUPERT T. I, Do bank mergers have hidden or foregone value? Realized and unrealized operating
synergies in one bank merger, Furopean Journal of Operational Research, Volume 168, Issue 1, Pages 253-268, 1
January 2006

STURM R.. Why does nuclear power performance differ across Europe?, European Economic Review, Volume 39,
Issue 6, pages 1197-1214, Jane 1995

TIAN J, SHI G., ZHAO Z., CAO D., Economic analyses of a nuclear desalination system using deep pool reactors,
Desalination, Volume 123, Issue 1, pages 25-31, 1999

TIAN I., ZHANG I., CHENG P., Pre-feasibility study of a deep pool reactor for seawater desalination, Desalination,
Volume 166, pages 243-249, Angnst 2004

TIAN L., WANG Y., A comparative economic assessment of a 200 MW nuclear heating reactor for seawater
desalination by multi-effect distillation (MED), Desalination, Volume 133, Issne 3, pages 285-290, April 2001

TOMINAGA K., MORIYA K., MATSUURA M., HIDA T., Development of medium and small sized reactors: DMS,
Progress inn Nuclear Energy, Volume 47, No. 1-4, pages 106-114, 2005

LP1D - 40 - CERSE-POLIMI R1L-1110/2008




An Open Model for the Evaluation of SMRs Economic Value

TORGERSON D. F., SHALABY B. A., PANG S., Candu technology for Generation I+ and IV reactors. Nuclear
engineering and design, Volune 236, pages 1565-1572, 2006

TURVEY R.. On network efficiency comparisons: Electricity distribution, Utilities Policy. Volume 14, Issue 2, Pages
103-113, June 2006

WU S., Analysis of water production costs of a nuclear desalination plant with a nuclear heating reactor coupled with
MED processes, Desalination, Volume 190, Issues 1-3. pages 287-294, April 2006

LP1D -56- CERSE-POLIMIRL-1110/2008





